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INTRODUCTION 

Edward L. Alpen 

As stated by Dr. Hayes in last year's annual 
report, I spent the academic year 1982-83 at the 
Gray Laboratory in London. I remark on this 
personal activity only because it gives me an 
opportunity to note the vigor and health of our 
organization and the sustained growth and 
development in my absence. I wish to personally 
thank Dr. Thomas L. Hayes, who so superbly acted 
for me in my absence, and to thank Dr. Thomas 
Tenforde and Mr. Baird Whaley for their 
outstanding assistance to Tom as Deputy Division 
Head and Division Administrator, respectively. 

There has been no significant change in the 
level of Federal support for science during this last 
year, and this continuing austerity has required an 
all-out effort by all of our investigators to maintain 
our historic level of outstanding quality research. 
We remain a strong, viable, and still changing 
organization in spite of outside funding constraints. 

A Division goal established some five years ago 
to develop a laboratory program on the 
fundamental science of mutagenesis and carcino
genesis is now at a level of full development. From 
an almost nonexisting base we have grown to the 
point that we now have a program both nationally 
and internationally recognized. 

As an unexpected but welcome dividend we 
see that this new program area is rapidly 
converging on long existing programs in more 
classical genetics. A central emerging theme is 
DNA replication control and DNA repair. The 
radiobiologically derived cellular studies on DNA 
repair in the Radiation Biophysics Group are leading 
to further interactions on this same general subject. 

The Research Medicine Group is receiving 
international attention for their successes in 
developing well validated diagnostic procedures for 
Alzheimer's disease and other senile dementias. 
They are now attempting to test simpler diagnostic 
procedures against the "gold-standard" of 

fluorodeoxyglucose. Early prototype subassemblies 
of the multi-ring positron camera have been 
successful, and I believe we can look forward to an 
operating prototype of the multi-ring system within 
the year. Simultaneously, we have made great 
strides in implementing our nuclear magnetic 
resonance program. 

Dr. Fabrikant's program on the treatment of 
arteriovenous malformations in the brain, which 
was reported in a preliminary fashion last year, has 
continued as a resounding success, and we expect 
further growth in this program. 

Dr. Tenforde's group examining the effects of 
magnetic field continues its progress, with reports 
on visual and neurological effects. They are 
acquiring a new high-field cryogenic magnet during 
the coming year that will allow them to extend the 
field strength regions they have examined. 

This year has seen continuing successful efforts 
in our charged-particle radiotherapy program, with 
continuing good progress in the treatment of 
tumors of the eye and tumors near sensitive central 
nervous system structures. The efforts to 
demonstrate improved control of disease with 
helium-ion beams for carcinoma of the pancreas 
and of the esophagus have not been successful. 
We hope that as we move to therapy with heavier 
charged particles with their improved biological 
effectiveness (neon and silicon), that more success 
might be demonstrable. 

The project for design of a medical-based 
radiotherapy accelerator is drawing to a successful 
close, on schedule and within budget. We will 
now mount our efforts to obtain funding for this 
machine. 

I take this opportunity to welcome all the many 
new people who have joined the Donner staff 
during my absence and since my return. I hope 
they can share fully with me the sense of 
excitement and enthusiasm that motivates our staff. 
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SECTION 1. RESEARCH MEDICINE 

INTRODUCTION 

The Research Medicine Group consists of 
research physicians, chemists, biologists, mathemati
cians, and physicists devoted to the study of normal 
and diseased processes in man. The group is the 
outgrowth of research programs initiated by Dr. 
John Lawrence, who was first to use radioactive iso
topes for the treatment of blood and thyroid 
diseases. Major advances in the use of heavy ions 
for the treatment of pituitary tumors and, more 
recently, advances in noninvasive imaging tech
niques have been a part of our activity, along with 
the application of these techniques to the problems 
of disease. 

A major emphasis of our program continues to 
be the study of the blood system in man with a 
special emphasis on examination of platelet abnor
malities in human disease. New programs of major 
importance to the group include the study of early 
aging or dementia of the Alzheimer's type. During 
the past year this research has evolved to the per
fection of a differential diagnosis technique using 
positron emission tomography. We have 
discovered new methods, using noninvasive 
radioisotope techniques, for investigating this fourth 
most common cause of death in the United States. 
We are also studying the biochemical basis of 
schizophrenia. In our study of both of these brain 
disorders, the patients are brought to the Lawrence 
Berkeley Laboratory for evaluation and, if appropri
ate, are given an injection of a tracer isotope that 
gives a very low radiation dose. The distribution of 
the tracer is imaged by a device similar in appear
ance to an x-ray CT scanner, but the physiological 
and biochemical processes of the body are meas
ured rather than the anatomical form as with x-ray 
systems. 

Another program of major interest to our group 
is the investigation of atherosclerosis, which is 

presently the most common cause of death in this 
country. The approaches are to develop tech
niques for the noninvasive measurement of blood 
perfusion of the heart muscle and thereby to inves
tigate the cause of atherosclerosis. These tech
niques include methods for labeling platelets and 
lipoproteins so that their behavior in the body and 
at the arterial wall can be examined. 

A new program, increasing in momentum over 
the past two years, is the use of nuclear magnetic 
resonance (NMR) for both imaging and spectro
scopic studies in humans. This program was a 
natural off-shoot of early developments made by 
this group in algorithms for reconstruction tomogra
phy on the one hand, and the investigation of the 
possible hazards of NMR for very high field studies 
on the other. Through a series of investigations by 
the LBL researchers, as well as an analysis of exper
iments done elsewhere, we have been able to 
ascertain that there are no important health hazards 
in the NMR experiment up to the level of the 
present field strength and gradients associated with 
the imaging technique. In this respect the group 
completed this year an epidemiological survey of 
the magnetic fi.eld effects on workers at national 
laboratories where bubble-chamber and cyclotron 
workers have been working at moderate to high 
fields for the past two decades. In an analysis of 
21 . disease categories, we found no significant 
increase in the prevalence of disease for those 
workers exposed to high fields relative to other 
matched controls. The NMR program is now 
focused on investigation of the characteristics of the 
atherosclerotic plaque in the arterial wall, the effect 
of radiation on the central nervous system (particu
larly for heavy-ion treatment planning purposes), 
and the use of NMR as an investigative and diag
nostic tool for Alzheimer's disease and other mental 
disorders. 
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THE USE OF POSITRON TOMOGRAPHY IN THE DIFFERENTIAL DIAGNOSIS OF 
DEMENTIA 

Robert P. Friedland, Thomas F. Budinger, William J. Jagust, Yukio Yano, 
Ronald H. Huesman, Chester A. Mathis, Brian R. Moyer, Betty Koss,* and 
Beth A. Ober* 

Dementia is a symptomatic classification applied 
to a generalized impairment of intellectual function 
that results from brain disease. The impact of 
dementia on our society in terms of personal suffer
ing and economic burden is enormous. The most 
common known cause of dementia is Alzheimer's 
disease, a condition that is responsible for as much 
as 60% of all dementia in the United States , 
Another common cause is multi-infarct dementia, 
result ing from multiple strokes and usually associ
ated with hypertension. At least 10 to 20% of all 
dementia is caused by treatable conditions, includ
ing brain tumors, infections, blood clots, nutritional 
deficiencies, endocrine disorders, poisonings, com 
municating hydrocephalus and masked depression. 

Management of the demented subject is made 
difficult by limitations in available diagnostic tests. 
X-ray computed tomography is valuable in the 
elimination of space occupying lesions as causes of 
dementia (such as brain tumor or blood clot), but 
unfortunately, the x-ray CT image in Alzheimer's 
disease is not diagnostic. Cortical atrophy and ven
tricular dilatation is often seen on x-ray CT in 
Alzheimer's disease, but is also seen in healthy 
aged subjects. This is not surprising in view of the 
considerable overlap between the gross cerebral 
atrophy of Alzheimer's disease and that of normal 
aging detected on post-mortem brain examination . 

With positron emission tomography (PET) we 
are able to noninvasively quantitate aspects of brain 
metabolism. Demented subjects are being studied 
with PET using the Donner Laboratory 280-crystal 
tomograph with a glucose analog labeled with 
fluorine -18 (2-fluoro-2-deoxy-D-glucose) synthe
sized at the Lawrence Berkeley Laboratory 88-lnch 
Cyclotron and the University of California Davis 
Crocker Cyclotron. This procedure provides for 
assessment of glucose metabolism and quantitation 
of regional alterations in crucial aspects of brain 
work. 

We have found diminished rates of glucose use 
in the temporal-parietal cortex in all 17 Alzheimer 
subjects studied . This is illustrated in Fig. 1, where 
this regional alteration is represented as the 
frontal-temporal percentage difference. In all seven 

'University of California Davis, VA Medical Center, Martinez, CA. 

control subjects, metabolic rates for frontal and 
temporal parietal cortex are equal. These findings 
are also evident from study of experimentally deter
mined kinetic rate constants for glucose uptake and 
phosphorylation . Also, a significant increase in the 
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Fig. 1. Top: Individual values for F- TP percentage difference 
of activity densities (mean of right and left). Mean and standard 
error of the mean for each group presented to right of individual 
values. N = 77 for Alzheimer's disease (AD) subjects (filled 
circles); N = 7 for controls (open circles). * = mean different 
from control group (P < 0.0005, one-tailed). Bottom: PET 
images for FOG accumulation, midventricular level. The subject's 
left is on the right side of the image. Bilateral temporal-parietal 
hypometabolism, right greater than left, is noted in the AD 
subject. (XBB 830-9804A) 



degree of lateral hemispheric asymmetry was found 
in the Alzheimer group. 

The temporal-parietal focality of the disease has 
not been observed in other varieties of dementia 
studied with this technique, with one interesting 
exception (Creutzfeldt-Jakob Disease) . We have 
studied subjects with several other causes of 
dementia: multi-infarct dementia, communicating 
hydrocephalus, "alcoholic" dementia, olivoponto
cerebellar atrophy with dementia, and Pick's 
disease. Temporal-parietal hypometabolism is not 
observed in these individuals. The subject with 
histologically confirmed Creutzfeldt-Jakob disease, 
on the other hand, had a pattern remarkably similar 
to that of the Alzheimer subjects. This subject 
demonstrated hypometabolism in both temporal 
lobes with marked asymmetry (left side hypometa
bolic in comparison to the right). 

The temporal-parietal predilection for the 
Alzheimer process has been established from neu
rochemical and neuropathological studies. The 
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present work extends these findings to noninvasive 
studies in living human subjects, and serves to 
further emphasize the point that Alzheimer's is not 
a diffuse brain disease. This regional focality is 
remarkably consistent with the PET-FOG approach, 
and may be used to develop a diagnostic test for 
Alzheimer's disease. With single photon emission 
computed tomography using isotopes for regional 
cerebral blood flow determination, it is likely that 
similar regional alterations could be demonstrated 
in Alzheimer subjects. This could be done without 
the use of isotopes that must be produced in a 
local cyclotron. The findings of lateral hemispheric 
asymmetries in Alzheimer subjects as well as the 
temporal focality of metabolic changes in the 
Creutzfeldt-Jakob disease patient, add further evi
dence to known similarities between these two 
conditions. This further supports the possibility that 
Alzheimer's disease may originate in a transmissible 
agent, an hypothesis which requires further investi
gation. 

Thornton W. Sargent, III, Natalia Kusubov, Alexander T. Shulgin, 
Chester A. Mathis, and Reese M. Jones 

In this program we are presently investigating 
three major modalities for studying brain metabol
ism in mental illness: 1) blood flow, 2) amino acid 
metabolism, and 3) glucose metabolic rate . 

BLOOD FLOW 

To measure brain blood flow we are developing 
a new radiopharmaceutical based on our earlier stu
dies of methoxylated amphetamines. The details of 
this study were described in the previous annual 
report. Briefly, the chemistry of labeling by which 
radioiodine is attached to the precursor to form the 
final product, 4-iodo-2,5-dimethoxy-N,N-dimethyl 
amphetamine (lONNA), is rapid enough that 3.6-
min 1221 may be used in the synthesis. This 
positron-emitting radioisotope is the daughter of 
20-hr 122Xe and can thus be withdrawn repeatedly 
from the parent isotope. 

We have investigated a series of 15 chemical 
analogs using 131 1 in rats, with varied nitrogen sub
stituents, and found that the N,N-dimethyl provides 
the greatest total brain uptake (3.6%) and the 
highest brain/blood ratio (9 at 6 min). We have 
achieved a radiochemical yield of 50% in 10 
seconds, producing 1 microgram of the product. 

Based on these reaction conditions, which pro
duce good yield, speed, and high specific activity, 
we are now designing a generator, reaction vessel 
and purification system that can be used to pro
duce the desired 122IDNNA. Because lONNA is 
extracted from the blood by the brain on its first 
pass and then remains there, it will form a static 
image of brain blood flow when 1221DNNA is used 
in a positron emission tomograph (PET), and accu 
rate numerical values of flow can be determined for 
all areas of the brain . We will use this means to 
examine the question of whether brain blood flow 
is altered in various forms of mental illness such as 
schizophrenia and Alzheimer's dementia. 

AMINO ACID METABOLISM 

Our studies of amino acid metabolism are con
centrated principally on methionine. Experimental 
evidence of abnormal metabolism of the S-methyl 
carbon of methionine and the fact that feeding 
methionine worsens schizophrenic illness have led 
to a hypothesis by Levi and Waxman that 
schizophrenia results from a deficiency of 
methionine-adenosyl transferase. We are preparing 
experiments in which patients will be injected with 



[S_11 CHJl-methionine, have their brains dynamically 
imaged in the PET system, their breath analyzed 
for expired 11 CO

2
, and their serial plasma samples 

analyzed for 11 C metabolites of methionine. High 
performance liquid chromatography (HPLC) is the 
only method with the potential of sufficient speed 
to separate metabolites, and our efforts have been 
concentrated on developing this technique during 
the past year. We have developed what appears to 
be the maximally efficient and rapid separation 
method for the metabolites of interest, and are 
ready to test the method on patients. 

GLUCOSE METABOLIC RATE 

Glucose metabolic rate can be measured in 
specific areas of the brain by injecting the glucose 
analog fluoro-deoxyglucose (FOG) labeled with 18F 
into a patient and imaging the ~rain with positron 
emission tomography. Other workers have 
reported a relative decrease of FOG uptake in the 
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frontal lobes of the brain of patients with schizo
phrenia. 

We have studied four normal subjects and four 
patients both before and after medication, perform
ing dynamic imaging and blood input function by 
sampling at intervals of 2 to 7 seconds immediately 
after injection, and longer sample times out to 40 
minutes. Examination of the final values of FOG 
concentration has shown a small but significant 
decrease in FOG in the right frontal lobes of our 
patients. In agreement with the previous findings 
we observed a decrease of about 8%. The impor
tance and meaning of such a finding in this disease 
remains to be demonstrated. 

The rapid dynamic image acquisition, which is a 
capability unique to the Donner PET system, per
mits calculation of the rate constants for glucose 
transport in the brain in individual brain regions for 
each patient. The analysis of these rate constants 
and of the glucose metabolic rate for brain regions 
in these patients is presently in progress. 

NUCLEAR MAGNETIC RESONANCE IMAGING AND SPECTROSCOPY 

Todd Richards, Thomas F. Budinger, Rudi Nunlist, Reese Jones, Andy Hasenfeld, 
and Mark Roos 

Nuclear magnetic resonance (NMR) imaging has 
already proven to be valuable in diagnostic medi
cine. The proton NMR image is mainly influenced 
by the concentration and molecular environment of 
water in tissue, which has been shown to be useful 
in distinguishing white from gray matter in the 
brain. However, the state of the water in the tissue 
can provide only limited pathological information, 
and this type of imaging can lead to ambiguous tis
sue characterization (e.g, edematous and cancerous 
tissue both give the same appearance). In vivo 
hydrogen-1, phosphorus-31, and carbon-13 spec
troscopy can add a wealth of chemical information 
which, unlike the proton image, could be very 
specific to disease processes. We are currently 
developing NMR imaging and spectroscopic tech
niques which can be applied to the evaluation of 
radiation brain damage, atherosclerosis, dementia, 
and schizophrenia. 

IMAGING OF RADIATION BRAIN DAMAGE 

For two years we have studied the potentials of 
NMR for the investigation of heavy-ion radiation 
effects in the brain. We posed the following ques
tions: 

1. What are the changes in proton NMR 
parameters due to heavy-ion radiation of 
the brain? 

2. Can NMR be used to evaluate the effects 
of radiation on the CNS and spinal cord 
tissues? 

3. Can NMR relaxation and spectroscopic 
changes be used to evaluate the progress 
of heavy-ion radiotherapy? 

In collaboration with Doctors John Lyman of LBL, 
and George Wesbey and Larry Crooks of UCSF, we 
performed the following experiment. 

The left hemisphere of the brain of 16 rats was 
irradiated (1000-3000 rads), using the helium beam 
produced at the LBL 184-lnch Cyclotron, and the 
rats were imaged 14 days post-irradiation. The spin 
echo image of the rat brains (3000 rads) showed a 
decrease in intensity on the irradiated side cerebral 
cortex (Fig. 1). T1 relaxation time, which is a 
measure of the time it takes the nuclei (protons) to 
realign in the magnetic field after a radio-frequency 
pulse, was calculated form the intensity images of 
the rat brain . T1 increased significantly with dose 
on the control and decreased slightly with dose on 
the irradiated side. From our measurements, we 



Fig. 1. Spin echo image 14 days post-irradiation of a rat that 
received 3000 rads to the left side of the brain. Contrast 
between gray and white matter on the irradiated side is not as 
great as that on the control side. (XBB 837-6634) 
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conclude that changes in relaxation parameters are 
sensitive to heavy-ion radiation damage to the 
brain. Proton and phosphorus spectroscopy were 
also done on the same rats 5 months post
irradiation in order to measure the long-term effects 
of the radiation damage. 

IN VIVO SPECTROSCOPY 

NMR spectroscopy has been a useful tool in 
the chemist's study of molecular structure for many 
years. It is different from conventional NMR imag
ing because it can be used to measure the concen
tration and structure of individual chemicals in the 
sample (e.g., amount of ATP vs. phosphocreatine), 
as well as the biochemical reaction rates in vivo. 
However, the chemical shift spectrum comes from 
a selected volume of the sample and does not con
tain sufficient spatial information for high resolution 
imaging. In vivo spectroscopy attempts to utilize 
the chemist's techniques to study biologically 
interesting chemical compounds in living matter. 
Some fundamental physical problems arise in trying 

Radio Frequency Field Shaping 
Fig. 2. Computer simulation of radio-frequency coil configurations. With each of the three coil configurations are 
shown two views of the rf magnetic field component perpendicular to the main field. These 3-dimensional field 
calculations can be used to simulate the NMR experiment with various phantoms placed in front of the coils. 

(XBB 838-7097) 



to apply NMR spectroscopy to in vivo situations, 
principally in isolating and detecting the desired 
nuclei from a specific region in the body. We have 
begun both computer simulations and 
theoretical/experimental studies to perfect stra
tegies for selective region spectroscopy. Figure 2 
shows some rf coil configurations that have been 
used in computer calculations of the rf magnetic 
field distribution in three dimensions. By using 
these computer simulations, we can try many dif
ferent coil configurations until we find one that may 
be useful in selective region spectroscopy. 

We built a NMR probe which could be used to 
measure proton, phosphorus, and carbon spectra of 
the rat brain in vivo (Fig. 3). Figure 4 is an exam
ple of a phosphorus-31 spectrum we obtained from 

Fig. 3. Rat in the NMR probe used to obtain in vivo proton 
and phosphorus spectra. The surface coil is a two-turn enamel 
coated copper wire. The capacitors are tuned in this case to 
the proton resonant frequency (180 MHz). The NMR signal 
comes from the region of tissue directly in front of the coil. 

(CBB 833-2657) 
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Fig. 4. Phosphorus spectra of anesthetized rat brain. 
Phosphorus-37 spectra were recorded at 72.9 MHz using a 
spectrometer built by the UC Berkeley Chemistry Department 
with a Bruker 4.3-T wide bore magnet and Nicolet 7780 data 
system. The signal was averaged 7000 times (total acquisition 
time of 35 min) and an exponential filter with 20 Hz line 
broadening was applied before Fourier transformation (top 
spectrum). The bottom spectrum is the resu lt after an 
additional high-pass filter was applied to the signal to suppress 
the broad phosphate component of skull bone. 

(XBL 834-3694) 

the live rate having seven major resonances . These 
are 1) sugar phosphate (SP), 2) inorganic phosphate 
(Pi), 3) phosphodiester (PD), 4) phosphocreatine 
(peR), 5) ATP1, 6) ATP2, and 7) ATP3. The proton 
spectrum (Fig. 5) has great potential in measuring 
the metabolism of lactic acid and creatine as well 
as some amino acids. 
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Fig. 5. Proton spectrum of in vivo rat brain (normal). A spin 
echo pulse sequence was used with a delay time of 110 msec. 
As suggested by Brown and Campbell,' this spin echo sequence 
removes the broad lipid and protein resonances from the 
spectra. The peak assignments made so far are choline, 
creatine/phosphocreatine, n-acetyl aspartate, lipids, and lactic 
acid. Note: Peak assignments are from Behar et al2 

(XBL 839-4010) 
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RADIONUCLIDE AND RADIOPHARMACEUTICAL DEVELOPMENT FOR POSITRON 
EMISSION TOMOGRAPHY 

Yukio Yano, Thomas F. Budinger, Mohindar Singh, Reese Jones, Jim Hunter, and 
David Moore 

This program developed and improved methods 
for the cyclotron or generator production of posi
tron emitting radionuclides and for the synthesis of 
radiolabeled biochemical substrates to investigate 
human physiology and metabolism by noninvasive 
procedures with the Donner Positron Emission 
Tomograph . The LBL 88-lnch Cyclotron was used 
to produce the short-lived positron emitters of car
bon, nitrogen, oxygen, and fluorine that were syn
thesized into biochemical compounds. Radioisotope 
generators were used to provide a readily available 
supply of gallium-68 and rubidium-82. Both 
preparative and analytical high performance liquid 
chromatography (HPLC) are under development to 
provide high specific activity and high radio and 
chemical purity of the labeled compound. In addi
tion, isocratic and gradient elution HPLC were used 
to investigate the radiolabeled metabolites in body 
fluids. 

CYCLOTRON PRODUCED RADIONUCLIDES 

Oxygen-15 labeled H20 is a freely diffusible 
blood-flow tracer for brain and heart studies. Pro
gress has been made on the production of 2-
minute 1 So by the irradiation of a mixed gas target 
consisting of 95% nitrogen and 5% hydrogen with 
deuterons. The various parameters of targetry and 
irradiation were investigated to optimize th e target 
window thickness and cooling, deuteron beam 
energy and current, and the continuous flow-rate of 
the target gas through a saline bubbler for max
imum 150 yield without 13N contamination from a 
competing nuclear reaction. At the end of a 10-
minute irradiation, 300 mCi (H

2
1 SO) of 1 So are 

produced with a radiopurity > 99.999% and a 
radiochemical purity > 99.9% as determined by 
half-life measurements and gas chromatography, 
respectively . Three separate production batches of 



150 mCi each of H2
150 can be delivered per hour 

to the PET imaging site. 
Carbon-11 as CO2 was used for the Grignard 

reaction to label fatty acids and acetate or as 
llCH31 for the methylation reaction to label 
methionine or choline. Preparative and analytical 
HPLC were used to increase the radio and chemical 
purity of the product as shown in Fig. 1. 

18F-fluorodeoxyglucose (FOG) was produced at 
the U.c. Davis Crocker Cyclotron. About 40 
production runs were made to supply 18FDG for 1 
to 2 patient studies per run. Studies were done on 
Alzheimer's senile dementia patients (Dr. R. Fried
land) and patients with schizophrenia (Dr. T. Sargent 
and Palo Alto V.A.). 

RADIONUCLIDE GENERATORS 

The germanium-68/gallium-68 generator was 
used to obtain ionic gallium-68 for platelet and 
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lipoprotein labeling studies. 
Endothelial injury and thrombosis are involved 

in the development of both the early and advanced 
lesions of atherosclerosis and in the thromboembolic 
complications of atherosclerosis. 

Endothelial injury may be brought about by 
blood-borne factors and by effects of blood flow 
that affect the vessel wall and the endothelium . 
Blood-borne factors are serum lipids (particularly 
LOLl, high concentrations of abnormal metabolites 
such as homocysteine, antigen-antibody complexes, 
catecholamines, bacteria, and viruses. It is well
known that platelet deposition occurs at these injury 
sites on the arterial wall. For this reason the radiola
beling of platelets and the imaging of platelet accu
mulation with positron emission tomography may 
permit evaluation of individual vascular lesions. 

Gallium-68 platelet labeling studies were con
ducted in collaboration with Dr. D. C. Price of UCSF 
and Dr. Shirley Ebbe of LBL. Various complexes of 
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68Ga such as oxine, mercaptopyridine oxide, and 
tropolone, were investigated as carrier molecules for 
transporting 68Ga across the platelet membrane. 
Numerous problems related to contaminating metal 
ions, concentration of complexing ligand, pH, 
buffers, and isolation of viable platelets from human, 
dog, and rabbit blood were investigated. Of impor
tance to progress in 68Ga platelet labeling was the 
development of a thin layer chromatogra~hy (TLC) 
system for analyzing the formation of 6 Ga-oxine 
under various conditions and to determine the avail
able 68Ga-oxine at the time of addition to the 
separated platelet button. We have now succeeded 
in labeling human platelets with about 40% labeling 
yield. Comparable success was found in labeling 
rabbit platelets, but the labeling of dog platelets was 
not as successful. 

Another aspect of 68Ga chemistry has been the 
labeling of lipoprotein fractions with the bifunctional 
chelate of the cyclic anhydride of DTPA conjugated 
to low density lipoprotein (LDL) in research con
ducted by Doctors David Moore and Jim Hunter in 
collaboration with Doctors Alex Nichols and Trudy 
Forte (LBL). The cyclic anhydride of DTPA was 
formed and evaluated first as a conjugate of human 
serum albumin and labeled with ionic 68Ga. Separa
tions were done on a sephadex gel column first to 
obtain the conjugated protein and second to isolate 
the 68Ga-labeled protein from the 68Ga-DTPA 
formed by hydrolysis of the cyclic anhydride. Prel
iminary studies with the 68Ga labeling of separated 
LDL from human plasma has indicated highly suc-
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cessful labeling yields as well as high radiochemical 
purity of the labeled protein. Further studies will be 
done to utilize gel-column chromatography and 
HPLC to determine the subfractions of LDL labeled 
with 68Ga. Other animal distribution studies and 
assay methods will be used to determine the useful
ness of the 68Ga-labeled lipoprotein for PET imaging 
studies in animal models to determine the biological 
activity of the radiolabeled protein fraction . 

The LBL rubidium-82 generator was kept in 
operation throughout the year with four separate 
loadings of 82Sr that was produced at Los Alamos 
Scientific Laboratory by H. A. O ' Brien's group. Two 
hundred millicuries of 82Sr were received for each 
loading. The 82Rb generator was used in PET stu
dies of patients with brain tumors and Alzheimer's 
type senile dementia. Animal studies were done to 
evaluate measurement of myocardial blood flow 
with 82Rb, H2

150, and radiolabeled microspheres. 
Preliminary discussions with Doctors P. Richards 

and L. Mausner of the Brookhaven Linac Isotope 
Produce (BLIP) have led to substantial progress in 
planning for the production and delivery of 100 to 
200 mCi of 122Xe on a weekly basis. The design 
and fabrication of the shipping shield for the 122Xe 
activity and the generator system for the isolation of 
the 3.s-min positron emitter 1221 is being carried 
out, in collaboration with Doctors T. Sargent and A. 
Shulgin, and the synthesis and radiolabeling reac
tions for the rapid iodination of an amphetamine 
analog with 1221. This compound will be useful in 
determining brain blood flow by PET. 

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 

ULTRAHIGH RESOLUTION SINGLE-LAYER 
POSITRON TOMOGRAPH 

A new 600-crystal positron tomograph is under 
construction and will be completed mid-1984. It 
will have a spatial resolution ("image sharpness") of 
2.5 mm FWHM (full-width at half maximum), which 
is better than any existing instrument by a factor of 
three, and it will be able to acquire 100,000 coin
cident events per second, permitting sequences of 
images as rapidly as one image per second. The 3 
mm wide bismuth germanate crystals and photo
tubes are mounted in aluminum holders (Fig. 1) 

and the 600-crystal detector ring consists of 30 
holders (Fig. 2). 

This unique instrument will be used for the 
study of abnormal metabolism in brain disorders, 
brain tumor metabolism before and after therapy, 
and the development of the arterial plaques that 
cause stroke and heart disease. For these studies, 
selected biological compounds are labeled with a 
positron emitting isotof.e such as 2-min 150 , 20-
min llC, or 108-min 1 F and then administered by 
inhalation or simple injection. Information on the 
biochemical processes of an organ is obtained from 



Fig. 1. One of the 30 detector holders for the 600 crystal 
ultrahigh resolution positron tomograph. Each holds an average 
of 20 bismuth germanate crystals and photo tubes. 

(XBB 830-8658) 

measurements of the rate at which the tracer is 
delivered to that organ, and the accumulation and 
clearance of the tracer in the organ 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 
annihilate 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 0.320 FWHM. For our 
detector ring with a diameter of 60 cm, this 
corresponds to a spatial broadening of 0.9 mm 
FWHM. 

Each crystal is coupled to a phototube, and 
electronic circuits determine when any crystal has 
detected an annihilation photon in time coin
cidence (within 15 billionths of a second) with any 
of the opposing crystals . Events are accumulated in 
high-speed semiconductor memory, and recon
structed by a high-speed special processing unit to 
produce an image of the distribution of the tracer 
on a TV screen. 
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Fig. 2. Assembly of 30 detector holders for the complete 
detector ring. (CBB 83 10-8660) 

This new work is an evolution of the Donner 
2BO-Crystal Positron Tomograph which is now in its 
sixth year of successful operation. 

ULTRAHIGH RESOLUTION SEVEN-LAYER 
POSITRON TOMOGRAPH 

The most serious limitation of the 2BO-crystal 
tomograph and the new 600-crystal ultrahigh reso
lution tomograph is that they can only image one 
section at a time. The size of available phototubes 
prohibits the close packing of small crystals in mul
tiple layers. We realized that if a design cou ld be 
developed for small crystals close-packed in many 
rings, then many layers could be imaged simultane
ously. This would permit a great increase in speed 
and sensitivity without sacrificing spatial resolution . 
Thus one of our major research activities is to 
develop advanced detector technologies such as 
those following. 

Multiple-Anode Phototube 

We have established specifications for a new 
photomultiplier tube, to be built by industry, con
taining eight very fine electron multiplier structures 
in a single glass vacuum envelope. 



Solid-State Photosensors 

A second promising approach uses a recently 
developed rectangular photomultiplier tube and 
new solid-state photosensors individually coupled 
to each crystal. The phototube provides accurate 
timing information for a group of crystals and the 
silicon photodiodes determine which crystal is pro
ducing the scintillation light. The amount of light 
from the BGO crystals is small, however, and the 
charge signal from the photodiode consists of only 
a few thousand electrons. Prior to our work, indivi
dual 511-keV gamma ray pulses had never been 
observed . from a BGO-photodiode detector combi
nation. 

CRYSTAL IDENTIFICATION USING SILICON 
PHOTODIODES 

In an important technical advance, we have 
achieved an energy resolution of 7.2% FWHM for 
662-keV gamma rays using small BGO crystals, 
commercially available silicon photodiodes, and 
low-noise charge amplifiers developed at LBL 
(Fig. 3). This energy resolution is better than any 
resolution reported for BGO using phototubes 
(10% FWHM) and far better than any resolution 
reported for solid-state photodetectors (20% 
FWHM for Hgl2 or silicon avalanche photodiodes). 
A pulse height spectrum for a 22Na source is shown 
in Fig. 4. 

In a preliminary experiment, two small BGO 
crystals were cemented to a common phototube, 
and individually coupled to silicon photodiodes. 
The spatial resolution of the phototube only (Fig. 5) 
is relatively broad. When information from the two 
silicon photodiodes is used (photodiode A and B 
curves) the phototube peak is clearly resolved into 
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FiB. 4. Pulse height spectrum from 22Na taken with the set-up 
of Fig. 3 at a temperature of -IS0"C. (XBL 8311-4086) 

two narrow peaks with FWHM = 2 mm. This 
demonstrates the potential for a new class of mul
tilayer ultrahigh resolution positron tomographs. 
The proposed 2400-crystal tomograph will have a 
total of 300 phototubes with 8 crystals coupled to 
each phototube. Specially designed photodiodes 
will be coupled individually to each crystal. 

Table 1. Development of positron emission tomographs at 
Donner Laboratory. 

Completion date June 1978 1984 1987 (est) 

Total number of BGO crystals 

Number of image planes 

In-plane resolution (FWHM) (mm) 
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FET i---"r_--t-___ ,Chorge 
amplifier 

O.5pF 

Charge 
VV---'--+-I ->- feed back 

I.OpF I 

280 

9 

I I. I mV calibration 
I 

600 

2.5 

I Cooled components "I" Room temperature-

2,400 

7 

2.5 

FiB. 3. (a) Schematic of 3 X 3 X 3 mm BCD crystal cemented to a 4 mm diameter silicon photodiode. (b) 
Circuit diagram of low-noise charge amplifier, showing cooled components. (a: XBL 833-3678, b: XBL 833-3646) 
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Fig. 5. Coincident response function as a very narrow line 
source of 22Na is moved between opposing phototubes. One 
phototube is cemented to a single 3 mm wide BCD crystal and 
the other is cemented to two 3 mm wide BCD crystals. The 
curve marked phototube is the coincident response between the 
two phototubes and is relatively broad because the second 
phototube cannot distinguish between the two crystals cemented 
to it. Photodiode A and B curves include photopeak pulses 
from the respective photodiodes and demonstrate their ability to 
determine the crystal of interaction on an event-by-event basis. 

(XBL 839-4016) 

MURINE MEGAKARYOCYTOPOIESIS AND HUMAN ERYTHROPOIESIS 

Shirley Ebbe, Clara Adrados, Cathryne Allan, Violet Barghe-Sharghi, 
Dorothy Carpenter, Ruth Cohen, Patricia Garbutt, Carol Lum, and Elizabeth Phalen. 
Attending Physicians: Hunter Cutting, Lester Hollander, and Henry Stauffer. 

M EGAKARYOCYTES 

Platelets are the smallest of the formed elements 
of the circulating blood. They function to prevent 
hemorrhage by sealing off defects in blood vessels 
that may occur spontaneously or as a result of 
trauma, and by initiating blood clotting. Platelets are 
fragments of cytoplasm from megakaryocytes, which 
are the largest of the blood-forming cells of the 
bone marrow. The growth of megakaryocytes is 

regulated in part by the demand for platelets. One 
of the important determinants of platelet production 
appears to be the sizes of individual megakaryo
cytes, which may vary considerably in different 
experimental situations. Thus, if platelets are experi
mentally depleted from the blood, megakaryocyto
poiesis is stimulated and, amongst other changes, 
individual megakaryocytes grow to a larger than nor
mal size. Each macrocytic megakaryocyte then pro-



duces a greater mass of platelets than normal to 
compensate for the deficiency of platelets in the 
blood. This change appears to be induced by a hor
mone called thrombopoietin that appears in the 
blood when the platelet count is low, but the cellu
lar mechanisms within the bone marrow that are 
responsible for regulating megakaryocyte size have 
not been identified. We have recently found that 
megakaryocytic macrocytosis that is characteristic of 
51/51 d mice can be reproduced in bone marrow 
cell cultures, a finding that opens a new avenue of 
approach to the identification of cell to cell interac
tions that may influence megakaryocyte growth. 

51/51 d mice have genetically determined abnor
malities of hemopoiesis, pigmentation, reproductive 
ability, and radiosensitivity. Their hemopoietic 
abnormality is due to an abnormality of the 
microenvironment of hemopoietic organs (bone 
marrow and spleen) rather than to deficiencies or 
dysfunction of the hemopoietic cells themselves. 
However, the cellular or chemical nature of the criti
cal microenvironmental defect has not been 
described. The only obvious abnormality of the 
blood of these mice is a severe macrocytic anemia. 
In addition, however, 51/51 d mice have only about 
half the normal number of megakaryocytes in their 
bone marrow, but individual megakaryocytes are 
substantially larger than normal. The end result is 
that platelet production and platelet number and 
mass in the blood are normal. Because of normal
ity of the platelet count, the recognized thrombo
poietin mechanism can not explain the prominent 
macrocytosis of megakaryocytes. It was, therefore, 
proposed that the hemopoietic microenvironmental 
abnormality of 51/51 d mice might be directly 
responsible for abnormal growth of megakaryocytes 
and, if so, that the defect might be reproducible in 
cell culture. 

Dexter described a technique for producing 
bone marrow cell cultures in which hemopoietic 
cell growth is maintained for prolonged periods of 
time. This technique appeared to be especially 
applicable to the study of 51/51 d mice because 
continuance of the cultures depends on the initial 
growth of a layer of bone marrow stromal cells (fat 
cells, endothelial cells, macrophages, reticular ce lls) 
on the bottoms of the culture flasks . After initial 
growth of this layer for three weeks, the cultures 
are recharged with a second inoculum of bone 
marrow to provide an adequate source of hemo
poietic stem cells. Megakaryocytes and leukocytes 
can then be periodically harvested from the super
natant culture medium. Cultures of 51/51 d bone 
marrow were compared to cultures of marrow from 
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normal (+ / +) Iittermate mice to determine if abnor
malities of megakaryocytopoiesis would be repro
duced. Megakaryocytes were identified by histo
chemical staining for acetylcholinesterase, an 
enzyme that is specific for megakaryocytes and pla
telets in murine marrow, then were sized with an 
image analysis system attached to a microscope. 
Analyses were done weekly for seven weeks after 
recharging the cultures 10 weeks after cultures 
were initiated). 

Cultures composed entirely of 51/51 d marrow 
cells showed persistent macrocytosis of megakaryo
cytes when compared to cultures of normal cells 
(Fig. 1). At various times of culture, there were 
also reduced numbers of megakaryocytes, total 
cells, and granulocytes in the supernatants of 
51/51 d cultures, but these findings lacked the con
sistency of the megakaryocytic macrocytosis. These 
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Fig. 1. Mean megakaryocyte sizes (± 5EM) in cultures of bone 
marrow cells from 51/51 d and +/ + mice. In cultures composed 
purely of 51/51 d cells (51-51), megakaryocytes were consistently 
larger than in cultures composed purely of normal cells (+-+). 
The significance of the results in mixed cultures of the two cells 
types (designated by dashed lines) can not be determined with 
available data. (XBL 837-3853) 



findings suggest that determinants of megakaryocyte 
size in vivo were reproduced in the cultures and 
that one or more of the types of stromal cells that 
grew in the cultures may be responsible for the 
megakaryocytic macrocytosis (and, jossibly, other 
hemopoietic abnormalities) of 51 / 51 mice. 

Further studies are underway to evaluate cellu
lar interactions in marrow cell cultures that might 
regulate the size of megakaryocytes. 

ERYTH ROPOI HI N 

Serum and urine levels of erythropoietin (EP) 
have been measured before and after therapeutic 
phlebotomies with and without mild perturbations 
of acid and base balance. Subjects were normal or 
had polycythemia or hemochromatosis. In many of 
the samples, EP was measured both by bioassay 
and by radioimmunoassay (RIA) (the latter by Dr. 
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Gisela Clemons). The results tend to show agree
ment in the levels of EP determined by the two 
methods, which is of interest because the subjects 
had EP levels that were only modestly elevated 
above normal values. Agreement between the two 
assays had previously been shown for sera from 
severely anemic patients in whom EP levels were 
very high. These findings extend the range of con
cordance between biologically active EP and that 
which is detected immunologically. 

In patients with severe anemia, levels of EP are 
increased in both their serum and their urine. 
However, the quantitative relationship between the 
concentration of EP in the blood and the amount 
excreted in the urine is not known. Our prelim
inary results in individuals subjected to phlebo
tomies suggest that the relationship may not be 
constant. Additional studies are underway to test 
this finding. 

MARROW TRANSFUSION INTO NORMAL AND SUBLETHALLY IRRADIATED 
ANIMALS 

George Brecher 

During the past two years, we have used a 
strain of mice developed by H.S. Micklem of the 
University of Edinburgh to trace transfused marrow 
cells in isogeneic hosts. The new strain 
(CBA/ PGK/ A,B) carries two alloenzymes, A and B, 
of the x-linked enzyme phosphoglycerate kinase. 
Both male and female offspring can be bred with 
only one or the other of the enzymes. After 
transfusion of marrow from an A into a B animal (or 
vice versa), the percentage of donor enzyme in the 
recipient's blood or marrow can be determined 
electrophoretically and reflects the percentage of 
donor cells and their progeny proliferating in the 
host. The technique has two major advantages 
over the cytogenetic cell identification used earlier. 
The new methodology is much less time consuming 
and changes in the mature cells derived from the 
transplanted stem cells can be followed by 
repeated examination of the peripheral blood of 
the same animal. This is in contrast to the cyto
genetic technique which identifies only the imma
ture, still dividing cells. The procurement of the 
new strain and the establishment of a local colony 
was made possible by a Director' s Grant in 1980 
and the generosity of Dr. Micklem in providing the 
breeding stock. 

We have shown earlier that bone marrow 
readily seeds and proliferates in normal mice, pro-

vided large enough numbers of cells are transfused. 
Following transfusion of 50 million cells on each of 
4 or 5 consecutive days, 20 to 40% of the host 
marrow are of donor origin. We had previously 
reported that lethally irradiated an imals that 
recovered if given an initial bone marrow transfu
sion accepted a second transfusion more readily. 

In an extension of this earlier work, we 
exposed mice to 300, 600, and 900 R, none of 
which caused any mortality. Two months later, 
when the peripheral blood counts had returned to 
normal, the irradiated mice and controls were given 
100 million marrow cells. The percentage of donor 
cells in the mice that had been exposed to 600 or 
900 R reached 55-100%, while controls averaged 
24% and never exceeded 40% (Fig. 1). The 100 
million cells transfused represent approximately 
40% of the total number of marrow cells in the 
normal mouse. Thus, the donor cells could not 
have replaced 100% of the host' s cells unless they 
proliferated more rapidly than the host cells. The 
implied competitive advantage of the donor cells is 
ascribed to a reduced capacity for self-renewal of 
the host's irradiated cells. 

In recipients exposed to 300 R and in nonirradi
ated controls, female cells failed to grow in male 
recipients, while male cells grew as well as female 
as in male hosts. The inhibition of growth of 
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Fig. 1. The solid lines indicate the percentage of red blood 
cells of donor origin in the peripheral blood of mice exposed to 
300, 600, and 900 R and transfused 2 months later. The broken 
lines represent unirradiated controls. A ll mice received 100 
million marrow cells and the same suspensions of cells were 
used in irradiated and control animals of a given experiment. 
The dose of irradiation, the sex of donor and recipient, and the 
number of the experiment (in Roman numerals) are indicated at 
the end of each line. For comparison the average values of six 
experiments, in which unirradiated animals received 250 million 
marrow cells from sex matched donors, are also shown. 

(XBL 839-4002) 

female cells in the male hosts was abo li shed by 
irradiation with 600 or 900 R (Fig. 1). 

The explanation given for the enhanced proli
feration of transfused bone marrow cells in sub
lethally irradiated and recovered mice does not 
appear applicable to the previously reported 
increased proliferation of transfused cells following 
letha l irradiation. Survival of the lethally irradiated 
animals had been assured by an initial transfusion 
of bone marrow ce lls. These cells comp letely repo
pulated the host marrow. Subsequently, the cells 
of a second transfusion, given after hematologic 
recovery, proliferated more extensively in such 
hosts than in controls. This could not be ascribed 
to a reduced capacity of irradiated ce ll s, since the 
host marrow was derived from cells of the first 
transfusion that had not been irradiated . It is con
ceivable, nevertheless, that these cell s were dam
aged by their sojourn in a recently irradiated 
environment, leading to their reduced self-renewal 
and extensive replacement by the normal ce lls of 
the second transfusion. If so, the mechanism of 
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enhanced proliferation in the lethally and sub
lethally irradiated animals would be similar. 

An alternative explanation for the enhanced 
proliferation of donor cells in irradiated recipients 
might be the well-known reduction of the number 
of pluripotential stem cells (CFU-S) following expo
sure to high doses of irradiation. The CFU-S have 
been shown to recover slowly, e.g., reaching on ly 
80% of normal 12 months after 500 R. Conse
quently, we are now studying the duration of the 
enhanced post-radiation proliferation of donor cells 
at monthly intervals and, concomitantly, the level of 
CFU-S in subgroups of the irradiated animals. This 
experiment has been simplified by the develop
ment in our laboratory of a new CFU-S assay in the 
CBA/PGK mice. Marrow from sublethally irradiated 
animals of a given enzyme type, for example A, in 
which the CFU-S are to be determined is mixed in 
equal proportion with normal marrow of the oppo
site enzyme type, in this case B, and the mixture 
transfused into lethally irradiated recipients. The 
proportion of A:B enzyme determined in the reci
pients 3 or 4 weeks later reflects the fraction of 
normal CFU-S present in the experimental animal. 
Experience to date indicates that the new assay will 
enable us to follow the recovery of CFU-S after 
irradiation more easily and at much less cost than if 
the standard method of spleen nodule assay was 
used . 

Recently we have started work on another facet 
of stem cell behavior, namely the cause of "seria l 
exhaustion." This term refers to the repeatedly 
confirmed observation that only 4 or 5 sequential 
passages of marrow are possible through irradiated 
recipients before the marrow fails to rescue an irra
diated anima l on further transfer. A progressive loss 
of self-replicability of stem cells is involved, but at 
least three explanations have been offered for it: 
1} The effect of transfusion itself is deleterious, 
2} increased turnover of stem cells in the process of 
restoring the irradiated marrow leads to stem cell 
exhaustion, and 3} sojourn in a recently irradiated 
environment is deleterious. Since we can now 
obtain significant percentages of donor ce ll s in nor
mal animals, we can test the loss of self-replicability 
of stem cells after transfusion in anima ls not 
exposed to irradiation, using the prinCiple of 
Micklem's "competitive regeneration assay. " (The 
assay compares marrows with reduced self
replicability to normal marrow.) From preliminary 
experiments it appears that a single transfusion 
does not affect self-replicability, but two consecu
tive transfusions do, implying a subclinical damage 
in the course of the first transfusion that manifests 
itself only on a second transfusion . 
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SECTION 2. DONNER PAVILION 

INTRODUCTION 

The Donner Pavilion has continued to develop 
a strong experimental program of stereotactic 
heavy-ion Bragg peak radiosurgery in the central 
nervous system combined with the application of 
heavy-ion beams to fundamental and applied brain 
research. Certain of the research activities are 
being carried out in collaboration with members of 
the Departments of Radiology and Neurological 
Surgery of the University of California San Fran
cisco. The growth of the clinical research program 
has been considerable; over 50 radiosurgical 
patients from the United States and abroad have 
been studied and treated with charged particle 
beams at the 184-1 nch Synchrocyclotron. Research 
activities have expanded into areas of interactive 
charged particle treatment planning for narrow 

beams and applications of nuclear magnetic reso
nance imaging of intracranial vascular disorders. 
The fundamental brain research program examines 
the effects of narrow heavy-ion beams on neural 
conduction, on cellular control mechanisms in the 
central nervous system, and on focal cell and tissue 
injury and repair of the mammalian brain. New 
programs include studies of nucleic acid metabol
ism, cell proliferation, and NMR imaging of tem
poral and morphological patterns of brain injury in 
the irradiated mammalian brain. The quantitative 
radiation epidemiology program continues to exam
ine biophysical, mathematical, and health parame
ters of risk estimation of potential late radiation 
effects in the human brain. 

STEREOTACTIC HEAVY-ION BRAGG PEAK RADIOSURGERY 

Jacob I. Fabrikant, John T. Lyman, Yoshio Hosobuchi, Kenneth A. Frankel, 
Edward L. Alpen, Leal L. Kanstein,* Frederick W. Yeater,* Neela Manley, 
Britta Heise, Myrtle L. Foster, Cornelius T. Gaffey, Thomas S. Tenforde, 
Bent Kjos,t David Norman,t Catherine M. Miller,t David Feinberg,t Carla Fulton, 
Ronald Harris, Kay H. Woodruff, and Maureen H. Morford 

CLINICAL RESEARCH STUDIES 

Fabrikant, Lyman, and Hosobuchi and the staffs 
of the Donner Pavilion and the 184-lnch Synchro
cyclotron have worked together to develop a strong 
clinically-based experimental program of stereotac
tic helium-ion Bragg peak radiosurgery for inoper
able and inaccessible intracranial arteriovenous mal
formations (AVMs) of the brain. Whenever possi
ble, conventional surgical excision of the entire 
lesion remains the treatment of choice for AVMs of 
the brain and, in certain situations, intravascular 
embolization in conjunction with surgical excision 
may prove advantageous. When AVMs are inac
cessible and conditions preclude surgery and/or 
embolization, stereotactic charged particle Bragg 
peak radiosurgery (alone, or in combination with 
partial surgical ligation and/or excision, and/or 

"Accelerator and Fusion Research Division, Accelerator Opera
tions Group, LBL. 

tDepartment of Radiology, University of California San Francisco. 

embolization of larger feeder vessels) appears to be 
a safe, reliable, and potentially effective alternative. 
It is presently used at the Donner Pavilion as the 
definitive form of treatment,either alone, or in 
combination with vascular ligation or embolization 
of accessible arterial feeders. It appears that early 
experience compels the conclusion that virtually all 
A VMs of the brain can be treated with stereotactic 
charged particle Bragg peak radiosurgery. Cerebral 
irradiation using stereotactically-directed heavy-ion 
Bragg peak radiosurgery is more advantageous than 
gamma beams or proton beams because of 
improved spatial definition and dosecdistribution 
within the AVM target volume in the brain. Experi
ence demonstrates that therapeutic failure results 
from irradiating some but not all of the multiple 
arterial feeder shunts of the AVM, or where only a 
part of the pathological cluster of vessels is irradi
ated. This has not occurred with our use of 
helium-ion Bragg peak beams and improved dose
localization and dose-distribution. Initial- therapeu-



tic results demonstrate that heavy-ion focal irradia
tion can induce hemodynamic changes and 
neurovascular obliteration of the AVM associated 
with reduction in size and in flow often leading to 
complete obliteration of the vascular abnormality 
(Fig. 1). Neurological changes with improvement 
have been observed within periods as short as 
three months; cerebral angiographic changes with 
decreased AVM size and flow have been observed 
within six months following irradiation. However, 
most changes require more than a year to develop 
and may extend over a one to two year period . 

The stereotactic heavy-ion radiosurgical method 
can prove to be a highly selective one for treat
ment of surgically-inaccessible structures within the 
brain. Its advantages are that 1) it is a safe, nonin
vasive procedure without any blood loss, 2) 
patients under threat of hemorrhage from inoper
able or inaccessible AVMs can be treated in cases 
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where neurosurgery is unable to help, and 3) pro
longed hospitalization is not required and all our 
patients are treated on an ambulatory basis. The 
disadvantages of the method are that 1) radio
graphic evidence of change within AVM usually 
does not begin until after some six months and, fre
quently, obliteration requires 12 to 18 months or 
more, so that 2) patients are not protected and are 
under threat of hemorrhage for a long time, and 3) 
time-dose-volume-fractionation relationships for 
heavy-ion focal irradiation of brain and other eN'S 
tissues are not fully understood. Experience with 
gamma beams and proton beams indicate that for 
large AVMs in functionally important brain regions, 
when large doses of radiation or large radiation 
fields have to be applied, there exists the danger of 
serious brain damage and neurological deficits. 
This has not occurred in our experience using 
stereotactically-directed narrow beams of helium-

Fig. 1. Upper: Cerebral angiograms of inaccessible and inoperable brain AVM (arrow) in a 12-year old boy 
suffering from subarachnoid hemorrhage. The A VM was treated with a narrow 18-mm helium-ion beam (dose, 45 
Gy equivalent) using stereotactic Bragg peak radiosurgery. Lower: Cerebral angiograms 9 months later 
demonstrating complete obliteration of the original AVM; the boy is in excellent hea lth. (XBB 830-10609A) 



ions. However, much research must be done - at 
the tissue and animal levels and on heavy-ion beam 
quality and dosimetry establishing a firm scientific 
basis for LET /RBE relationships in the cells and tis
sues of the central nervous system - for this 
method of stereotactic heavy-ion Bragg peak 
radiosurgery to offer the possibility of complete 
recovery with no late sequelae in patients with 
deep-seated AVMs. The clinically applied research 
program is designed to introduce technical modifi
cations and improvements of the stereotactic 
radiosurgical technique, including stereotactic neu
roradiological studies for quantitating radiation 
changes in the brain, computer-based interactive 
treatment planning, heavy-ion beam-delivery, dose 
localization, and dose-distribution, to achieve a safe 
and reliable therapeutic procedure, to evaluate the 
long-term results in patients treated with helium-ion 
cerebral irradiation for AVMs of the brain and spinal 
cord, and to develop the method using carbon ions 
or possibly heavier ions at the Bevalac. 

CLINICAL DATA BASE 

Lyman, Fulton, Harris, Frankel, and Fabrikant 
are developing an expanded clinical data base for 
assessing treatment strategies and for improving 
follow-up records in all intracranial AVM patients 
treated with stereotactic helium-ion Bragg peak 
radiosurgery. The distribution of initial and subse
quent neurologic symptoms in the first 49 of the 54 
patients treated thus far, have been characterized 
(Table 1). The most frequent initial symptom is 
subarachnoid hemorrhage (SAH); almost all SAH 
patients experience moderate to severe headaches, 
which are frequently of intractable migraine type. 
These SAH patients frequently rebleed and may be 
at a high risk of death. Fixed neurologic deficit is a 
common symptom associated with SAH . Progres
sive neurological deficit frequently accompanies 
severe headache. Patients initially presenting with 
seizure and/or progressive neurological deficit 
comprise the smallest group of those who have 
received cerebral irradiation. 

All patients are treated with stereotactic 
radiosurgery, sometimes with pre-irradiation 
intraluminal embolization and/or surgical ligation, to 
prepare the AVM (Table 2). Half the patients are 
treated with radiosurgery only; in one-third, neuro
surgical ligation of accessible feeder vessels was 
carried out prior to radiosurgery to reduce the size 
of the AVM. In only 10% of patients, intraluminal 
embolization was attempted to decrease the size 
and flow in the AVM prior to radiosurgery. The 
volume of the AVM lesions treated with radiosur-
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Table 1. Initial and subsequent neurologic symptoms of 
49 patients with intracranial arteriovenous malformations 

treated with stereotactic radiosurgery. 

Initial Symptoms Number of Patients 

Hemorrhage 23 
No neurologic deficit 4 
Fixed neurologic deficit 11 
Hemorrhage only 0 
Followed by: 

Seizure 7 
Progressive neurologic deficit 8 
Headache 20 
Other 0 

Headache 17 
No migraine 8 
Migraine 9 
Headache only 3 
Followed by: 

Hemorrhage 1 
Seizure 3 
Progressive neurologic deficit 8 
Other 0 

~~re 3 
Seizure only 
Followed by: 

Hemorrhage 0 
Progressive neurologic deficit 
Headache 1 
Other 0 

Progressive Neurologic Deficit 6 
Progressive neurologic deficit only 
Followed by: 

Hemorrhage 0 
~~re 4 
Headache 4 
Other 

gery varies widely among patients, but the majority 
of surgically inaccessible lesions irradiated are less 
than 2500 mm3. 

PHYSICS RESEARCH 

Beam Quality 

Lyman, Kanstein, Yeater, Frankel, and Fabrikant 
have developed a new radiation beamline confi 
guration for stereotactic helium-ion Bragg peak 
radiosurgery for cerebral irradiation with intracranial 
deep arteriovenous malformations using the 230-
MeV /u helium-ion beam at the 184-lnch Synchro
cyclotron. The narrow beam has been designed to 
have a variable depth of penetration between 4 
and 14 cm (Fig. 2) . This is obtained by first 
reducing the beam energy from 230 MeV /u to 
about 145 MeV /u by a combination of 
polyethylene and copper absorbers; this beam 
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Table 2. Treatment strategies for stereotactic heavy-ion Bragg peak radiosurgery 
for intracranial arteriovenous malformations. 

Stereotactic 
AVM location Total radiosurgery 

Basal ganglia 5 3 

Brain stem 0 

Carotid-cavernous fistula 3 3 

Cerebellum 9 5 

Cervical spinal cord 0 

Frontal 5 2 

Hypothalamus 0 

Occipital 2 2 

Paraventricular 14 7 

Parietal 5 0 

Temporal 0 

Thalamus 4 4 

energy and the appropriate absorber configuration 
permits penetration of any intracranial target. The 
modulation of the stopping region of the beam is 
controlled by a rotating variable thickness acrylic 
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Fig. 2. Depth-dose measurements of the 230-MeV / u helium
ion beam at the 184-lnch Synchrocyclotron using a parallel 
plate ionization chamber. The maximum range to the Bragg 
peak is 14.7 cm in water. (XBL 8312-4762) 
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absorber located upstream of the beam degraders. 
The penumbra of the narrow beam is kept 
extremely small to maintain a sharp lateral edge; 
this is done by placing all the beam energy degrad
ing material about 3.6 m upstream from the final 
beam collimator. The beam striking the degrader is 
about 3 cm by 4 cm (FWHM); after the degrading 
material the beam is collimated by a 2.2 cm diame
ter collimator. With this configuration, a dose rate 
of approximately 8 Gy jmin is achieved. The beam 
current is monitored by ionization chambers 
upstream of the beam modulator and degrader and 
behind an intermediate collimator, and measure
ments of the depth-dose relations at the center of 
the ISAH patient positioner have been completed . 

Radiosurgical Treatment Planning 

Lyman, Frankel, and Fabrikant are developing 
techniques for improving radiosurgical methods of 
patients with eNS vascular disorders based on 
optimal dose-delivery and dose-distribution . The 
stereotactic head-immobilization system permits 
precise transfer of three-dimensional localization 
data from the stereotactic computerized tomo
graphic and cerebral angiographic images to the 
treatment planning codes for determining beam 
delivery of the helium-ion Bragg-peak radiosurgery 
strategies. The patient' s head is immobilized in a 



stereotactic apparatus designed for stereotactic 
radiodiagnostic and radiosurgical procedures that 
transfer stereotactic imaging for defining the size, 
shape, and position of the AVM, to the CT image, 
for determining heavy-ion beam range and direction 
(Fig. 3). The system is designed to minimize the 
introduction of computerized tomographic artifacts 
and restrictions on possible beam entry portals . 
Treatment-volume target-shaping techniques are 
being improved by development of the system of 
data transfer for the spatial distribution of the vas
cular abnormality, and treatment-planning dose cal
culations provide accurate isodensity information of 
the dose-distribution within the brain in re lation to 
the target contour and adjacent critical brain struc
tures . Many patients have irregularly-shaped AVM 
lesions, which require the construction of complex 
collimators and compensators that conform the 
beam and its range to the shape of the abnormality. 
A radiosurgical treatment plan for the dose
distribution of the helium-ion beam derived from 
stereotactic neurodiagnostic imaging data is illus
trated in Fig. 4. A radiation dose of 45 Gy 
equivalent is delivered through multiple ports in 
1-3 daily fractions; the 90% isodensity contour 
closely follows the treatment volume, and the 
amount of irradiated brain receiving less than 10% 
of the dose is small . In the future, heavier-ion 
beams (carbon, neon, and/or silicon) at the Bevalac 
will be used for stereotactic radiosurgery . These 
beams provide improved dose distributions, due to 
the sharper Bragg peak and decreased straggling, 
that more than offset effects of fragmentation . 

Fig. 3. Stereotactic radiosurgical frame and immobilizing mask 
system designed for stereotactic neurodiagnostic imaging and 
radiosurgical treatment with narrow heavy-ion Bragg peak 
beams. (CBB 836-5261) 
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Fig. 4. Isoeffect radiosurgical helium-ion treatment plan for an 
intracranial brain stem arteriovenous malformation. 

(CBB 835-4438) 

NMR IMAGING 

Human Studies 

Frankel, Lyman, Mills, Feinberg, Fabrikant, and 
Norman have begun to utilize nuclear magnetic 
resonance brain imaging of radiosurgical patients 
with AVMs for neurodiagnosis, treatment planning, 
and long-term post-irradiation follow-up. NMR 
imaging is proving to be a useful method for 
stereotactic localization of AVMs; blood flowing 
rapidly through abnormal vessels can be imaged 
rapidly and identified (Fig. 5). Stereotactic NMR 
imaging has the potential of replacing certain x-ray 
procedures for stereotactic radiosurgical treatment 
planning. The region of arterial blood shunting 
through the AVM is of critical importance and is 
the target for the charged particle beams; presently, 
these arterial feeders are defined by digital subtrac
tion cerebral arteriography, which delineates the 
flow of iodinated contrast material into the AVM. 
NMR imaging is sensitive to both arterial and 
venous flow and comparisons are presently being 
made to assess size and location of treatment 
volumes derived from NMR imaging and from cere
bral angiography. Development of gated subtrac
tion NMR imaging, in which the imaging sequence 
is gated by the heartbeat and timed at intervals of 
maximum and minimum arterial flow, is also in pro
gress. NMR imaging of AVM changes provides a 
potentially useful technique for the follow-up of 
stereotactic radiosurgical patients, both to monitor 
the change in size and the rate of blood flow 
through the AVM and, also, to demonstrate radia
tion effects in brain tissue, if any do occur, such as 
perturbation of myelination processes. 



Fig. 5. Axial NMR image of A VM (arrow) in brain of a patient 
treated with stereotactic helium-ion Bragg peak radiosurgery at 
the 184-lnch Synchrocyclotron. The patient was imaged at the 
University of California San Francisco Radiologic Imaging 
Laboratory (Professor A.R. Margulis and Professor L. Kaufman) 
by a spin echo technique. The bright regions in the AVM 
indicate "slow blood flow, - i. e., the blood does not flow out of 
this section of the brain during the imaging interval; these 
observations are presently being quantified. There is no 
evidence of radiation injury to the surrounding brain, e.g., 
edema, demyelination, or necrosis, as a result of radiosurgical 
treatment to a dose of 45 Gy equivalent. (XB8 831 0-9299) 

Animal Studies 

Frankel, Lyman, Kjos, Fabrikant, and Norman 
are currently developing methods of NMR imaging 
of the mammalian brain irradiated by 
stereotactically-directed narrow beams of heavy 
charged particles in order to gain a better under
standing of the temporal patterns of CNS tissue 
responses and associated radiation effects, and to 
develop more effective methods for stereotactic 
heavy-ion Bragg peak radiosurgery of human brain 
disorders. NMR imaging is utilized as a quantitative 
method to examine pathophysiological alterations 
following charged particle cerebral irradiation in the 
rat in relation to correlation of dose-, volume-, and 
time-dependency for the induction of central ner
vous system (CNR) damage, with known differences 
in RBE, correlation of CNS effects of damage and 
repair as a function of fractionation of dose and use 
of different charged particles, correlation of sites 
and nature of tissue injury with functional neuro
pathophysiological alterations, and assessment of 
anatomical changes to estimate tolerance for normal 
CNS tissues for protection during stereotactic 
radiosurgery of intracranial disorders. Initial studies 
demonstrate that sufficient resolution can be 
achieved to examine differential response in a 
number of critical CNS structures, including the 
cerebral cortex, thalamus, midbrain, brain stem, and 
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cerebellum, and that it will be possible to correlate 
changes in NMR images with observed pathophy
siological alterations. The brain of the living rat 
irradiated with narrow beams of helium ions 
demonstrates early changes that are dose- and 
time-dependent (Fig. 6). With optimal pulse 
sequences and resolution, it may be possible to 
identify vascular effects, edema, reversible and 
irreversible brain damage, and demyelination and 
remylination processes. 

DNA METABOLISM AND CELL PROLIFERATION 

Fabrikant, Manley, Heise, and Foster are exa
mining cellular response and cell population kinet
ics in the mammalian brain and the response to 
heavy-ion irradiation with narrow beams. Studies 
are in progress in which a radioactively-labeled 
specific precursor of DNA and RNA is administered 
to animals to tag newly forming brain cells, which 
are rendered visible and their fate traced in situ 
with high resolution autoradiography. Emphasis is 
placed on DNA metabolism and cell proliferation in 
the young mature rodent brain under normal and 
irradiated conditions. 

Initial studies with thymidine-3H autoradiogra
phy confirmed earlier observations that the 
subependymal layer of the lateral ventricle is a site 
of active oligodendrocyte cell proliferation in the 
brains of young adult mammals (Fig. 7, upper) . 
There is limited regional cell proliferation in the 
cerebral cortex in the young mouse, and the migra
tion of labeled granule cells from the subepen
dymal matrix of the lateral ventricle, by way of the 

Fig. 6. Axial NMR image of rat brain; one hemisphere was 
irradiated with a narrow helium-ion beam (230 MeV/ u) to a 
dose of 45 Gy equivalent. A difference in relaxation time is 
noted between the two halves of the brain. (XBB 830-9813) 



Fig. 7. Upper: High-resolution autoradiograph of the 
subependymal layer of the lateral ventricle of the brain in four 
week old mice injected with thymidine-JH. Numerous labeled 
nuclei are readily identified. Lower: Synthesis of nuclear RNA 
demonstrated by high-resolution autoradiography taking place 
in mature nerve cells (Purkinje cells of the cerebellum in the 
young adult mouse brain; the animal was killed 3 hours 
following injection of uridine-JH). (X88837-9667A) 

cerebral white matter, to the cortex has now been 
demonstrated. Of particular interest is the fact that 
granule cell proliferation is maintained for the long
est period in the young adult mouse in the anterior 
part of the lateral ventricle, where a mitotic 
subependymal layer is present that is characterized 
by a high rate of cell production. Numerous 
labeled pyknotic subepidymal cells indicate that 
proliferation of these cells is accompanied by cell 
loss. Thymidine labeling indices reach 19%, 1 hour 
after injection, and as high as 30%, 24 hours fol
lowing pulse labeling, consistent with a cell cycle 
time of approximately 20 hours and a DNA syn
thesis time of approximately 10 hours. 
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Evidence exists that some neuroglia, endothelial 
cells, and cells of the subependymal layer continue 
to proliferate throughout adult life. For these quite 
different cell types, the cell cycle parameters and 
mode of proliferation (i.e., proliferation with cell 
loss and permanent exchange of cells between 
growth fraction and nongrowth fraction) appear to 
be similar. This suggests that there may be com
mon pathways of regulatory mechanisms of cell 
proliferation in the brain of the adult animal. 
Furthermore, the cell cycle parameters are con
sistent and surprisingly short. 

In initial irradiation studies, narrow 2-mm 
helium-ion beams were used; doses of 10 to 30 Gy 
equivalent depressed the 1-hour thymidine-3H 
labeling indices to 7.5-14%, and the decrease was 
dose-dependent 48 hours after exposure. This sug
gests that the charged particle beams at dose levels 
used clinically for stereotactic radiosurgery affects 
proliferative sites in the mammalian brain, such as 
the subependymal layer of the cerebral ventricles, 
by depressing DNA metabolism and cell prolifera
tion in rapidly renewing brain cell populations. 

The synthesis, transport, and fate of RNA is 
being examined by autoradiography in nerve and 
glial cells. After administration of the labeled pre
cursor of RNA (uridine-3H) Purkinje cells in the 
cerebellum show rapid incorporation of the labe l 
into RNA of the chromatin and nucleolus at early 
intervals (30 minutes), and became intensely limited 
to the nucleus by 2 hours (Fig. 7, lower) . 

These autoradiographic studies provide reliable 
nuclear tracer methods that allow the detection and 
the location of radioactive atoms in biological struc
tures of the mammalian brain. Autoradiographs 
obtained at various intervals after administration of 
labeled DNA and RNA precursors make it possible 
to trace the incorporation and migration of the 
metabolic label through the various regions of the 
brain, and thereby permits study of the cellular 
response and cell population kinetics in the mam
malian brain, to narrow beams of heavy charged 
particles, and the metabolic events of the cell cycle 
under normal and irradiated conditions. 

NEUROPHYSIOLOGY RESEARCH 

Nerve impulses are transmitted with very little 
variation in either amplitude or shape; this high 
fidelity impulse is a code element, like the "YES" 
(+) of a computer. In a peripheral nerve trunk a 
large multiplicity of parallel fibers transmits detailed 
information in a brief interval of time. It is of 
radiobiological interest, and of practical concern for 
radiosurgery and radiological protection, to deter-



mine the minimum dose of radiation necessary to 
inhibit neural transmission . Gaffey and Tenforde 
are carrying out electroneurophysiological studies in 
the isolated frog nerve and have found that the 
neural signal could be made nonconducting after 
absorbing 280 krad of 200-kV x rays. When 250 
krad of x rays were absorbed, impulse conduction 
failed 2.2 hours post irradiation; at doses of 200, 
150, and 100 krad, neural activity stopped at 6.5, 
12.25, and 20.50 hours, respectively (Fig. 8) . These 
findings suggest that the damaging action of radia
tion is stored in the neural membrane. Experiments 
are planned to determine the relationship between 
the post-irradiation time for the loss if impulse con
duction and the radiation doses of less than 100 
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krad . In acute studies, 280 krad of 200-kV x rays 
immediately inhibited neural signals in frog nerves; 
for this same biological effect, a different dose of 
cobalt-60 gamma rays was required . Thus, equal 
doses of different types of ionizing radiation do not 
produce equal physiological effects, indicating dif
ferent LET / RBE relationships. Gaffey and Tenforde 
have now demonstrated that neural impulses can 
be recorded as potential differences during the time 
the isolated nerve preparation is being irradiated 
with a beam of 670-MeV neon ions. Therefore, the 
relative biological effectiveness will be determined 
for the neural response of frog nerve exposed to 
narrow beams of heavy ions at the Bevalac. 

Fig. 8. Pre-irradiation and post-irradiation transmission of neural impulses exposed to high doses of low-LET 
radiation; oscillograms of action potentials of x-irradiated isolated sciatic nerve of the frog. One sciatic nerve was 
exposed to x-irradiation (left column); the other sciatic nerve served as an unirradiated control (right column). An 
electric shock delivered to each nerve initiated a maximal action potential, whose amplitudes, prior to irradiation, 
were 25.0 mV (treated) and 28.0 mV (control). When the treated nerve absorbed 100 krad of x rays, the action 
potential amplitude was enhanced to 26.5 mV and its duration was broadened slightly; the control nerve remained 
stable. The irradiated nerve failed to generate a neural impulse at 20.5 hours post irradiation, while a full action 
potential could be obtained from the control nerve. (XBB 830-9812) 
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SECTION 3. ENVIRONMENTAL PHYSIOLOGY 

INTRODUCTION 

During the past decade research programs in the 
Environmental Physiology Group have been focused 
on the study of the interactions of nuclear and non
nuclear pollutants with living systems. The initial 
research in this area was necessarily of a survey 
nature in order to identify the tissue and organ sys
tems that were potentially responsive to various pol
lutants at concentrations encountered in the 
environment. More recent studies have been 
directed toward determining the specific loci of pol
lutantinteractions with target tissues in an effort to 
provide a mechanistic understanding of the damage 
caused by these agents. These investigations, in 
turn, are now leading toward an increased emphasis 
on studies of the basic mechanisms underlying nor
mal cellular and tissue development, differentiation, 
and regulation. The progressive transition that is 
being made from an applied to a fundamental 
research orientation is evident in many of the annual 
progress reports presented here for programs of the 
Group. 

An area of major programmatic emphasis is the 
study of erythropoietin biogenesis and the regulation 
of hematopoiesis. Although it has been accepted 
for many years that the kidney plays a major role in 
the production of erythropoietin in adult animals, 
the source of this hormone in prenatal and neonatal 
animals has not been carefully analyzed. The recent 
purification of erythropoietin has now permitted the 
development of a highly sensitive radioimmunoassay 
procedure that is capable of detecting the small 
quantities of this hormone that are present in the 
blood and organs of developing fetuses and 
newborn animals. By using this technique, it has 
been demonstr~ted that the liver is the sole source 
of fetal erythropoietin. beginning on approximately 
the fifteenth day of gestation, and that detectable 
levels of this hormone do not appear in the kidney 
until the nineteenth day of gestation. By the sixth 
day of postnatal life, the erythropoietin content of 
liver and kidney tissues are comparable. Beyond 
this stage of neonatal development, the kidney 
becomes the organ primarily responsible for an 
increased production of erythropoietin in response 
to hypoxic stress. These results offer promise for 
the use of erythropoietin radioimmunoassays to 
diagnose the possible presence of hypoxemia in cer
tain types of high risk pregnancies. 

In other research on erythropoietin, the in vitro 
production of significant quantities of this hormone 
by cloned lines of erythroleukemic cells has been 
verified by several independent biochemical and 
biological assay procedures. The production of 
erythropoietin in serum-free medium by one of 
these cell lines offers new possibilities for the rapid 
purification and sequencing of this glycoprotein hor
mone, and for its in vitro translation using purified 
messenger RNA isolated from the erythroleukemic 
cells. 

Endocrine interactions with lung tissue, and hor
monal changes in response to ozone exposure, are 
also being investigated. Previous research in this 
area demonstrated the existence of androgen recep
tors in the adult mouse lung, and a decrease in the 
content of these receptors was observed in response 
to chronic ozone inhalation. Recent investigations 
have also shown the existence of estrogen receptors 
in the lungs of male mice, and the tissue content 
and binding affinities of the receptors have been 
quantitated by Scatchard analysis. Competitive inhi
bitor studies have been used to demonstrate the 
specificity of estradiol receptors in the mouse lung. 

An in vitro cell culture technique is being 
refined for the detection and enumeration of thymic 
lymphocyte progenitors produced in the bone mar
row of experimental animals. Evidence has previ
ously been obtained that the development of pre-T 
lymphocytes is promoted in culture medium that 
has been "conditioned" by the prior growth of 
spleen cells in the presence of pokeweed mitogen, a 
plant lectin. Several stimulatory proteins known as 
interleukins are present in conditioned medium, and 
tests have now been made to assess the influence of 
these factors in the development of various classes 
of marrow stem cells. Of the three purified interleu
kins examined to date, the glycoprotein designated 
11-3 has been found to be highly effective in promot
ing the growth of BFU-E (burst forming unit -
erythroid), CFU-S (colony forming unit - spleen) 
and CFU-C (colony forming unit ..:..- culture, a pre
cursor of the granulocyte/monocyte/macrophage 
line). The other two interleukins tested for stimula
tory activity were either less effective than 11-3, or 
were completely ineffective in promoting the growth 
of various marrow stem cell lines. These results sug
gest that 11-3, which previously has been reported to 



promote the growth of thymic lymphocyte progeni
tors, may act either on an earlier uncommitted pre
cursor or, alternatively, on many different precursors 
within the bone marrow. 

The study of nonionizing and ionizing radiation 
interactions with living systems is a research area 
that is receiving increased emphasis within the 
Environmental Physiology Group. One large pro
gram involves the study of magnetic field bioeffects, 
which has become an important issue in recent 
years as a consequence of the development of 
several new energy-related and medical technolo
gies that use intense magnetic fields. Although 
research with experimental animals exposed to 
extremely high fields has revealed no irreversible 
perturbations of critical physiological functions, the 
electrical properties of the retina and the central cir
culatory system are altered in the presence of mag
netic fields. Current research is focused on elucidat
ing the mechanisms underlying these magnetically
induced changes in tissue electrical properties. 

Another area of radiation research involves the 
study of actinide element distribution and retention 
in primates. Recent investigations on the body dis
tribution of 238pu over periods from 7 to 1100 days 
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post-injection have yielded new data on the early 
deposition of this isotope in various tissues, and 
have shown that its localization on the surfaces of 
cancellous bone is approximately six times greater 
than on compact bone. The results of this study 
indicate that plutonium metabolic and dosimetric 
parameters recently adopted by the International 
Commission on Radiological Protection may be 
overly conservative. In other plutonium research 
using mice as experimental subjects, a comparison 
has been made of the efficiencies of various chelat
ing agents in facilitating the removal of 238pu from 
the skeleton, liver and whole body. The relatively 
new polycatechoylamine ligands were shown to 
have a significantly higher efficiency for 238pu remo
val than the chelating agents DPT A and desferriox
amine, which are currently in use. This finding sup
ports the view that metal-chelate stability is a major 
determinant of the in vivo efficiency of a given 
ligand for plutonium removal. The several ligands 
tested were also found to have differing efficiencies 
for removing plutonium from the liver and skeleton, 
and experiments were conducted to determine the 
efficiency of various combinations of ligands for 
facilitating overall plutonium removal from the body. 

FETAL AND NEONATAL ERYTHROPOIETIN STUDIES IN RATS 

Gisela K. Clemons and Joseph F. Garcia* 

The production of red blood cells in the normal 
animal is subject to a control which responds posi
tively when confronted by a reduction in circulating 
red-blood-cell concentration, or, more fundamen
tally, by a deficiency in the delivery of oxygen to the 
tissue. Also, red-blood-cell production is negatively 
affected in the face of excessive numbers of circu
lating red blood cells or an overabundant delivery of 
oxygen, relative to the oxygen requirements of the 
tissues. The result of these controls is to maintain a 
degree of constancy in the total mass of circulating 
red cells. 

It is now generally accepted that the hormone 
erythropoietin (Ep) exerts its controlling influence on 
erythropoiesis primarily by directing the differentia
tion of a multipotential stem cell into erythroid pre
cursors. The most convincing evidence supports the 
kidney as the source for this hormone. The ability 
to accurately measure the concentration of this 

"Joseph Garcia died September 20, 1982. 

important hormone in circulating blood will add sig
nificantly to our understanding of the nature of its 
control over the production of red blood cells. 

The purification of human Ep has allowed us to 
develop a specific, highly sensitive and reliable 
radioimmunoassay (RIA) for Ep that not only meas
ures human Ep, but is also capable of measuring Ep 
concentrations in a variety of animal species, both in 
fluids and tissues. This suggests that portions of the 
Ep molecule in all these species may be similar. 
However, there must also be molecular differences 
because the affinity of this particular antiserum 
differs for rat, mouse and sheep Ep from that for 
human Ep and among these species. Because of 
this phenomenon the absolute quantification of 
nonhuman Ep's required well-titered animal Ep's for 
use in the development of the standard curves. We 
have prepared such standards for rat and mouse Ep 
using serum from male animals exposed to hypoxia 
equivalent to 22,000 ft of high altitude. The sheep 
standard is the commercially available Connaught 
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Step III fraction. These preparations were bioas
sayed and standardized agair:lst the 2nd International 
Reference Preparation (I RP) using the in vivo poly
cythemic mouse assay. 

Our measurements of immunoreactive Ep con
centrations in tissues derived from hypoxic rats and 
mice have confirmed that the kidney is the primary 
Ep-producing tissue in adult animals. The liver has 
been implicated as a source of extrarenal Ep in the 
adult and in weanling rats. It appears from our stu
dies that in the presence of normally functioning 
renal tissue the Ep synthesis in the liver cannot be 
documented in the unmanipulated hypoxic rat or 
mouse. Erythropoiesis in the fetus is also under 
control of Ep. It has been postulated that the 
source for this Ep is the liver, in both the fetus and 
the neonatal animal. 

We have utilized the sensitivity of the RIA to 
measure fetal- and neonatal-rat plasma and tissue 
Ep concentrations and their possible alteration by 
maternal and neonatal exposure to hypoxia. Timed 
pregnant rats were exposed to hypoxia (18,000 ft 
for 18 hours) as early as day 14 of pregnancy. 
Eight rats were used for each remaining day of 
pregnancy, four for hypoxia and four for control. 
Fetal plasma, liver, and kidney tissues were col
lected as early as possible and pooled for each 
mother. The tissues were homogenized in an equal 
volume of buffer (w jv), and the Ep determinations 
were carried out in duplicate. Liver tissue was col
lected from day 15, plasma from day 17 and kidney 
tissue from day 19 of gestation. Neonatal animals 
were exposed to the same hypoxic conditions and 
killed on day 2, 4, 6, 8 and 10 days, with an addi
tional control group at 14 days of life. The Ep con-

centration was determined in whole pups on day 
15 and in pups minus tissue through day 19 of ges
tation when all three tissues, plasma, liver and kid
ney had been removed. In addition, the plasma of 
the pregnant mothers was analyzed. The plasma 
and tissue concentrations are presented in Table 1. 
All fetal plasma, liver and kidney concentrations of 
immunoreactive Ep measured were below 50 
mUjml or 50 mUjg of tissue, as were the values 
for the three parameters in the control neonatal 
animals. Fetal liver tissue did not seem to respond 
to maternal hypoxia on day 15 of gestation.. This 
observation is also supported by the Ep concentra
tion in the whole pups on day 14 and the pups 
minus liver on day 15. In neither case was there 
any difference measured, and the observed 
decrease in Ep concentration in the pups is 
thereafter largely accounted for by the removal of 
blood, kidney, and liver tissue. The significant 
difference on day 19 is most likely due to residual 
blood in the pups of mothers exposed to hypoxia. 
From day 16 to term, the fetal liver Ep concentra
tions were generally twice that of control fetal liver 
tissue. Fetal kidney tissue did not respond to 
maternal hypoxia on day 19 of gestation, while on 
day 20 and 21 the fetal kidney responded with a 
significant threefold increase in Ep concentration, 
which was also reflected in elevated plasma levels 
on day 21. 

Maternal-plasma Ep levels increased approxi
mately tenfold during hypoxic exposure, which is 
the same order of magnitude observed in normal 
female rats, but significantly less than measured in 
adult male rats. The levels of immuno-reactive Ep 
in the amniotic fluid (AF) are relatively high on day 

Table 7. Erythropoietin concentrations in fetal and neonatal rats and the effects of maternal and neonatal exposure to hypoxia (HA). 

PLASMA LIVER KIDNEY PUPS AMNIOTIC FLUID MATERNAL PLASMA 

Fetal Age pups/ (mU/mt) (mU/g) (mU/g) (mU/g) (mU/ml) (mU/ml) 

(days) pool Control HA Control HA Control HA Control HA Control HA Control HA 

14 4 8-11 802 ± 6.5 784 ± b) 992 ± 30 87.4 ::t 9.5 203 ± 1.6 322 ± 54 

i5 4 9-12 144 ± 1 5 135 ± 0.8 61 7 ± 2.1 682 ± 6.4 c) 101.0 ~ 32 1091 ± 5.5 201 ± 1.8 476 ± 71 

16 8-12 13.4 ± 09 20.3 ± 3.7 45.9 ± 16 538 ± 32 c) 90.8 ± 106 92.1 ± 57 31 7 ± 3.5 446 ± 59 

17 8-13 32.6 ± 4.0 a) 725 (1) 16.5 ± 1.7 30.6 ±3.3 27.9 ± 1 1 37.6 ± 2 1 d) 709 ± 2.4 840 ± 34 252 ± 53 336 ± 13 

18 8-11 28.0 ± 21 56.1 ± 4.5 11.8 ± 1.3 37.8 ± 83 28.1 ± 29 190±07 d) 68.3 ± 88 523 ± 18 31 2 ± 6.0 308 ± 50 

19 8-12 66 ± 1 6 26.2 ± 2.2 10.1 ± 0.9 17.5 ± 27 6.8 ± 1 3 8.2 ± 0.7 8.5 ± i 0 15.7 ± 2.3 d) 405 ± 75 489 ± 1 1 291 ± 7.0 288 ± 45 

20 4 7-11 42 ± 0.2 10.2 ± 1 7 7.9 ± 0.7 15.0 ± 1 8 78 ± 0.1 21 9 ± 46 205±16 224 ± 13 256 ± 3.3 495 ± 100 

21 4 8-12 8.6 ± 0.7 38.6 ± 48 77 ± 0.4 208 ± 1 3 9.3 ± 0.7 34.7±76 151 ± 5 1 266 ± 19 208 ± 32 197 ± 24 

Neonatal Age 

(days) 

22.8 ± 3.9 326 ± 85 13.5 ± 1.9 

18.3 ± 0.7 441 ± 50 51 2 ± 54 106 ± 12 132 ± 10 374 ± 53 
39.7 ± 5.7 591 ± 32 33.8 ± 4.9 126 ± 13 224 ± 43 362 ± 54 a) mean ± SEM 
492 ± 2.9 1061 ± 56 10.9 ± 0.6 221 ± 10 346 ± 30 834 ± 38 b) whole pup 
35.2 ± 2.3 975 ± 72 10.2 ± 1.3 147 ± 6 167 ± 08 1009 ± 79 c) pup minus liver 

10 535 ± 7.3 1165 ± 95 15.4 ± 1.5 160 ± 9 21.6 ± 1 3 1991 ± 211 d) pup minus liver and kidney 

14 12 21.1 ± 1.2 105 ± 0.7 18.0 ± 0.9 
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14 and decline with progressing pregnancy from 
approximately 100 mU/ml to 15 mU/ml. There is 
no significant difference between the control and 
hypoxic groups except on day 21 of gestation, and 
it is likely that this increase reflects the renal 
response to maternal hypoxia on day 20 and 21 in 
the fetus. The nature of the material in the AF and 
possible differences between biological and immu
nological activity will be further investigated in the 
polycythemic mouse assay. In addition, the highly 
significant difference in Ep levels measured in the 
hypoxic mothers as compared to controls is neither 
reflected in the amniotic fluid and pups nor in the 
fetal plasma, liver and kidney tissues. This observa
tion supports the evidence that Ep does not cross 
the placental barrier in either direction and that the 
fetus responds to the hypoxic stimulus indepen
dently. 

Exposure of neonatal rats to hypoxia resulted in 
highly significant increases in plasma, renal and liver 
Ep concentrations. However, the levels measured 

in the liver declined after day 2 (controls) and day 
6 (hypoxic), while the renal concentration in the 
unstimulated neonate increased from birth to day 6 
and reached adult levels between day 10 and 14; it 
increased steadily from day 2 to day 10 during 18 
hours of hypoxia. Calculations of the actual 
amount of Ep available to each pup on the basis of 
tissue weight allow the following conclusions: 1) 
the fetal rat liver is the major Ep producing tissue 
and responds to maternal hypoxia during the last 6 
days of gestation, 2) maternal hypoxia stimulates 
the fetal kidney tissue to increase endogenous Ep 
production shortly before birth, and 3) in the neo
natal normal and hypoxic rat the liver appears to be 
the major Ep producing tissue during the first 4 
days of life. Thereafter, in response to hypoxia, the 
kidney tissue is the main source of Ep while in the 
normal neonatal rat up to 14 days of age, both tis
sues appear to contribute equally to erythropoietin 
homeostasis (Fig. 1). 
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In addition to our own erythropoietin studies in 
laboratory animals, and realizing the limited availa
bility of the radioimmunoassay for measuring 
human erythropoietin levels, we have been 
accepting carefully collected serum samples from 
outside investigators in order to maximize the use 
of the assay. The assay may be of value as a gen
eral monitor of hypoxemia, whatever its cause. 
Fetal hypoxemia is one of the possible explanations 
for the increased erythropoietin levels seen in cord 
blood of infants of diabetic mothers. Fetal hypox-

HEMATOPOIETIC CELL PROLIFERA liON 

John C. Schooley 

This laboratory, for over 30 years, has had an 
ongoing concern with factors regulating the proli
feration of blood cells, especially red blood cells. 
There is now little doubt that erythropoiesis is nor
mally regulated by the hormone erythropoietin (Ep). 
This hormone is a glycoprotein with a mol wt of 
about 40,000 that appears to be made, particularly 
when increases in red blood cell production occur, 
by the kidney. The identity of the cells in the kid
ney producing the hormone is unknown, but ce~
tain evidence suggests to me that the mesangial cell 
of the glomerulus is involved. It is also known that 
extra-renal sources of the hormone exist. 

Data from a number of laboratories have docu
mented the actions of Ep both in vivo and in vitro. 
In general, the hormone stimulates hemoglobin syn
thesis and a variety of enzymatic, nucleic acid, and 
metabolic changes associated with terminal 
erythroid cell maturation. The identity of the pre
cursor cell is unknown but a variety of in vitro 
techniques are available that permit kinetic studies 
of Ep's action on its precursor cell(s). Due primarily 
to a scarcity of pure Ep, neither Ep receptors nor 
the developmental range of potential target cells 
has been satisfactorily defined. Purification of Ep 
has been hindered by poor starting materials, poor 
yields, and instability; however, Goldwasser has 
purified small amounts of human urinary Ep to 
homogeneity. 

Recently, in collaboration with Dr. W. David 
Hankins of the National Cancer Institute of the 
National Institutes of Health, three independently 
derived erythroid cell lines have been isolated that 
secrete large quantities of Ep as measured by a 
variety of biological, biochemical and immunologi
cal criteria. Supernatants were screened from 
several mouse, rat and human erythroleukemia cell 
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emla In high risk pregnancies can be diagnosed by 
measuring the hormone concentration in the amni
otic fluid and, where possible, in fetal blood. 
Erythropoietin responses to controlled stimuli may 
ultimately also be of value in diagnosing increased 
or decreased erythropoietin secretory ability in a 
wide variety of clinical situations. Examples would 
be· anemias of malignancy and infection, and 
erythrocytosis, due either to hypoxic pathology or 
to autonomous erythropoietin production. 

lines for their ability to induce hemoglobin syn
thesis or erythroid proliferation in cultures of fetal 
liver cells. Although most of the lines tested were 
negative, the media from three lines (HFTC-5, IW-
32 and TP-3) reproducibly stimulated s9Fe uptake 
in cultures. Since this in vitro assay has been 
shown to be influenced by factors other than Ep 
and changes in the specific activity of the added 
s9Fe could possibly explain the results, we tested 
the media in five additional in vitro and three dif
ferent in vivo assays. We conclude that while each 
of the individual assays may have deficiencies, the 
collective data from these nine separate assays 
represent overwhelming evidence that the biologi
cal activity in media from HFTC-5, IW-32 and TP-3 
is the protein hormone, erythropoietin. 

Table 1 presents evidence that the erythro
poietic activities in media from HFTC-5 and IW-32 

Table 1. Effect of rabbit anti-Ep, trypsin and neuraminidase 
on the erythropoietic activity of the culture media. 

Media 493 + Normal rabbit serum + GARGG 

Media 493 + Rabbit anti-Ep + GARGG 

(Rabbit anti-Ep + GARGG) + Media 493 

Media 493 + trypsinb 

Media 493 + neuraminidasec 

Uninjected 

" Standard error of the mean, 6 mice/assay. 

b Tripsin-affin-gel beads overnight with shaking. 

72-hr 59Fe 
uptake 

12.8 ± l.S" 

0.16 ± 0.02 

9.63 ± 1.0 

2.90 ± 0.71 

2.10 ± 0.39 

0.08 ± 0.01 

C Neuraminidase 10 units for 3 hr at 22"C, overnight at 4 ·C, 

then heated 6S·C for 20 min. 



corresponds immunologically to Ep. Anti-serum 
from rabbits which have been immunized with 
human urinary erythropoietin has been shown, in a 
number of studies from this laboratory, to neutralize 
the biological activity of mouse Ep as well as Ep 
obtained from a number of other mammals. The 
media from the cultures were mixed with this anti
serum for a 30-min incubation at 3rc after which 
sufficient goat anti-rabbit gamma globulin (GARGG) 
was added to precipitate all of added rabbit anti
body (even the antibody complexed with Ep). The 
immune precipitate was then removed by centrifu
gation. This approach was taken to ensure that 
anti-Ep was not injected into the plethoric mouse 
used for Ep assay. This procedure minimizes the 
possibility that the medium does not contain some
thing capable of stimulating Ep production in the 
plethoric mouse. If this did occur and anti-Ep was 
injected into the mouse, the biological activity of 
the endogenous Ep would be neutralized. To 
ensure that an adequate amount of GARGG was 
added, the pattern of additions of GARGG, anti-Ep 
and media was reversed, i.e., the anti-Ep was 
removed by GARGG before the addition of media 
containing Ep. The results clearly indicate that the 
erythropoietic-stimulating activity of the media is 
because of the presence of Ep. Further, experi
ments indicated that the activity in the media was 
virtually abolished by digestion with trypsin and the 
enzyme neuraminidase. This indicates that the 
stimulation activity resides in a protein; and this 
protein depends upon its terminal sialic acid resi
dues for its biological activity in vivo, which is true 
of Ep. Suitable control experiments were also per
formed to eliminate the possibility that the stimula
tion was due to the Freund virus. 

The molecular size of the erythropoietic activity 
was estimated after fractionation of concentrated 
HFTC-S media on a Sephacryl 5200 gel column. 
The column was calibrated prior to this separation 
with proteins of known molecular weights. Each 
fraction was pooled, for certain mol wt ranges and 
assayed for the presence of Ep using the plethoric 
mouse bioassay. As can be seen in Table 2, some 
biological activity was observed in the 130,000 dal
ton range, but most of the activity was in the 
40-60,000 dalton range. We do not know the sig
nificance of the activity in the higher mol wt range 
but believe it may represent aggregates of Ep. 
Similar results, however, were observed from serum 
from rats exposed to simulated altitude and eluted 
on the same column. 

Lastly, as shown in Table 3, we have found that 
significant amounts of Ep are generated by at least 
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Table 2. Erythropoietic stimulating activity of fractions of 
culture media separated using 5ephacryl 5200. 

Fraction I 

72-hr 59Fe 
uptake 

void volume, tubes 46-49 0.08 ± 0.01 a 

Fraction II 
(130 kilodalton area) 2.70 ± 0.48 

Fraction III, tubes 68-114 
(40-60 kilodalton area) + 
normal rabbit serum 23.7 ± 0.78 

Fraction III, same as above 
+ rabbit anti-Ep serum 6.95 ± 1.2 

Fraction IV, tubes 85-114 
low mol wt area 

Fraction V, tubes 124-126 
(salt area) 

Uninjected 

O.l1RPUnit 

0.12 ± 0.03 

0.20 ± 0.12 

0.07 ± 0.01 

7.84 ± 0.56 

a Standard error of the mean, 6-8 mice/assay 

71% reduction in 
Ep activity 

one clone in serum-free culture conditions. These 
experiments clearly indicate that at least three 
independently derived erythroid cell lines produce 
and secrete copious amounts of erythropoietin in 
culture conditions. 

The availability of these Ep-synthesizing clones 
is an important breakthrough in studies of this hor
mone. It should allow rapid purification of Ep, 
especially since the hormone is generated in 
serum-free media. The production of antibodies 
against Ep and fragments of the hormone should be 
possible. It should be possible to sequence the 
purified mouse Ep and compare it to human Ep 
and thus obtain some insight into the nature of the 
sites necessary for biological activity. The isolation 
of poly A + mRNA from the clones is already in pro
gress and translations have been made using the in 
vitro reticulocyte lysate system and the in vivo 
amphibian egg. Such studies should provide insight 
into the secretion of the hormone and whether it 
exists as a pre and pro form. In addition, the role 
of glycosylation in biological activity can be ascer
tained. In the intact kidney over 20,000 specific 
mRNA's exist so that purification and enrichment of 
the specific Ep mRNA is extremely difficult; 
nevertheless, my colleague, Brian Fletcher, and I 
have achieved succes~ful translation of immunologi-
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Table 3. Biogenesis of erythropoietin in vitro by two clones 
cultured in media with different serum concentrations. 

Serum free 2% serum 10% serum 

72-hr 59Fe IRP 72-hr 59Fe IRP 72-hr 59Fe IRP 
Clone uptake units uptake units uptake units 

HENA 
2 days of culture 4.85 ± 0.81a 0.12 7.19 ± 0.83 0.22 9.19 ± 1.6 0.75 

HENA 
4 days of culture 9.41 ± 1.6 0.25 7.63 ± 0.84 0.22 11.4 ± 1.3 0.84 

HENA 
7 days of culture 8.52 ± 1.3 0.24 14.2 ± 1.9 0.90 12.4 ± 1.1 0.85 

a Standard error of the mean. 

Hypertransfused female LAFI mice, 9-10 mice/assay 1 ml media injected sc. 

cally detectable Ep from hypoxic rat kidney mRNA, 
although at this time biological activity is lacking. 
In contrast, these isolated clones should not contain 
large numbers of non-Ep synthesizing cells, and 
purification of the specific Ep mRNNs from other 
mRNNs should be more readily accomplished. 

In addition to the collaborative experiments 
cited above, Brian Fletcher, Birgitta Kullgren and I 
have continued our studies of the effects of the 
heavy element, lead, on the hematopoietic system. 
We have found that lead is quite toxic to the 
megakaryocytic system in addition to its well known 
actions on erythroid cells. Some early progenitor of 
megakaryocytic cells is especially sensitive to lead. 
Paradoxically, however, lead stimulates the proli
ferative activity of early progenitors of the granulo
cytic cell line and of the pi uri potential stem cell 
population. These findings have provided a new 
probe for studying the regulation of the prolifera
tion of these various cell lines. In addition, we 
have found that lead stimulates these systems in 
vitro as well as in vivo. In the case of granulocyte 
precursors, lead stimulates the production of CSF 
(colony-stimulating factor), a protein analogous to 
Ep, that is absolutely necessary for the growth of 
granulocytic progenitors in vitro. The role of CSF 
in the living animal is not, however, resolved. Not 
only does lead stimulate some of these hemato
poietic progenitors to proliferate, but it also stimu
lates the proliferation of various nonhematopoietic 
stromal cells that reside within the bone marrow. 
The function of these cells is unknown, but more 
and more evidence is accumulating to implicate 

such cells in the modulation of the growth of true 
hematopoietic cells. The development of bone 
marrow cells is believed to depend in vitro on the 
development of adipocytes or fat cells from preadi
pocyte precursors. Bone marrow preadipocytes 
differ from the preadipocytes of other tissues in 
that they require hydrocortisone rather than insulin 
for differentiation into fat cells. We have recently 
found that this hydrocortisone requirement, as 
shown in Table 4, can be almost completely elim
inated if bone marrow cultures are grown in 5% 
CO2, 5% 0;Z' 90% N2 rather than the usually used 
5% CO2 plus air. These findings have exciting 
implications with regard to the differentiation of 
blood-forming cells, and the heretofore not realized 
role of the microenvironment in regulating the 
activities of stromal cells. 

Table 4. Number of adherent adipocyte colonies in cultures 
of bone marrow cells with and without added hydrocortisone 

in 5% CO2 and air and 5% CO2, 5% 0]' 90% N2. 

5% CO2 air 

Bone Marrow 

with 
hydrocortisone 

19 ± 1.3a 

78 ± 4.3 

without 
hydrocortisone 

2.8 ± 0.73 

30 ± 1.3 

a Standard error of the mean, 1.5 X 106 bone marrow cells 

cultured/flask, colonies counted after 2 weeks growth. 



ESTRADIOL RECEPTOR IN THE MALE MOUSE LUNG 

Gerald M. Connell and Betsy Carr 

Morphological and biochemical changes occur 
within lung tissue after inhalation of an oxidant pol
lutant gas, such as ozone. previously we demon
strated that sex hormones, androgens and estro
gens, modify the toxicity of ozone in male mice, 
and subsequently showed that the lung content of 
androgen receptors declined after chronic ozone 
exposure. In this report, properties of the estrogen 
binding receptor of the male mouse lung are 
described. 

A cytosol fraction (189,000 X g supernatant) 
was prepared from homogenates of lung tissue of 
adult male mice. Estradiol receptors were quanti
tated in the cytosol by saturation analysis. Briefly, 
this analysis involves the incubation of lung cytosol 
(0.25 ml), containing 1-2 mg protein, with increas
ing quantities of radioactive estradiol dissolved in 
0.05-ml buffer. Multiple samples of cytosol were 
incubated with [3H]-estradiol concentrations which 
ranged from 20 pM to 1.5 nM. A parallel series of 
incubation tubes, identical except for the addition 
of 100 nM non-radioactive estradiol were assayed 
simultaneously to quantitate nonspecific binding. 
After the cytosol samples incubated 4 hours at 4°C, 
the bound and free steroid fractions were separated 
and the estradiol binding was quantitated by 
Scatchard analysis. 

An example of estradiol receptor analysis by 
this method is shown in Fig. 1. In this experiment, 
the male mouse lung cytosol had a receptor con
tent of 4.88 femtomole (fmol) estradiol/mg cytosol 
protein. 

Steroid receptors also can be examined by 
sucrose density gradient centrifugation. In this 
technique, lung cytosol samples are incubated with 
[3H]-estradiol for 4 hours at 4 ° C. Bound and free 
steroid are separated and an aliquot of the bound 
fraction is carefully layered on the top of a linear 
10-30% buffered sucrose solution. After the sam
ples are centrifuged at 189,000 X g for 16 hours at 
2-4°C, they are fractionated by collecting drops 
from the bottom of each tube. The radioactive 
[3H]-estradiol is then determined. A representation 
of this type of analysis is shown in Fig. 2. In this 
experiment, some cytosol samples contained 
increasing amounts of nonradioactive estradiol and 
this is reflected by a decreased binding of the eH]
estradiol in the receptor peak region. When the 
receptor is either heat treated or exposed to the 
enzyme, pronase, for short times, estradiol binding 
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Fig. 7. [3HJ-estradiol binding to male mouse lung cytosol 
analyzed by the method of Scatchard. Mice were castrated 78 
hours before cytosol preparation. Lung cytosol (250 J.LI 
containing 2.0 mg protein) were incubated for 4 hours at 4·C 
with increasing quantities of [3HJ-estradiol. The incubation 
volume was 0.3 mi. Bound and free steroid was separated by 
charcoal/dextran and radioactivity in an aliquot of the 
supernatant was determined. Values are corrected for 
nonspecific binding. Saturation data are represented in the 
inset. This experiment represents 4.88 fmol estradiol bound/mg 
cytosol protein and the apparent Kd is 0.77 nM. (XBL 833-8673) 

in the receptor region is eliminated (data not 
shown). 

Estradiol binding to this lung receptor also is 
specific as is shown in Table 1. Only nonradioac
tive estradiol and diethylstilbestrol competed with 
[3H]-estradiol for binding sites. Other steroids 
which included the androgen, dihydrotestosterone, 
and the adrenal corticoid, corticosterone, were 
much less effective. 

Estradiol receptors were quantitated in lung tis
sue from normal male mice and mice that were 
castrated for various periods of time. These results 
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Fig. 2. Sucrose density gradient analysis of estradiol binding 
by lung cytosol that was prepared from ten male mice castrated 
78 hours previously. Cytosol (250 /-II) was incubated with 5 nM 
[3H ]-estradiol in the absence (0) or presence of nonradioactive 
estradiol (D = 70 nm estradiol, ~ = 50 nM estradiol and • = 
700 nM estradiol). After a 4-hour incubation, the samples were 
treated with 200-/-11 charcoal/dextran solution for 3 min. The 
samples were centrifuged and 200 /-II of the supernatant was 
layered on a 70-30% continuous sucrose gradient in TEM and 
centrifuged for 78 hours at 789,000 X g. (XBL 834-9778) 

(Table 2) show that the quantity of estradiol bound 
by lung tissue gradually increases as the time after 
castration increases. 

These combined data illustrate that lung tissue 
from adult male mice contain an estradiol receptor. 
This receptor is a macromolecular protein located 
in the cytosol and has a sedimentation coefficient 
of approximately 8 S. This binding component has 
a very high affinity, a very low capacity, and a high 
specificity for estradiol. 

Our previous observations with the ozonE:
exposed mouse model show that estrogens and 
androgens modify ozone toxicity, that androgen 
receptors are present in mouse lung tissue, and that 
chronic ozone exposure promotes a reduction of 
androgen receptor content in lung tissue. These 
results, when combined with our current data that 
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Table 7. Specificity of 3H-estradiol binding to mouse lung 
cytoplasmic estrogen receptor. a 

Estradiol 

Diethylstilbestrol 

Dihydrotestosterone 

Corticosterone 

Estrone 

Progesterone 

Percent competition 

10 nM 
Competitor 

47 

18 

22 

13 

5 

100 nM 
Competitor 

100 

80 

40 

39 

37 

11 

a Specificity of the estrogen binding. component of male mouse 

lung cytosol was determined by sucrose gradient centrifugation 

studies. [3H]-estradiol was the radioactive ligand in these stu

dies. Nonradioactive steroid concentrations were 10 nM and 

100 nM. Specific binding in the 8-9 S region of 10-30% 

linear sucrose gradients in rEM was quantitated. Competition 

by 100 nM nonradioactive estradiol, which was included with 

each centrifugation study, was arbitrarily established at 100%, 

and competition generated by other competitor steroids was 

based on this value. Results from several experiments are 

summarized in this table. 

establishes the presence of estradiol receptors in 
mouse lung tissue, strongly support the thesis that 
sex hormones are involved in important, perhaps 
adaptive, biochemical mechanisms within lung tis
sue. 

The mechanism whereby steroid hormones pro
mote responses within tissues involves the binding 

Table 2. Estrogen receptor content in 
adult male mouse lung cytosol. a 

Intact (3) 

18-hr castrate (7) 

24-hr castrate (3) 

57-hr castrate (4) 

245-day castrate (3) 

fmoljmg cytosol protein 
(mean ± SE) 

3.43 ± 0.35b 

3.43 ± 0.27 

4.65 ± 0.68 

5.32± 0.72 

11.69 ± 0.12b 

a Statistical differences were determined by one-way analysis of 

variance. Numbers within parentheses indicate number of 

determinations within each group. 

b P < 0.005. 



of the steroid to a cytoplasmic protein receptor. A 
conformational change occurs to this complex (an 
activation process) that enables it to bind to the 
nuclear chromatin where transcription of specific 
DNA regions is initiated and the production of 
specific mRNA occurs. Translation of this mRNA 
within the cytoplasm results in the production of a 
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specific protein that would be the biochemical 
response to the steroid hormone. Future work with 
this system will need to identify specific proteins 
synthesized by lung tissue after estrogen and/or 
androgen treatment and establish their metabolic 
links between these proteins and biochemical 
changes that occur within the lungs. 

SllMULA liON OF BONE MARROW PROGENITORS BY INTERLEUKINS 

Joan W. Goodman, Elizabeth A. Hall, and Sarah G. Shinpock 

Interested in the study of stem cells in the 
bone marrow (BM), we have been developing a 
method that would allow us to enumerate T lym
phocyte progenitors in experimental animals. This 
method is based on a short-term in vitro culture 
system that promotes cluster formation by BM in 
the presence of horse serum (HS) and pokeweed 
mitogen conditioned medium (PWM-CM). These 
clusters or colonies seen after 3-4 days of culture 
are putatively pre-T Iym phocytes. 

In addition to pursuing the proper identification 
of cells in colonies, we are attempting to refine the 
culture method. Because one of the required 
ingredients, PWM-CM (i.e., the supernatant from 
spleen cells cultured for 7 days in the presence of 
the plant lectin), contains several factors, including 
the interleukins 11-1, 11-2 and 11-3, we have carried 
out preliminary experiments in which a single inter
leu kin is substituted for PWM-CM. The 11-1 and 11-
2, both derived from mouse cells, were prepared 
and partially purified by Prof. R. I. Mishell and his 
collaborators at UC Berkeley. 11-3 was purified to 
homogeneity from Wehi-3 supernatant and kindly 
supplied to us by J. N. Ihle of the Frederick Cancer 
Research Facility. Figure 1 a shows that 11-1 and 11-3 
were just as effective as PWM-CM in promoting 
large clusters (each containing more than 100 cells) 
at 3 days. 11-2, on the other hand, was ineffective: 
only a few more colonies were counted in cultures 
to which it had been added than were seen in con
trol (CBM) cultures containing no added CM or 
purified factor. 

Cells from each of the cultures depicted in 
Fig. 1 a were harvested (clusters and single cells 
together) and analyzed for their content of BFU-E 

(burst forming unit-erythroid), an early erythroid 
precursor, CFU-S (colony forming unit-spleen) 
which is equated with a relatively early uncommit
ted myeloid stem cell, and CFU-C (colony forming 
unit-culture) representing a precursor of the 
granulocyte/monocyte/macrophage line. The 
results, shown in Fig. 1 b, c, and d demonstrate that 
11-3 supported growth of all three stem cell types 
and was about 2 times as effective at the dose 
recommended by Dr. Ihle as the crude supernatant, 
PWM-CM. 11-1 and 11-2 were less effective than 
PWM-CM at maintaining CFU-S and slightly less 
effective at maintaining CFU-C; none of the three 
factors was effective in promoting BFU-E. Cells 
from 11-2 stimulated primary cultures maintained or 
promoted growth of CFU-S, but because of the 
paucity of cells harvested initially, BFU-E and CFU
C assays could not always be carried out as they 
were in this particular experiment. 

The results with 11-3 stimulated cells come as 
something of a surprise, as this glycoprotein, 
thought to be produced by activated T lympho
cytes, has been reported to maintain indefinitely in 
culture progenitors of T lymphocytes (pre-tis) and 
mast-like cells.' The preliminary data presented 
here suggest 11-3 acts either on an even earlier, less 
committed progenitor or alternatively on many dif
ferent precursors. We are currently investigating 
effects on primary cultures grown for different dura
tions. 

REFERENCE 
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ABILITY OF FACTORS TO STIMULATE COLONIES IN CULTURE 
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Fig. 1. (a) Ability of factors to stimulate colonies in culture. Anti-Thy I, treated BM grown for 3 days in the 
presence of 10% horse serum plus crude supernatant (PWM-CM) or purified interleukins. CBM represents control 
cells of the same origin grown without any factor. (b), (c), and (d) depict stem cell contents of primary cultures 
presented above in (a). CFU-S (c) are grown for 8 days in lethally irradiated isogenic mice, and BFU-E (b) and 
CFU-C (d) are grown in vitro for 7 days. ET in segment (d) stands for endotoxin serum and L929 for conditioned 
medium from a cell line, each of which was used as a source of colony stimulating factor (CSF) in the assay. 

(XBL 8311-4139) 

BIOLOGICAL EFFECTS OF MAGNETIC FIELDS 

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

A large number of newly developing medical 
and energy-related technologies use high de mag
netic fields, including nuclear magnetic resonance 
systems for imaging human tissues, thermonuclear 
fusion reactors, magnetohydrodynamic systems, and 
superconducting energy storage and transmission 
systems. Because of the associated increase in the 
frequency of human exposures to large magnetic 
fields, programs were undertaken at LBL in the late 
1970s to develop quantitative personnel dosimetry 
techniques and to evaluate the potential health 
effects of magnetic field exposures in human sub
jects and in experimental animal systems. 

In the dosimetry program (F.5. Goulding and T.5. 
Tenforde, principal investigators), a portable 
microprocessor-controlled dosimeter has been 
developed with sufficient battery life and memory 
capacity to provide a record of personnel magnetic 
field exposure levels during an 8-hour work shift.' 
The final prototype of this personnel dosimeter, 
shown on the right in Fig. 1, is approximately the 
size of a cigarette package. The portable magnetic 
field dosimeter has been used in field tests at 
several industrial and research facilities, which are 
listed in Table 1 along with the highest field levels 
and time rates of change that were recorded at loca
tions accessible to occupational personnel. 



Fig. 1. Three prototype magnetic field dosimeters developed 
during the period 1980-1983. The first prototype, shown at the 
left, weighs 1. 1 kg and is too bulky to be used as a personnel 
dosimeter. The second prototype, shown in the middle of the 
figure, weighs 420 g and can be worn by personnel as a belt
mounted unit. The third and final prototype, shown at the right, 
weighs 230 g and is sufficiently compact to be worn in a shirt 
pocket. The front cover of this dosimeter has been removed to 
show the three internal circuit boards that house the analog, 
logic and memory components. (CBB 831-540) 

In a magnetic field epidemiology program (T.F. 
Budinger, principal investigator), the health records 
of 813 occupationally exposed individuals have 
been encoded and analyzed in parallel with the 
records of a matched control group of equal size . 
The subjects in this study are employees at the 
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Argonne, Brookhaven, and Oak Ridge National 
Laboratories, Fermilab, the National Magnet Labora
tory at MIT, the Stanford Linear Accelerator, and 
LBL. The data analysis is still in the final stages, but 
it appears that there are no significant differences in 
the incidence of 19 major disease classes among the 
exposed and control populations. Calibration of the 
data is currently being carried out to evaluate the 
extent of any potential biases associated with age 
and duration of employment in the exposed and 
control groups. 

A third magnetic field research program has 
been centered on the analysis of magnetic field 
interactions with experimental animals and selected 
organ and tissue systems (T.S. Tenforde, principal 
investigator) . A major focus of this program has 
been the use of electrophysiological techniques to 
detect functional alterations in systems that involve 
ionic conduction processes, and are thereby poten
tially sensitive to electrodynamic interactions with 
an applied magnetic field. 

Electrophysiological research. Electrical recordings 
have been used to detect perturbations in 
ionically-mediated processes in the cardiac, neural 
and visual systems. A major finding in this research 
area has been the observation of large, 
magnetically-induced potentials associated with pul
satile blood flow in the presence of dc magnetic 
fields. 2,3 Induced flow potentials have been 
recorded for mammals ranging in size from rodents 

Table 1. Portable magnetic field dosimeter applications. 

Maximum B Maximum dB/dt 
Field test location 

Gauss Gauss/ sec 

Large Aperture Solenoid Spectrometer 5735 2710 
Stanford Linear Accelerator 

Kaiser Aluminum Production Test Facility 570 290 
Permanente, California 

Tandem Mirror Fusion Reactor 375 230 
Lawrence Livermore National Laboratory 

184-lnch Cyclotron 190 145 
Lawrence Berkeley Laboratory 

76-lnch Cyclotron 100 40 
University of California, Davis 

Bevatron 40 170 
Lawrence Berkeley Laboratory 

88-lnch Cyclotron 30 30 
Lawrence Berkeley Laboratory 



to nonhuman primates (baboons and monkeys), and 
have been found in a 15 kilogauss field to reach 
levels of several millivolts in the central circulatory 
system of the larger animal species. However, the 
occurrence of large induced potentials has also 
been shown to have no detectable influence on 
various indices of cardiovascular performance, 
including heart rate, intraarterial blood pressure, 
and heart muscle bioelectric activity. Electrical 
recordings from isolated sciatic nerve preparations 
have similarly failed to reveal functional alterations 
in high dc magnetic fields, as determined from 
measurements of action potential amplitudes, con
duction velocities, and relative and absolute refrac
tory periods.4 

Recordings of the electrical activity elicited by 
photon absorption in retinal photoreceptor cells 
have demonstrated an acute, suppressive effect of 
dc magnetic fields with intensities less than one 
kilogauss.5 This magnetically-induced change in 
retinal electrical activity has been found in turtle 
retinal preparations to occur only during the light
to-dark transition phase, when the photoreceptor 
cells are undergoing rapid shifts in physiological and 
metabolic activities. The apparent dependence of 
this effect on the circadian rhythm in photoreceptor 
activity has been further substantiated by recent 
studies in which the light/dark cycle was phase
shifted by 6 hours. Preliminary visual studies with 
cats have not revealed an effect of dc magnetic 
fields on photically-evoked retinal electrical activity. 
However, further experiments are needed in order 
to assess whether there is a circadian dependence 
of magnetic field sensitivity in the mammalian retina 
comparable to that observed for turtles. 

Animal physiology studies. Noninvasive transducer 
techniques have been used to continuously monitor 
general physiological parameters and their circadian 
oscillations in rodents chronically exposed to dc 
magnetic fields with intensities up to 15 kilogauss. 
Implantable radio-frequency telemetry units have 
been developed for measurements of circadian vari
ations in core body temperature and heart rate, and 
an exposure system has been devised that permits 
the parallel measurement of circadian rhythms in 
respiration, body mass, locomotor activity, food 
intake and excreta. The circadian waveforms of 
these physiological and behavioral indices are 
known from earlier investigations to be responsive 
to a variety of chemical and physical stressors. 

Studies during the past year have reinforced our 
previous observation that the circadian waveform of 
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rodents is not perturbed during protracted expo
sures to a 15 kilogauss magnetic field. No signifi
cant effects of magnetic field exposure on circadian 
rhythms have been observed under conditions of 
light/dark entrainment or under free-running (i.e., 
nonentrained) conditions. 

Organ and tissue studies. An extensive series of 
measurements have been completed on the blood 
cell counts, serum chemistry, organ weights and tis
sue histology of rodents subjected to prolonged 
exposures to a 15 kilogauss magnetic field. No sta
tistically significant differences have been observed 
in any of these parameters for exposed mice rela
tive to matched controls. Similar results have been 
obtained in a series of collaborative immunology 
experiments with M. Shifrine of the Laboratory for 
Energy-Related Health Research at the University of 
California at Davis, in which the cellular immune 
competence of exposed and control groups of mice 
was evaluated from the lymphocyte response to 
mitogen stimulation (concanavalin A, phytohemag
glutinin, and lipopolysaccharide) and to challenge 
with a foreign antigen (sheep red blood cells). Stu
dies completed during the past year have shown no 
statistically significant differences in the primary 
antibody response or the sensitivity to mitogen 
stimulation of spleen lymphocytes from mice chron
ically exposed to a 15 kilogauss field in comparison 
with control mice. 
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DISTRIBUTION AND RETENTION OF 238pu IN MACAQUE MONKEYS 

Patricia W. Durbin, Nylan Jeung, and Charles T. Schmidt* 

Plutonium production began about 40 years 
ago, but human metabolic data are still scarce and 
incomplete. The inadequacy of these data lead the 
International Commission on Radiological Protection 
(lCRP) to adopt parameters for their metabolic and 
dosimetric models that are probably overly conser
vative. 1 The resulting new occupational limits may 
involve at least an eightfold reduction of allowable 
Pu concentration in workplace air, and, by implica
tion, equally severe new limits on release of Pu to 
the environment. The new ICRP limits are being 
considered for adoption by regulatory bodies in 
many countries including the United States, and 
their implementation will be costly, so it is impor
tant that all relevant data be made available. 

A biokinetic study of 238pu was conducted 
using three Macaque species (M. fascicularis, M. 
mulatta, M. arctoides). Old World monkeys are 
closer in all respects to human beings than any 
other animal that can be readily studied in the 
laboratory. 238pu was selected because the abun
dant 234U L x rays accompanying its decay permit 
most biological samples to be analyzed simply and 
accurately. At the injected dosage of 1.1 X 104 

Bq/kg, the radioactivity was great enough to permit 
accurate detection of the x rays in excreta and 
most bone and tissue specimens, but the radiation 
damage accumulated in three years in bone and 
liver was not expected to be great enough to alter 
the physiology of those tissues significantly. 

Monkeys of both sexes [20 adult (14 female, 6 
male) and 4 late adolescent (3 female, 1 male)] 
were given one intravenous (i. v.) or intramuscular 
(i.m.) injection of 1.1 X 104 Bq/kg of monomeric 
238pu(lV) in 0.08 M citrate buffer, pH 3.5, that had 
been passed through a 0.22 J.lm Millipore filter. 
Blood was drawn periodically, beginning a few 
minutes after injection. Separated excreta were 
collected continuously. Animals were killed 1 to 
1100 days after injection, autopsied. and completely 
analyzed for 238pu. All soft tissue, 35 individual 
organs and tissue specimens, and all bones were 
dry ashed and dissolved in dilute acid. The x rays 
were detected in whole large samples with two 
thin, coaxially-mounted Nal crystals. Aliquots of 
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small samples were spread and dried on glass 
plates, and alphas were detected with a windowless 
proportional counter. Self-absorption corrections, 
based on ash weight, were applied to all measure
ments. Material recovery, in these complete bal
ance studies, was 102 ± 8% of the injected 
actively. 

The monomeric state of the injected 238pu was 
confirmed by the biological evidence - slow 
plasma clearance, consistently low 238pu concentra
tions in spleen and lymph nodes, rapid absorption 
from an i.m. site, and absence of alpha track stars 
in autoradiographs of livers from 1- or 7-day 
animals. Absorption of 238pu citrate from an i.m. 
injection was nearly complete in 10 days. Biok
inetic data obtained for this 238pu preparation by 
the two modes of administration (i.v. and i.m.) were 
indistinguishable and have been combined. 

The initial distribution of 238pu was defined by 
six monkeys killed at one week. Excretion and 
redistribution of 238pu were defined by two groups 
of five monkeys, one group killed at 107 to 173 
and, the other at 552 to 1100 days. The mean 
238pu contents of major tissues, endocrine glands 
and excreta of those three groups of monkeys are 
shown in Table 1. Table 2 shows the variability 
(mean and standard deviation) of the 238pu activity 
in the major tissues and excreta of the early and 
longest-studied groups: all differences are statisti
cally significant (p < 0.01).2 

This is the first presentation, to our knowledge, 
of a body of Pu biokinetic data from an animal 
whose physiologic attributes include both bone 
remodeling in adult life, as in man, and a significant 
hepato-biliary excretory outlet for actinides, and 
their important influence on the retention and 
redistribution of Pu in monkey tissues is apparent 
from the data that follow. The average retention of 
238pu in whole body (Fig. 1), liver, and skeleton 
(Fig. 2) were described from 7 to 1100 days by 
Eqs. 1, 2, and 3 below; and initial deposition in and 
subsequent loss of 238pu from gonads were defined 
in 17 females (1 to 1100 days p.i.) and 7 males (7 
to 552 days p.i.) by Eqs. 4 and 5 (t is in days). 
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Table 7. Distribution and retention of 238pu in macaques. 100'---.---.---.---~--'----r1 

Skeleton 

Teeth 

liver 

Kidneys 

Spleen 

Muscle and Pelt 

Other Organs 

Testes 

Ovaries 

Pancreas 

Adrenals 

Thyroid 

Percent Pu at days after injectiona 

7 to 8(6)b 103 to 173(5)b 552 to 11 00(5)b 

29. 23. 13. 

0.12 0.18 0.19 

60. 

0.62 

0.20 

3.1 

1.9 

0.046(2)b 

0.005(4)b 

0.012 

0.009 

0.002 

34. 

0.16 

0.23 

1.4 

0.85 

0.061 (3)b 

0.002(2)b 

0.014 

0.018 

0.001 

12. 

0.05 

0.10 

0.33 

0.36 

0.019(1)b 

0.001 (4)b 

0.005 

0.006 

Pituitary 0.0005 0.0004 

4.1 

0.0007 

0.0002 

Cumulative urine 2.4 13. 

Cumulative feces 2.0 36. 61. 

a Intravenous, % injected Pu; Intramuscular, % Absorbed Pu. 

b (Number of monkeys). 
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Fig. J. Retention of 138pU in the whole body. (XBL 835-3759) 

Body (t) % dose = (1) 
Ovary(t) % dose = (4) 

19 exp( -0.693t/42) + SO exp( -0.693t/980) 
0.026 exp( -0.693t/7) 

Liver(t) % dose = (2) + 0.0038 exp( -0.693t/390) 

15 exp( -0.693t/2S) + 46 exp( -0.693t/170) 

T estes(t) % dose = (5) 

Skeleton(t) % dose = (3) 

0.053 exp( -0.693t/370) 

7 exp(-0.693t/43) + 22 exp(-0.693t/1030) 

Table 2. Distribution of 238pu (percent injected activity). 

Days p.i. Skeleton liver Soft tissue Urine Feces 

7 29 ± 8 60 ± 10 5.8 ± 3.5 2.4 ± 0.5 2.1 ± 1.4 

712±310 13±4 12±18 0.9±0.3 8.0 66 
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Fig. 2. Retention of 238pU in the skeleton and skeleton 
components. (XBL 835-3761) 

Initial relative 238pu concentrations (see 
Table 3) in cancellous bone (lumbar vertebral 
bodies and sternum) and comfact bone (long bone 
shafts) imply a deposition of 38pu about six times 
more intense on cancellous than on compact sur
faces. Different rates of loss of 238pu from cancel
lous and compact bone structures were demon
strated by the significant (P ~ 0.01)2 decreases in 
the relative 238pu concentrations in lumbar ver
tebral bodies and sternum and increases in long 
bone shafts and paw bones between 7 days and 3 
years. 

Extraskeletal Pu distriIDution in monkeys is qual
itatively similar to other species studied.3- 6 Ini-
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tially, Pu was prominent in hepatic cells, nonskele- . 
tal mineralized structures, arteries and arterioles, 
renal tubular structures, and occasionally, in invo
luting ovarian follicles and corpora lutea: Pu was 
consistently present at low concentrations in the 
reticulum of all tissues. Within 3 years, Pu in the 
soft tissues was 10% to 50% of the initial values. 
Clearance of liver Pu, as inferred from plasma and 
excretion data occurred variably and idiosyncrati
cally by both biliary excretion and by recirculation. 
In many animals clearance of liver Pu was nearly 
complete at 1 year (see Fig. 1, monkeys with most 
rapid elimination). However, in a few, clearance 
was only about 50% complete at 1.5 years (see 
Fig. 1, monkeys with most prolonged retention), 
and autoradiographs showed that much of the 
retained Pu was large aggregates associated with 
hemosiderin in RE cells. 

Skeletal Pu deposition in adult monkeys is 
skewed to cancellous bone in red marrow sites. In 
3 years about 65% of the Pu initially deposited in 
those bones was lost; most of the lost Pu was 
recovered in excreta (mainly feces); but some Pu, 
recirculated from either liver or skeleton, was 
redeposited as is suggested by the small increase in 
Pu content of teeth and long bone shafts. 

With respect to current ICRP recommendations, 
these results indicate that: 1) The initial deposited 
fraction used for Pu in tests is reasonable, but that 
for liver is low, and those for bone and ovary are 
high. 2) The net rates of Pu loss as recommended 
by ICRP are conservatively low for all tissues. 3) 
The bone surface dosimetry scheme needs adjust
ment to account for the skewed deposition of Pu to 
cancellous bone in the adult skeleton and the dif
ferent rates of Pu loss from cancellous and compact 
bone. 

REFERENCES 

1. International Commission on Radiological Pro
tection. Limits for Intakes of Radionuclides 
by Workers, ICRP Pub. 30. Pergamon Press, 
Oxford (1979). 

Table 3. Relative 238pu concentration.a 

Days p.i. LV bodies Sternum Paw bones Long bone shafts 

7 6.7 ± 1.1 6.2 ± 1.8 0.30 ± 0.08 0.17 ± 0.OS4 

712 + 310 4.5 ± 1.1 3.7 ± 1.2 0.59 ± 0.18 0.35 ± 0.085 

a Relative concentration = [% Pu/g ash (bonel]/[%Pu/g ash 

(skeleton)]. 



2. Fisher, R.A. Statistical Methods for Research 
Workers. Hafner Publishing Co. (1954). 

3. International Commission on Radiological Pro
tection. The Metabolism of Compounds of 
Plutonium and Other Actinides, ICRP Pub. 79. 
Pergamon Press, Oxford (1972). 

4. Vaughan, j" Bleaney, B., and Taylor, D.M. 
Distribution, excretion and effects of plu
tonium and a bone-seeker. In Uranium, Plu
tonium, Transplutonic Elements, Handbook of 
Experimental Pharmacology, vol. 36 (H.C. 
Hodge, J.N. Stannard, J.B. Hursh, Eds.), pp. 

43 

349-503. Springer-Verlag, Berlin (1973). 
5. Durbin, P.W. Plutonium in mammals: Influ

ence of plutonium chemistry, route of 
administration, and physiological status of the 
animal on internal distribution and long-term 
metabolism. Health Phys. 29, 493-510 
(1975). 

6. Lloyd, R.D., Atherton, D.R., McFarland, 5.5., 
Mays, C.W., Stevens, W., Williams, J.L., and 
Taylor, G.N. Studies of injected 237pu(IV) 
citrate in beagles. Health Phys. 3D, 47-52 
(1976). 

PLUTONIUM REMOVAL FROM MICE BY POLY(CATECHOYLAMIDE) LIGANDS, 
Ca-DTPA, DESFERRIOXAMINE B, AND TIRON: EFFECT OF LIGAND DOSAGE 

Patricia W. Durbin, Nylan M. leung, E. Sarah lones,* Kenneth N. Raymond,* and 
Frederick L. Weitl* 

The effectiveness of a ligand for in vivo chela
tion of plutonium is determined by the properties, 
number, and configuration of its electron-donor 
groups and those of the biological ligands that com
plex it in the body. The efficiency of a ligand for 
in vivo Pu chelation, i.e., the amount of Pu 
excreted per unit of ligand administered, is the 
combined. result of the stability of the Pu-ligand 
chelate, the tendency of the ligand to react with 
competing metals, and the achievement of an 
effective concentration of ligand in body fluids in 
spite of continuous ligand excretion. Linearly con
figured macromolecules containing catechoylamide 
(o-dihydroxybenzamide, CAM) functional groups 
joined by n-alkyl chains form very stable Pu(lV) 
chelates, and their effectiveness for promoting Pu 
excretion has been demonstrated in mice and 
dogs. 1- 4 The CAM ligands appear to be biologi
cally stable (that point remains to be verified), and 
they are selective for small, highly charged cations 
like Fe(lll) and Pu(lV), so there is little or no loss of 
ligand to degradation or to divalent metal complex
ation.5 Maintenance of an effective concentration 
of ligand for sufficient time to intercept a significant 
amount of circulating Pu depends on the biological 
half-time of the ligand, which is the net result of 
ligand chemistry (structure, hydrophilicity, and 
molecular weight) and biochemistry (rates and 
routes of ligand excretion). One way to study the 
in vivo efficiency of a Pu-removal agent is to meas
ure Pu excretion as a function of ligand dosage. 

"Materials and Molecular Research Division, LBL. 

Evaluation of ligand dosage effectiveness also pro
vides information about the rates of ligand reaction 
with circulating Pu and with Pu newly deposited on 
bone and liver cell surfaces, and a comparison of 
the efficiencies of new ligands with those in clinical 
use. 

The ability of the ligands synthesized at LBL to 
chelate Pu in vivo is routinely tested at a dosage of 
30 ~mole/kg body weight. This dosage was chosen 
because it allows comparison of ligand potency 
with that of CaNa3-DTPA (DTPA, Fig. 1) at the 
dosage level used clinically.6 At that level, the 
tetrameric CAM ligands, 3,4,3-LlCAM(C) and 3,4,3-
LlCAM(S) (see Fig. 2 for structures and formulae), 
are as effective for removing Pu from mice and 
more effective for removing Pu from dogs than an 
equimolar amount of DTPA.2- 4 The great stabilities 
of Fe(lll) chelates with the CAM ligands, compared 
to ferric iron chelates with transferrin and with the 
ligands in clinical use, DTPA and desferrioxamine B 
(DFOM, Fig. 1), suggested that the CAM ligands 
should be able to remove Pu from mice at dosages 
much lower than 30 ~mole/kg. 

Dosage-effectiveness (D-E) curves were 
prepared for three CAM ligands, 3,4,3-LlCAM(C), 
.3,4,3-LlCAM(S) and 4,4,4-LlCAM(S) and the base
Iline ligands, DTPA and DFOM. The monomer 
Tiron (Fig. 1), was included because it complexes 
Fe(lll) and is structurally similar to the sulfonated 
CAM ligands. Groups of five mice were given an 
intravenous injection of 238pu(IV) citrate followed 1 
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CH2C02Na 
I 

Co (02CCH212 N(CH 212 N (CH212 N(CH 2C0212 Na2 

CaNa3DTPA 

"TIRON" 

Molecular formula 
Abbreviation (weight) 

FiB. 1. 

Abbreviotion m n X y 

3,4,3-LlCAM(S) 34 

4,4,4-LlCAM(S) 4 4 H -S03No 

H -S03No 

3,4,3-LlCAM(C) 3 4 -COzNo H 

FiB. 2. 

Common nome 

Dieth ylenetriami nepenta acetate, 
calcium trisodium salt 

2,3 - dihyd roxy- 1,5 - benzenedisulfote, 
disodium salt 

Desferrioxamine mesylate 

Moleculor formulo 
ond (weight) 

C38 H38N40 24S4 N04 
(1155) 

C40~2 N4 024S4 N04· 
4H20· t N02S04 
(1183) 

C42 H38N40 20N04 
(1010) 

(XBL 8312-4146) 

IUPAC nome 

NI,N5,NIO,NI4 -Tetrokis(2,3-di
hydroxy- 5- sulfobenzoyl) -tetro

ozotetrodecone, tetrosodium solt 

N I, N6 , N ",N I6 _ tetro (2 ,3- dihydroxy-
5 - sulfo -benzoyl )-tetroozohexodecone 

N I.N5 ,NIO.NI4 - Tetrokis (2.3-d i

hydroxy-4-corboxybenzoyl)

tetroozotetrodecone. tetrosodium 

solt 

(XBL 8312-4147) 



hour later by an intraperitoneal injection of 0.5 ml 
of isotonic saline containing the appropriate amount 
of a test ligand. Ligand dosage was reduced below 
30 ",mole/kg in threefold steps until Pu excretion 
was not different from the 24-hour controls, and it 
was increased in threefold steps until there was lit
tle additional Pu excretion above the preceding 
dosage level tested or until a toxic reaction was 
anticipated.2- 4 Intermediate dosage points were 
added to verify trends or improve the definition of 
inflection points. Thirteen Pu-injected control mice 
were killed 1 hour after the Pu injection to define 
Pu distribution at the time ligands were admin
istered and at 24-hours (19 groups of 5 mice) to 
define the distribution and excretion of Pu in 
untreated mice at the time treated mice were 
kiJled. Details of animal care, preparation of Pu 
and ligand solutions, injection and autopsy pro
cedures, Pu assay methods, and data reduction 
have been reported.2,3 

Plutonium retention, mean ± standard devia
tion/ in control mice killed at 1 hour and 24 hours, 
respectively, was as follows: whole body, 93 ± 
2.7% and 91 ± 6.7%; skeleton, 24 ± 4.2% and 32 
± 7.9%; liver, 31 ± 4.6% and 49 ± 8.3%; and 
soft tissue remainder (including kidneys), 37.6 ± 
4.9% and 9.7 ± 2.0%.3 The mean Pu content of 
the body, skeleton and liver of the ligand-treated 
mice, plotted as a function of log ligand dosage, is 
shown in Figs. 3 to 5. The D-E curves shown are 
the linear regression lines (or pairs of broken lines) 
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fitted by least squares to the greatest number of 
data points that could be included without substan
tially reducing the correlation coefficient. Data for 
dosages less than the highest one that did not elicit 
Pu excretion in excess of the 24-hour controls were 
omitted from the fitting procedure. The S.D.s for 
the experimental groups, which ranged from 5 to 
25% of the means, have been omitted from the 
plots for clarity. The results obtained for the two 
sulfonated CAM ligands were indistinguishable and 
were combined for the regression analysis. Their 
structures differ only slightly, in the lengths of the 
intergroup alkyl chains, and similar D-E behavior 
was expected. 

Four ligand dosage benchmarks were selected 
for comparing ligand efficiency. An effectiveness 
threshold dosage was estimated by extrapolating 
the D-E curve for each tissue to the 24-hour Pu 
control content (mean ± S.D. shown in the figures). 
The significantly effective ligand dosage was 
obtained by comparing the means of ligand-treated 
and 24-hour control groups with the t-test 
(p < 0.01). 7 Efficiency for preventing additional 
Pu deposition after ligand administration, which 
approximates the ability of a ligand to clear circulat
ing Pu from the body, was read from the D-E 
curves, assuming that 20% of the Pu in liver and 
skeleton at 1 hour is in contained plasma? as 
follows: the ligand dosage required to reduce 
skeletal or liver Pu in treated mice to 19 and 25% 
of the injected activity respectively; or to reduce 

Control mean±5.D. 

10 100 1000 

Ligand dosage (fLmole/kg) 

Fig. 3. Effect of ligand dosage on retention of Pu in the body of a mouse. (XBL 8312-4150) 
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Fig. 4. Effect of ligand dosage on retention of Pu in the skeleton of the mouse. (XBL 8312-4149) 
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the Pu in the whole body to 63% of the injected 
activity [24-hour control body content (93%) minus 
the difference between the Pu in soft tissue 
remainder at 1 hour and 24 hours (27.9%)]. Ligand 
efficiency for removal of some Pu already depo
sited but not yet firmly bound in the target tissues 
was estimated as follows: Ligand dosages were read 
from the D-E curves that reduced the Pu in skele
ton and liver to 40% of the control Pu content at 1 
hour (9.6 and 12.4% of the injected activity respec
tively), or reduced the Pu content of the body to 
50% of the 24-hour control content (46.5% of the 
injected activity). The ligand dosages required to 
obtain that array of equal effects are collected in 
Table 1. 

If efficiency is defined as production of the 
same effect with a smaller dosage, the CAM ligands 
are 10 to 100 times more efficient than DTPA for 
promoting excretion of circulating Pu (except that 
the sulfonated CAM ligands are less efficient than 
DTPA in removing Pu already deposited in the 
liver). Even at high dosages (1 0 ~mole/kg), the sul
fonated CAM(S) were more efficient than DTPA for 
removing loosely bound Pu from the skeleton; and 
3,4,3-LlCAM(C) was more efficient than DTPA for 
promoting removal of Pu from the liver. When 
3,4,3-LlCAM(S) and DTPA were each given to dogs 
at a dosage of 30 ~mole/kg, the combination was 
not more effective than 3,4,3-LlCAM(S) alone,4 
because both ligands were acting on Pu in the 
same tissues to the same degree. However, 3,4,3-
LlCAM(C), with its more efficient action on Pu in 
the liver, should in combination with DTPA or with 
a sulfonated CAM ligand produce more Pu removal 
than an equimolar amount of either ligand alone. 

The overall efficiencies of the six ligands for 
removing Pu are in the same order as the stabilities 
of their 1:1 complexes (or chelates) with Pu(lV) and 
Fe(lll): CAM ligands » DTPA > DFOM » 
Tiron (1,5,8), confirming the view that metal-chelate 
stability is a major determinant of in vivo ligand 
efficiency. ' 

The effectiveness thresholds, intercepts of the 
initial limbs of the D-E curves with the control 
means, appear to depend mainly on Pu-Iigand 
chelate stabilities. However, the intercepts of the 
final portions of the D-E curves, except for the 
behavior of the sulfonated CAM ligands with 
respect to Pu in the liver, and the slopes of both 
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initial and final limbs of the D-E curves were similar 
and in some cases, identical. The tendency toward 
common trends in the D-E curves for ligands with 
such a wide range of chemical properties and Pu 
chelate stabilities suggests that physiological and 
biochemical factors such as rates of ECF circulation 
and ligand excretion limit the ability of these 
ligands to remove the Pu already deposited in tis-· 
sues. 
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Table 1. Benchmarks of ligand effectiveness for promoting 
excretion of 238pu from mice.a 

Effect at ligand dosage (~mole/kg) 

Remove 50% 
Pu reduction Pu < 24-hr Prevent Pu of l-hr Pu 

Ligand and Tissue thresholdb controlc depositiond contente 

3,4,3-LlCAM(C) 

Body 0.04 0.1 0.3 

Liver 0.08 0.8 2.0 10 

Skeleton 0.02 0.1 0.2 150 

3,4,3-LlCAM(S) and 
4,4,4-LlCAM(S) 

Body 0.02 0.04 0.1 2.5 

Liver 0.03 0.14 20 >1000 

Skeleton 0.007 0.02 0.09 10 

CaNa3-DTPA 

Body 7 4.5 11 

Liver 1.4 7 12 100 

Skeleton 0.8 7 4.5 35 

DFOM 

Body 2 8 15 50 

Liver 4 20 30 95 

Skeleton 20 30 320 

Tiron 

Body 8 110 120 480 

Liver 6 30 700 »1000 

Skeleton 10 110 180 -1800 

a Graded amounts of ligand were administered i.p. at 1 hr and mice were killed 

24 hr after i.v. injection of 238pu(lV) citrate; five mice per dosage point. 

b Threshold is the ligand dosage at which the extrapolated D-E regression lines 

(Figs. 3,4,5) intercepts the 24-hr control value. 

C Ligand dosage to reduce tissue Pu content significantly below the 24-hr control 

value (p < 0.01). 

d Ligand dosage that reduces Pu content of bone or liver at 24 hr to 80% of the 

Pu content of those tissues of l-hr controls (read from D-E regression lines of 

Figs. 3,4,5): 20% of the control tissue Pu at l-hr is assumed to be in con

tained plasma, and 80% to be "deposited." In the case of whole body the 

ligand dosage tabulated is that required to remove the Pu circulating in ECF at 

the time of ligand administration, i.e., Soft Tissue Pu at 1 hr - Soft Tissue Pu 

at 24 hr = 37.6% - 9.7% = 27.9% of the injected Pu. 

e Ligand dosage that reduced Pu content of liver or skeleton at 24 hr to 40% of 

the Pu content of those tissues of l-hr controls (read from D-E regression lines 

of Figs. 3,4,5): 80% of the l-hr Pu content is assumed to have been deposit

ed (see footnote d), so this degree of Pu reduction represents removal of one

half of the Pu that was deposited in tissues at the time of ligand administra

tion. In the case of whole body, the ligand dosage tabulated is that required 

to reduce the Pu content at 24 hr to 50 of the 1 hr value, i.e., 93% X 0.5 = 
46.5% of the injected Pu. 
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SECTION 4. RADIATION BIOPHYSICS 

INTRODUCTION 

The common research goal of the Radiation 
Biophysics Group is to study cancer as a group of 
cellular diseases. We have established an interdis
ciplinary approach to this problem, and the 
members of our group have expertise in the fields 
of physics, chemistry, biology, and medicine. 

Many of our studies are carried out with high
energy heavy ions accelerated at the Bevalac. With 
heavy-ion beams it is possible to deliver precisely 
localized radiation to any part of the body and to 
control the quality or the rate of energy transfer. 
Our ability to accelerate heavy ions to high ener
gies is unique, and our program is part of a national 
effort supported jointly by the Department of 
Energy and the National Cancer Institute. The 
major questions being studied center around the 
basic cellular mechanisms whereby heavy ions 
exert their biological effects, and our primary con
cern is to assess the potential value of heavy ions 
to treat cancer and certain abnormalities in the ner
vous system. Because high-energy heavy ions 
occur naturally in space, our group is also studying 
the possible deleterious effects of space radiation 
and the mechanisms of carcinogenesis. 

A good deal of evidence has accumulated to 
show that both light and heavy ions effectively des
troy tumors that are located near sensitive struc
tures, with little damage to the sensitive structure. 
Some of these locations are inaccessible both to 
surgery and to conventional radiation. One exam
ple of using highly localized radiation is the 
helium-ion treatment of a malignant melanoma 
located inside the choroid of the retina (Saunders 
et al.). In most cases, this type of cancer is treated 
by removing the entire eye. With helium-ion 
therapy, however, normal vision can be retained if 
the tumor is not located on or near critical struc
tures of the eye. Of the 200 patients treated to 
date, over 90% have had their cancers arrested and 
have retained their vision. 

Local particle therapy also seems effective for 
sarcomas that are adjacent to the spinal cord; other 
methods of treatment have not been successful 
with these tumors. The deleterious effects on the 
cord itself, which might occur from treatment with 
conventional radiation, can be minimized with 
heavy charged particles. Another local application 
is the treatment of arteriovenous malformations in 

the brain using Bragg peak particles. These 
congenital blood vessel malformations can hemor
rhage at any time, and they present a continuous 
hazard to the patient (see Donner Pavilion Section, 
Fabrikant et al.). Currently, the Bragg peak of the 
helium-ion beam is used for focal radiation therapy. 
The radiation causes the defective blood vessels to 
occlude, resulting in the redirection of their blood 
flow to other vessels. More than 50 patients have 
been treated to date, and preliminary results show 
the danger of hemorrhage from the treated malfor
mation to be considerably reduced. 

Our group has gathered data on the radiobio
logical properties of several heavy-ion particles, 
including carbon, neon, silicon, and argon. For the 
purposes of highly localized beam therapy, carbon 
and neon beams appear to be the most useful; 
however, to take advantage of the special radiobio
logical properties of their beams, silicon or argon 
might be particularly useful. We have made an ini
tial assessment of neon, silicon, and argon particles 
for their therapeutic efficacy in patients. Protocols 
are now being written for statistically controlled 
therapy trials, in which 1) conventional radiation 
will be compared with helium ions, and 2) helium 
ions will be compared with one of the heavier ions, 
probably silicon. Chen et al. have developed spe
cial therapy planning techniques, and Castro et al. 
report that about 200 cancer patients have received 
heavy-particle therapy at the Bevalac. 

We have developed adequate techniques to 
deliver heavy-ion beams for and biological use by 
using lead to scatter heavy-ion beams and by using 
rotating spiral-ridge filters. Nevertheless, much 
needed research is still in progress to improve the 
quality of the biomedical beam delivery by accurate 
scanning of the beam. Schimmerling et al. are 
studying the fragmentation of beam particles when 
they collide with target nuclei. 

Heavy accelerated ions have some very special 
properties that in future might be useful to biomed
ical research and therapy. Alpen et al. describe the 
use of heavy radioactive beams generated at the 
Bevalac for accurately measuring the depth of cer
tain tissue structures. Radioactive beams might 
soon be routinely used for cancer therapy. Another 
special . technique is just beginning to be 
developed. Phillips et al. describe heavy-ion 



microscopy, and we believe that in the near future 
it might prove to be a useful technique to study 
chromosome aberrations. 

The structure of heavy-ion tracks in matter 
determines the nature of the molecular effects they 
cause. Chatterjee and Magee have recently 
analyzed the production of single- and double
strand scissions produced in DNA by various heavy 
ions. Roots et al. have characterized the role 
hydroxyl radicals play in the cellular effects of these 
particles. The effects of heavy-ion beams on 
integrated ti~sues are particularly relevant and appli
cable to medicine. Alpen et al. have studied the 
effects on lungs; Ainsworth et al. present data on 
blood-forming organs; Rodriguez has used multicel
lular spheroid cultures to assess the effects of 
heavy-ion beams and has highlighted the role of 
repair of potentially lethal damage in radiation 
effects on organized tissues. 

In 1982 it became possible for the first time to 
accelerate the heaviest nuclei in the periodic table 
at the Bevalac, and in 1983 we performed the first 
biological experiments on the cellular and chromo
somal effects of uranium beams. We are interested 
in uranium particles because of their extremely high 
rate of energy transfer. Our studies are conducted 
in collaboration with Doctors Gerhard and Wilma 
Kraft from the GSI heavy-ion accelerator laboratory 
in Darmstadt, Germany, where low-energy beams 
of very heavy ions have been under study for some 
time. The Krafts have shown that a single uranium
ion can shatter the chromosomes of mammalian 
cells. 

Earlier we developed a model for the cellular 
effects of radiation, the repair-misrepair model, 
which suggests that the complex responses of living 
cells to particle radiation can be separated into two 
parts, the production of lesions in cellular DNA and 
the cellular repair responses to those lesions. In 
the past it has not been possible to separate exper
imentally these two types of responses, but, we 
have now made good progress on the problem by 
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studying cells from patients with a genetic disease. 
Patients with the homozygous form of ataxia telan
giectasia have cells that are very sensitive to ioniz
ing radiation and to accelerated heavy ions. Our 
analysis indicates that these cells are suitable for 
measuring the quantity of radiation injury in vivo 
because the cells cannot successfully repair radia
tion lesions. The probability of producing lethal 
effects in ataxia cells, therefore, gives a measure of 
the probability of inducing radiolesions. 

We have used human cells to quantitate the 
effects of mixed heavy-ion beams, which are 
diluted by the particle fragments produced as the 
beams pass through matter (Blakely et al.). A new 
set of experiments has begun to measure the 
effects of heavy particles combined with chemical 
radiosensitizers. We are using the compound 
SR2508, developed at the Stanford Research 
Institute, which is less toxic to humans than the 
chemical sensitizers used earlier in medicine. M. 
Austin-Seymour et al. demonstrated that SR2508 
can reduce the radiobiological oxygen effect by a 
factor of two. 

The biophysical approach also includes the 
building of quantitative models for cellular 
processes. S.B. Curtis has recently proposed a 
lethal, potentially lethal model to explain some 
radiobiological phenomena. H.C. Mel has been 
concerned for some years about the basic thermo
dynamical description of nonequilibrium systems, 
such as living cells. An account of the delicate 
rheological studies of cell membranes is also given. 

'Perhaps the most interesting studies in our 
group this year relate to the ability of heavy 
accelerated ions to enhance the degree of transfor
mation from normal cells to tumor cells that can be 
produced by oncogenic viruses (Yang et al.). The 
modifying effects of heavy ions on this process can 
be substantial: under certain conditions a dose of 
neon or argon ions can increase the yield of 
transformed cells by a factor of 10 or more. 



51 

Radiation Therapy 

RADIOTHERAPY PHYSICS 

George T.Y. Chen, J. Michael Collier, Sandra R. Zink, Samuel Pitluck,* and 
T odd Richards 

The Radiotherapy Physics Group is involved in 
a broad spectrum of activities in technical support 
of the clinical heavy charged particle radiotherapy 
trials at the Lawrence Berkeley Laboratory. Activi
ties include treatment planning code development, 
dosimetry to verify the validity of the computational 
algorithms used, techniques for comparing rival 
treatment plans, and clinical physics support for 
patient treatment. Highlights of research and 
development activities in the past year are 
reviewed. The projects described here are part of 
a presentation given at the annual meeting of the 
American Association of Physics in Medicine, held 
in New York in August, 1983. 

TREATMENT PLANNING STUDIES 

Charged particle treatment plans have been cal
culated for a case involving irradiation of pelvic and 
para-aortic nodes and compared with state of the 
art photon treatment plans. Such studies are 
intended to examine the dose localization advan
tages of charged particle beams at specific sites. 
The rationale for irradiation of pelvic and para
aortic nodes in the treatment of primary pelvic 
tumors is the high probability of spread to these 
regional lymph nodes. As noted by Chin et al., l 

standard photon irradiation of this type can lead to 
a high complication rate. More effective methods 
of dose delivery to para-aortic and pelvic lymph 
nodes might result in increased cure. In this study, 
dose distributions for helium- and neon-ion beams 
were calculated for a three-dimensional target 
volume and compared with conventional and 
dynamic photon irradiation techniques. Dose 
volume histograms were used to evaluate irradiation 
of adjacent critical structures. 

The target spanned 14 axial slices and included 
the para-aortic nodes and a highly irregular U
shaped target volume in the pelvis to cover the 
lymphatics. This three-dimensional target volume 
was then treatment planned with charged particle 
beams, and isoeffective dose distributions were 

-Engineering and Technical Services Division, Electronics 
Research and Development Group, LBL. 

generated. Integral dose volume histograms were 
calculated for the kidneys, target, liver, small bowel, 
transit portion of the duodenum, and spinal cord. 

The dose volume histograms from particle plans 
were compared with published values for optimized 
photon irradiation of the identical target volume. 
Three photon treatment plans developed by Chin 1 

were used for this comparison: 1) a four-field box 
and 360-degree rotation (CP1), 2) a four-field box, 
360-degree rotation, and anterior-posterior opposed 
fields (CP2), and 3) computer controlled radiation 
therapy (CCRT), where five longitudinal scans with 
4-cm wide x-ray beams were used. In the last 
mode, conformation of the high-dose region to the 
target volume was achieved by matching collimator 
dimensions to the projected target dimensions. 

Figures 1 a and 1 b show representative isoeffec
tive dose distributions for one slice using charged 
particle beams. Figure 1 a is treatment planned with 
opposed anterior-posterior . helium-ion beams, 
where compensation has been used to match the 
beam stopping region with the distal target contour. 
Figure 1 b is a similar plan using" neon beams. 
Figures 2a-f show dose volume histograms compar
ing the irradiation techniques. These histograms 
show substantial reduction in normal tissue dose 
when charged particles are used. In particular, 
because of the finite range of charged particles, and 
the ability to produce biologically uniform dose 
from single fields, the target in this study may be 
irradiated with a pair of opposed fields. In this 
field arrangement, the kidneys, and to a great 
extent the liver, are geometrically excluded from 
the irradiated field. In contrast, to more evenly 
spread the high-dose transit region with photon 
techniques, multiple fields (four or more) are gen
erally used, necessarily irradiating substantial por
tions of these critical structures. 

As shown in Fig. 2a, substantially less small 
bowel is irradiated with particles, particularly in the 
dose range between 0% and 60% of tumor dose. 
No bowel is irradiated by particles to greater than 
70% of the tumor dose. In Fig. 2b relatively small 
differences exist between the best photon therapy 
(CCRT) and particles with respect to the duode
num. Irradiation with helium is slightly better than 
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Fig. J. Representative isoeffective dose distributions for one 
level, comparing helium and neon ion beams. 

(a: XBL 837-3869, b: XBL 837-3870) 

CCRT. In Figs. 2c and 2d no dose is given to 
either kidney by particles beams, as mentioned 
before. CCRT and standard photon therapy irradi
ate one half of the kidney mass to about 20% or 
greater tumor dose. In Fig. 2e much less liver is 
irradiated by particles; 70% of the liver receives no 
dose from particle plans. Approximately 70% of 
the liver receives 35% of the tumor dose or more 
from the three photon plans. In Fig. 2f dose to spi
nal cord from particles is approximately the same as 
from CCRT. One factor to be considered is a pos
sible differential RBE for high-LET particles for this 
structure. 

High dose gradients as seen in particle plans 
require precision alignment and stability of target 
volume over extended periods of time. To ensure 
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target irradiation with possible motions present, 
margins may have to be enlarged. Effects of this 
field enlargement on the dose volume histographs 
are under analysis. 

DOSIMETRY 

In the past year, CR-39 has been evaluated as a 
dosimeter for heavy-ion therapy beams. This work 
has been performed in collaboration with Doctors 
E.V. Benton, R. Henke, and R. Cassou of the Phy
sics Department of the University of San Francisco, 
Doctors J. Llacer, W. Holley, and J.T. Lyman at LBL, 
and Dr. T. Kanai of the NIRS, Chiba, Japan. 

CR-39 is a thermoset rlastic that is very sensi
tive to heavy-ion damage. -5 The principal advan
tage of this detector in heavy charged particle clini
cal dosimetry is that it records both radiation dose 
and quality. Particle fluence is measured over a 
sheet of the detector by scanning with a 
computer-controlled microscope and digitizer. LET 
is determined by sorting the etched holes according 
to size. Calibration of the LET determination is 
achieved by exposing the material to known radia
tions. The wide dynamic range of this material per
mits the recording of tracks in the entire radiation 
field, including both the plateau and fragmentation 
tail. Data demonstrate that tracks are recorded 
from low LETs of about 15 keY /micron to very high 
LETs. Integration of the LET spectra yields the 
dose. When thin sheets of this detector are inter
spersed within a phantom, information on radiation 
dose and quality may be obtained in three dimen
sions. These dosimetry data are essential in 1) 
characterization of heavy charged particle radiation 
fields used in therapy and 2) mapping dose and 
radiation quality in complex compensated fields 
used in individual patients. 

Initial studies have emphasized uncompensated 
"open field" measurements. Sheets of CR-39 were 
placed in a polyethylene phantom both along the 
central axis of the beam and in various radial posi
tions. These dosimeters were exposed to both 
accelerated monoenergetic and spread Bragg peak 
neon beams. Samples were placed in the plateau, 
proximal, mid and distal spread Bragg peak region 
of a 12-cm spiral-ridge filtered beam. The sheets 
were developed (etched) and digitized with a 
Quantamet scanning microscope system. Shape 
factor analysis is used in track acceptance criteria. 
Individual track diameter is correlated to LET (infin
ity in water) through a calibration curve. The CR-
39 spectra were compared with those obtained 
with BERKLET, a solid state detector.6 
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Fig. 2. Dose volume histograms comparing irradiation techniques for six critical structures. See text for symbol 
definition. (XBL 8311-4112) 

UNSPREAD NEON BRAGG PEAK SPECTRA AND 
DOSE 

A comparison of spectra from CR-39 and Berk
let are presented in Fig. 3, where smooth curves 
show Berklet data and curves with open boxes 
denote CR-39 measurements. Figure 3a includes 
LET spectra for neon in the plateau region of the 
beam (residual range 30.42). The data were nor
malized at peak height. Agreement between the 

spectra is excellent, and both techniques show the 
LET spectra peak at approximately 27 keY /micron. 

Agreement between CR-39 and Berklet spectra 
at other residual ranges is good (see Figs. 3b-f). 
The neon spectra peaks for CR-39 and Berklet 
agree within a few keY /micron. The spectra from 
Berklet appear to be slightly narrower. The present 
optical digitizer used in CR-39 data analysis intro
duces a few percent spread into the measured track 
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Fill. 3. Comparison of LET spectra from Berklet data (smooth curves) and CR-39 measurements (curves with solid 
circles) for radiations with various residual ranges. (XBL 8317-4170) 

diameters. This will be calibrated out in future ana
lyses. Approximately 6500 tracks were used in 
generating each CR-39 histogram. The number of 
events in the Berklet spectra are about 1/3 this 
number. Some of the differences in the spectra are 
due in part to low statistics in the Berklet runs. 

The integrals of these spectra are proportional 
to the relative dose in depth. Agreement between 
the depth dose integrated from CR-39 spectra and 

ion chamber measurements is generally within a 
few percent. No direct correlation between 
integrated CR-39 spectra and dose on the central 
axis is currently available. Rather, while awaiting 
further measurements, we note that CR-39 and 
Berklet spectra appear to be very similar, and Berk
let data agree with ion chamber measurements. 
Therefore we expect CR-39 to have similar agree
ment. Experiments using scintillation counters as 



beam monitors are planned in the near future in 
order to directly establish the accuracy of CR-39 in 
the measurement of relative dose. We currently 
estimate this to be approximately 5%. 

SPREAD BRAGG PEAK SPECTRA 

Preliminary data for the 12-cm SOBP neon 
beam are shown in Fig. 4 for four points in the 
spread Bragg peak. Agreement between CR-39 and 
Berklet spectra in the spread out Bragg peak 
appears to be somewhat worse than in the 
monoenergetic beam. In the plateau, the spectra 
peaks are distinctly separate by approximately 3 
keY /micron. In the proximal peak (Fig. 4b), this 
spread increases to approximately 5 keY /micron or 
about 12%. At distal peak (Fig. 4c), although the 
magnitude of the difference in the primary peak 
position is approximately 2-3 keY /micron, the rela
tive sign is reversed. At this point, CR-39 data pro
duce spectra with the primary beam peak position 
at a lower LET than the Berklet. Data in the frag
mentation tail are inconclusive. The ambiguity in 
these data are complicated by the fact that they 
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were taken on two different days separated by six 
weeks. Although identical setup and beam optics 
were strived for, there is no guarantee that they 
were achieved. These experiments are planned to 
be repeated. 

We are encouraged by these preliminary results 
that suggest that CR-39 has a role to play in clinical 
dosimetry. Although this technique needs to be 
refined and understood in more detail before being 
routinely implemented, the current results suggest 
such developmental work is warranted. Factors 
that influence the applicability of CR-39 to clinical 
dosimetry include the presence of noise on the 
detector surface (imperfections that result in etched 
pits), leading to background events, even at high 
LET, and the low energy cutoff of the detector for 
charged particles with an energy loss of less than 
15 keY /micron. Although the percentage of low
LET particles (less than 15 keY /micron) can be 
quite large (20% or grealer) relative to the fraction 
of primary particles, their contribution to the dose 
is small (on the order of a 6% of the primary beam 
at residual ranges of a monoenergetic neon beam 
of 2 cm or less). 

(S) 

(0) 

LET (keV IfL) 

Fig. 4. Preliminary LET spectra for the 12-cm spread out Bragg peak neon beam. (XBL 8311-4111) 



PHANTOM DEVELOPMENT 

Multisection phantoms have been constructed 
and evaluated for treatment planning verification of 
heavy charged particle radiotherapy. This work has 
been done in collaboration with Dr. Cari Borras of 
the West Coast Cancer Foundation. The phantoms 
are based on tissue substitutes formulated by White 
and Constantinou and are cast to represent typical 
cross sections of the head or body. The first sec
tion of the phantom also contains conical cavities 
which are used to determine the effective energy 
of the scanner at points of interest. The third sec
tion allows direct dosimetric measurements. The 
accuracy of algorithms to convert CT number to 
relative stopping power will be retested, and meas
urements of dose at specific points within the 
phantom will be compared with calculated values. 
In particular, these phantoms will be used to follow 
the entire treatment planning process from CT to 
dose delivery and to document the current accu
racy of dose delivery and distribution of beam qual
ity within anthropomorphic phantoms. 
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TREATMENT OF CANCER WITH CHARGED PARTICLES HEAVIER THAN HELIUM 

Joseph R. Castro, William M. Saunders, Mary Austin-Seymour, George T.Y. Chen, 
J. Michael Collier, Sandra R. Zink, Samuel Pitluck,· Kay A. Woodruff, 
Denise Capra-Young, Aude Cartigny, Todd Richards, Jacquelyn St. John, and 
Robert E. Walton t 

This project, Treatment of Cancer with Heavy 
Charged Particles, is now in its eighth year of con
tinuing NCI and DOE support for study of the role 
of heavy charged particles in clinical radiotherapy. 

Current protocols are ongoing for the following 
tumor sites: 

As in previous years, the majority of patients 
are referred from members of the Northern Califor
nia Oncology Group and the Radiation Therapy 
Oncology Group who together provide the clinical 
trial suppori services for protocol design, patient 
accrual, statistical services, data collection, and 
analysis. 

Through September 30, 1983, 594 patients have 
been irradiated with charged particles and 20 evalu
able patients irradiated as controls, with accrual by 
year given iii Table 1. 

"Engineering and Technical Services Division, Electronics 
Research and Development Group, LBL. 

tEngineering and Technical Services Division, Mechanical Tech
nology Group, LBL. 

Description 

1. Localized squamous 
cell carcinoma of the 
esophagus, nonran
domized (helium and 
heavy ions) 

2. Localized ocular 
melanoma, nonran
domized (helium) 

3. Phase I-Phase II 
Study of miscellane
ous locally advanced 
tumors, nonrandom
ized (helium and 
heavy ions) 

Protocol No. 

LBL-NCOG 
3E81/RTOG 79-09 

LBL-NCOG 
7081/RTOG 79-08 

LBL-NCOG 
OR81/RTOG 79-11 



Table 1. Patients irradiated with charged particles. 

All 
Year patients 

1975-1977 46 

1978 65 

1979 78 

1980 90 

1981 102 

1982 120 

1983 (9/30) --2l 
Total 594 

Number of patients treated 
with each charged-particle beam: 

Helium ions 

Heavy ions 

Carbon 24 

Neon 148 

Silicon 5 

Argon 2 

Total 

HEAVY-PARTICLE PHASE I-II STUDIES 

Heavy-ion 
patients 

2 

7 

16 

25 

30 

60 

415 

.ill.. 
594 

Currently, using neon and/or silicon ions, we 
are studying their effect on such tumors as 1) local
ized carcinoma of the pancreas, 2) selected, 
advanced tumors of the head and neck, 3) malig
nant gliomata of the brain (glioblastoma and 
anaplastic astrocytoma), 4) carcinoma of the eso
phagus, biliary tract, and stomach,S) metastatic skin 
and subcutaneous nodules, and 7) squamous carci
noma of the lung. 

As these represent tumors not likely to be suc
cessfully treated by current modalities, they are 
appropriate for initial studies but may well be sup
planted by other, more treatable tumors when the 
Phase I-II studies are completed, particularly if little 
or no improvement in results is apparent. We must 
decide whether results in these Phase I-II studies 
warrant continuing with prospective controlled 
Phase III studies or whether other tumor sites than 
those listed above should be studied first. The best 
use of beam availability and patient resources must 
be made during the next 3-4 years in order to 
optimize use of heavy particles in radiotherapy. 
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For the patients treated with heavy ions, the 
tumor site distribution is shown in Table 2. 

The early results with heavy ions at several sites 
are summarized below but should be interpreted 
with the realization that these are patients with 
advanced disease, in whom, for reasons of patient 
safety, doses have intentionally been started at a 
low level and gradually raised, and in whom RBE 
values and treatment have been gradually refined. 

Thus, it is too soon to make a definitive judg
ment about results of treatment with heavy ions. 
Refinement of neon and silicon RBE values for skin 
and mucosa is being continued and should be 
completed by the end of this year. We have gra
dually escalated total doses and daily fraction sizes 
in an attempt to deliver doses of 22-24 Gy of neon 
irradiation in 16 fractions in 4 weeks wherever pos
sible. 

CARCINOMA OF THE PANCREAS 

We have now completed a pilot study followed 
by a randomized trial of helium-ion radiotherapy in 
97 patients with carcinoma of the pancreas, of 
whom 77 were irradiated with helium ions and 20 
with low-LET x-ray therapy. There is approximately 
a 10% incidence of control within the irradiated 
area using helium ions, but only about 6% of 
patients have a long term remission of 2-1/2 years 
or longer. The median survival in all patients 
receiving at least 50 Gray-equivalents of helium-ion 
irradiation is 8 months from the first day of radia
tion. 

Table 2. Tumor-site distribution of patients 
treated with heavy ions. 

Abdomen: 

Pancreas 59 
Biliary 6 
Stomach 4 
Other 3 

Brain 

Other Intracranial 

Thorax 

Head/neck 

Pelvis 

Skin, subcutaneous 

Retroperitoneum 

Total 

72 

25 

12 

23 

32 

5 

5 

_5 

179 



The randomized prospective study (LBL-NCOG 
3 P81 /RTOG 79-10) did not show a significant 
advantage for helium-ion therapy over standard 
low-LET irradiation to 6000 rads. Therefore we 
have started a Phase I trial utilizing neon heavy
particle irradiation together with multidrug 
chemotherapy (5 fluourouracil, adriamycin, mitomy
cin c) in hopes of improving overall results in this 
disease. Currently this study has accrued about 15 
patients in Phase I in which we are evaluating toxi
city of the regimen. We expect to complete this 
study within the next six months so as to be ready 
to begin Phase II-III trials shortly thereafter. 

Our previous efforts with neon heavy-particle 
therapy alone or after photon or helium therapy 
were carried out in 35 patients with far advanced 
disease and were useful only to develop treatment 
techniques and acquire information concerning nor
mal tissue toxicity of heavy-particle irradiation. 
Thus data concerning neon heavy-particle irradia
tion of carcinoma of the pancreas is just beginning 
to be accrued and is too recent for meaningful 
evaluation. 

CARCINOMA OF THE ESOPHAGUS 

Twenty-two evaluable patients were accrued in 
a Phase II nonrandomized prospective study for 
helium-ion irradiation of localized carcinoma of the 
esophagus (NCOG protocol 3E81/RTOG 79-09). 
Only 18% of patients had local control of their 
tumor, with a median survival of 9 months. This 
was not improved over historical results with stan
dard irradiation techniques. We are now continu
ing this trial using neon heavy-particle irradiation. 
Ten patients have been irradiated to date, but the 
follow-up period is too short for conclusions. 
Unless some significant improvement is seen over 
historical results or the helium-ion results, this tar
get site will be discontinued. 

GLIOMA OF THE BRAIN 

Our experience in glioblastoma and anaplastic 
astrocytoma of the brain has been limited,. although 
we have irradiated a small group of 23 patients, 11 
patients entirely with neon ions and 12 patients 
with only a portion of the radiotherapy given with 
carbon or neon. In the group of 12 "boost" 
patients, only one remains free of disease. The 
median survival is 12 months. The' total doses 
ranged from 45 to 72 Gray-equivalents given in 25 
to 30 fractions over 6 to 7 weeks. 

More recently we have irradiated 11 patients 
entirely with neon particle therapy using partial 
brain target volumes seleCted by utilizing the CT 
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scan to identify a target volume in which a 3-cm 
margin around the contrast enhanced lesion is 
drawn. In this group the tumor dose in 8 patients 
has been 48 Gray-equivalents given in 16 fractions 
in 4 weeks (TDF == 90). Failure occurred in all but 
one patient with a median survival of 6 months, A 
second group of patients has been started on a 
higher neon dose of 54 Gray-equivalents in 16 frac
tions over 4 weeks (TDF = 110), but only-three 
patients have been treated to date, and the follow
up period is too short for analysis. We propose to 
continue this study until 8 to 10 patients are 
accrued at the current dose level, and consider an 
additional group of 8 to 10 patients to be treated to 
60 Gray-equivalents, 

While these results are not particularly worse 
than standard therapy in a small group of 
unselected patients, unless improved results are 
forthcoming in the higher dose group, new 
approaches such as combined modality therapy 
should be sought. 

HEAD AND NECK TUMORS 

We have treated a small group of 23 patients 
with miscellaneous, selected tumors of the head 
and neck area, including such sites as the upper 
aero-digestive tract, paranasal sinuses, salivary 
glands, and trachea. Many of the initial patients 
received boost therapy with heavy particles such as 
carbon or neon after partial irradiation with photons 
or helium ions. Since doses have been gradually 
escalated and these have been patients with 
advanced tumors, the results to date are fragmen
tary. In the total treated group, 11 of 23 appear to 
have control within the irradiated volume, although 
with relatively short follow up (median survival of 9 
months). This short survival rate is due in part to 
the fact that many of the patients were treated 
recently and in part to the presence of advanced 
disease and a high metastatic rate, Of 15 patients 
receiving all or the preponderance of their therapy 
with neon and/or silicon ions, 8 have local control. 
Development of treatment techniques and compen
sation procedures has largely been completed, but 
more patients are required in this Phase I study 
before decisions can be made regarding Phase II or 
III trials. 

Of the 179 patients who have received all or 
part of their therapy with heavy ions, the large 
majority have been treated with neon ions. In 
coming years we will endeavor to increase our 
experience with silicon ions since these appear to 
have promlsmg biological potential, although 
perhaps not as good dose localization properties as 



carbon or neon ions. In these studies we are 
evaluating acute and subacute responses of normal 
tissues and tumors as well as developing effective 
treatment techniques with heavy particles. 

During the next year we will concentrate on 
completing Phase I-II heavy-particle studies in order 
to begin prospective Phase III trials by mid to late 
1984. This will coincide with completion of the 
local injector upgrade, which will facilitate the clini
cal irradiation program at the Bevatron. Addition
ally, the magnetically scanned beam (wobbler) 
should be characterized physically and biologically 
so as to permit its use in patient treatment. This 
will allow us to use lower energy with less lead 
scattering material in the beam, thus providing 
beams with less fragmentation and improved bio
logical effect. 
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We believe continued optimization of heavy
ion beam delivery is warranted together with 
further study of which target sites are optimal for 
heavy-ion therapy. Better tumor localization by CT 
and NMR scanning and identification of improved 
methods for predicting response to heavy ions 
should lead to better selection of tumors to be irra
diated with heavy particles. 

Thus, our present target sites for heavy ions 
may change in the next 1 to 3 years as more 
experience is gained. The success of the dose 
localization program with helium ions at the L-BL 
184-lnch Cyclotron and the proton beam at the 
Harvard Cyclotron suggest that the ultimate use of 
heavier ions should be strongly based on their abil
ity to deliver precise, high-dose irradiation to which 
some biological advantage over lighter particles can 
be added. 

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

William M. Saunders, Joseph R. Castro, Mary Austin-Seymour, George T.Y. Chen, 
J. Michael Collier, Sandra R. link, Denise Capra-Young, Samuel Pitluck,· 
Robert E. Walton, t Charles R. Pascale, t Leal L. Kanstein, + and 
Frederick W. Yeater+ 

Since the Lawrence Berkeley Laboratory / 
University of California San Francisco cancer 
radiotherapy program began in 1975, 415 patients 
have been treated using the helium-ion beam at 
the LBL 184-lnch Synchrocyclotron. To date, we 
have obtained the best results in tumors that ordi
narily could be satisfactorily treated with conven
tional radiation therapy beams (e.g., gamma rays or 
x rays), but are located close to critical radiation 
sensitive organs such as the spinal cord. If the 
tumor requires a high radiation dose to give an 
acceptable cure rate, and it is near a critical struc
ture that would be damaged at a much lower dose, 
it often is impossible to find a satisfactory treatment 
plan using conventional radio-therapy beams. By 
exploiting the Bragg peak and the sharp penumbra 
of the helium-ion beam, we have been able to plan 
and deliver satisfactory treatments in many such 
cases. This requires very careful tumor localization, 

-Engineering and Technical Services Division, Electronics 
Research and Development Group, LBL. 

tEngineering and Technical Services Division, Mechanical Tech
nology Group, LBL. 

*Accelerator and Fusion Division, Accelerator Operations Group, 
LBL. 

treatment planning, patient immobilization, and 
verification 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 136 such 
patients, 48 in the last 12 months. We continue to 
have very encouraging results in this group. Only 
five patients have had a recurrence of their tumor, 
and in all five 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 least 3 to 4 mm away from the optic disc or 
macula. The tumor dose selected for the initial 
patients was biologically equivalent to 70 Gray of 
cobalt-60, that is 70 Gray-equivalent (GyE). The 
next group of patients received 80 GyE. The only 
serious complication has been the development of 
glaucoma in the treated eye in 13 of 71 patients 
who received a total dose of 80 GyE or more. 
Since this complication was not seen in the 19 
patients who received 70 GyE, we decided to 
decrease the tumor dose. Forty-six patients have 
been treated since that time. Thirty-nine received 
a dose of 60 GyE, and seven patients with direct 
invasion of the optic disc or macula received a 



dose of 50 GyE. To date none of these patients 
has had a recurrence of their tumor, and none has 
developed glaucoma. 

In summary, at tumor doses of 70 GyE and less 
we are observing excellent tumor control rates and 
low complication rates. We are continuing the pro
gram, searching for a dose level that will minImIze 
the complication rate while maintaining the high 
tumor control rate. 

We have also had good results treating tumors 
in 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 17 patients 
to date with chordomas, chondrosarcomas, or men
ingiomas in those locations. The location of these 
tumors very close to critical, radiation sensitive cen
tral nervous system structures severely limits the 
radiation dose which could be given safely with 
conventional radiotherapy beams. By using tech
niques similar to those described for treating uveal 
melanomas, we have been able to deliver doses 
ranging from 60 to 80 GyE to the tumors, while 
keeping the dose to the nearby critical tissues at 
acceptably low levels. Figure 1 shows a helium-ion 
treatment plan for a "U" shaped chordoma which 
enveloped the spinal cord in the upper neck. The 
tumor received a dose of 7000 CoRE (=70 GyE). 
The spinal cord came to within 1 mm of the apex 
of the "U". The cord received a dose of 49 GyE 
or less except for the front 2 mm, which received a 
somewhat higher dose. This patient is alive and 
well with no evidence of tumor two years following 
treatment. We believe that no other treatment 
technique would be potentially curative for this 
patient. 

The 1 7 patients have been followed from 3 to 
60 months after their treatment at LBL, with an 
average follow-up of 24 months. To date, only two 
have had a recurrence of their tumor. The only 
complications have been in one patient who has 
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Fig. 1. Helium-ion treatment plan for a 'V' shaped chordoma 
which enveloped the spinal cord in the upper neck. 

(XBL 878-4727) 

evidence of damage to her optic tract, and another 
patient with evidence of damage to his spinal cord. 
These two cases have been assessed in great detail, 
and appropriate modifications have been made in 
our treatment techniques. We are continuing to 
treat this category of patient, since we know of no 
alternative treatment that offers a reasonable 
chance of curing these life-threatening tumors. We 
are confident that we will continue to see good 
tumor control rates with acceptable complication 
rates. 

In summary, we have demonstrated a substan
tial clinical advantage for helium-ion radiotherapy 
over conventional radiotherapy for carefully 
selected patients with tumors near critical radiation 
sensitive structures. We are continuing to refine 
our techniques and anticipate treating increasing 
numbers of such patients in the future. 

Tissue Radiobiology 

LATE EFFECTS OF RADIATION ON MOUSE LUNG 

Edward L. Alpen, Linda D. Harrison, and Patricia Powers-Risius 

) 

The late effects of x-ray, helium, and heavy-ion 
irradiation in mouse lung are presently being stu
died with single-dose and fractionated-dose experi-

ments. The findings will have important applica
tions to the many treatment regimens (e.g., eso
phagus) in clinical therapy involving the lung field. 



We are investigating these effects by measuring 
breathing frequency, at 10-week intervals after irra
diation for as long as 56 to 70 weeks, with a ver
sion of the whole body plethysmograph developed 
by Travis.' The rationale for this technique is that 
reduced lung elasticity from late fibrotic alterations 
will express itself as an increase in breathing rate. 
Preliminary data show an initial increase in breath
ing frequency at 16 weeks due to radiation pneu
monitis.2,3 A continued elevated breathing rate 70 
weeks post irradiation is due to fibrosis and is seen 
at higher doses. There is no recovery from this late 
developing lesion. Furthermore, in very preliminary 
studies we have shown that tissue hydroxyproline 
content is a useful indicator of connective tissue 
proliferation. Therefore we .are using this assay as a 
terminal measurement of fibrotic development in 
the irradiated lung. 

LAF, female mice, age 10-12 weeks, have 
been used for all experiments. The mice are 
housed seven per cage in a temperature and humi
dity controlled animal facility. Food and water are 
available ad libitum. The 250-kVp x-ray and 
helium-ion irradiated mice were anesthetized for 
irradiations. The 670-MeV neon mice have spe
cially designed restraining holders and were not 
anesthetized for irradiations. The thoracic area only 
was irradiated in all cases. 

Table 1 shows the mean of the breathing rates 
and standard error of the mean for each dose level 
versus number of weeks after irradiation. All 
groups had no fewer than four animals, (usually 
5-8), except where othe(wise indicated. Ten 
weeks post-irradiation little increase in breathing 
rate above control levels is apparent. At 16-24 
weeks breathing frequency increased in all dose 
and radiation groups exceeding threshold level 
(threshold level indicating any value above age 
control levels). 

In Fig. 1 are the data from a single dose of 
250-kVp x rays, showing breaths per minute versus 
weeks after irradiation. The dose range was from 
8-20 Gy. For doses from 16-20 Gy only one 
animal remained living in each group after 16 
weeks; therefore, the graphic data were not con
sidered reliable and were omitted. The same is 
true for 14 Gy after. 24 weeks. As shown by 
Travis,4 8 Gy produced no increase above control 
levels. At 16 weeks doses above 11 Gy showed a 
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significant increase above control levels and 
remained elevated throughout the study. 

Figure 2 shows the results after a single expo: 
sure to 910-MeV helium ions with the animals 
placed in the plateau region of the Bragg peak ioni
zation curve. Again 8 Gy produced results in the 
control range, but for higher doses there was a time 
and dose dependent response. All doses seem to 
produce peak response at about the same time. 

With doses between 16-31 Gy, fractionated in 
8 equal doses over an ll-day period (4 days on/3 
days off/4 days on) (Fig. 3), it can be seen that 
only 31 Gy exceeded control levels. Therefore, we 
will have to repeat these experiments with doses 
between 26-31 Gy. The repair seen is consistent 
with that observed by Travis et al. 5,6,7 for x-ray 
fractionated exposures. 

Figure 4 represents 670-MeV neon single doses 
in the plateau region. Doses range from 6-10 Gy. 
Again, radiation pneumonitis is apparent in the 
increased breathing rate between 16 and 24 weeks. 
Dose effect curves were obtained above a thres
hold level of 8 Gy and remained elevated 
throughout the 70-week period. 

Figure 5 is a 250-kVp x-ray 8-fraction experi
ment, similar to the helium~ion experiment in 
Fig. 3, but with dose ranges of 16-31 Gy. We 
chose to use x rays to clarify the proper dose range 
for this fractionated study due to the similar RBE of 
helium and x rays and the ready availability of the 
x-ray source. Only early data are available at this 
time. From the 10-week and 20-week interval 
results, the choice of dose range appears correct, 
with 10 weeks showing little change from control 
level and 20 weeks showing a significant increase 
from 27-29 Gy. 

The dose-response curves are steep between 
16 and 24 weeks for all 5 experiments for doses 
above threshold levels. This agrees with the onset 
of radiation pneumonitis as seen by Travis2,3 histo
logically and with breathing frequency. The breath
ing frequency decreases slightly around 40 weeks 
but remains elevated through 70 weeks, never 
recovering to threshold levels. There seems to be 
a very narrow range of doses between threshold 
level and lethality which makes this noninvasive 
method of detecting early (radiation pneumonitis) 
and late (fibrosis) damage very useful as a late 
effects end .point. 
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Table 1. Breathing rates following irradiation. 

Weeks after irradiation 

Dose (Gy) 8 16 24 32 40 48 56 64 

X ray (single dose), Exp 1: 

0 306 ± 12.7a 252 ± 18.5 242 ± 25.7 290 ± 13.3 163 ± 13.5 289 ± 7.8 265 ± 22.3 243 ± 23.7 

8 213 ± 20.8 191 ± 13.8 247 ± 23.5 250 ± 22.3 251 ± 22.5 238 ± 18.0 288 ± 11.2 298 ± 8.7 

10 241 ± 10.6 273 ± 12.2 293 ± 7.7 322 ± 7.3 303 ± 13.5 324 ± 4.1 310 ± 16.3 295 ± 18.4 

11 246 ± 17.3 277 ± 20.4 349 ± 13.8 349 ± 23.8 371 ± 24.1 342 ± 13.1 349 ± 17.4 337 ± 12.2 

12 250 ± 25.3 335 ± 16.7 336 ± 26.0 343 ± 36.8 322 ± 16.5 329 ± 10.6 361 ± 6.3 330 ± 12.3 

14 281 ± 13.6 421 ± 26.9 387 ± 52.5 369b b 339b b b 

16 326 ± 19.3 435 ± 11.0 359b 151 b b 284b b b 

20 311 ± 35.0 225b 233b 461 b b 291 b Dead 

Weeks after irradiation 

10 20 

(8 Fx/lld) X ray, Exp.5: 

0 217 ± 16.7a 312 ± 7.3 

16 270 ± 13.1 314 ± 4.1 

21 280 ± 12.5 319 ± 8.8 

26 317 ± 6.1 361 ± 17.5 

27 303 ± 7.5 427 ± 20.4 

28 319 ± 7.1 378 ± 18.7 

29 317 ± 7.7 441 ± 14.7 

31 345 ± 8.5 Dead 

Weeks after irradiation 

8 16 24 32 48 58 68 

Helium (8 Fx/lld), Exp. 2: 

0 228 ± 13.1a 267 ± 12.3 283 ± 8.9 251 ± 23.3 289 ± 7.2 303 ± 3.4 284 ± 5.0 

16 268 ± 16.1 268 ± 10.2 247 ± 19.6 271 ± 25.3 299 ± 6.8 305 ± 4.9 286 ± 8.3 

21 248 ± 12.0 246 ± 14.7 275 ± 19.9 302 ± 6.5 298 ± 1l.3 314 ± 6.8 288 ± 4.9 

26 234 ± 20.3 254 ± 22.0 302 ± 26.0 297 ± 29.8 291 ± 6.0 305 ± 9.4 310 ± 8.0 

31 237 ± 13.9 267 ± 14.2 368 ± 16.6 387 ± 36.3 336 ± 48.6 311 ± 7.8 287 ± 25.9 

c 

Weeks after irradiation 

8 16 24 34 44 54 

Helium (single dose), Exp. 4: 

0 251 ± 14.7a 277 ± 10.1 292 ± 8.7 285 ± 3.7 284 ± 6.2 

8 275 ± 26.9 300 ± 10.6 290 ± 24.6 305 ± 6.6 291 ± 5.6 

10 240 ± 15.1 323 ± 15.1 328 ± 12.6 333 ± 10.7 324 ± 5.0 

11 242 ± 19.6 344 ± 20.0 366 ± 27.6 372 ± 20.2 333 ± 18.5 

12 246 ± 16.8 383 ± 27.0 403 ± 23.2 387 ± 16.6 379 ± 40.8 

13 245 ± 18.9 All dead 

14 278 ± 28.4 b b b b 
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Table 1. Continued. 

Weeks after irradiation 

8 16 24 

670-MeV neon (single dose), Exp. 3: 

0 231 ± 9.8" 

6 207 ± 11.4 

7 198 ± 13.5 

8 245 ± 14.1 

9 213 ± 11.1 

10 240 ± 23.9 

" S.E. of mean 
b 1 mouse 

c 2 mouse 

400 
16G 

375 

350 

325 

300 

275 

250 

225 

200 

274 ± 15.4 312 ± 12.1 

284 ± 12.3 268 ± 18.5 

253 ± 23.4 289 ± 12.3 

264 ± 16.4 327 ± 25.9 

335 ± 18.1 328 ± 62.1 

336 ± 34.9 344 ± 45.1 

X-roy Single Dose 
(Ex.11 

0= Control 

0 

40 

281 ± 18.0 

310 ± 10.4 

310 ± 33.6 

351 ± 22.2 

315 ± 43.5 

305 ± 23.7 

III 
Q) 
+-
;J 
c 

E 
~ 

Q) 

0. 

II> 
.£: 
+-
0 
Q) 
~ 

CO 

0 40 48 56 64 
Weeks of fer i r rod iotion 

50 

302 ± 7.3 

299 ± 12.6 

320 ± 10.8 

330 ± 15.5 

388 ± 17.5 

356 ± 23.7 

400 

375 

350 

325 

300 

275 lOG; 

250 0 
13Gy~· 

225 

200 

0 

60 

295 ± 6.1 

299 ± 5.2 

315 ± 8.1 

329 ± 7.8 

335 ± 10.9 

337 ± 32.5 

70 

286 ± 6.3 

286 ± 7.8 

305 ± 10.5 

331 ± 15.8 

All dead 

b 

Helium Plateau 
Single Dose 
(Ex.41 

~ 

~. 

o 0 
o 

*13Gya 14Gy - all dead 
except 1 animal at 24 wks. 

Weeks after irradiation 
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Fig. 1. Mouse lung irradiation: 
dose of 2S0-kVp x rays. 

Breathing rates after a single 
(XBL 8312-4141) 

Fig. 2. Mouse lung irradiation: Breathing rates after a single 
exposure to 910-MeV helium ions (plateau region). 

(XBL 8312-4142) 
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Fig. 3. Mouse lung irradiation: Breathing rates after 91O-MeV 
helium-ion (plateau region) irradiation with total doses of 16 to 
31 Gy administered in 8 equal fractions over an II-day period. 
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LATE EFFECTS OF RADIATION ON THE HEMATOPOIETIC SYSTEM 

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

When doses of high-LET radiation are frac
tionated, early and late radiation responses are 
characteristically either not reduced or may be 
enhanced. In contrast, dose fractionation with 
low-LET radiation produces a sparing effect for most 
early and late radiation responses. The purpose of 
this project is to contribute new information to the 
understanding of how proliferative systems, particu
larly the hematopoietic system, respond to high-

and low-LET dose fractionation. We have used pri
marily the CFU-S as a model system, and this 
report deals with late effects on the CFU-S com
partment after partial body exposures to photons or 
charged particles and response of the CFU-S com
partment to fractionated doses of photons or 
charged particles. 

Our collaboration with Dr. Michael Hagen at 
the Armed Forces Radiobiology Research Institute, 



~ethesda, was continued, and a presentation of our 
results was made at the 7th International Congress 
of Radiation Research held in Amsterdam in July, 
1983.1 We had shown previously that irradiation of 
the right femur of Balb/c mice with photon doses 
ranging from about 2,000-7,000 cGy resulted in a 
sustained decrease of the CFU-S population in the 
irradiated femur and also resulted in a smaller 
reduction, usually, in the size of the CFU-S popula
tion in the unirradiated femur. Our earlier esti
mates of the CFU-S population size in the irradi
ated femur were conservative because it was 
impossible to irradiate the entire femur without 
producing intestinal damage sufficient to kill the 
animal. We have estimated that approximately one 
quarter of the femur was not irradiated; conse
quently, our estimates of radiation-reduced CFU-S 
reduction were conservative. Because the tibia is 
indeed uniformly irradiated in our animals, the stu
dies have been extended using changes in the size 
of the tibial CFU-S population and alterations in 
cell population kinetics. The results generally con
firm our early observations with the femur. For 
example, tibial CFU-S content at 16 months age is 
apftroximately 3,600 per leg, and at 20 months after 
a ONe dose of 15 Gy given in 7-9 fractions, the 
CFU-S population size in both the irradiated and 
unirradiated leg was approximately 2,100. Crouse 
and Ainsworth have previously demonstrated an 
increased fraction of CFU-S population.2 That 
observation has been extended in collaboration 
with Dr. Hagen, and the BrdCyd/313-nm light tech
nique was used to study the fraction of CFU-S in 
cycle .in the tibias of aged-irradiated animals. Using 
this technique, killing of the proliferative fraction of 
CFU-S is integrated over a period of 4 days and 
represents a sensitive measure for determining 
change in CFU-S kinetics. While the results are 
considered preliminary and are not totally con
sistent, the trend is toward an increased. prolifera
tive fraction in the irradiated leg and a concomitant 
decrease in the proliferative fraction in the unirradi
ated leg. For example, the proliferative fraction, 
integrated over 4 days, in unirradiated control 
animals 16 months of age was 54%; whereas, at 20 
months after a total fractionated 20Ne dose of 3,800 
Gy, the proliferative fraction in the irradiated leg 
was 67% and 39% in the unirradiated leg. While 
the general trend among groups exposed to various 
doses of 230-kVp x rays, 12C, or 20Ne ions was as 
described above, in some cases the proliferative 
fraction was actually reduced in both legs. The 
results described above are from pooled samples 
based on groups of two to five animals and must 
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be repeated. The importance of work in this area 
relates to the mechanism whereby the CFU-S 
population is reduced and alterations in cell popu
lation kinetics are affected by irradiation of one 
hind limb. Clearly, the release of humoral factors 
from the irradiated leg is among the possibilities. 
Future studies will emphasize mechanisms of hema
topoietic control and their disruption as a late 
consequence of either partial or total body radia
tion. To the extent that alterations in cell popula
tion kinetics may influence susceptibility or expres
sion of the carcinogenic effects of radiation, studies 
in this area are related directly to our other projects 
on life shortening and carcinogenic effects of heavy 
charged particles. 

Another project concerns the effect of dose 
fractionation on CFU-S repopulation after total 
body exposures to 60Co gamma rays or heavy 
charged particles. The effect of dose fractionation 
on hematopoietic recovery, based on CFU-S or 
mature cellular elements in the peripheral blood, is 
poorly understood at this time. The hypothesis 
tested in these studies is that the rate of CFU-S 
repopulation will be similar following an eight
fraction radiation course of photons or charged par
ticles if the dose per fraction produces equal reduc
tion in the CFU-S population size. Implicit in this 
hypothesis is the assumption that repair and proli
feration processes for photons and charged particles 
are also similar. Using high-LET fission spectrum 
neutrons, we have previously demonstrated a delay 
in CFU-S repopulation during the first 4-7 days, in 
comparison with gamma radiation, when nine frac
tionated doses, expected to reduce fractional sur
vival to approximately 0.4, were given over 3 
weeks. A similar delay in repopulation might be 
expected with other high-LET charged particles, but 
this is found not to be the case for 20Ne ions under 
circumstances where the 20Ne and 60Co gamma 
doses per fraction were selected to reduce the sur
viving fraction to approximately 0.30. In fact, the 
results indicated animals exposed to 20Ne ions 
show significant CFU advantage at 3-5 days after 
completion of the eight-fraction sequence, but at 
15 and 20 days the 20Ne irradiated animals had 
femur CFU-S populations that were significantly 
reduced in comparison with gamma radiated 
animals. Recently we have extended these studies 
to animals exposed to 28Si ions where the dose per 
fraction was also selected to produce fractional sur
vival of 0.30. Under these circumstances we have 
found CFU-S repopulation to be similar among 28Si 
ions and 60Co gamma radiated animals during the 
first 10 days after radiation. During the phase of 



repopulation between 15 and 20 days the trend 
again is toward reduced CFU-S content in the 28Si 
ion groups. Between 25 and 30 days the CFU-S 
population size does not differ significantly among 
the various experimental groups. In another experi
ment for which the data are not presented here 
CFU-S repopulation was measured following a frac
tionated 28Si dose selected to reduce the CFU 
population to 0.43. Comparison of CFU-S repopu
lation as a function of 28Si ion doses indicated early 
repopulation after the lower fractionated dose given 
at the first 10 days but no significant differences 
thereafter. 

Complete interpretation of the CFU-S repopula
tion results is beyond the scope of this document. 
First, it is clear that the delay in CFU-S repopula
tion we reported earlier for fission spectrum neu
trons does not occur when fractionated doses of 
20Ne or 28Si ions are used. Also in contrast with 
previous neutron results, CFU population size in 
charged particle irradiated animals was lower than 
was the case for gamma radiation during the repo
pulation phase between approximately 15 and 20 
days. The hypothesis that high-LET charged parti
cles should produce a CFU-S repopulation pattern 
similar to fission neutrons must be rejected. How
ever, our original hypothesis that the pattern of 
repopulation should be similar for charged particles 
and 60Co gamma radiation providing the fractional 
survival were equal must also be rejected because 
of the significant differences in femur CFU 
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population size during the third week after irradia
tion. The processes that contribute to these differ
ences in CFU population size are currently not 
understood. A possible explanation for the CFU-S 
advantage among animals that received fractionated 
doses of 20Ne ions is that the fractional survival was 
greater than predicted. The dose per fraction to 
reduce survival to approximately 0.3 was derived 
from the 20Ne survival curve where the extrapola
tion number was 0.88 with 95% confidence limits 
that did not clearly preclude an extrapolation 
number of 1. If in fact the Do were the same, 
namely, 65 cGy, and the extrapolation number 
were actually 1.0, the fractional survival would have 
been 0.365 rather than 0.30. 

No further work on CFU-S repopulation is 
currently planned because of the large number of 
experimental animals required. 
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RADIOSENSITIVITY OF MOUSE COLONY FORMING UNITS-SPLEEN (CFU-S) TO 
HEAVY CHARGED PARTICLES 

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

The purpose of this research is to define the 
radiation response of mouse marrow CFU-S to 
heavy charged particles in relation to particle flux, 
charge, and LET. Results are pertinent to various 
medical applications of heavy charged particles as 
well as increasing understanding of relationships 
between track structure and the killing of cells in 
vivo. Our initial studies emphasize the use of 
Bragg peaks spread to 4-12 cm, some of which 
have been used medically.' More recent efforts 
have emphasized the use of the plateau portion of 
the Bragg curve where the range of LETs to which 
the cells at risk are exposed is small in comparison 
with the range experienced in the spread Bragg 
peak. Table 1 summarizes the survival curve 
parameters derived from replicate experiments with 

2oNe, 4oAr, 28Si, and 56Fe ions. The results are 
consistent with the interpretation that the RBE peak 
of about 1.7 occurs at a dose-averaged LET of 
approximately 100 keY / ~m, an interpretation totally 
consistent with results from previous experiments 
where marrow CFU-S was irradiated in vivo with 
spread Bragg peak and in vitro with the plateau 
portion of the Bragg curve. A composite summary 
of CFU-S results is shown in Fig. 1. The RBE esti
mate of 2.1 for CFU-S irradiated in vitro with pla
teau 40Ar ions was from an unreplicated experi
ment, and an appreciably lower RBE estimate was 
obtained for CFU-S irradiated in vivo with plateau 
40Ar ions at substantially the same dose-averaged 
LET. While different responses in vivo and in vitro 
cannot be precluded, and could be related to frag-
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Table 1. CFU-S survival curve parameters. 

Residual LET 
range (cm) Do ±95% c.L.a N±95% c.L.a RBElO keV/llamb -

30.7 61 (58-65) 1.0 (0.89-1.13) 1.5 26 

3.30 67 (62-72) 0.87 (0.75-1.01) 1.5 136 

8.92 52 (50-55) 0.99 (0.89-1.11) 1.7 103 

3.80 52 (49-55) 1.0 (0.89-1.17) 1.8 85 

8.20 73 (65-84) 1.0 (0.71-1.39) l.3 193 
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Fig. 1. Comparison of RBf vs. LET for Marrow CFU-S irradiated in vitro with the plateau portion of the Bragg 
curve (A) and in vivo with thlf spread out Bragg peak (0). (XBL 836-3793) 

mentation characteristics of the beams used, it is 
noteworthy that quite similar estimates of RBE were 
obtained by the in vitro and in vivo methods for 
20Ne ions where the dose-averaged LET is about 30 
keY / ",m. The one unreplicated point for 40 Ar ions 
in vitro excluded, the results are consistent with 
the absence of a well defined peak. Over the LET 
range of 30 to - 150 keY / ",m, the RBElO for CFU-

S ranges only from about 1.5-1.7. As the LET of 
about 200 keY / ",m is approached, RBE for 56Fe, 
28Si, and 40Ar ions tends to decrease. In the near 
future we will collect data on the response of 
CFU-S irradiated in vivo with plateau 12C ions 
where the LET is approximately 10 keY / ",m. The 
12C data will permit clearer inferences about the 
shapes of the ascending portion of the curve that 



describes relationships between RBE and dose
averaged LET. In the future we also plan to per
form a limited series of "track segment" experi
ments with bone marrow CFU-S irradiated in vitro 
in a very thin container so comparisons can be 
made between CFU response in vivo and in vitro 
and indirect inferences can be drawn concerning 
the potential role of beam fragmentation. 

Because the CFU-S is an excellent model sys
tem to evaluate drug-induced changes in radiosen
sitivity, two collaborative projects have been ini
tiated. In collaboration with Dr. W.R. Hanson, 
RUSH-Presbyterian Hospital, Chicago, the radiopro
tective effects of prostaglandin PGE2 has been 
evaluated. A subcutaneous dose of 5 micrograms 
of this drug was given CB F 1 mice about 60 
minutes before exposure to 6CPCo gamma radiation, 
with the following result. The CFU-S Do was deter
mined to be 114 (110-119) cGy, in comparison 
with the value for uninjected controls of 92 (87-93) 
cGy. This drug significantly increased the extrapo
lation number (N) from 1.0 (0.89-1.20) to 1.4 
(1.27-1.54). In collaboration with Dr. Javed Afzal 
we have initiated studies to evaluate the effects of 
WR-2721 on CFU-S in mice exposed to heavy 
charged particles. The objective is to determine 
the LET dependence of the radioprotective effects. 
Preliminary results indicate WR2721 increases the 
Do for 330 MeV /amu 40Ar ions by approximately 
20%. 
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Future plans include the initiation of split-dose 
studies, using a 48-hour interval, to evaluate the 
net effects of repair, proliferation, and alterations in 
CFU-S radiosensitivity. The CFU-S is an adequate 
model system to evaluate effects of dose fractiona
tion in those physiological systems where the capa
city for repair is small in comparison with other tis
sues such as the gut. These studies will compare 
60Co gamma radiation and a heavy charged particle 
such as 28Si or 40Ar where the RBE in the plateau 
portion of the Bragg curve is in the range of 
1.6-1.7. In addition to determining how the CFU-S 
survival curves may be altered with dose fractiona
tion, we plan to explore the use of various radioiso
tope incorpQration techniques as an additional 
measure of radiation damage to cellular prolifera
tion in the bone marrow. These dose fractionation 
studies are relevant to other previous and ongoing 
studies that utilize CFU-S response as a model to 
understand early and late effects of high-LET dose 
fractionation. 
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LIFE SPAN STUDIES ON MICE EXPOSED TO HEAVY CHARGED PARTICLES: A 
STATUS REPORT 

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

The purpose of this research is to evaluate life
shortening/carcinogenic effects of heavy charged 
particles in mice. This project, designated 
SKYHOOK, complements other work ongoing at 
this Laboratory in which transformation of 1 OTl /2 
cells in vitro and induction of Harderian gland 
tumors in vivo are used to study relationships 
between linear energy transfer (LET) and carcino
genic response. The hope is that SKYHOOK and 
complementary experiments will contribute to the 
fundamental understanding of relationships between 
charged particle track structure DNA damage, cell 
population kinetics of tissues at risk, and the carci
nogenic response. Additionally, information on 
life-shortening/carcinogenic effects of heavy 
charged particles may ultimately assist with assign-

ment of appropriate quality factors (Q) needed for 
purposes of radiation protection in either terrestrial 
or space radiation environments. 

While for many years it was expected that car
cinogenesis data from Hiroshima and Nagasaki 
would assist with selection of RBEs and Q's for 
high-LET neutron irradiation, recent reevaluations of 
dosimetry data indicate this will probably not be 
the case. The implication is that the importance of 
information derived from animal models for high
LET radiation carcinogenesis will assume greater 
importance than in the past. The concept of LET 
does not consider the importance of microdo
simetry in terms of charged particle track structure, 
and the concept of dose is of far less importance 
for charged particles than is the case for low-LET 



photon irradiation. For these reasons, high priority 
will be given to interpreting results from SKYHOOK 
and other carcinogenesis experiments in terms of 
particle fluence and the nature of energy deposition 
in the core and penumbra of charged particle 
tracks. 

These NASA-supported studies were initiated in 
1977, and results from the first experiments with 
single and fractionated doses of 12C ions and 60Co 
gamma radiation are now complete and ready for 
open literature publication. A preliminary report of 
those results is available (7th International Congress 
abstract). SKYHOOK is a long-term project, and in 
the ensuing five years experiments with particles 
other than 12C have been initiated. The purpose of 
this brief report is to indicate the charged particles 
under investigation, describe the status of the 
study, and briefly summarize results available. 
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The radiation source for heavy charged particles 
was the Lawrence Berkeley Laboratory Bevalac, a 
unique national facility that provides charged parti
cles at preselected LETs of choice. Unanesthetized 
hybrid C57bl/6 X Balb/c (CB6F1) mice from the 
Roscoe B. Jackson Memorial Laboratory were given 
whole body exposures at rates that range from 
approximately 10 to several hundred rad/min. The 
radiation qualities under investigation are shown in 
Fig. 1, together with the approximate time each 
study began. Based on the hypothesis that dose
averaged LET was suitable for prediction of life
shortening/carcinogenic effects of charged particles, 
12C ion doses were selected based on their 
expected similarity to fission-spectrum neutrons. 
The dose range explored initially was from 40 cGy 
to 320 cGy. The same dose range was used for 
some other particles, but as early mort~lity data 

SKYHOOK REPLICATES AND MAXIMUM DAYS AT RISK 
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Fig. 7. Experimental groups in the SKYHOOK Project. Male CB F mice were irradiated at 90 to 140 days of age. 
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emerged, higher doses were added because life
shortening effects were less than expected based 
on the LET hypothesis specified. Sample sizes gen
erally ranged from 50-80 mice per group. After 
irradiation, animals are placed in a geriatric ward, 
under carefully controlled conditions, death checks 
are performed daily, including weekends, and 
decedents are prepared for histological evaluation. 
Doctors Lisbeth Kraft and Fernando D' Amelio of 
the NASAl Ames Laboratory in Mountain View, Cali
fornia, perform autopsies and histopathological 
analysis and maintain appropriate data files. Mor
tality data are entered in computer files retained in 
the University of California San Francisco Computer 
Center, San Francisco, and analysis of mortality data 
is performed using computer programs developed 
by Mr. Sylvannus Tyler, our biometrical consultant. 

Mortalities are complete among animals from 
the first experimental series that compared the 
effects of single or fractionated doses of 12C ions 
and 60Co gamma radiation. Exposure to 12C ions 
was accomplished by positioning animals in the 
approximate center of a Bragg peak spread to 4 cm 
using a brass spiral-ridge filter. Over the dimen
sions of the spread Bragg peak the estimated dose
averaged LET is approximately 80 keV I J.Lm, a value 
similar to the estimate for fission-spectrum neutrons 
from the JANUS reactor. Fractionated doses of 12C 
ions or 60Co gamma radiation were given weekly 
over a period of 24 weeks. Results from our 
single-dose studies with 12C ions and 60Co gamma 
radiation are shown in Fig. 2; also presented for 
comparison are results obtained with fission
spectrum neutrons from the JANUS reactor. The 
RBE is in the range of 2.1-2.4 over the range from 
approximately 2.5 to 12.5% life shortening. Note 
that the 12C ion curve ignores the data point col
lected at 120 cGy in order to provide an upper 
limit approximation for RBE over the range of life 
shortening specified. Comparison between the 
results for 12C ions and fission neutrons indicate 
neutrons are appreciably more effective, but both 
the fission neutron and 12C ion curves present a 
dimension of nonlinearity. The significance of this 
nonlinearity remains to be determined and may 
have inferences concerning the effects of frac
tionated doses. One clear conclusion on the 
results presented here is that dose-avera~ed LET 
does not predict life-shortening effects for 1 C ions. 

When the space radiation environment or occu
pational exposures to high-LET radiation is the 
issue, results from fractionated exposures are of 
greatest importance. Results in Fig. 3 compare the 
number of days of life span lost for single and frac-

71 

Sing Ie Doses 

Dose 

%L.S. y -1-2 C RBE 
2.5 125 55 2.3 
5.0 195 80 2.4 
7.5 260 110 2.4 

10.0 330 150 2.2 
12.5 490 230 2.1 

Pooled contro I MST 776 days 

50 • - JANUS neutrons 

• _
12

C 
40 • _60 Co y 

:30 

20 

10 

00 100 200 300 400 500 600 700 800 
Dose (cGyl 

Fig. 2. Percent life shortening in CB F male mice given single 
doses of carbon-72 ions (225 MeV/1rriu) or cobalt-60 gamma 
radiation. Results from earlier studies with fission spectrum 
neutrons from the JANUS reactor at Argonne National 
Laboratory are plotted for comparison. B6CF, mice were used 
in the JANUS experiments. (XBL 833-3668) 

tionated exposures to 12C ions based on control 
results from a pooled group and from results on 
control survival time for small individual groups. 
The traditional procedure for handling such com
parisons is based upon results from pooled control 
groups. Statistically significant differences in sur
vival time between irradiated and control animals 
occurred only at the two or three highest levels of 
dose, and in no case was the difference in survival 
between single and fractionated doses significant. 
Conspicuously absent is a consistent trend for a 
reduction in life shortening with 12C ion dose frac
tionation. The results are not shown here, but a 
clear trend toward reduction of life-shortening 
effects was clear with gamma dose fractionation 
based on the response of groups with approxi
mately the same sample size. Within the con
straints of the sample sizes involved in these exper
iments, we conclude that little or no sparing effect 
on life shortening occurs when 12C ion doses are 
fractionated, and the possibility of some degree of 
enhanced shortening, as occurs with fission
spectrum neutrons, cannot be precluded. Our 
preliminary estimates of RBE for life shortening 
under conditions of dose fractionation involves a 



range of 5-10 over the dose range where data are 
available. 

Because of the importance of estimation of life 
shortening/ carcinogenic hazards under conditions 
of dose fractionation, we· have recently initiated a 
study that compares 60Co gamma radiation and 
20Ne ions when animals are exposed in the plateau 
portion of the 20Ne ion Bragg curve where the 
estimated LET is approximately 30 keV / J.Lm. The 
hypothesis tested is that at 32 keV / J.Lm the sparing 
effect is as great for 20Ne ions as for 60Co gamma 
radiation. Mice are being given 24 radiation frac
tions over approximately 20 weeks, depending 
upon the Bevalac schedule. This dose fractionation 
study was delayed until mortality results were avail
able from early replicates of animals exposed to 
single doses of 20Ne ions. The preliminary mortal
ity results indicate 20Ne ions are probably less 
effective for production of life shortening than 12C 
ions and maybe only marginally more effective than 
60Co gamma radiation. Dose selection for the 20Ne 
ion fractionated dose experiment was based on the 
expectation of a very low RBE for life shortening for 
single doses of 20Ne ions. The new experiment 
with 20Ne ions is appropriately controlled and 
includes groups that received single as well as frac
tionated doses of 20Ne ions and 60Co gamma radia-
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tion, as well as an unirradiated group. 
Depending upon the outcome of life-shortening 

experiments with spread peak 20Ne ions (LET --
140 keV / J.Lm) and single doses of 56 Fe ions (LET --
190 keV / J.Lm), it may be appropriate to conduct 
future dose fractionation experiments at some LET 
in excess of 80 keV / J.Lm where we have data for 
animals exposed to 12C ions. Until results on rela
tionships between RBE and LET are in hand for the 
single-dose studies described in Fig. 1, it is impru
dent to contemplate new experiments at lower 
doses, namely, below 40 cGy, or an extensive 
series of dose fractionation experiments. Addition
ally, results obtained from in vitro transformation 
experiments as well as studies on Harderian gland 
carcinogenesis will be considered carefully when 
directing consideration to any future low dose stu
dies with single or fractionated studies. If appropri
ate fiscal resources were available, information 
could be collected on early and late tissue 
responses to a range of charged particle species in, 
for example, cataracts, and altered responsiveness 
of the immune, hematopoietic, and endocrine sys
tems. 

The contributions of Louise Chere, Andy Shih, 
and Linda Harrison to various aspects of this 
research are gratefully appreciated. 
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THE RELATIVE BIOLOGICAL EFFECTIVENESS OF HEAVY-ION RADIATION FOR 
NORMAL TISSUE AND 9L MULTICELLULAR TUMOR SPHEROIDS 

Adrian Rodriguez, Edward L. Alpen, Patricia Powers-Risius, Linda D. Harrison, and 
Randy J. DeGuzman 

We are studying the relationship between the 
relative biological effectiveness (RBE) in normal tis
sue and the linear energy transfer (LET) of heavy
ion beams accelerated at the LBL Bevalac, in sup
port of the heavy-ion radiotherapy program. We 
use the mouse intestinal crypt cell survival and 
testes weight loss assays, and the multicellular 
tumor spheroid (MTS) to evaluate this relationship. 
We find that LET has a limited significance for the 
interpretation of radiobiological response. 

We have shown that the response of normal 
tissues to high-LET radiations is not entirely predict
able on the basis of the response of in vitro sys
tems. 1- 3 The peak RBE for gut, testes, and MTS 
occurs at an LET of 100 keY / ~m, and for T1 cells in 
monolayer culture the peak occurs at about 150 
keY / ~m.4 In the spread Bragg regions of ioniza
tion, at a constant LET, the higher mass particles 
appear to have a higher RBE. Since tumors are 
organized cellular systems, the choice of ions for 
radiotherapy is critically related to the radiobiologi
cal response of tissue as well as cells. 

Figure 1 (B) shows RBE as a function of LET for 
these tissues following irradiation with helium, car
bon, neon, silicon, or argon beams modified with a 
spiral-ridge filter. The three LET positions for each 
ion correspond to the plateau, proximal, and distal 
portions of the spread Bragg peaks. For these 
beams, the peak effectiveness is seen with 570 
MeV /amu plateau argon ions. With 425-MeV /amu 
neon, the peak effectivleness is seen at the proximal 
peak region. These regions are associated with LET 
values of about 100 keY / ~m, which is well below 
the peak effectiveness of 150 to 200 keY / ~m, for 
T1 cells in vitro.4 

The top panel (A) of Fig. 1 shows the plateau 
irradiation data as seen in panel B, plus an addi
tional energy for neon and argon, and three ener
gies for silicon ions. It appears that the RBE for 
plateau region irradiation of gut, testes, and 
spheroids increases monotonically for the range of 
LET values used, 1-200 keY / ~m. It is not clear if, 
at a constant LET in the plateau region, the higher 
mass ion has a higher RBE. 

The recent modification of the Bevalac 
accelerator increases the number of particles and 
energy levels available for biology experiments, and 
we can choose ions and energies that will test for 

RBE differences at approximately equal values of 
LET. In the plateau region of the Bragg ionization 
curve there is quite a narrow spread of LET around 
the average value, a few percent at most. It is now 
possible to carry out irradiations with well-defined 
LET distributions in the ranges of 10-35, 50-85, 
90-120, and more than 200 keY / ~m. 

The highest priority is the LET range of 90-120 
keY / ~m; apparently this is the region of peak RBEs 
for the systems we are studying. As Fig. 1 (A) illus
trates, the majority of our experiments to date using 
the plateau portion of the Bragg curve, have been 
in the LET range that approaches 100 keY / ~m. 
This peak LET range can be obtained with argon 
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and silicon plateau beams. It may be possible to 
use ions of greater mass, e.g., scandium, iron, and 
lanthanum, to compare RBE values in the LET range 
of 90 to 120 keY / /oLm and greater than 200 
keY //oLm. This would allow us to compare the sig
nificance of ion mass, charge, and fragmentation to 
LET, and their influence on RBE. 

Our preliminary observations with extended 
Bragg peak irradiation may be due to physical 
energy deposition and fragmentation under various 
experimental conditions, or to different fundamental 
radiobiological responses in organized systems and 
in vitro monolayers. Our experiments will be con
ducted in the plateau region of ioni.zation where 
fragmentation is minimal and the LET is narrowly 
defined; the results will be compared with in vitro 
mammalian cell survival data. 
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POTENTIALLY LETHAL DAMAGE REPAIR IN 9L MULTICELL TUMOR SPHEROIDS 

Adrian Rodriguez, Edward L. Alpen, and Randy J. DeGuzman 

Multicell tumor spheroids (MTS) have been 
shown to have a cellular radiation response similar 
to that of in vivo tumor cells. X-ray radiation stu
dies with various cell lines grown as MTS have 
shown fundamental differences to the radiation 
response of monolayer cultured cells: 

1. Three-dimensional contact enhances survival 
of cells similar to in vivo tumors compared to in 
vitro monolayer. 1,2 

2. Radioresistant hypoxic cells in MTS have 
been demonstrated by characteristic changes in the 
final slope of the cell survival curve.3,4 

3. Cell radiation repair is enhanced in MTS.5,6 

4. Studies with high-LET radiations (pion, neu
tron, and heavy ions) have shown that MTS cells 
are more radioresistant than monolayer cells up to 
an LET of 70 to 80 keV//oLm. 7- 9 

Questions remain as to the nature of the con
tact effect. The effect could be due to radioprotec
tion from the low oxygen tension in the MTS or to 

. repair of radiation damage mediated through cell
cell contacts. Work is being directed to examine 
radiation repair in 9L cell MTS compared to repair 
in monolayer cultures. Previous studies with the 9L 
cell system have shown enhanced cellular 
radioresistance with both low- and high-LET radia
tion. Experiments to examine the repair of poten
tially lethal damage (PLD) have been initiated with 
150-kVp x rays and 320- and 670-MeY /amu silicon 
ions. Repair of PLD was evaluated in intact MTS 

and compared with confluent stationary phase 
monolayer cultures. PLD was determined after 
incubation at 3rc and delayed plating of 5 hours 
for MTS and confluent monolayers. The mono
layers were incubated during this period with 
depleted media. The results for x ray (Fig. 1) show 
that initial survival of MTScell!> is enhanced com
pared to monolayer cells, as has been reported pre
viously.l With delayed plating the monolayer sur
vival curve clearly indicates that PLD repair has 
occurred. Monolayer cell survival after repair does 
not appear to be significantly different from MTS 
survival. MTS cells do not show any PLD repair 
and may indicate that PLD repair is rapid and 
occurs during the time (30-45 minutes) that the 
MTS cells were dispersed and plated. 

Figure 2 shows the results of PLD repair after 
silicon irradiation. In the 670-MeY /amu beam with 
an LET of 55 keY //oLm, PLD repair is exhibited by 
the monolayer (Fig. 2a) but not by MTS (Fig. 2b), as 
was the case with x rays. The RBEo.1 for repair of 
monolayers in this beam is 1.92 compared to the 
RBEo.1 for initial survival of 1.76. For MTS the 
RBEo.1 is 1.54. In the 320-MeV /amu silicon beam 
with higher LET (83 keY / /oLm), monolayers (Fig. 2c) 
do not repair PLD; however, the MTS (Fig. 2d) do 
repair PLD. This result was unexpected on the 
basis of the x-ray and 670-MeV /amu silicon data 
and may indicate the MTS cells have an added 
capacity to repair high-LET radiation damage. This 
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is an important result and bears further study in 
consideration of the mechanism of radiation repair 
in in vivo tumors and tissues for heavy ions. The 
RBEo.1 for repair of MTS cells is 2.1, and for initial 
survival it is 2.5. For monolayers the RBEo.1 for 
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PLD repair and initial survival are 2.86 and 2.1, 
respectively. 
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PHYSICAL CHARACTERIZATION. OF HEAVY-ION BEAMS 

Walter Schimmerling, Marwin Rapkin, Mervyn Wong, Jerry Howard, 
Selig N. Kaplan,· Helmuth G. Spieler,t Blair V. Jarrett,t and John T. Waltont 

. The radiation field of relativistic heavy ions is 
significantly altered by the inevitable presence of 
matter in the path of the particles. For radiation 
therapy and radiobiological research these materials 
are mainly in the beam-flattening and range
modification devices, as in the generally healthy tis
sue between the entrance portal and the tumor 
volume of a patient. In addition, an energetic 
heavy-ion beam must traverse vacuum windows, 
particle detectors, and air volumes. The radiation 
field at the exit of these materials consists of the 
residual primary particles as well as significant flu
ences of lighter particles produced by nuclear 
interactions in the matter traversed. The velocity 
and charge distribution of the emerging particles is 
also a function of emergence angle, so that the 
radiation field depends on the location (parallel or 
perpendicular to the beam axis) where it is meas
ured. These distributions are being measured in 
order to evaluate and predict biological effects on 
cells and tissues, as well as for the design of 
beam-modification devices and shielding. 

PORTABLE TIME-OF-FLIGHT TELESCOPE 

The extent to which data in one beam area can 
be extrapolated to another "equivalent" beam is an 
important question that we have attempted to 
address by developing a portable particle identifica
tion instrument and providing an experimental 
setup in Cave II of the Biomedical Facility of the 
Bevalac that can easily be carried over into the 
Beam 40 experimental area. 

Figure 1 illustrates the apparatus. It consists of 
dual time-of-flight (TOF) telescopes, T 1-T 2 and T 3-

T 4' between which are placed several finite energy 
loss (~E) detectors D1-D3. The detectors are 
mounted at the center of aluminum flanges that 
can be positioned independently. In the current 
arrangement shown in Fig. 1 the detectors are 
mounted inside a vacuum pipe maintained at 30 
J,Lm pressure in order to avoid corrections for 
energy loss at low velocities in an air path between 

"Nuclear Engineering Department, UCB; Physics, Computer Sci
ence, and Mathematics Divison, lBL. 

tEngineering and Technical Services Division, Instrument Science 
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TOF detectors. Two detectors (T 3 and T 5) are 
placed next to each other at the T 3 position in 
order to provide an absolute calibration of zero 
TOF. 

The incident beam is aligned on the bench 
using the multiwire proportional counter (MWPC), 
and the number of particles per pulse (ppp) is 
monitored by the J scintillator. The beam intensity 
information provided by J is also relayed to the 
Bevalac main control room for machine tuning at 
low intensity. 

The beam traverses 1, the MWPC, the first of 
two ionization chambers, ICo' a variable depth 
water column, and the second ionization chamber, 
IC1. The Bragg curve on the apparatus bench is 
measured for each setup as the ratio of IC/ICo 
ionization, normalized to zero water in the tank. 

All the detectors are ion implanted silicon 
detectors. 1 The TOF detectors, T 1-T 4' are - 200 
J,Lm thick and 1.9 cm diam. The ~E detectors, D1-

D3, are - 0.7 g/cm2 thick. Their cumulative thick
ness results in an energy loss of - 20 MeV / A for a 
typical 670-MeV / A neon beam and corresponds to 
the residual range (in Si) of a - 1 04-MeV / A neon 
beam. 

Each TOF telescope consists of two fully 
depleted silicon detectors mounted - 1 m apart. 
The detectors are biased beyond depletion to pro
vide a field strength of 1-1.5 X 104 V / cm 
throughout their sensitive volume. Figure 2 shows 
the mounting arrangement used to minimize the 

r amount of extraneous material in and near the 
beam. A 25-cm length of thin 50-12 teflon
insulated coax cable connects the detector to the 
fast preamplifier, which is mounted externally. The 
fast preamplifiers use bipolar transistor input stages 
especially designed to provide both low noise 
« 0.5 nV / vHZ) and low input reflection at high 
frequencies. The latter is achieved by feedback 
techniques that do not significantly degrade the 
input noise.2 Considerable care was taken to pro
vide good shielding, and external pickup is insignifi
cant, i.e., the noise floor of the system is deter
mined by preamplifier noise « 1 0 J,LV rms over a 
300-MHz bandwidth). The fast preamplifiers have 
a voltage gain of 15. Since the signal level at the 
detector may be as low as a few hundred micro-
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Fig. la. Photograph of portable particle identifier. Entire apparatus is contained inside vacuum pipe to avoid 
corrections due to energy loss in flight paths at lowest energies measured. Detectors are mounted on flanges and 
can be reconfigured quickly. From right to left are shown the multiwire proportional chamber (MWPC) used for 
beam monitoring, the variable thickness water column, and the dual time-of-flight spectrometer. (CBB 835-4781) 
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volts, an additional insertion amplifier with a gain of 
25 is used to provide adequate drive level for the 
constant fraction timing discriminator.3 The time 
difference between start and stop channels is meas
ured conventionally with a T AC-ADC system. 

The timing resolution of the TOF telescope 
depends on the signal-to-noise ratio, and has been 
measured to be 50-75 psec for beams ranging from 
argon to neon (d. Fig. 3). 

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

A = ~E/~E, (1) 

where ~E is the change in energy per nucleon as 
measured by the TOF telescope. In practice, the 
mass resolution is dominated by the ratio of TOF 
resolution to ~E. In the current setup, the mass 
resolution is only -- 20% for 150-MeV / A neon, but 
can easily be improved by increasing the flight 
path. 

VI -c 
Cl) 

> 
w 

1000~~J--~J--~I~J--~I--r-I'-~I--r-~ 

(j = 72 ps 

800- -

600- -

400f- -

200- -

o I I I I I I I I 

6500 7000 7500 

Upstream ti me - of - flight (channels) 

Fig. 3. Typical T - T time-of-flight spectrum. 
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The charge resolution of the system (element 
identification) is better than 5%, as may be seen in 
Fig. 4, where the different charge groups due to 
argon fragmentation are clearly separated. 

BEAM FRAGMENTATION STUDIES 

The following studies have been performed in 
the past year, using the indicated beams: 

Neon at 670 MeV/A. This is the beam used for 
routine therapy. We have measured the velocity 
spectrum and fragmentation at several positions 
along the Bragg curve as modulated with a 10-cm 
spiral-ridge filter. 

Silicon at 670 and 330 MeV/A. We have meas
ured fragmentation at 1.87 cm upstream of the 
unmodulated Bragg peak, to provide data for com
parison with other existing physics and biology 
measurements, including some obtained in 
Beam 40. These data are currently being analyzed. 
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Fig. 4. A two-dimensionai plot of time-of-flight channel vs. 
energy deposition in the finite energy loss detectors, for 570-
MeV/A argon and 77.35 cm of water. Increasing channel 
number in this plot corresponds to increasing velocity. The 
large contribution of the primary beam is clearly separated from 
the contributions of fragments. The velocity of the fragments is 
limited between the velocity of the primary beam at the 
entrance to the water column (neglecting contributions due to 
other material in the beam) and the velocity of the primary 
beam at the exit of the water column. At the primary beam 
velocity, a broad band extends along the energy deposition axis. 
These signals correspond to fragments made at the exit of the 
water column and to primary beam particles and beam-velocity 
fragments suffering nuclear interactions in the energy loss 
detector. Signals corresponding to pulse heights greater than 
that of the (stopping) primary beam are due to fragments of the 
primary beam that have the same charge but have been 
produced by neutron loss. (XBL 8377 -4728) 



Argon at 330 and 570 MeV/A. We have measured 
the fragmentation of argon at several points along 
the Bragg curve, including a thickness of water cal
culated to yield a primary beam LET of 150 
keV / J,Lm and a residual range corresponding to the 
standard 1.87 cm upstream of the Bragg peak. 
These data are also being analyzed. 

The details of the ridge filter study, using neon 
extracted from the Bevalac at 670 MeV/A, are 
presented to illustrate the results being obtained. 
Typical biology-therapy conditions were simulated 
on the Physics Bench in Cave II. Neon, fully 
stripped at 670 MeV/A, was used (this is the usual 
therapy beam). The lead scattering foils were 
increased to 8/64 inch. The 10-cm spiral-ridge 
filter was used to spread out the Bragg peak. 

. The measured Bragg curve showing the 
spread-out peak is illustrated in Fig. Sa. The· scale 
on the left-hand side of the figure shows relative 
average ionization. The filled circles represent the 
mean energy per nucleon of the emerging pri
maries, measured at selected points along the Bragg 
curve using the time-of-flight telescope (right-hand 
scale). The production of fragments is examined at 
three locations: (I) on the plateau, (II) at the distal 
peak, and (III) halfway along the spread-out peak. 

c: o 

80 

'§ (a) 5 

These points correspond to water column settings 
of 15, 20 and 25 cm, respectively. 

Figures 5b, 5c, and 5d are histograms of the 
summed pulse heights of the solid state detectors. 
The individual pulse height signals from the three 
detectors are digitized in the data acquisition sys
tem. The summation of the signals is accomplished 
using software techniques and is shown here in 
terms of channel number, equivalent to energy 
deposited. Figure 5b is the fragment distribution at 
a point corresponding to 15 cm of water penetra
tion distance, along the plateau region .. As would 
be expected, the amount of fragmentation is 
minimal, the ratio of primary to fragment being 
almost 10 to 1 for the four fragments observed. 

At the proximal peak (Fig. 5c), the ratio of pri
mary events to fragment events is of the order of 5 
to 1. The peaks after the main peak in Figs. 5b 
and 5c are believed to be caused by multiple 
events. 

Half way along the spread-out Bragg peak 
(Fig. 5d), the fragment production ratio is almost 3 
to 1. Also, fragments down to Z = 4 (beryllium) 
are observed. Note that the multiple event peak is 
no longer seen. The beam is sufficiently reduced 
in intensity to prevent pulse pile-up, and the 
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Fig. 5. (a) Range-modulated Bragg curve for 670-MeV/LA neon (left scale) and mean energy per nucleon (right 
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heavier fragment components of multiple-particle 
events are likely to have stopped (or have been 
scattered out) further upstream. 
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MEASUREMENTS OF W FOR HIGH-ENERGY HEAVY IONS 

Walter Schimmerling, Selig N. Kaplan: T.S. Subramanian,t W. John McDonald,+ 
George Gabor,§ and Ahren J. Sadoffl 

The linear relationship between energy deposi
tion and ionization provides the basis for a large 
body of measurement results in radiation dosimetry. 
An accurate measurement of the constant of pro
portionality W (eV lion pair) requires preCise and 
independent measurements, or inferences, of 
energy deposition and free-charge production. 
High-energy heavy ions used in radiation therapy 
have a considerably different range of charge, mass, 
and velocity than the radiations, alphas, and elec
trons, for which there are extensive measurements 
of W. Because for high-energy heavy ions the 
energy transfer is small compared to the total 
energy, W measurements could be made at a con
stant velocity. We have used beams of neon and 
silicon to measure W at Bevalac energies. 

Figure 1 is a schematic diagram of the experi
mental arrangement. The beam particles incident 
on the apparatus were monitored by an array of 
scintillation counters to measure the beam intensity 
and to define the accepted beam spot area. Mul
tiwire proportional chambers were used to trace the 
trajectory of the beam particles. The energy of the 
incident beam was degraded by an absorber of 
variable thickness consisting of remotely controll
able inserts and a double wedge made of Lucite. 
The velocity of each particle incident on the ioniza
tion chamber was measured with a chevron chan
nel plate time-of-flight (TOF) telescope. The 
charge of each particle traversing the ionization 
chamber was determined with an array of silicon 
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detectors. For each particle traversing the system a 
measurement is made of particle velocity before 
entering the ion chamber and of differential and 
total energy loss after leaving the chamber. These 
measurements permit, in addition to determination 
of energy, identification of particle mass and 
charge. 

The energy loss by each fast heavy ion in the 
ionization chamber was calculated using the Bethe 
formula. The chamber pressure and temperature 
were monitored, and the ideal gas law was used to 
derive the mass and the gas volume. 

Over the range of ion velocities in the present 
measurement a significant fraction of the energy 
loss produces fast electrons (delta rays) with ranges 
greater than the thickness of the ion chamber. 
Under conditions of electronic equilibrium the 
high-energy electrons that are produced in but 
leave the chamber are compensated for by similar 
high-energy electrons entering the chamber follow
ing production upstream. 

In the present experimental setup, however, the 
mass of absorbing material upstream of the 
chamber is less than the range of the highest
energy delta rays, and therefore a correction must 
be made for an uncompensated loss of electrons 
from the chamber volume. This absence of com
pensating absorber upstream of the chamber is due 
to the evacuated time-of-flight beam pipe. The 
total absorber immediately upstream of the sensi
tive volume of the ion chamber amounted to 50 
mg/cm2 of N,2 equivalent, and consisted primarily 
of Mylar windows, on both the time-of-flight pipe 
and the ion chamber. 

If the total thickness of chamber plus upstream 
absorber is zo' then for all energy transfers that pro
duce an electron with a range greater than zo' the 
energy deposited in the chamber will on the aver-
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Fig. 7. Schematic layout of experiment. 

age be less than the ion energy loss. The average 
energy deposition is reduced by the average resi
dual energy of the electron after it transverses a 
distance of Z00 That is, for a delta ray produced 
with kinetic energy Eo' corresponding to a mean 
range R(Eo)' the average reduction in energy depo
sition would be the average kinetic energy of an 
electron with residual range, R(Eo) - zoo 

To obtain a quantitative estimate of the total 
reduction in energy deposited we use the so-called 
hard collision expression for the differential 
energy-transfer cross section. 1 For the electron 
range we use the empirical formula of Katz and 
Penfold2 for AI, making a small linear correction for 
the difference in electron density of the upstream 
material compared to that of AI. The following 
expression was obtained for the ratio of "escaped 
energy" .!lET to total energy transferred ET 

E_ 

.!lET J Emax(1-~2Eo/Emax)E(R(Eo)-zo)dEo/EJ 
ET 2{1n(Emax/ l) - ~2 

where Emin is the energy corresponding to a mean 
electron range of zO' Emax is the maximum energy 
that can be transferred in a single collision, ~ is the 
heavy-ion velocity, and I is the average ionization 
energy of the chamber gas. For the highest energy, 
600 MeV/A, the correction amounts to almost 6% 
of the energy loss. This result is relatively insensi
tive to small uncertainties in the upstream absorber 
thickness. An uncertainty of ± 10% in the effective 
stopping power of this upstream absorber changes 
the calculated value by only ± 0.3% of the total 
energy loss in the chamber. 

DATA 
ACQUISITION 

ELECTRONICS 

(XBL 826-70328) 

W values were obtained both for primary-beam 
ions and for some fragments produced by primary
beam nuclear interactions in the energy degrader. 
Figure 2 shows the measured W as a function of 
energy for Ne, AI, and Si in P-7 gas, where the 
most detailed measurements were made. The 
weighted mean and the standard deviation of the 
points about the mean are 
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W(P-7) = 26.3 ± 0.8 eV lion pair 

P·7 
• Ne 
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Fig. 2. Measured W values in P-7, as a function of energy, 
for Ne, AI, and Si. Also shown are the linear fits to the Ne and 
Si data, a comparison of W for alphas and electrons (see text), 
and an average of the measured values (shaded areas). 

(XBL 826-70363) 



This result is shown by the thick line and shaded 
area in Fig. 2. For comparison, W values for alphas 
and electrons in P-7 were calculated using recom
mended W values for Ar and CH4, and the formula 
of Bortner and Hurst.3 For both calculations W a,e 
= 26.5, in very good agreement with our average. 

To investigate whether a statistically significant 
residual dependence on heavy-ion energy T exists, 
we have fitted the Ne and Si data independently to 
a straight line of the form W = W 0 + aT. The 
results of these fits have also been plotted as the 
straight lines through the Ne and Si points in Fig. 2. 
A separation of the data by charge seems to 
accompany these results. 

A residual energy and charge dependence 
seems to persist in our data, at a statistically signifi
cant level, despite the attempts to correct for 
known physical processes. It is not clear whether 
this represents a true physical dependence or is 
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merely due to systematic effects of the order of 4% 
in the data analysis. Some effects, such as particle 
misidentification, can be excluded, since neon ions 
produced by silicon fragmentation fall on the same 
line as primary neon ions. Errors in TOF calibration, 
leading to erroneous dE/dx used for calculation of 
energy deposition, are also an unlikely source, since 
dE/dx does not change sufficiently to account for 
the systematic trend. A detailed analysis of the 
delta-ray correction is in progress. 
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A Battelle-Columbia-LBL collaboration has com
pleted preliminary experiments to measure micro
dosimetric energy-deposition spectra as a function 
of the distance from the center of high-energy 
heavy-ion single particle tracks. 

It is generally agreed that most 'biological effects 
of exposure to ionizing radiation are a function of 
the spatial deposition of energy in tissue and the 
rate at which it is deposited. High-energy heavy
ion beams are used for radiobiology and radioth
erapy because of their large LET and favorable ratio 
of dose at peak to dose at entrance plateau. The 
associated delta-ray spectrum produces a significant 
low LET contribution to the lineal energy distribu
tion. The range of these delta rays is such that in a 
uniformly irradiated medium, many events are pro
duced by delta rays of primary particles passing 
outside the site. The number of such events 
depends on the charge of the primary, while the 
range of delta rays depends on the primary 
particle's velocity. 

Early experiments attempting to measure these 
lineal energy distributions could not be performed 
under charged particle equilibrium, because the 

"Battelle Pacific Northwest Laboratory, Richland, Washington. 

tColumbia University, New York, New York. 

range of the most energetic delta rays exceeded the 
size of the apparatus and materials available for 
such measurements. As a consequence, early 
experiments using proportional counters mounted 
in 8-inch-diameter tissue equivalent shells were 
hampered by wall effects.' It was also realized that 
although it was possible to build a larger shell, or 
tank, to house and pressurize the detectors, it was 
not possible to expand the diameter of the Bevalac 
beam so that it completely filled the tank. There
fore, the most practical method of obtaining accu
rate microdosimetric spectra of these beams is by 
taking differential spectra, i.e., to record energy 
deposition events in the proportional counter that 
are in coincidence with primary ion tracks at known 
distances (impact parameters). The data will then 
be properly integrated to construct a complete 
spectrum. 

The experimental apparatus consists of a large 
2.44-m-long by 0.61-m-diameter aluminum tank 
with a forward window of Mylar and sailcloth (see 
Fig. 1). Two detectors are mounted inside: a 
solid-state position-sensitive detector to determine 
the position of each primary ion, and a wall-less 
proportional counter 0.64 cm in diameter, capable 
of detecting low- or high-energy events. The tank 
was pressurized with propane gas to 82 torr so that 
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Fig. 1. Experimental apparatus. The interior of the vacuum 
tank shows the proportional counter (P.C), the position
sensitive solid-state detector (PSD), and the tissue equivalent 
plastic plate (Tf plate). (XBL 837 7 -4 725) 

the proportional counter simulated a l-~m diameter 
volume of tissue. 

Measurements were made of 20Ne (570 
MeV jamu), 40Ar (570 MeV jamul, and 56Fe (600 
MeV jamu) beams. Figure 2 summarizes the data 
for argon for three different ranges of the wall-less 
proportional counter to primary beam particle dis
tance ("impact parameter"). As is illustrated, both 
the probability of energy deposition events per pri
mary ion (R), and the average lineal energies \y} of 
these events are essentially independent of the dis
tance to the TE plate. Similar results were meas
ured for neon. 

The main thrust of the Battelle-Columbia effort 
has been to determine the energy deposition due 
to delta rays as a function of the radial distance 
from the primary beam path. In the next series of 
experiments, the time-of-flight particle identification 
spectrometer will be used to provide coincident 
signals for selection of microdosimetric spectra 
separated by incident particle species. Both experi
ments already share the same data acquisition elec
tronics and software. In a preliminary series of 
tests, proper timing of all signals was achieved. 

These experiments have delineated the ranges 
of impact parameter and wall distance over which 
measurements of this kind should be made. They 
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Fig. 2. Test for secondary particle equilibrium. The 
probability of energy deposition per primary ion (R) and the 
average lineal energy (Yl are plotted vs. the simulated distance 
to the TE plate for three impact parameter ranges: 7 -7.5 Jlm 
(filled circles), 7.5-2.5 Jlm (open squares), and 2.5-3.5 Jlm (open 
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have also provided information necessary for 
improvement of the design of the detector position
ing apparatus. Improvements in the signal-to-noise 
ratio of the position determining detector electron
ics should also be considered. 
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TRANSPORT OF HIGH-ENERGY HEAVY IONS THROUGH EXTENDED MATTER 

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

Work on transport calculations has progressed 
in the past year. This is a collaborative effort with 
scientists from NASA. 

The key approach has been to use a perturba
tive solution of the Boltzmann equation (see Fig. 1). 
The transport studied here is limited to one dimen
sion. The transport problem is a steady state prob
lem with boundary condition at entrance to the 
absorber. As indicated in Fig. 1, the boundary con
dition constrains the incident particle to have the 
identity of a beam particle with a Gaussian energy 
spread. Using perturbation theory, the analytic 
solution of the problem is given by tI>(x,E), as shown 
in the figure. The various quantities are defined as: 

tl>j(x,E) 

Sj(E) 

Pj(E) 

charged particle fluence of 
KE/nucleon E at depth x 

particle stopping power 

particle nuclear survival probability 

Aj 
uk(E) 

mjk(E)uk(E) 

particle mass 

nuclear absorption cross section 

production cross section for 
type j ions by collision of type k 
ion with a target nucleus 

index specifying ion type, i.e., 
charge and mass 

As can be seen, the primary term [tI>j(primary)] is 
obtained by following the attenuated and degraded 
beam incident on the absorber boundary. The 
secondary term is obtained by substituting the pri
mary term into the· integral expression. Similarly, 
the tertiary term is obtained by substituting the 
secondary term into the integral expression. Higher 
order terms can be obtained by following this itera
tive procedure. 

Results to date have been presented ata 
conference 1 and in a paper to be published in 

HIGH ENERGY HEAVY-ION TRANSPORT 

Transport Equation: 

Boundary Condition: 

Solution: 

S· E p. E x E Ebdry A·P· E' ~(x E) = { J{ ) J{ )t/>j{ , llbdry + "'[ dE' J J{ ) m. (E') (E')' ,;,.{x+R·{E) - R·{E') E'l 
J ' Sj{E)Pj{E) 1-' Sj{E)PlE) Jk Uk "'" J J' 

= t/>j(primary) + ..... (secondaries) + ..... (Ierliaries) + '+"j '+"j ....... 

FiB. t. Analytic approach to high-energy heavy-ion transport studies using the Boltzmann equation and 
perturbation theory, in one dimension. Shown are the transport equation, boundary condition, and perturbative 
solution t/> (X, E). The symbols are defined in the text. The primary term, t/> (primary), is the homogeneous term of 
the integd, equation solution; the secondary, tertiary, and higher order terlns are obtained from the integral term 
as discussed in the text. . (XBL 838-10981) 
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Health Physics.2 The most recent results are shown 
in Figs. 2, 3, and 4. Figure 2 is a depth-dose curve 
for a neon beam of 670 MeV/nucleon. Shown are 
the separate doses from primaries, secondaries, and 
tertiaries and the dose from the sum of these three. 
The open circles are the results of an experimental 
run at the Bevalac. The agreement between theory 
and experiment is satisfactory. 

Figure 3 shows the dose contributions from 
neon beam ions fragmenting into lighter consti
tuents, down to the lightest fragments, protons. 
The figure is broken up into three parts, to indicate 
separately the fragment production in the plateau 
region of the Bragg curve, at the peak, and beyond 
the peak on the tail of the curve. The normaliza
tion of each plot is absolute, thus permitting quan
titative comparison for production at different parts 
of the Bragg curve for specific elemental species. 
This is a key feature of the present work. 

Figure 4 shows the energy dependence of frag
ment production at an absorber depth (1.06 X 
peak depth) beyond the Bragg peak, on the frag
ment tail portion of the Bragg curve. As can be 
seen, the fragment production rapidly increases 
with incident beam energy, contributing about 30% 
of the peak dose at the highest energies con
sidered. This particular result has relevance for 
therapy situations where vital organs are located 
behind and in close proximity to the tumor volume 
to be treated. Work is in progress to quantitatively 
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Fig. 2. Depth-dose curve for a 670 MeV/A neon beam 
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are separately shown as a function of penetration depth. The 
open circles are the results of an experimental run at the 
Bevalac. The experimental points have been normalized to the 
calculated total dose at zero water column thickness. 

(XBL 8371-4104) 

86 

40 
PLATEAU 

30 

20 

10 

-N 0 E 
..g 80 
s= BRAGG PEAK 0 

70 ... 
s= 
Q) 

60 1:1 
'0 
:§ 60 
......... 

-a 
3> 

40 

Q) 

6 30 

Q) 
(/) 20 
0 

1:1 ... 10 I s= 
Q) 

E 
Ol 0 ~~ 
<0 40 ... u.... TAIL 

30 

20 

H He Li Be BeN 0 F Ne 

Fig. 3. Fragmentation-dose contributions from the traversal of 
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the fragment production from three different absorber 
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study the effect of beam modification devices (e.g., 
ridge filters) on the fragment tail contribution for 
various beam energies. These studies are also 
important for a future medical accelerator capable 
of delivering variable energy heavy-ion beams in 
rapid succession. 

A major thrust in this effort is to improve the 
physics input for the fragmentation parameters. 
The present input makes use of fragmentation 
parameters from Silberberg and Tsao. In their 
work,3 motivated by cosmic ray studies, the frag
mentation parameters are taken from semi-empirical 
formulae with parameters fitted to available cross 
sections. Our eventual goal is to replace the use of 
semi-empirical formulae by measured cross sections 
augmented by accurate theoretical fragmentation 
models.4 A systematic series of measurements is 
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now under way,S utilizing beams at Beam 40 and at 
Cave II of the Bevalac. 

The transport code will play an increasingly 
important role in the design of beam line configura
tions. It is therefore important for the code to be 
available in a form convenient for practical use. A 
general purpose computer program, PROPAGATE, 
has been developed that provides easily available 
calculations of the energy loss, range, and other 
related properties of a high-energy heavy-ion beam 
at anyone of a set of beam line elements. This 
program makes certain approximations in order to 
trace a heavy ion through the elements, such as 
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cylindrical symmetry, and the validity of polynomial 
approximations to the range-energy curve, that 
have been found to be adequate for beam energies 
above about 1 0 MeV/A. PROPAGATE also calcu
lates the loss of multiply-scattered particles to any 
finite-aperture detector and estimates the position 
of the Bragg peak as given by particles stopping in 
the second of the two ionization chambers used for 
such a measurement. Comparison of the calcula
tions with experiment seems to be satisfactory. 
The editing features of the program allow the user 
to simulate the insertion of a large number of beam 
elements, and to vary their radius and their thick
ness at will. Calibration values may also be entered 
for beam elements flagged as "detectors./I This 
would enable the user to predict actual pulse 
heights, ADC channels, and so forth, in the course 
of planning and setting up experimental runs. 
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A COMPARISON OF WATER EQUIVALENT THICKNESS MEASUREMENTS: CT 
METHOD VERSUS HEAVY-ION BEAM TECHNIQUE 

Edward L. Alpen, William M. Saunders, Aloke Chatterjee, Jorge Llacer, * 
George T.Y. Chen, and Janis S. Scherer 

The usefulness of accelerated heavy charged 
particles for the treatment of malignant tumors is 
currently being investigated by groups in Europe, 
Russia, and North America. Various heavy ions, 
such as protons, helium ions, negative pi mesons, 
and neon and silicon ions are being tested. At the 
Lawrence Berkeley Laboratory, clinical trials are 
under way with beams of helium, neon and sili-

12 ' con. ' Very encouraging results have been 
obtained with helium ions for treatment of ocular 
melanomas and for tumors adjacent to critical 
radiosensitive organs such as the spinal cord. 3 

The rationale for using this type of radiation 
therapy is based on the possible therapeutic gain to 
be achieved as a result of precise localization, an 
improved depth-dose distribution (Bragg ionization 
curve), and an enhanced biological response.4 

In theory, once the location of the tumor 
volume is determined, the initial energy of the 
beam can be selected so that the beam stops pre
cisely at the distal edge of the tumor volume. In 
practice, however, problems arise because of the 
difficulty of obtaining a good estimate of the elec
tron density of the tissues in the beam path. Often 
a small error in the stopping point of the beam in 
the patient is not clinically important. However, in 
some patients an error of 2 or 3 mm in the stop
ping point of the beam could lead to a severe 
overdose to a critical organ, or an underdosing of 
part of the tumor. 

Several practical methods have been proposed 
to overcome this problem, and other efforts are 
continuing. One commonly used technique is 
based on the utilization of quantitative data from 
computerized tomographic (CT) scans. In most 
clinical situations, this empirical method is thought 
to be capable of predicting the range with an error 
of about 3%. 

The purpose of the study discussed in this 
report was to measure directly the water equivalent 
thickness required for a beam of heavy ions to stop 
at a specific target, to compare this with the predic
tions of the CT method, and to explore the clinical 
applicability of radioactive beams for localizing the 
stopping region for charged particles. 

"Engineering and Technical Services Division, Instrument Science 

and Engineering Group, LBL. 

METHODS AND MATERIALS 

In this study, solid state detectors (silicon diodes) 
were implanted in the brain, the soft tissue 
between the scapulae, the thorax, the upper abdo
men, and the lower abdomen of a frozen dog 
cadaver. The diodes served not only as detection 
devices for ionization due to heavy charged parti
cles, but also as targets for the stopping beams. 
Beam entry points were marked on the surface of 
the animal with radio-opaque markers. The 
cadaver was scanned by a computerized axial 
tomography scanner _ (CAT), and the water 
equivalent thickness (WET) required to penetrate 
from the surface markers to the front edge of the 
diode targets was calculated. The same water 
equivalent thicknesses were directly measured using 
ion chambers and beams of helium and neon ions , 
except in the thorax, where measurements were 
made only with helium ions. 

The helium-ion beam was obtained from the 
Lawrence Berkeley Laboratory 184-lnch Synchrocy
c1otron. The beam was extracted from the 
accelerator with an energy of 234 MeV jamu, and 
with a range of 27.5 cm in water. The neon beam 
was obtained from the Bevalac, a compound 
heavy-ion accelerator at the Lawrence Berkeley 
Laboratory. This beam was extracted from the 
accelerator with an energy of 500 MeV jamu, and 
the corresponding range was 23 cm in water. 

The experimental arrangement for measuring 
the water equivalent thickness from the surface to 
an implanted diode is shown schematically in 
Fig. 1. The Bragg ionization curve was obtained, 
and the depth of water in the water column 
corresponding to the 50% level on the distal Bragg 
peak was noted. From the ionization curve and 
standard Bragg curve, water equivalent thickness for 
the location under study can be measured. 

Using the CT method, calculation of the water 
equivalent thickness was performed by one of us 
(who had no prior knowledge of the results of the 
direct measurements by heavy ions as described 
below). 

RESULTS 

In Fig. 2, the various Bragg curves are 
presented as an example for a neon beam only. In 
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equivalent thicknesses between the beam entry point on the 
beagle and the location of the diode. The ionization due to the 
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Table 1, the data have been summarized in terms 
of the location of measurements. Results of experi
ments with helium and neon beams are tabulated 
along with the values obtained from (T 
calculations. 

It is seen from Table 1 that there is a fairly 
good agreement between the data obtained with 
helium and neon beams. The thickness measure
ments should be independent of the particle charge 
or mass, and the results bear this out quite accu
rately. Also since the two results agree so well, it 
gives us confidence in the beam alignment tech
nique we have followed. 

For most of the clinical situations, one would 
conclude that agreement between the CT results 
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Table 1. Water equivalent thickness (cm) using a frozen beagle. 

eT 
location Neon Helium scanner 

Brain 4.90 ± 0.10 4.85 ± 0.10 5.25 ± 0.10 

Back 6.60 ± 0.10 6.68 ± 0.10 6.7 ± 0.15 

Thorax (beam from 
left side) No data yet 6.80 ± 0.10 7.0 ± 0.2 

Thorax (beam from 
right side) No data yet 4.60 ± 0.10 5.0 ± 0.2 

Upper abdomen 7.65 ± 0.10 7.65 ± 0.10 7.8 ± 0.2 

lower abdomen 7.90 ± 0.10 7.85 ± 0.10 7.85 ±0.1 

and those obtained by beam measurements is fairly 
close, except in the region of brain and in the 
region of thorax (when beam came from the right). 
It is well known that CT tends to undercorrect for 
bone (skull) and overcorrect for air (lung). Our 
measurements with heavy-ion beams tend to indi
cate such differences. It is our belief that in most 
clinical situations measurements with CT scan are 
reliable enough to make clinical trials with confi-

RADIOLOGICAL PHYSICS AND CHEMISTRY 

Aloke Chatterjee and John L. Magee 

For several years the authors have conducted 
studies on the fundamental nature of the chemical 
effects of high-energy radiations for the purpose of 
understanding radiation effects on biological sys
tems, particularly mammalian cells. Because of the 
special interest of LBL in accelerated heavy parti
cles, we have emphasized heavy-particle track 
effects and their relationships to low-LET radiations. 
Applications have been made to the radiolysis of 
water,l-4 and we have now turned our attention to 
radiation effects in biological molecules. It is gen
erally accepted that single- and double-strand 
breaks (particularly the latter) are significant types 
of damage in DNA, and we have initiated a pro
gram of experimental and theoretical studies of 
these effects. Our first objective is to understand 
the chemical mechanisms that produce strand 
breaks in DNA solutions, and we expect to be able 
to relate these mechanisms to the initial action of 
radiation in cells. 

Experimental investigations of strand breaks are 
best conducted in DNA solutions under carefully 
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dence. But there may be a small number of cases 
where more accuracy is desired than can be 
obtained with CT. 
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controlled conditions. The r/>X-174 molecule is con
venient for this purpose, particularly because it has 
been studied extensively with low-LET radiations. 
Electrophoretic analysis of irradiated solutions pro
vides a convenient method for determining the 
fraction of molecules as a function of dose that 
have acquired single- and double-strand breaks, 
and the G-values of the breaks are easily obtained' 
from the D37 values. The r/>X-174 molecule weighs 
6 X 10-18 grams; elementary considerations show 
that 

(1 ) 

where the yield is measured in terms of energy 
absorbed in the molecule, j refers to the type of 
break (j = 1,2), and D 7 is in kilorads. 

There are severa? hierarchies of problems in 
arriving at explicit theoretical expressions for gr 
values based on track models. Geometrical con
siderations involve both the track and the target. 



- There is, however, a simple general expression for 
the average number of breaks in a molecule, and g 
follows directly. Consider a DNA solution irradi
ated by a beam with n particles per unit area. We 
can say that the average number of breaks of type j 
in some particular molecule is 

Yi = n I Pi dA (2) 

where Pj is the probability that a particle penetrat
ing the aifferential area dA causes a j-type strand 
break (j = 1,2) in the molecule and the integration 
is over the entire beam. All particles that come 
within a distance r (the penumbra radius) can con
tribute. The g-valtfe is 

, 5 
- 1.67 X 10- I dA 

gi - X Pi (3) 

where X is the LET in eV / A and the area dA is 
measured in A2. 

We expect to find both direct and indirect 
mechanisms for DNA strand breaks. Our own 
experimental program is aimed at obtaining quanti
tative information on the indirect mechanism. 
However, Christensen et al.5 have studied strand 
breaks under conditions where only the direct 
effect is observed. They used radical scavengers 
and sulfhydryl concentrations to minimize radical 
reactions and to provide chemical restitution to the 
few molecules undergoing radical attack before 
strand breaks could be completed. The only strand 
breaks observed, presumably, were by a mechan
ism not involving radical intermediates. A direct 
dissociation is indicated. Such dissociation could 
involve a positive ion created with excess energy, 
or a neutral molecule with excess energy from an 
ionic recombination. 

Use of Eq. (3) requires the probabilities for vari
ous strand breaks for every possible position of a 
particle penetration; of course an average over 
molecular orientation is also required. The excita
tion can come from track core or penumbra. Con
sider first the core penetration and say that v ioni
zations result (i.e., v/2 ions in each strand); v must 
be proportional to X. All ions will not dissociate; 
say there is a probability p that a strand break 
results. A double-strand break requires that pairs of 
single-strand breaks, formed independently in each 
of the strands, are close enough so that the double 
helix unravels. In our particular case the ioniza
tions are created essentially at the same base pair 
and the unravelling is ensured. We can assign the 
following probabilities for strand breaks: 
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Probability for: 

No break (1 -p)" (4a) 

Breaks in 
one strand 2(1-p)·!2[1-(1-p)·/2] = 2e-qx(1-e-qx) (4b) 

Breaks in 
both strands [1-(1..:....p)·/2]2 (4c) 

where qX = -v/21n(1-p). 
If the core does not penetrate the molecule but 

comes within a distance r, the penumbra can 
deposit energy. The penum~ra is made up of elec
tron tracks, and there are probabilities for both 
single- and double-strand breaks arising from 
energy deposits by these tracks. -The probabilities 
appearing in Eq. (3) will be proportional to the 
energy deposit (and thus to X). G-values can be 
assigned directly to the total penumbra effect, i.e., 
the integral over track positions that do not 
penetrate the molecule. 

These considerations have been used along 
with data presented by Christensen et al. 5 to pro
duce the following equations for gl (X) and g2(X), 

g, (X) = 9.~6 e -qx(l - e -qX)2 + 0.11 (Sa) 

where the first terms give core effects and the 
second terms give penumbra effects. The constants 
were chosen so that the low-LET limit for g and g2 
would be 0.33 and 0.01, respectively, and the max
imum in g2(X) would occur at X = 55. We get 
from this fitting q = 0.023 and p = 0.11. Equations 
(5) are shown in Fig. 1; the points give experimen
tal results of Christensen, et al. 5 

Although the treatment sketched here is rough, 
we believe that the direct effect is correctly 
presented. Of course many refinements are possi
ble within the established framework. We believe 
that this mechanism is operative in the irradiation 
of cells. Although the G-values are rather small, 
many strand breaks are expected by the direct 
effect because the DNA is very concentrated in a 
cell. 

The mechanism (i.e., indirect effect) for creation 
of str~nd breaks in DNA by the action of radicals is 
also of concern. Actually it is widely held that the 
most important mechanism for strand breaks is 
through extraction of H atoms from the sugar 
moiety by OH radicals. The G-values for strand 
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breaks measured under conditions in which water 
radicals can participate are many times larger than 
those found for the direct effect. Our experimental 
program involves dilute solutions of DNA, and we 
are using an appropriately varied composition of 
scavengers in order to get reliable G-values for rad
ical strand break mechanisms. 
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Cellular and Molecular Radiobiology 

ATAXIA TELANGIECTASIA: MODELING EXTREME RADIOSENSITIVITY 

Eleanor A. Blakely, Cornelius A. Tobias, Polly Y. Chang, and Leora Lommel 

Ataxia telangiectasia (hereafter ataxia) is a 
human genetic disease characterized by progressive 
neurovascular degeneration and immunological 
deficiencies that frequently culminates in the 
appearance of malignancies.' Approximately 50 
million people carry this recessive disease. People 
with homozygous genes die early, and their cells 
have been shown in vitro to be hypersensitive to 
radiation damage. The study of the radiobiological 
responses of cultured ataxia cell lines and cells 
derived from individuals assumed to be ataxia 
heterozygotes has led to the discernment of several 
"complementation groups." The correlation 
between the inability to repair lesions produced by 
radiation and the abnormal development of the 
nervous system in this disease is not established. 
Since the exact mechanism of this radiosensitivity is 
still not known, many laboratories are currently 
investigating multiple characteristics of the cell 
lines, including the notable absence of repair of 
potentially lethal damage. 

We have been interested in the fact that all 
ataxia x-ray survival curves are exponential func
tions of the dose (see Fig. 1). Established human 

cell lines that have been stable in their radiation 
response for more than two decades are more 
radioresistant, as evidenced by a survival curve with 
a shoulder (also shown in Fig. 1) that decreases in 
size with increasing energy density of the radiation. 
We have completed a study to compare the radia
tion responses of these genetically sensitive and 
resistant cell lines to high-LET radiations. Results 
from track-segment exposures to neon, silicon, 
argon, or iron ion beams accelerated to initial ener
gies of from 225 to 670 MeV /u provided a LET 
range between 30 and 1000 keY / }lom. The data 
indicate that 1) the sensitivity of ataxia cells 
increases with increasing LET, similar to resistant 
human lines (e.g., T-1 cells), however, due to effi
cient repair, T -1 cells are more resistant than ataxia 
cells at LET values below 200 keY /}lom (see Fig. 2); 
2) maximum cell kill occurs for both lines at 
100-200 keY / }lom; at higher LET the sensitivity of 
the two lines approach each other; 3) there is only 
small variation in the sensitivity of ataxia cells to 
particles of various atomic numbers at the same 
LET-differences are more pronounced in the LET 
domain between 50 and 200 keV/}lom; and 4) ataxia 
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cells have slightly lower OER values than T-1 cells 
in the range of LET studied below 200 keY / J,l.m. 

The repair-misrepair model2 has been used to 
interpret these results. According to this model, 
the molecular repair processes culminate either in 
eurepair or in misrepair. We have obtained 
mathematical expressions that describe the cross 
sections and inactivation coefficients for both 
human cell lines as a function of the LET and the 
type of particle used (see plot in Fig. 3). The 
results suggest either that high-LET particles induce 
a greater number of radiolesions per track or that 
heavy ions at high LET induce lesions that kill cells 
more effectively and that are different from those 
produced at low LET. We assume that the lesions 
induced in T-1 and ataxia cells are qualitatively 
similar and that each cell line attempts to repair 
these lesions. The result in most irradiated ataxia 
cells, however, is either lethal misrepair or incom
plete repair leading to cell death. T-1 cells have 
efficient repair mechanisms at low LET, and the 
repair-misrepair model suggests that at high LET the 
T-1 cells can still efficiently repair individual lesions, 
but that as the lesions become closely spaced along 
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the tracks, the probability of misrepair increases. 
The ataxia cell line appears to misrepair damage 
produced by radiation of any LET. 
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VERY HEAVY IONS: CHROMOSOMAL ABERRATIONS AND INACTIVATION OF 
MAMMALIAN CELLS 

Gerhard Kraft, Wilma Kraft-Weyrather, and Eleanor A. Blakely 

low-energy heavy ions up to uranium are avail
able at GSI in Darmstadt, West Germany, and a 
group of scientists there has developed a biomedi
cal research program similar to that at lBl. There 
is a collaborative program between our respective 
laboratories manifested by an exchange of scientists 
who are interested in the biological effects of the 
heaviest ions, about which new biological informa
tion is being obtained. 

Ion beams of uranium, the heaviest natural ele
ment on earth, will probably never be used for 
clinical medicine applications, but the ionization 
density created by the passage of a uranium ion 
through a biological object is about 100 times 
higher than from the lighter ions like alpha parti
cles. In extrapolation from cellular experiments 
with lighter ions, it has been suggested that this 
high ionization density would be wasted by an 



overproduction of biological damage (overkill 
effect) and there would be no variation in the bio
logical response to the different ion beams as long 
as the linear energy transfer to the cell is above a 
certain threshold (LET 100 keV / J.Lm) . In experi
ments with low-energy heavy ions it has been 
shown that even for the heaviest ions the biological 
efficiency does not exhibit an overkill effect, and 
the cellular sensitivity, which is plotted in Fig. 1 in 
terms of a cross section, exhibits a strong variation 
depending on the structure of the particle track. 
For the heavier particles only the declining 
branches of the (J curves have been measured . 
There are no data available for high-energy heavy 
charged particles that would connect the high-LET 
values of the inactivation curve with the common 
curve for all low-LET particles. These data are 
essential for the development of any basic theory 
of the mechanisms of cell injury caused by ions. In 
the recent uranium experiments at the Bevalac, the 
inactivation of different cell lines, the induction of 
chromosomal aberrations (see Fig. 2) and transfor
mation, and the strand break efficiency of DNA in 
solution are being studied because the high-energy 
uranium beams available only at the Bevalac permit 
us to examine the missing intermediate-LET range. 
The first (and preliminary) result shows that the effi
ciency of uranium ions is usually underestimated by 
the Katz model calculations. 
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Fig. 2. Chromosomal aberrations of V79 Chinese hamster cells 
irradiated with 10-MeV/ u uranium ions during mitosis.2 If 
condensed chromosomes are hit by a high-energy particle, the 
chromatin is chopped into many pieces. (XBB 8312-10793) 

ATTEMPTS TO REDUCE THE RADIOBIOLOGICAL OXYGEN EFFECT WITH NEW 
HYPOXIC RADIOSENSITIZERS 

Mary Austin-Seymour, Eleanor A. Blakely, Polly Y. Chang, and Leora Lommel 

A major part of our effort over the past year 
has been an attempt to reduce the differences 
between radioresistance of hypoxic cells and nor
mal cells. We did find that silicon and argon con
siderably reduced the resistance of hypoxic cells, 
but these beams did not completely eliminate the 

oxygen enhancement ratio (OER). There is a 
national effort to augment radiation therapy with 
hypoxic sensitizers. Actual therapeutic trials with 
metronidazole and misonidazole to date have been 
disappointing because the drugs used so far have 
side effects, notably neurotoxicity. 



Quite recently researchers at Stanford Univer
sity have developed new pharmacological agents 
that have been shown in cell and animal studies to 
have fewer toxic effects. As part of a potential col
laboration between the Stanford Medical School 
and our laboratory, we decided to explore the 
radiobiology of one such substance, a 2-
nitroimidazole amide called SR-250B. 

Our first step has been to use the 934-MeV 
helium-ion beam produced at the Lawrence Berke
ley Laboratory lB4-lnch Cyclotron, which has 
excellent physical dose localization characteristics 
but, unlike heavier ions, has an OER that even in 
the Bragg ionization peak is only slightly less than 
that of x rays. We have, therefore, been interested 
in the reports of hypoxic cell radiosensitization by 
SR-250B at concentrations that in animal studies in 
vitro and in vivo' and in preliminary clinical trials2 

have been shown to be less toxic than misonida
zole. We have demonstrated that SR-250B is not 
cytotoxic to human T-l cells in vitro at concentra
tions from 0.5 mM to 5 mM. We investigated the 
effects of a reasonably achievable plasma level of 
SR-250B (0.5 mM) on aerobic and hypoxic survival 
in vitro of asynchronous human T -1 cells irradiated 
in the 4-cm extended Bragg peak of a helium-ion 
beam. The cells were grown in monolayers on 
glass petri dishes that were inserted into chambers 
that permitted irradiation under conditions of either 
95% air plus 5% CO2 or 95% nitrogen plus 5% 
CO2, The x-ray OER for this system is 2.9 ± 0.3. 
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Track-segment exposures were completed in 
the Bragg plateau (dose average LET of 6 keV / ~m) 
and in the proximal peak of the 4-cm extended 
Bragg peak (dose average LET of 11 keV / ~m). Prel
iminary results indicate that the OER at 10% 
survival is reduced from 2.7 to 1.B in the entrance 
plateau of the Bragg ionization curve, and from 2.4 
to 1.6 in the proximal Bragg peak of the helium 
beam. The measured SR-250B sensitization 
enhancement ratio (SER) of approximately 1.5 indi
cates that this radiosensitizer used in combination 
with helium-ion radiotherapy may augment the 
excellent physical characteristics with additional 
biological effectiveness against hypoxic tumor cells. 
These results are preliminary to our evaluation of 
the use of hypoxic cell sensitizers in the heavier 
ions accelerated at the Bevalac for the heavy-ion 
radiotherapy program. 
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CHARACTERIZATION OF CELLULAR AND MOLECULAR DAMAGE AFTER 
IRRADIATION WITH DENSELY IONIZING PARTICLE BEAMS 

Ruth J. Roots, Gerhard Kraft, Aloke Chatterjee, Polly Y. Chang, Leora Lomme', and 
Eleanor A. Blakely 

The extent of hydroxyl radical mediated cell 
inactivation was measured for a variety of particle 
beams ranging from B.5-MeV /u neon ions to 570-
MeV /u argon ions. In general, the fraction of the 
total radiosensitivity caused by OH· radicals 
decreases from close to 60% at low ionization den
sity or low linear energy transfer (low LET) to close 
to 25% at high LET for aerobically irradiated mam
malian cells.' The extent of OH· radical-induced 
lethality can be explained in terms of LET only for 
low-energy or low-atomic-number particles. For 
the high-energy particles, fragmentation introduces 
a significant component of low-LET radiation. Fig
ure 1 illustrates the differences, in terms of biologi
cal effects, between low- and high-energy charged 

particles. For example, at a calculated LET of 100 
keV / ~m, the OH· mediated fraction of the total 
radiation damage is about 25% for 15.6-MeV /u car
bon but close to 40% for 30B-MeV /u carbon ions. 
The biological effect, therefore, cannot be 
predicted accurately from calculated LET values for 
high-energy particle irradiation. As more is learned 
about the energy deposition for energized charged 
particles in terms of track structure (core and 
penumbra), it may be possible to characterize the 
radiobiological data with a better physical parame
ter than LET. 

A different set of experiments addresses the 
nature of high-lET-induced damage at the molecu
lar level. After irradiation with heavy ions, 
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unrepairable DNA lesions (probably some type of a 
double-strand break) accumulate in the cel1. 2 In 
order to better understand high-lET-induced lesions 
in DNA, we are presently measuring the yields of 
DNA single-strand as well as double-stand breaks in 
DNA molecules in solution. The ratio of DNA 
double-strand breaks (DSB) to single-strand breaks 
(SSB) is an important parameter. This ratio has 
been shown to increase with increasing LET.3 
Recent experiments have yielded somewhat surpris
ing results. As the ionization density increases, the 
number of DNA breaks per rad decreases, but only 
up to a certain LET value. This decline in the DNA 
breakage efficiency (increase in D37 values) and 
subsequent reversal at an LET value of approxi
mately 10,000 keV/JoLm is shown in Fig. 2. When 
the DSB/SSB ratio is calculated as a function of 
LET, a similar rise and fall is seen. 

These types of data are presently under study 
and can be used in confirmations of theoretical cal
culations of high-LET energy deposition. 
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Fig. 2. The radiation dose necessary to cause a break in a . 
DNA molecule (the D dose) has been plotted as a function of 
particle energy depc1Jition (LET) for a number of different 
heavy-ion beams. The D dose for 6OCO"'Y rays is 16 Gy and 
increases to a maximum 3~f 335 Gy for NIB+. The range in 
particle energy at the target stretches from 2 MeV /u to about 
385 MeV/u. Results from the high-energy particle beams (Ne'o. 
and u'2+) are shown with the solid line labeled Bevalac ions. 
Results from low-energy particle beams from the Darmstadt 
accelerator in Germany are shown with the broken line. These 
ions are C", f'H, Ar'B+, NIB+, Xe54+, and 1.1'2+. (XBL 8312-4153) 
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CELL PROGRESSION CELL EFFECTS 

Eleanor A. Blakely, Ruth J. Roots, Polly Y. Chang, Leora Lommel, and 
Michael J. Yezzi 

X-ray radiosensitivity of cells varies as the cell 
progresses through its growth cycle from one 
mitosis to the next. The explanation for this varia
bility is unknown and is probably quite complex. 
One of the phases most resistant to acute doses of 
x rays is late in the DNA synthetic (S) phase. Irra
diation of synchronized S-phase cells results in an 
immediate depression of the rate of DNA synthesis 
and a prolongation of the duration of the S phase. 
In normal human cells, the inhibition of DNA syn
thesis arises mainly from a blockage of the initiation 
process, while DNA chain elongation is only slightly 
inhibited. 

Both high- and low-LET radiation depress the 
DNA synthetic rate. However, while this causes an 
S-phase delay after low-LET irradiation, such a delay 
may not occur after high-LET irradiation. 1 We have 
measured the rate of DNA synthesis as a function 
of heavy-ion radiation dose, and (confirming the 
results of Schlag and Lucke-Huhle) have found that 
the inhibitory effect is greater for low-LET radiation 
than for high-LET radiation (Fig. 1). 

Cells irradiated in G 1 phase with x rays show 
only very slight prolongation of the immediate S 
phase, 2 and we have evidence from early G 1-phase 
human T -1 cells that this is also true for irradiation 
with neon Bragg peak ions at an LET of 183 
keY / Jotm (see Fig. 2). 

As we reported last year, mitotic cells are 
approximately equally sensitive to radiations of low 
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Fig. 1. Reduction in DNA synthesis as a function of 670-
MeV/u neon Bragg peak (t:J.) or gamma ray (e) dose in 
asynchronous Chinese h;;mster V79 cells. (XBL 8372-4757) 
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Fig. 2. Percent labeled cells as a function of cell age from 
autoradiographic analyses of 3H _ TdR pulse-labeled control and 
neon ion irradiated human T- 7 cells irradiated 2 hours after 
mitotic selection. (XBL 8372-4754) 

or high LET. As the cell progresses in age from 
mitosis through G1 phase and into S phase, qualita
tive and quantitative differences develop in the 
response to both radiations, with the greatest 
change happening between 2 and 4 hours after 
mitotic selection in human T-1 cells . 

We are investigating the detailed radioresponses 
and repair capabilities of resistant and sensitive 
cells. These include the human ataxia telangiec
tasia cell line, whose resistance to the radioinhibi
tion of replicon initiation may somehow be related 
to its extreme radiosensitivity. We are also study
ing protein synthesis in a mutant of the Chinese 
hamster ovary cell line that rapidly shuts down pro
tein synthesis when it is transferred from its normal 
growth temperature of 35°C to 40°C. 3 

We have previously reported that the split dose 
survival response to x rays of the exponentially 
growing mutant cells is reduced if the cells are held 
at 40°C for 2 hours before the first dose and during 
a 2-hour interval between doses.4 In conjunction 



with the survival experiments on asynchronous 
cells, we also examined the DNA rejoining ability in 
split dose studies, both with and without inhibition 
of protein synthesis.5 The results of these experi
ments suggest that inhibition of protein synthesis 
affects a pool of proteins that are necessary for the 
correct expression of the DNA, although they do 
not appear to be involved in rejoining DNA breaks. 
We have extended this work to the study of cells 
synchronized in G1 phase (2-hour post-mitosis) and 
S phase (lO-hour post-mitosis). Autoradiographic 
analyses, using 3H-TdR pulse labeling, demon
strated that a delay in the progression of each syn
chronized cell population occurs after inhibition of 
protein synthesis (see for example G 1 cell data in 
Fig. 3). Studies of the effects of inhibition of pro
tein synthesis on the ability of G1- and S-phase 
cells to repair sublethal damage are in progress. 
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HEAVY-ION FRAGMENTATION: PHYSICS AND BIOLOGY 

Eleanor A. Blakely, Jorge Llacer, and Cornelius A. Tobias 

The interactions of heavy-ion beams acceler
ated in the Bevalac deposit more energy to an 
absorber at depth than near the surface. The 
interactions are described by the Bragg ionization 
curve, which consists of two major components: 
energy transfer from primary beam particles and 
from particle fragments. The trajectories of particles 
formed in various types of collisions are shown in 
Fig. 1. In central collisions the primary beam parti
cles and the target nuclei disintegrate, and a multi
plicity of atomic particles is emitted with large 
angular divergence. Though locally important, 
doses from central collisions are usually only a few 
percent of the total dose. In peripheral collisions, 
fragments with varying atomic number are pro
duced and travel along the primary beam trajec
tories. The angular divergence of light fragments is 
greater than that of heavy fragments. Together the 
fragments often produce a significant portion of the 
total dose. 

Heavy-ion beams have so many biological and 
medical applications that it became important to be 
able to characterize the mixture of particle species 
in various beam configurations and to relate these 
mixtures to certain biological effects the beams can 
produce. We have constructed a special instru
ment, the Berklet, which is able to classify the pres
ence of a variety of particle fragments in the beam 
and quantitate their physical parameters. 1 The cel
lular effects of these beams were then assessed on 
the same day in collaborative experiments between 
physicists and radiobiologists. 

A schematic of the Berklet is shown in Fig. 2. 
'This instrument can measure simultaneously 1) the 
LET of each particle as it passes through a thin sili
con crystal detector and 2) the residual range of the 
same particle in a special germanium detector that 
was built in our laboratory. We also use passive 
particle track detectors to independently measure 
the LET spectra. Examples of the LET distributions 
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of a 670-MeV /u neon beam after the particles have 
crossed various thicknesses of water absorber are 
shown in Fig, 3, These data were obtained with a 
sensitive plastic called CR-39 in collaboration with 
E,V. Benton of the University of San Francisco. The 
relative ionization doses of the various atomic frag
ments (from boron to fluorine) found in neon ion 
beams of two initial energies are clearly separated. 
Figure 4 shows similar data from the Berklet where 
the LET is displayed against the residual energy on 
a CRT screen, and one obtains characteristic distri
butions with dots representing each particle and 
with particles of the same atomic number distri
buted on hyperbolic trajectories. In Fig. 4, the 
parent neon species produces the highest LET 
values, and the contaminating fragments each lie on 
lower curves. The Berklet cannot measure pre
cisely all of the hundreds of types of events that 
occur when beam particles collide with resting 
nuclei of matter, but the distributions are suitable 
for calculating parameters of biological significance. 
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The cultured human fibroblast cells are more 
sensitive to particles of high LET (e.g., low-velocity 
neon) than to particles of low LET (e.g., fast protons 
to carbons). Exposure to high-LET radiation yields 
exponential survival curves, whereas the cells 
respond to low-LET radiation with a shoulder type 
survival curve. Many of the lesions are repaired at 
low LET. The domain of very high LET is from 
about 100 keY / ~m to several thousand keY / ~m. 

Fig, 7, Heavy-ion fragmentation effects. Four kinds of 
projectile and target fragmentation events: (a) and (b) are pure 
projectile fragmentation cases in which the beam particle breaks 
up into higher particles; cases (c) and (d) show events in which 
a target nucleus also breaks up. (XBB 819-8965A) 

We have performed survival experiments on 
cultured human cells irradiated in aerobic and 
hypoxic environments. Neon and silicon ion beams 
were studied at three energies. Acceleration at low 
initial energies provided pure primary particle 
beams, and higher initial energies provided mixed 
beams with particle fragments. 

Exi t window downstream 
ion chamber Si detector window 

0.05mm Be 
Ge detector window 
0.013mm Havar 

Exit window 
0.25mm Be 

Ge detector 
Si detector ---1.5xI.5cm cross section 
7.5mm dia. 

I I 0.3 mm thick I I X5.5cm length 
~0~~-2~------------~8~--~10~ 

cm 
Fig. 2. Schematic drawing of the experimental setup used in Berklet measurements showing the detector system, 
with the windows for light and vacuum tightness. The germanium detector is kept in a cryostat at liquid nitrogen 
temperature (77 K). (XBL 8312-4158) 
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Fig. 3. Neon fragmentation spectra from 225- and 670-MeV /u beams. The same residual range at an LET of 118 
keV /Ilm was examined in each case. The data are from CR-39 studies by Professor Eugene V. Benton at the 
University of San Francisco. (XBL 837-10541) 

Several conclusions have come from analyzing 
the results of this study: 

1. Below 118 keY / ~m, mixed beam effects can 
be well described with two beam parameters: dose 
and dose-average LET. The atomic number of the 
particles is not important. 

2. Above 118 keY / ~m, track structure effects 
become identifiable. 

3. At 118 keY / ~m an increased quantity of frag
ments increase survival (decrease the RBE) for 
either neon or silicon (for example, see the neon 
results in Fig. 5). 

4. At 180 keY / ~m and higher, track structure 
effects are apparent; neon is biologically more 
effective than silicon. 

5. At 118 keY / ~m, higher beam fragmentation 
lowers the RBE for both neon and silicon ions (see 
upper panel, Fig. 6), and has relatively little effect 
on the oxygen enhancement ratio in this LET range 
(see lower panel, Fig. 6), perhaps reflecting the 
importance of even a small high-LET dose com
ponent in reducing the OER. 

6. The RMR model appears to be suitable for 
quantitating the complex phenomena in heavy
particle radiobiology. 
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Fig. 4. Theoretical loci corresponding to the various values of 
Z calculated from first principles and the detector calibration 
parameters superimposed on experimental results. Only minor 
adjustments (a few percent) are needed to secure the fit 
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analysis. (XBB 8372-6247) 

3 

w 
CD2 
a:: 

Ne • 225MeViu 
C) 425 
o 670 

Residual range (em) 

. . 

Fig. 5. Relative biological effectiveness at 70% survival for 
various residual range positions of neon ion beams of three 
different initial energies. The lighter fragments in the high
energy beams depress the RBE in the last centimeter of range. 
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Fig. 6. The RBE and OER values at 70% survival for neon and 
silicon beams of various initial energies at residual ranges 
yielding a primary ion LET of 778 keV/p.m. The beams of higher 
initial energies have a greater fragmentation dose and show a 
decreased RBE (top panel) and relatively little change in the 
OER (bottom panel). 
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HEAVY-ION MICROSCOPY 

Mark H. Phillips, Joseph M. Jaklevic, James B. Schmidt, Ann C. Birge, and Cornelius A. Tobias 

During this year our research on heavy-ion 
microscopy has had two aims: 1) achieving a fuller 
understanding of the physical mechanisms of image 
formation, and 2) developing reliable, accurate 
methods for obtaining the images. Earlier impres
sive results have demonstrated the unique capabili
ties of this technique. 1,2 With a higher resolution 
than possible with optical microscopy, heavy-ion 
microscopy images biological specimens that are 
too thick for transmission electron microscopy 
(TEM) and still provides information about the 
sample's interior structure that is unobtainable by 
scanning electron microscopy (SEM). In addition, 
the processing procedures that are necessary to 
visualize the important cellular structures with SEM 
and TEM alter the structures. We hope to exploit 
the properties of heavy-ion microscopy to study 
aberrations in chromosomes caused by radiation 
damage. These aberrations have been implicated 
in carcinogenesis and have resisted study by other 
methods. 

The basic technique of heavy-ion microscopy 
can be described briefly. The sample to be imaged 
is placed on a substrate that is sensitive to damage 
by heavy ions, CR-39 plastic for example. The 
sample and substrate together are exposed to a 
monoenergetic parallel beam of a particular species 
of heavy ion. The energy of the beam is chosen so 
that the ion range just exceeds the thickest part of 
the sample. In passing through the sample, the 
ions lose varying amounts of energy, depending on 
the thickness and electron density of the sample 
along the path of each ion. As a result, after the 
ions pass through the sample, they will have dif
ferent residual ranges in the plastic, depending on 
which part of the sample they penetrated. After 
the exposure, the sample is removed from the sub
strate, and the substrate is etched chemically to 
remove all material from the surface to the 'end of 
the individual ion ranges. The resulting contour 
(topography) is then examined using a scanning 
electron microscope. 

To fully realize the potential of heavy-ion 
microscopy, we have begun to develop several 
aspects of the technique. We have investigated 
the physical mechanisms involved in contrast and 
resolution. The contrast of the image depends on 
the sensitivity of particle range to differences in 
electron density within the sample; the depth 
resolution is determined by range straggling. These 
two imaging parameters are thus intimately related. 

In addition, the dose delivered to the sample 
must be considered. At the ion energies we use 
('"- 1 MeV lu), theoretical calculations of range and 
range straggling are not very accurate. In general, 
when considering ion-electron scattering, there is 
less range straggling with the heavier ions, but this 
is not the case when charge exchange and nuclear 
scattering are considered. Measurements of such 
short ranges and range straggling is difficult. We 
are currently trying to achieve some quantitative 
measure by looking at the images of known sam
ples, such as electron microscopy grids. 

Lateral resolution is determined by multiple 
Coulomb scattering of the ions. Using the Moliere 
theory, we have done calculations that indicate the 
heavier the incident ion, the less the multiple 
scattering. Here too, however, the results of the 
theory are less accurate at the small ranges and low 
energies of interest in heavy-ion microscopy. 
Presently, we are using 4He and protons in an 
effort to strike a balance between high image reso
lution and high sample doses. 

The second focus of our work has been to 
explore different substrates, the effect of dose and 
dose rates on them, and the etching conditions. 
Currently we are using two substrates, polymethyl
methacrylate (PMMA) and CR-39. PMMA is used 
in the semiconductor industry as a resist in x-ray 
and proton lithography, CR-39 has been well 
characterized for nuclear track detection, but as yet 
little is known about it for our applications. Both 
plastics have produced good images, but we have 
not determined which one is preferable for micros
copy. Figure 1 shows a recent PMMA lithograph 
that we produced with 1-MeV 4He ions. 

Work on the dose, dose rate, and etching con
ditions is proceeding in parallel with studies to 
establish heavy-ion microscopy as an accurate and 
reliable technique. Clearly, these parameters must 
be optimized in order to obtain conclusive results 
for the resolution, contrast, and substrate studies. 

Our recent work on heavy-ion microscopy has 
paralleled and been stimulated by several related 
developments. Semiconductor devices have been 
steadily decreasing in size, and work has started on 
utilizing the high resolution of heavy-ion lithogra
phy to make circuits smaller than those made with 
lithography using visible light.3 The development 
of bright synchrotron sources of soft x rays and 
associated x-ray optics has spurred interest in x-ray 
microscopy.4 The applications and methods of x-



Fig. f. Scanning electron micrograph of a PMMA replicate of 
several diatom species produced after exposure to 7-MeV/ u 'He 
particles. (XBB 839-7942) 

ray microscopy are similar to those of heavy-ion 
microscopy, although x-ray microscopy images the 
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photoelectric absorption by the sample. Progress 
(e.g., characterization of substrates) in each of these 
related techniques often applies to all of them . We 
hope that future work will result in the complete 
development of these complementary techniques . 
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iJ-araA ENHANCED CEll TRANSFORMATION BY RADIATION 

Tracy C. Yang, Cornelius A. Tobias, and laurie M. Craise 

Ionizing radiation can directly induce neoplastic 
cell transformation in vitro, and there are experi
mental results indicating that cellular DNA may be 
the primary target. It is unknown, however, how 
the transformation lesion is formed in the cell fol
lowing irradiation. One of the possible mechanisms 
for the formation of transformation lesions may be 
related to radiation-produced DNA breaks that can 
be repaired properly or misrepaired. The transfor
mation lesion may therefore result from a misrepair 
of DNA damage. To test this hypothesis, we con
ducted experiments with iJ-araA, a known DNA 
polymerase inhibitor. Our results suggest that 
when the activity of DNA polymerase was inhi
bited, some radiation-indu ced damage was modi
fied to form transformation lesions, through an as 
yet unknown process. 

When well-confluent mouse embryonic cells 
(C3HlOT1 / 2) were treated with 100-J.LM iJ-araA for 
7 hours immediately following x-irradiation and 
incubated at 3rc for 16 hours after iJ-araA 
medium was removed from the cell culture, there 
was a great increase of cell killing and transforma
tion frequency. The survival curve changed from 
one with a signifi cant shoulder to one close to 
exponential, as shown in Fig. 1. An enhancement 
of transformation by iJ-araA is evident in x-rayed 
cells (Fig. 2) . Because no repair of potential 
transformation lesions could be detected in the 
cells treated with iJ-araA, some radiation-induced 
DNA damage was probably misrepaired to form 
irrepairable transformation lesions. Further studies 
are needed to identify the cellular enzymes and th e 
mechanisms involved in the misrepair process. 
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Fig. 1. Effect of fJ-araA on the radiosensitivity of confluent 
mouse embryonic fibroblasts. A short treatment of fJ-araA 
inhibits the repair of potential lethal damage. (XBL 8312-4161) 
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IONIZING RADIATION ENHANCES DNA TRANSFECTION 

Carl F. Perez, Cornelius A. Tobias, and Tracy C. Yang 

Our laboratory is engaged in a systematic study 
of the effects of radiation on the processes respon
sible for transforming normal cells to cancer cells. 
It has been clearly demonstrated that a dose of ion
izing radiation enhances the transforming ability of 
certain viruses (e.g., Simian virus SV40) by a large 
factor. It is possible to harvest 25 to 50 times more 
transformed cells under conditions of combined 
exposure to virus and radiation compared to condi
tions in which either of these agents is acting alone. 
The enhancement of radiogenic transformation by 
chemical modifiers is also a part of our cellular 
heavy-ion studies (see previous section). 

We are also investigating the role of oncogenic 
viruses in transformation. It has been shown that 
the virus SV40 has a well-defined oncogene, a gene 
that is responsible for transforming normal mouse 

cells (3T3) to tumor cells. It is also known that in 
the course of viral infection this oncogene is 
transferred, perhaps in several copies, to the 
genome of the host cells. We do not understand, 
however, the detailed processes whereby the 
oncogene is integrated into the host cell genome. 
According to an hypothesis we formulated, ionizing 
radiation enhances viral carcinogenesis because the 
radiation produces sites in the host DNA that 
become sites of integration for viral DNA. Further
more, partial evidence is available to show that the 
enzyme system involved in the repair of radiation 
damage may be used by the cell to integrate the 
foreign DNA into its own fabric. To study these 
processes, we needed an abundant source of viral 
oncogenes and methods to introduce the foreign 
DNA into mammalian cells. In collaboration with 



Professor Michael Botchan of the Molecular Biology 
Department, U.c. Berkeley, we constructed recom
binant DNA bacterial plasm ids. 

Rat-2 cells are thymidine kinase deficient (tk-) 
and nonpermissive for SV40 viral transformation. 
These cells can only survive in HAT selective media 
if stable integration and expression of a transfected 
thymidine kinase (tk) gene occurs. Recombinant 
DNA bacterial plasmids were constructed that con
tained the herpes simplex virus thymidine kinase 
(HSV-tk) gene. Confluent Rat-2 cells were irradi
ated with x rays or argon particles (330 MeV /u) 
immediately after transfection with a tk-gene con
taining the plasmid pOT-TK5. Irradiated cells were 
then selected in HAT to screen for tk-transformants. 
Figure 1 shows the effect of ionizing radiation on 
the enhancement ratio for tk-transformation of 
pOT-TK5 transfected cell. The enhancement ratio 
is calculated by dividing the number of transfor
mants per irradiated survivor by the number of 
transformants per survivor for an unirradiated popu
lation. For both radiation modalities, the enhance
ment curves are dose dependent and more than 
additive. Compared to x rays, argon particles were 
more efficient in enhancing the tk-transformation. 
Subclones of these transformants are being studied 
by blot-hybridization techniques to establish the 
integration profiles of pOT-TK5 DNA in the cellular 
DNA. The enhancement of DNA-mediated gene 
transfer by ionizing radiation opens a new approach 
to studying DNA repair in mammalian cells, particu
larly DNA repair mutants. 
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PROTECTION EFFECT OF DIMETHYL SULFOXIDE ON THE INITIATION AND 
EXPRESSION OF RADIOGENIC NEOPLASTIC CELL TRANSFORMATION 

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

Dimethyl sulfoxide (DMSO) is a well known 
chemical radioprotector for cell killing and is widely 
used for studying physico-chemical mechanisms of 
biological effects of ionizing radiation. The poten
tial of DMSO for reducing the radiation effect on 
neoplastic cell transformation, however, has not 
been investigated before. For understanding the 
fundamental mechanisms of radiation cell transfor
mation, we initiated studies on the effects of 
DMSO on the initiation and expression of cell 
transformation. Our data show that DMSO, when 
present during irradiation, gives a dose reduction 
factor (DRF) about 2.6 for cell killing and about 3.0 
for neoplastic cell transformation. The frequency of 
cell transformation also decreased rapidly with an 

increase of concentration of DMSO when DMSO 
was added to cells 10 days after x-irradiation and 
plating. The inhibition of expression of cell 
transformation by DMSO is irreversible based on 
current data. Our recent experimental results 
showed that cells treated with 1 % DMSO for only 
one week, started 10 days after x-irradiation and 
plating, yielded no transformation. DMSO at a 
concentration of 1 % or less has very little effect on 
the cell growth and the colony-forming ability. 
These experimental results suggest that DMSO may 
be a useful chemical agent for reducing the effect 
of radiation on neoplastic cell transformation. 

Experimental observations on the modulation of 
radiation' cell transformation indicate that the pro-



cess of neoplastic cell transformation is a compli
cated one and includes at least two different stages: 
induction and expression. The induction stage is a 
relatively short one and may be completed after 
one cell division. The expression stage, however, 
will usually take several weeks and can be modu
lated by various physical and chemical agents. In 
our laboratory we have been interested in radiation 
protection and recently initiated studies on the 
effect of DMSO on radiogenic cell transformation. 
Mouse embryonic fibroblasts (C3H1 OT1 /2) was the 
model system for our cell transformation studies. 
When confluent G1 cells were treated with 2M 
DMSO during x-irradiation, there was a significant 
increase of cell survival and a decrease of transfor
mation frequency, and the dose modifying factor 
for survival was about 2.6 and for cell transforma
tion about 3.0, as shown in Figs. 1 and 2. The 

radioprotection of cell killing by DMSO has been 
commonly suggested as a result of scavenging of 
OH free radicals induced by ionizing radiation. 
Because DMSO can protect cells from being 
transformed by radiation, it is very likely that some 
transformation lesions are produced through 
indirect action, i.e., by OH radicals. Our present 
results indicate that for a given x-ray dose OH radi-
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cals may induce as much as 80% of transformation 
lesions in the mammalian cells . 

We also observed a protection effect of DMSO 
on radiogenic cell transformation when DMSO was 
added to cells 10 days after irradiation and plating. 
After 10 days incubation, cells usually formed a 
confluent monolayer in the dish and had about 10 
cell divisions. The presence of DMSO in the 
medium through the rest of the incubation period, 
about 4 weeks, can suppress the expression of 
morphological transformation by radiation. With an 
increase of concentration of DMSO (0.025-1.0%), 
the frequency of cell transformation decreased 
rapidly, and no transformant was observed in cells 
exposed to 1 % DMSO for 4 weeks (Fig. 3). This 
suppression of radiogenic cell t~ansformation by 
DMSO is not due to an inhibition of cell growth, 
because the cells treated with DMSO give about 
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the same number of survivors as nontreated ones 
and show no significant change of growth rate, as 
shown in the insert of Fig. 3. 

In general, for a significant reduction of cell kil
ling, radioprotectors have to be present during irra
diation and at a cytotoxic concentration. Our 
DMSO studies, however, suggest that for radiogenic 
cell transformation a complete protection can be 
achieved with DMSO some time after irradiation 
and at a concentration with very little cytotoxic 

(XBL 835-9899AJ 

effect. Although there are no data on the effects of 
DMSO on the cell transformation by high-LET radi
ation, it is very likely that a similar protection effect 
will be found with some heavy ions. There ~ is, 
therefore, a possibility that through further studies 
on the mechanisms of DMSO effect on the expres
sion of cell transformation one may find some 
chemical protectors which can significantly reduce 
the carcinogenic effect of radiation, including 
cosmic rays. 
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EFFECTS OF SEQUENTIAL EXPOSURE OF MIXED RADIATION MODALITIES ON 
NEOPLASTIC CELL TRANSFORMATION 

Tracy C. Yang, Laurie M. Craise, Jerry Howard, and Cornelius A. Tobias 

The objective of this project is to obtain quantita
tive data on the carcinogenic effect of mixed radia
tion modalities by using the in vitro cell transforma
tion technique. The specific aims are: 1) to test the 
hypothesis that high-LET heavy particles can act 
synergistically with low-LET radiation in inducing 
neoplastic cell transformation; 2) to obtain dose
response curves for sequential exposure of high-LET 
silicon, neon, or argon ions and x rays; and 3) to 
determine whether the sublesions induced by 
high-LET heavy particles are repairable in mam
malian cells. Our recent experimental results sug
gest that lesions induced by x rays and heavy parti
cles can interact for both cell killing and neoplastic 
cell transformation. 

The potential biological effects of sequential 
exposure to ionizing radiation of different qualities 
have been studied more extensively in recent years. 
The motivation for such experiments is threefold: 
first, to address the fundamental radiobiology ques
tion of the interaction of sublesions in cellular sys
tems, second, to explore the possibility of mixed 
radiation modalities in clinical cancer radiotherapy, 
and third, to assess the potential biological hazards 
of cosmic rays in space. Several investigators have 
demonstrated that fast neutrons delivered within a 
few minutes before or after x-ray irradiation killed 
cells more effectively than would be expected 
based on the assumption of the independent action 
of each radiation. 1- 4 Some of the neutron-induced 
lesions that interact with x-ray induced damage 
appear to be repairable in mammalian cells. Similar 
results were observed with high-LET neon particles, 
which yielded an exponential survival curve for 
asynchronous Chinese hamster V79 cells.s 

Although there was no evidence of split-dose 
repair, as observed earlier by Todd,6 the survival 
curve for cells irradiated with graded doses of 
x rays shortly after a priming dose of neon ions had 
a reduced shoulder relative to the x-ray-only sur
vival curve. Using synchronized V79 cells, Bird et 
al. 7 found that the synergistic effect of mixed low
and high-LET radiation increases with the LET of 
the primary dose. 

Because there is no information available in the 
literature concerning the effect of mixed radiation 
modalities on the neoplastic cell transformation, we 
initiated some studies on the interaction between 
uv and x rays on the cell transformation and 
observed a synergistic effect. Figure 1 shows the 

transformation frequency per survivor as a function 
of x-ray dose. There is clearly a synergistic effect, 
especially at high doses. Recently we have 
extended these studies to high-LET heavy ions. For 
all experiments we used cultured stationary phase 
cells (C3Hl0Tl/2) as a model system. Well
confluent cells between passage 8 and 15 were 
irradiated sequentially with x rays and a monoener
getic heavy-ion beam at the plateau of the Bragg 
curve. After irradiation, cells were seeded into tis
sue culture dishes at a density that yields an 
optimal frequency of transformation and incubated 
at 37°C for 5-6 weeks. At the end of the incuba
tion period, cells were fixed and stained, and the 
transformed foci were scored under a low-power 
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dissecting microscope. Figures 2 to 5 show the 
results of studies on the interaction between x rays 
and silicon ions (320 MeV ju; LET = 86 keV j ~m) on 
the cell killing and on the neoplastic cell transfor
mation. These data suggest that the x rays and sili
con ions do not act independently. When cells 
were irradiated first with x rays and followed 
immediately by silicon ions, for example, the sur
vival curve showed no shoulder (Fig. 2). If the 
action of each radiation modality were indepen
dent, there should be no reduction of the shoulder 
and the survival curve should be like the dotted 
line. A change in the survival curve shoulder is 
also evident for cells irradiated by silicon ions and 
followed by x rays, as shown in Fig. 3. The neo
plastic cell transformation results are presented in 
Figs. 4 and 5. On a semi-log plot, the transforma
tion frequency per survivor for cells exposed to 
mixed radiation is parallel to and consistently higher 

..J 

"' > 5 
> a: 
::l 
CJ) 

~ . 

0.5 

EFFECT OF MIXED MODALITY ON CELL SURVIVAL 

~ X-RAYS ONLY (300 RAD) 
Q Siu (320MeVlu) 

• 300 RAD X-RAYS + Si
z8

10NS 

-----INDEPENDENT ACTION 

Fig. 2. Survival curves for cells irradiated by silicon ions (320 
MeV/u) only or by x rays (300 rad) and followed by silicon 
particles. (XBL 8377-4554) 

110 

EFFECT OF MIXED MODALITY ON CELL SURVIVAL 
100~----r-----.-----,------r~--~-----' 

50 

..J 

"' > 

10 

> 5 
a: 
::l 
CJ) 

.... , 

~ X-RAYS ONLY 

Q Si 28 (320 MeVlu)(IIO RAO) 

.110 RAD Si
28

10NS + X-RAYS) 

0.5 -----INDEPENDENT ACTI.ON 

\ 

\ 

0.2~----'--c~----~:-----:-'::-=----::-~----:-=,=-:----L o 200 400 600 
DOSE (RAO) 

Fig. 3. Survival curves for cells exposed to x rays only or to 
silicon ions and x rays. (XBL 8377 -4553) 

than that irradiated with x rays or silicon ions only. 
The dotted curve shows the result if x rays and sili
con ions act independently. 

At present we do not know whether a similar 
mechanism is involved in the synergistic effect 
between nonionizing uv and ionizing radiation 
(x rays) and in that between low- and high-LET 
radiation, and further investigations are needed to 
elucidate the fundamental mechanisms involved. 
Results obtained from these studies will also pro
vide a clearer understanding of fund mental aspects 
of the biological response to heavy-ion beams and 
useful information for assessing the carcinogenic 
effects of cosmic rays in space, for evaluating the 
potential use of mixed modalities in cancer therapy, 
and for development of theoretical descriptions of 
radiation carcinogenesis. 
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NEW DEVELOPMENTS IN THE LETHAL, POTENTIALLY LETHAL MODEL 

Stanley B. Curtis 

Two new aspects in the continuing develop
ment of the lethal, potentially lethal (LPL) model1,2 
are described. 

I. LOW DOSE RATE 

At low dose rates, the assumption of "instan
taneous" production of initial lesions cannot be 

made. Lesions are being created, repaired, and 
misrepaired during the irradiation time itself. In this 
case, the differential equations describing the time 
rate of change for the potentially lethal and lethal 
lesions, respectively, are 

(1 ) 



(2) 

Here, D is equal to the dose rate, 1/AS and 1/AC are 
equal to the rate of production with absorbed dose 
of potentially lethal and lethal lesions, respectively, 
and ESA and ESC are the repair and misrepair rates, 
respectively, for the potentially lethal lesions. The 
solutions of these equations, with initial conditions 
ns(O) = nc(O) = 0, are 

nB(t) = 21/ABD(1 - x)/(a + bx) 

EBA I 2Eo 
nc(t) = 1/ACDt + - og ----'-:--

EBC a + bx 

where 

b 

x 
EO - ESA 
e -Eot 

21/AB D(1 - x) 

a + bx 

[EJJA + 41/ABD EBcP 12 

For short irradiation times, i.e., 
see that 1 - x approaches Eat 
approaches a + b = 2EO' so that 

and 

(3) 

(4) 

« l/EO' we 
and a + bx 

(5) 

(6) 

At high dose rates, which can now be defined 
as the situation when [41/ABDEBC + EB,(j1/2 » 2EBA, 
we find nc(t) = 1/ACD and the initial assumptions of 
the previous treatment 1 are satisfied. 

For low dose rates, on the other hand, defined 
when D« EB,(/41/ABEBC, EO = ESA and a + bx = 
2ESA' we obtain 

1/ABD [1 -lBAt] -e 
nB(t) (7) 

EBA 

and 

nc(t) 1/AcDt 
1/AB D(l - e -lBAt) 

(8) 
EBA 
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The total !nitial number of lesions, ns(t) + nc(t), 
is always 1/ACDt = 1/ACD. Therefore, the survival is 
exponential with slope Do = l/1/AC' 

Comparison with Experimental Data 

The recent data of Wells and Bedford4 have 
been analyzed using the above formalism. They 
used C3H 1 OTl /2 cells in stationary (plateau) phase 
to study the variation in survival curve shape using 
dose rates of cesium-137 gamma rays ranging from 
55.6 Gy /hr to 0.06 Gy /hr. Using the following 
values of the model parameters, 1/AS = 0.6 Gy-l, 
1/AC = 0.1366 Gy-l, ESA =0.5 hr- 1

, ESA/ESC = 9, a 
comparison of the calculated curves with the 
experimental data is shown in Fig. 1. The agree
ment between the experimental data and the 
model calculations appears reasonable. 

With the above values of the parameters, the 
following regions of dose rates can be defined for 
the C3H 1 OTl /2 cell line: The high dose rate 
region includes dose rates D » 1 Gy /hr, and the 
low 'dose rate region includes dose rates 
D « 1 Gy/hr. 

II. SUBLETHAL AND POTENTIALLY LETHAL 
DAMAGE IN THE LPL MODEL 

The survival equation in the LPL model can be 
written 

S = exp[-nB(nOB,t) - nc(noc,t)] 
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with: 

(10) 

where nOB = the initial number of potentially lethal 
lesions produced by a dose, D, and 

ndnoc,t) = noc + nOB - nB(nOB,t) 

{ 
noo } - Eln 1 + -E- [1 - exp( -EBAt)] (11) 

where noc = the initial number of lethal lesions 
produced by an absorbed dose, D, and E = EBA/EBC 

For simplicity, we will consider only stationary 
(plateau) phase cells. There is experimental evi
dence that in an immediate plating experiment, a 
considerable time period, to (on the order of 3 
hours), can be available for repair after plating. 
After this period, the remaining potentially lethal 
lesions are assumed in the model to be "fixed," 
perhaps by their passing through a "fixation" point 
in the cell cycle. Thus, the survival equation for an 
immediate plating experiment is 

(12) 

This reduces to 

S = exp (-nOB - noel 

(13) 

Similarly, for a delayed plating experiment 
when the cells remain in "conditioned" medium, 
an "infinite" time for repair is allowed and the sur
vival expression reduces to 

S = exp (- nOB - noel [ + n~B J (14) 

For an experiment in which it is assumed that 
at some time after the experiment all repair is 
stopped and damage is fixed (e.g., with the use of 
fj-araA), we can write the survival as a function of 
repair time, trep 
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where we have assumed that the initial number of 
each kind of lesion is proportional to the absorbed 
dose, D, nOB = 'I1ABD, and noc = 'I1ACD. This is the 
high dose rate approximation in Section I. 

A calculation for Ehrlich ascites tumor (EAT) 
cells in vitro is made at 7 Gy for fresh and condi
tioned media and compared in Figs. 2 and 3. Fig
ure 2 shows the time course of the lesions in each 
medium, and Fig. 3 shows the calculated survival 
compared with experimental data obtained by 
lIiakis using fj-araA as the repair inhibiting drug.3 

For a split-dose experiment with interval .It 
between doses D, and D2, we assume that the 
new lesions produced by the second dose add to 
the remaining lesions not yet repaired from the first 
dose and produce a new total number of lesions 
per cell. If the cells are plated immediately, the 
survival equation becomes 
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assumed after three hours in fresh medium, i.e., all remaining 
potentially lethal lesions are fixed and become lethal at that 
point. (XBL 837- 70638) 
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Here, repair is occurring both within the repair 
interval, Llt, and after plating occurs, during a time 

Figure 4 gives the time course of lesions in 
conditioned medium (top) and fresh medium (bot
tom) for a split-dose experiment with a five-hour 
interval between doses. It is clear that after three 
hours in fresh medium, the time interval does not 
affect the final survival. 

The lesions that are repaired (and misrepaired) 
in each type of experiment described above 
(delayed plating and split dose) are assurned to be 
the same. Thus, in this model the same (potentially 
lethal) lesions cause both "sublethal" and "poten
tially lethal" damage. A crucial consideration in the 
expression of the damage is the kind of medium in 
which the cells are placed during the repair period. 
Fresh or growth medium (F-medium) is assumed to 
cause fixation of damage after about three hours, 
while no fixation (only misrepair) occurs in condi
tioned medium (C-medium). 
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Biophysical Studies 

BIOPHYSICAL STUDIES ON WHOLE RED BLOOD CELL AND MEMBRANE SYSTEMS 

Howard C. Mel, Gary V. Richieri, Frank Kooi, Steven P. Akeson, and James P. Yee* 

Studies focusing on whole red blood cells and 
their membranes are significant over the gamut of 
levels of biological organization from the ionic and 
molecular levels to the health status in complex 
human organisms. This is because biophysical and 
rheological properties, such as cell volume, form, 
deformability and fragility, are strongly influenced 
by the molecular structure of the membrane and 
the dynamics of the ionic and molecular traffic 
across the membrane (e.g., sodium and potassium 
transport) and by the cellular interactions with 
molecules, such as lipids, in the fluid bathing the 
membrane. These whole-cell properties, in turn, 

exert their own strong influence on higher-level' 
physiology and human health. For example, vital 
blood flow is modified and regulated both by limit
ing cellular passage through restricted spaces of the 
microcirculation and by influencing bulk blood 
viscosity and flow. 

This year we have further advanced the capa
bilities of the experimental techniques of resistive 
pulse spectroscopy (RPS) 1,2 by developing useful 
new protocols for specific measurements, and by 
coordinating procedures for obtaining a matrix of 
independent yet interrelated properties. Table 1 
presents such a matrix of cellular properties that 

Table 7. How to measure properties by RPS. 

Properties to be measured 

Whole Cell: 

Size 
Form 

Membrane: 

Deformability: 
bimodality index 

Osmotic 
fragility 
(kinetics) 

Recovery 
(kinetics) 

Membrane 
breakdown 

Membrane 
leakage 

Cytoplasmic: 

Deformability: 
"form-shift" 

Conductance 

Hb cone. and 
state 

I nternal vise. 
responses 

Essential independent control-variablesa 

Electric Osmotic 
Flow rate field strength pressure Ionic Temp. 

Slow Fast Low Med Hi variat. variat. variat. 

x 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

X 

X 

X 

X 

X 

X X 

X X 

X 

X X 

X 

X X X 

X X 

a We display here only the minimum set needed for each property measurement. 

·Mount Zion Hospital, San Francisco, California. 



can now be determined from only a drop-sized 
blood sample, by taking advantage of the various 
different modes of the single technique of RPS. 

The larger research goal is to organize this kind 
of information so we can use it to achieve a new 
and more detailed understanding of normal cell 
structure and function, which subsequently can 
lead to a better understanding of cell-membrane 
responses characteristic of specific disease states. 
Such information would be significant to identifica
tion (e.g., early diagnosis) as well as to management 
(e.g., following natural disease progression and 
responses to drugs) of blood-related diseases. Fig
ure 1 illustrates how this approach is applicable to 
the investigation of a particular blood disease, 
sickle cell anemia. This figure presents a number 
of known or likely interrelationships between fun
damental cellular properties and aspects of the 
disease. The full RPS characterization of the 
detailed differences between normal and sickle 
cells would be directly in line with this larger goal. 

membrane mechanical stress 

t 
Ca ++ in-leakage 

! 
K+ out-leakage 

~ 
water out-flow 

+ cell volume decrease 

~ 
hemoglobin concentration increase 

~ ~ 
sickling cytoplasm viscosity increase 

--------- ~ cell deform ability decrease 

bJ.", ;"ore ••• 

(would lead to 
impairment of 
circulation) 

Fig. 1. Known or hypothesized interrelationships between 
various physical, chemical, and biomedical. aspects of whole 
cells and membranes in sickle cell anemia. (XBL 8370-4080) 
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VOLUME, SHAPE, DEFORMABILlTY, AND 
ELECTRONIC CELL COUNTERS 

The primary purpose of electronic cell 
"counters" is to obtain numbers (concentrations) of 
cells in suspensions. However, following calibration 
with standard particles (e.g., latex or polystyrene 
spheres), mean or modal cell volumes can also be 
obtained. For many applications cell shape is 
ignored in cell sizing. In more sophisticated usage, 
measured apparent size is corrected with a theoret
ical shape factor, calculated from an assumed 
model shape.3A Difficulties in evaluating cell shape 
have led to the frequent use of red blood cells 
themselves as standards for sizing red cells.s 

The mathematical determination of volume and 
shape from an RPS-produced spectrum starts with 
the assumption that the surface area of a cell is 
fixed and that the cell shape is restricted to a par
ticular form class. For the present purposes we use 
the oblate ellipsoidal shape, which means that any 
change in volume results in a specific change in the 
so-called shape factor. The well-known relationship 
between the measured volume, true volume, and 
shape factor (fE) is: 

VOL(meas) = VOL(true) X fE , (1) 

where fE for a sphere equals 1.5. . . _ 
We have derived several UnifYing theoretical 

relationships between these three factors; they 
depend on the independent variables: a (major 
semiaxis) and b (minor semiaxis) and on the alb 
ratio. 

By dividing Eq. (1) with a similar equation for 
spheres we obtain: 

VOL(meas) VOL(true) X l 
VOL(true-max) 1.5 

(2) 
VOL(meas-max) 

From this equation two particularly useful additional 
relationships can be derived by proceeding as fol
lows: a) tabulate the magnitudes of the factors in 
Eq. (2) for many different alb ratios; b) plot the two 
relationships: fE versus VOL(true)/VOL(true-max) 
(Fig. 2), and VOL(meas)/VOL(meas-max) versus 
VOL(true)jVOL(true-max) (Fig. 3); and c) obtain by 
computer the best fourth-order polynomial 
equations fitting the curves. Proceeding in this 
way, we arrive at the equations: 

VOL(true) - 2.979 (fE) + 15.206 (ff) 
VOL(true-max) 

- 10.576 (ff) + 2.210 (ft) 
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Fig. 2. The theoretical shape factor vs_ relative true volume 
for oblate and prolate ellipsoids of revolution having constant 
surface area_ (XBL 8370-4087) 

- 3.787 (3) 

(correlation coefficient for fit of data: r = 0.9988), 
and: 

VOL(true) 1.544 (X) - 0.854 (X2) 
VOL(true-max) 

- 0.0014 , (4) 
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ellipsoids of revolution having constant surface area. 

(XBL 8370-4082) 

RPS-type cell sizers are typically operated in a 
"fast-fluid-flow" mode, which leads to elongation 
of the red cells. This is demonstrated by sizing 
cells at slow and fast flow, then calculating the 
change in shape between these two flows. In 
Fig. 4 this shift in form is demonstrated experimen
tally for cells suspended in many different 

where X is VOL(meas)/VOL(meas-max), (and r = 13 
0.9999). 

By applying these equations and Figs. 2 and 3 
to normal red blood cells in isotonic medium, we 
obtain the following values: 

VOL(true) = 88.2 ± 1.011-3; 

shape factor = 1 .19; a / b 3.61; a = 4.2411-; 

b = 1.1 711-; surface area = 13011-2 

This calculated isotonic "true volume" is essen
tially identical with the generally accepted value of 
87 11-3 with a normal range of from 82 to 94 11- 3_6,7 

The calculated shape factor of 1.19 is also very 
close to that reported by others for native red 
blood cells.8- 10 
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Fig. 4. Flow-rate-induced or ··form-~hift· deformability (i.e., 
change in relative form factor), as a function of osmolality, 
measured for red blood cells in PBS at 40·C. (XBL 8370-4083) 



osmolalities. The greatest ability to change form is 
seen to occur near isotonicity (300 mOsm). This 
result is very similar to that obtained for another 
kind of RPS deformability measure 11 (the so-called 
"bimodality index"), which also indicates that at 
isotonicity the red cells are "naturally" more 
deformable. 

TEMPERATURE 

It has long been known that temperature is a 
major factor in red cell fragility, resulting in resis
tance to hemolysis that increases with increasing 
temperature (Fig. 5). Two of the most commonly 
invoked explanations are 1) that the surface area 
of the cell increases with temperature (thereby 
increasing the relative surface-to-volume ratio, mak
ing the cells more resistant to hemolysis), or 2) that 
temperature influences the volume of the cell (a 
colder temperature increases the volume, thereby 
reduci!1g the relative surface-to-volume ratio and 
consequently increasing the fragility). 

By using the improved RPS volume-
determination technique, we have found that the 
surface area remains constant with a change in 
temperature, but that the volume of the cell 
increases as the temperature is lowered (Fig. 6). 
Although such a change in volume will affect fragil
ity as just indicated, the amount of volume change 
found is not nearly sufficient to explain the large 
fragility differences measured. Therefore, some 
other mechanism must be at work. Our goal in 
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this work for the coming year is to understand this 
mechanism. 

BIOMEDICAL APPLICATION: DETERMINATION 
OF FETAL MATURITY 

The leading cause of neonatal mortality in 
advanced nations of the world is the condition 
called "respiratory distress syndrome." This condi
tion is a function of the degree of immaturity of the 
fetus and is a direct result of deficiency at birth of 
surface active material (surfactant) produced by the 
fetal lung. For premature births the levels of sur
factant materials in the amniotic fluid are taken as 
an indicator of readiness for birth, but tests to 
determine these levels suffer variously from impre
cision, inconvenience, and other problems. We 
wished to ascertain the feasibility of developing a 
rapid, sensitive, quantitative test of fetal maturity, 
based on measurable RPS responses of normal RBC 
(used as test probes) to the lipid/surfactant present 
in amniotic fluid. (Biochemically, the bulk of this 
surfactant consists of lecithin, the major surface
active component of which is saturated phospha
tidylcholine.) 

The specific RPS test we selected for a pilot 
study was dynamic osmotic hemolysis (DOH), to 
determine changes in red blood cell osmotic fragil
ity induced by various levels of amniotic fluid (AF). 
Initial results of this study are given in Fig. 7. They 
can be summarized as follows: 1) Incubation with 
AF for 40 to 70 minutes does affect the osmotic 
fragility of normal RBC, reducing the fragility all the 
more ~s the concentration of AF increases. 2) This 
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Fig. 7. Osmotic hemolysis of normal red blood cells and 
extent of protection induced by graded concentrations of 
amniotic fluid. 0 and <> represent amniotic fluid from two 
different individuals. The larger protection associated with the 
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effect reverses itself quite rapidly; if the AF is not 
also present during the measurement process, only 
about one quarter of the protection remains 60 
seconds after start of the measuring process. 
3) The extent of osmotic protection varies consider
ably among specimens from different individuals. 

These results indicate that it is feasible to 
proceed with this approach to develop a method 
for determining fetal maturity. 
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NEW THERMODYNAMICS RESEARCH: GLOBAL THERMODYNAMIC POTENTIAL 
FUNCTIONS FOR NONEQUILIBRIUM, OPEN SYSTEMS 

Howard c.. Mel and Peter S. Geissler 

During the year's work on global thermo
dynamic potential functions, a new such function 
was unexpectedly discovered, a function valid for 
irreversible thermodynamic analysis of complex 
chemical reaction systems operating far from equili-

brium, including enzymatic and other biochemical 
reaction networks. 

Previous work by Mel and Geissler enabled 
thermodynamic analysis of far-from-equilibrium, 
open systems involving unstable and multistationary 



states based on the first such function discovered, 
the <I> function. The proven properties of <I> 

empowered it to serve as a global indicator of sta
bility and to identify the location of the dividing 
line or "separatrix" in a mixed stable-unstable 
domain (not previously possible by thermodynamic 
means). These properties of <I> follow from basic 
thermodynamic and chemical kinetic considerations 
of series of the one- and two-body interactions that 
form complex reaction systems. 

All aqueous biochemical reaction systems 
involve a series of such individual reactions; that is, 
if written in their most elementary form, there 
should be, at most, two reacting species for any 
individual reaction. An exact computer analysis of 
such a reaction system requires a detailed 
knowledge of the rates of each elementary step. 
This level of description is often not available for 
enzymatic reactions, for example, a series of rapid 
two-body interactions may appear experimentally as 
one "simultaneous" three-body interaction. 

The new potential function, which is conceptu
ally closely linked to (but distinctly different from) 
Prigogine's "entropy production per unit time," P, 
serves two purposes: 1) it permits relaxing the 
requirement that the individual reactions be strictly 
"elementary" (i.e., two-body interactions), in favor 
of a more general "flow-through" requirement of 
network topology; 2) in taking its place beside <1>, it 
adds insight into the actual and permitted interrela
tionships between the various global thermo
dynamic potential functions: entropy and the 
"affinity squared minimum function,,,l as well as P 
and <1>. 

The new function, called <11 , has several impor
tant properties, one of which is that it serves as a 
global indicator of stability and instability. It also 
has a simple physical interpretation, based upon 
the differential form of the defining relation in 
terms of the reaction velocities, vi' and affinities, Ai: 

d~ /dt = i Vi dAi/dt 
i=l 
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d<J!/dt is evidently a measure of the time rate of 
change of <II resulting from kinetically weighted 
changes occurring to the affinities during any 
irreversible process. Its integral, <II ' is interpreted 
as that portion of the entropy production due to 
changes in the affinities, alone. 

The discovery of the state function, <II, with its 
exact differential, has been useful in affording a 
physical interpretation to Prigogine's inexact dif
ferential for the entropy production: 

n 
dx.9' = ~ Vi dAi 

i=l 

This well-known inexact differential can be viewed 
as the local change per unit time of <II along a par
ticular trajectory connecting the state of the system 
in phase space with the final end point of the 
system's irreversible evolution. 

The <II function is significant because it permits 
thermodynamic analysis of less-precisely-defined 
far-from-equilibrium biochemical processes, based 
upon the properties of exact, rather than of inexact, 
differentials. Thus, these irreversible processes can 
be analyzed by methods analogous to those of the 
thermodynamics of quasi-static and linear 
processes. The new function joins with <I> in ena
bling the modeling of such unstable/multistable sta
tionary state biological systems as the differentiation 
of pluripotential stem cells or the "switching" 
between oxidative and glycolytic metabolism. 
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SECTION 5. STRUCTURAL BIOPHYSICS· 

INTRODUCTION 

The research projects in this group are eclectic 
and reflect the multiplicity of research interests in 
the areas of macromolecular structure, cell biology, 
cell ultrastructure, control of genetic information, 
and lipid metabolism. A common trend in many of 
the research approaches is the use of biophysical 
techniques to resolve biological problems. At least 
five major research areas are grouped under the 
general heading of structural biophysics: 

• Ultrastructure research 
• Studies on lipoproteins and other macro-

molecules 
• DNA and genetic studies 
• Cell culture studies 
• Carcinogenesis 

Ultrastructure research continues a very fertile 
tradition of advancing the methodology of electron 
microscopy and of applying electron microscopy to 
biological problems. Robert Glaeser and his associ
ates have made substantial contributions to the 
field of transmission electron microscopy and the 
application of computerized three-dimensional 
reconstruction of EM images. Ken Downing carried 
out experiments that showed that lowering the 
temperature of an EM sample protects the sample 
from radiation damage. A very important observa
tion from these investigations indicated that max
imum beneficial cooling properties were achieved 
at liquid nitrogen temperatures. Additional cooling 
to liquid helium temperature did not significantly 
protect the test samples. These studies establish 
the usefulness of reduced temperatures in preserv
ing EM structure in biological samples and set limits 
on the range of sample cooling. Bing Jap used a 
dual approach of biochemistry and transmission 
electron microscopy to unravel the ultrastructure of 
the bacteriophage lambda receptor protein. The 
membrane receptor protein was isolated and recon-_ 
stituted with phospholipid. EM images were used 
to reconstruct the structure of the protein by com
puter processing techniques. The latter approach 
was also used by Wennie Wu, who has just com
pleted her graduate studies with Robert Glaeser. 
Using frozen hydrated samples of the highly 
ordered surface protein of the bacterium 
Aquaspirillum serpens, she was able to obtain 
high resolution EM images which provided unusual 
three-dimensional images. Three-dimensional con-

tours of the crystalline protein arrays revealed that 
they had a mushroom-like shape. Significant stu
dies have been made in scanning electron micros
copy (EM) methodology and its application by Tho
mas Hayes and his associates. Jacob Bastacky is 
developing techniques to allow direct quantitation 
of 3-dimensional structures in SEM. In order to 
develop this methodology it is first necessary to 
assess tissue shrinkage during various SEM tissue 
preparation steps. Preliminary work by Bastacky 
with lung tissue indicates that during the critical
point drying step very significant shrinkage occurs 
with up to 51% volume-loss of lung tissue. This 
finding demonstrates the obvious need for critically 
examining tissue changes before morphometric 
analysis can be undertaken. In the area of applica
tions of SEM to biological problems, Gregory Finch, 
who is completing his studies with Thomas Hayes, 
has developed an in vitro model for evaluating par
ticulate airway injury. The model consists of guinea 
pig tracheal explants which are easy to maintain in 
organ culture and lend themselves well to SEM and 
x-ray microanalysis. The latter approaches are also 
being employed by Susan Kline, a graduate student 
of Thomas Hayes, who is tracking the migration of 
embryonic mesenchymal cells of sea urchins. 

The application of biophysical techniques to the 
study of structure and function of biological macro
molecules continues to be a strong area of research 
for several staff members. Marcos Maestre and his 
colleagues have developed a method of analyzing 
differential scattering of circularly polarized light. 
This methodology will be important in determining 
the circular dichroism pattern of complex macro
molecules such as membranes and DNA aggregates. 
John Owicki has developed a model system in 
which to study physical and chemical alterations 
occurring during antibody-antigen interaction. Artif
icial phospholipid vesicles were formed and fluores
cein was incorporated as a probe that acts as an 
antigen. A monoclonal antibody was produced 
against fluorescein. The kinetics of interaction 
between the model antigen and antibody were stu
died and provided interesting insights into the 
nature of the membrane and the immune response. 
Clearly the lipid composition of the membrane can 
dramatically affect antigen-antibody interactions. 
An artificial membrane system consisting of ph os-



pholipid and bacteriorhodopsin (bR) was developed 
by Jap and Glaeser to test the sensitivity of the bR 
protein pump to the ATPase inhibitor, dicyclohexyl
carbodiimide. Unlike the native membranes, the 
artificial system displays great sensitivity to this inhi
bitor, which can be used as a biochemical probe 
for the proton pump. In vitro model systems have 
also been extensively used by Alex Nichols and his 
colleagues to study lipoprotein structure and func
tion. In the present summary he describes an 
apolipoprotein-phospholipid model that mimics 
"nascent" or discoidal high density lipoproteins 
(HDL) that are believed to be secreted by the 
human liver. The model "nascent" HDL incubated 
in the presence and absence of plasma enzymes 
provide new insights into the formation of mature 
or spherical HDL. 

In addition to studies with macromolecular 
models of lipoproteins, investigations were also car
ried out on the physical properties of lipoproteins 
and on metabolism of lipoproteins. Talwinder 
Kahlon and Frank Lindgren carried out a very care
ful series of studies on the effects of ionic strength 
on the physical properties of low density lipopro
teins (LDL). They were able to show that high salt 
adversely affects the hydration state of these 
macromolecules. Such information will be useful in 
guiding other investigators in their approach for iso
lating LDL. Trudy Forte and colleagues continue to 
explore the unique properties of cord blood 
lipoproteins. They have shown that the cord blood 
LDL possess an unusual distribution of the major 
LDL apoproteins called, B-100. This protein in cord 
blood forms several variants of smaller molecular 
weight and the amount of this material increases 
with increasing density of the particles. The finding 
suggests that LDL-protein undergoes processing 
during metabolism in vivo. In another unusual 
approach to lipoprotein studies, Forte has been 
studying lipoproteins isolated from lung lymph of 
sheep. This lymph is a close approximation of 
interstitial fluid that bathes cells and tissue. The 
lipoproteins from lymph, particularly the HDL, are 
unlike those of plasma. The altered chemical and 
physical properties of lymph HDL suggest that the 
particles are remodeled following interaction with 
cells. Free cholesterol is increased in lymph HDL 
which may serve as a vehicle for reverse 
cholesterol transport.·. 

Research into DNA structure and regulation 
continues to be a strong endeavor in the Structural 
Biophysics Group and significant new advances 
have been made in the current year. Robert Morti
mer and his associates report on several new yeast 
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DNA repair genes that they have uncovered in the 
RADSO to RADS7 region. Many of these new 
genes are now under intensive investigation and, 
where possible, they are being cloned. The studies 
add significant new contributions to the genetic 
maps previously constructed by Mortimer and his 
group. The RADSO gene that is involved in DNA 
repair in yeast is also required for meiotic recombi
nation. In order to understand the role of RAD50 
gene product in the entire timing process of mei
otic recombination, Game and Mortimer are study
ing a cold-sensitive RAD50 mutant. This mutant is 
extremely useful since one can change incubation 
temperatures during meiosis and thus obtain an 
estimate of time required to generate the gene pro
duct in question. David Schild has been investigat
ing the photoreactivation PHR1 gene of yeast at the 
molecular level. He has succeeded in cloning the 
gene and has used the clone to locate this elusive 
gene on the chromosome XV. New insights into 
understanding some of the factors that control both 
mitotic and meiotic recombination in yeast have 
been made by Michael Esposito and colleagues. To 
carry out their sophisticated experiments they 
employed the spoll-1 jspoll-1 diploid yeast mutant. 
Over the past several years, Junko Hosoda has 
been very successful in isolating and characterizing 
major DNA binding protein from bacteriophage T4. 
This protein is known as gene product 32 (gp32). 
She has demonstrated that the protein has two 
functional domains, a carboxy terminal one of 50 
amino acid residues, and an amino terminal one of 
20 amino acids. The protein has strong tendencies 
to self-aggregate, and this property was investigated 
by affinity chromatography techniques. The experi
ments clearly established that the self-association 
property resided in the carboxy terminal end of the 
gp32 protein. 

New and interesting approaches on cell control 
of growth, differentiation, and metabolism are being 
carried out by several groups using primary cell cul
tures or cell line cultures. Martha Stampfer and 
Jack Bartley have successfully developed a serum
free defined medium in which to continuously cul
ture human mammary epithelial cells. Only small 
subpopulations of cells are, in fact, able to grow 
continuously. These sUbpopulations were exam
ined in order to be certain that they are functional 
epithelial cells and not an abnormal cell type. The 
continuously growing cells are probably derived 
from an epithelial stem cell and thus have biologi
cal properties of mammary epithelial cells. These 
epithelial cell cultures will be very valuable in 
future research to study cell function and carcino-



genesis. At the present time the above investiga
tors are using the mammary epithelial cultures to 
develop a screening method for carcinogenic 
agents. Although still in preliminary stages these 
investigators found that the cells undergo partial 
transformation when subjected to benzo(a)pyrene. 
Some of the mutated cells have been very useful as 
potential test systems in which to assay for tumor 
promoters. A different source of mammary 
epithelial cell cultures is being used by Gordon 
Parry, Mina Bissell, and their associates. They are 
using mouse mammary cells to study synthesis of 
extracellular matrix material (basal lamina). The 
ultimate goal of their studies is to understand what 
influences the composition of the basal lamina and 
how the basal lamina in turn influences function of 
the cells. This approach is certainly one of the key 
issues in understanding the metastatic process. 
Important results have been obtained that show 
that the substrate on which the cells grow regulates 
the distribution of the major glycosaminoglycans in 
the basal lamina. A human hepatoma-derived cell 
line, HepG2, is now being successfully used by 
Richard Thrift and Trudy Forte to study cholesterol 
metabolism and control of lipoprotein synthesis. 
This research has direct application to the problem 
of hyperlipidemia and atherosclerosis. Studies with 
the HepG2 cells suggest that the cells will be use
ful models of human liver cells for studies related 
to secretion of high density lipoproteins. This 
lipoprotein is the major nascent lipoprotein 
secreted by HepG2 and is an important protective 
agent in atherosclerosis. The Madin canine kidney 
cell line was used as a model to study changes in 
plasma membrane lipids during transformation of 
cells induced by phorbol esters. To carry out the 
studies, Packard, Bissell, and Klein developed a 
new fluorescent phospholipid probe, Collarein. 
The fluorescent tag revealed that cells treated with 
tumor promoters exhibited a change in membrane 
mobility. Changes in extracellular matrix secreted 
by primary avian tendon cells in culture were inves
tigated by Robinson and Bissell as a function of 
time in culture and presence of ascorbate. Both 
these parameters had profound effects on the com
position of extracellular matrix. Initial studies with 
virus-transformed cells indicate that the pattern of 
extracellular matrix is also greatly altered following 
virus-induced changes in the cells. Dolberg, Bissell, 
and their associates also studied the relationship 
between RSV virus infection and tumor formation in 
embryonal chick tissue as a function of age. 
Embryonic cells infected at early developmental 
stages in ovo appear to have normal phenotypes 
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and are refractory to tumors. If these same young 
cells are isolated, plated, and then infected, 
they become transformed. This very interesting 
observation suggests that there is some factor 
in the embryonic environment that suppresses 
tumorigenesis. 

The toxic effects of monofunctional alkylating 
agents were tested on Chinese hamster ovary cells 
in culture by Regine Goth-Goldstein. N-methyl-N
nitro-N-nitroso-guanidine (MNNG) at low doses is 
extremely toxic and cell killing is 98%. The surviv
ing 2% of cells appear to be resistant. Experiments 
were carried out with cloned survivors in an 
attempt to understand why these cells are resistant. 
Resistance appears not to be due to a mutation but 
may be due to an inducible process that makes the 
cells permanently resistant. The effect of MNNG 
and other mutagens on E. coli cells is the subject 
discussed by Priscilla Cooper and her colleagues. 
They have found that the DNA of cells resistant to 
the alkylating agent has undergone excision repair, 
which makes the surviving cells more resistant. 
Such repair mechanisms may have been induced 
by the chemical's insult to the cell's metabolic pro
cess. 

In a very elegant approach to understanding 
chemical carcinogenesis in human mammary 
epithelial cells, Bartley and Stampfer have used 
their human cell system to determine what factors 
contribute to the process. The well known carcino
gen, benzo(a)pyrene (BaP) was used as a test sys
tem. This compound is metabolized by cells to 
epoxide forms, which are highly carcinogenic. A 
significant finding was that in the mammary cells 
prostaglandins play a critical role in enhancing 
peroxidation of BaP leading to the. formation of a 
potent ultimate carcinogen. The precursors. fot 
prostaglandins are polyunsaturated fatty acids such 
as arachidonic acid that are highly susceptible to 
oxidation. This observation is very consistent with 
the known link between high levels· of dietary 
polyunsaturated fatty acids and increased breast 
cancer risk. 

Joyce McCann and her associates are continu
ing to develop methods for analyzing published 
data on mutagenic or carcinogenic potency of vari
ous chemicals as determined in short-term tests 
such as the Ames Salmonella test. The reason for 
such a need is obvious when one considers the 
increasing numbers of chemicals and food sub
stances being assessed as possible mutagens. Their 
numbers become staggering and long-term animal 
tests, which are perhaps more reliable, are out of 
the question. How to order the glut of information 



on short-term studies and how to draw conclusions 
on the mutagenicity based on reported short-term 
studies are the subjects of the report by the above 
authors. Lois Gold and her colleagues have made 
great strides in establishing a data base on which to 
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analyze carcinogenic potency of chemicals in 
animal bioassays. Described in their report is the 
TD50 numerical index for carcinogenic potency 
which they have developed as a means of assessing 
various types of published reports on bioassays. 

Ultrastructural Research 

TEMPERATURE DEPENDENCE OF RADIATION DAMAGE IN ELECTRON 
MICROSCOPY 

Kenneth H. Downing and Robert M. Glaeser 

Radiation damage is one of the main barriers to 
obtaining structural information on biological 
molecules. While techniques of electron crystallog
raphy have recently been used with great success 
in extending the amount of information available 
through electron microscopy, any technique that 
could reduce the effects of radiation damage would 
be extremely beneficial. We showed a number of 
years ago that, as expected, cooling the specimen 
in the electron microscope using liquid nitrogen 
reduces the rate of radiation damage. A number or 
more recent reports indicated that cooling to liquid 
helium temperature could produce a further very 
dramatic decrease in the rate of damage. These 
results, however, were inconsistent with a number 
of other radiation damage studies that indicated no 
sudden changes in the rate of damage with tem
perature. The conditions of exposure in the elec
tron microscope, however, are quite different than 
those used in other types of experiments. For 
example, the total dose delivered to the specimen 
is several orders of magnitude larger than com
monly used in x-ray damage studies. We thus felt 
that it was necessary both to test the effects of 
liquid helium cooling and to investigate the tem
perature dependence of radiation damage effects in 
the electron microscope. 

A set of hydrocarbon specimens was chosen for 
these measurements that was both easy to prepare 
in a reproducible manner and yielded results that 
were easy to interpret. Crystalline monolayers of 
fatty acids and other amphiphilic molecules were 
prepared on a Langmuir-Blodgett trough and 
transferred directly to specimen support grids. 
Observation of the fading of the electron diffraction 
patterns from these specimens gave a measurement 
of the destruction of the molecular structure by the 
electron beam. 

The specimens were examined in liquid
nitrogen cooled stages designed and built at LBL for 
use in a JEOl 100B microscope. We also con
structed a special stage for electron diffraction that 
could be cooled by either liquid nitrogen or liquid 
helium: 

The results of our measurements are shown in 
Fig. 1. With decreasing temperature, the resistance 
of these specimens to radiation damage increases in 
an apparently smooth manner. The resistance to 
damage at a given temperature is strongly corre
lated to the melting point of the specimen. These 
results are easily interpreted in terms of the radia
tion chemistry of hydrocarbons, which has been 
extensively studied using, for example, electron 
spin resonance. However, the effects of damage 
have been found to be so dependent on the type 
of specimen that we should not extrapolate these 
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Fig. 1. The critical electron exposure, N", as a function of 
specimen temperature, for five saturated fatty acids. At the 
critical exposure, the intensity of spots in the electron 
diffraction pattern has been reduced by radiation damage to 
lie of the initial intensity. (XBL 827-3968) 



results directly to other types of specimens such as 
proteins. 

Further work is continuing in a collaborative 
study involving laboratories at Duke University and 
in Berlin, Munich,· and Heidelberg to test the 
effects of cooling to liquid helium temperature. 
The specimens in these studies, paraffin and purple 
membrane, represent small organics and proteins 
for which electron crystallography offers great 
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opportunities for structural studies. Preliminary 
results are consistent with the understanding, which 
has developed during the last year to two, that 
most of the benefit of cooling a specimen is 
obtained at the temperatures at which our 
nitrogen-cooled stages operate (about 150 K), while 
cooling to 4 K decreases the rate of damage by 
approximately another factor of two. 

STRUCTURAL ANAL YSISOF BACTERIOPHAGE LAMBDA RECEPTOR PROTEIN 

Bing K. lap 

Bacteriophage lambda receptor protein (LamB 
protein) is a major outer membrane· protein in 
maltose-induced E. coli cells. LamB protein (mol 
wt 47400) acts as a receptor for bacteriophages, 
forms a nonspecific pore for small solutes, and 
facilitates the passage of maltose and maltoseoli
gosaccharides across the outer membrane. 1- 2 The 
presence of a recognition site for maltose com
pounds on the surface of the LamB protein has 
been established.1,3 The pore diameter has been 
estimated from conductivity studies to be about 11 
,.&.,3,4 

The primary sequence of LamB protein has 
been derived from the nucleotide sequence of its 
encoding gene.s The primary sequence shows a 
large number of charged residues almost uniformly 
distributed along the sequence. Hydropathic pro
files of LamB protein, obtained using the method of 
Kyte and Doolittle,6 show no long stretch of hydro
phobic residues, in marked contrast to a typical 
membrane protein such as bacteriorhodopsin. Our 
secondary structure prediction (Fig. 1) using the 

method of Chou and Fasman7,8 gives 22% alpha 
helix and 34% beta sheet. 

We have successfully reconstituted LamB pro
tein with phosphatidylcholine from soybean. The 
reconstituted LamB membrane patches have diame
ters from 0.2 to 3 JLm with typical size about 1 JLm. 

An electron micrograph of a typical LamB mem
brane sheet that has been negatively stained with 
phosphotungstic acid (pH = 7.4) is shown in Fig. 2a 
together with its optical diffractogram.9 The optical 
diffraction pattern shows a hexagonal lattice, with 
lattice constant 72 A. Computer processing of such 
images reveals two major image features: dark 
nearly circular stained domains (pores) having 
center-to-center spacing of 24 A, and light "ellipti
cal" stain-exclusing domains having center-to-center 
spacing of approximately 44 A (Fig. 2b). Work is 
under way to obtain structural basis for understand
ing the functional mechanism of LamB protein, 
using both high resolution electron microscopy and 
biochemical techniques. 

+ + + - - - + -+ + - + + +--+- + - +---
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Fi,l. I. Predicted secondary structure of LamB protein using the methods of Chou and Fasman.7.8 The sawteeth 
and loops represent respectively beta sheet and alpha helix regions. Shaded regions correspond to predicted beta 
turns. The distribution of charged residues is also shown. (XBL 8311-4118) 
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Fig. 2. (a) A typical image of a reconstituted LamB specimen 
negatively stained with phosphotungstic acid, and its optical 
diffraction pattern. (b) Greyscale map of a computer· filtered 
image of LamB specimen. Dark shade of grey corresponds to 
stain accumulation regions (pores) and light shade of grey 
indicates greater stain exclusion domains. (XBB 830-8833) 
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STRUCTURAL STUDIES OF THE SURFACE LAYER PROTEIN OF AQUASPIRILLUM 
SERPENS 

Wennie H. Wu, Melvyn Dickson, Kenneth H. Downing, and Robert M. Glaeser 

For several years we have been interested in 
the protein that forms a surface layer on the outer 
membrane of the gram-negative bacterium 
Aquaspirillum serpens. The function 'of such pro
tein arrays, which are found on a large number of 
bacteria, is not clear, although it appears that the 
main function may be different in different organ
isms. Structural and protective functions have been 
proposed for the arrays. Because the protein 
occurs in well ordered, two-dimensional crystalline 
arrays, it has been particularly amenable to struc
tural study by electron crystallography. The use of 
the redundancy in such crystalline arrays allows a 
reduction in the electron exposure required to 
record an image of the protein. Structural altera
tions caused by radiation damage are thus not 
nearly as severe as encountered in "normal" 
microscopy of isolated molecules. Computer pro
cessing of electron micrographs is used to calculate 
the Fourier transforms of the image data, from 
which crystallographic structure factor amplitudes 
and phases can be obtained. 

We have recently made major improvements in 
techniques for isolating the protein array from other 
components of the cell wall and for formation of 
very large arrays of the protein. These specimens 
were examined in both negatively stained and 
frozen hydrated preparations, using minimal expo
sure conditions in both cases to minimize radiation 
damage effects. 

Negative stains are frequently used in micros
copic examinations of proteins and protein arrays. 
While such stains are probably the easiest way to 
preserve and visualize structures in the electron 
microscope, resolution beyond 15 to 20 angstroms 

is rarely obtained in the image, because of inherent 
limitations of the stain. In images of the negatively 
stained Aquaspirillum serpens protein array, the 
resolution regularly extended to slightly better than 
14 A. In addition, some information could be 
detected at higher resolution, up to 7 A. It appears 
that in this case the information to around 15 A is 
provided by the stain distribution around the pro
tein. The protein itself, however, is so well 
preserved under the conditions used that informa
tion is provided by the protein distribution in a 
resolution range beyond that provided by the stain. 

In this laboratory we have developed tech
niques for preparing and examining specimens in 
the frozen hydrated state. The primary. advantage 
of this approach is that it preserves the native, 
hydrated form of a protein. Frozen hydrated 
preparations of the protein array from Aquaspiril
lum serpens again showed regular resolution to 
around 14 A, with some information pres~nt at 
resolutions up to about 7 A. An image of the pro
jection of the structure which was determined from 
these images is shown in Fig. 1. 

To begin to investigate the relationship 
between the structure and function of the protein, 
a three-dimensional view of the structure is neces
sary. Information to compute the three
dimensional structure can be obtained from images 
of the crystalline array tilted through various angles 
with respect to the electron beam. We recently 
installed the software required to implement the 
merging of data from different projections of the 
structure. A model of the three-dimensional struc
ture of the protein which we have derived is 
shown in Fig. 2. Based on side views of the pro-

• 



Fig. 1. Projection of Aquaspirillum serpens surface layer 
protein structure reconstructed from images of frozen hydrated 
samples. Information to 7 A resolution has been used in this 
image. Protein appears white. (XBB 836-5490) 

tein, we had thought of the protein as having a 
mushroom shape. This three-dimensional structure 
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Fig. 2. Model of the three-dimensional structure of the 
protein obtained by combining information from images of 
negatively stained arrays which have been tilted with respect to 
the electron beam. (XBB 830-9844) 

agrees well with our previous concept of the struc
ture, although the "stalk" of the mushroom appears 
to have been flattened by effects of drying of the 
sample. The deep hole in the center of the stalk 
(which does not pass all the way through the struc
ture) had not been identified previously. In addi 
tion, with the resolution in this model, we can see 
much more clearly the way in which adjacent pro
teins contact each other. 

QUANTITATION OF HUMAN LUNG TISSUE SHRINKAGE DURING PREPARATION 
FOR ELECTRON MICROSCOPY 

Jacob Bastacky, Thomas L. Hayes, Richard P. Gelinas,· L. Michael Sprague, 
May F. McKoon, Gregory L. Finch, Susan B. Klein, Barbara von Schmidt,t 
Lee W. Paris, t and Mark E. Williams t 

Biological tissue undergoes a number of 
preparative steps for electron microscopic examina
tion . Tissue is fixed so that structures do not 
change shape, water is removed or immobilized so 
as not to reduce the vacuum in the electron optical 
system of the microscope, and electron-opaque 
stains or coatings are added to increase contrast 
and reduce noise in the final image. Each of these 
steps alters the sample. In order to interpret 
images of the sample in a quantitative manner 
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these alterations must be known. The most com
mon processes of stiffening, drying, and metalizing 
the tissue cause it to shrink, possibly to change 
shape, and to change color. Since these morpho
logical changes reflect the denaturation and extrac
tion of various chemical constituents of the tissue, 
one attempts to minimize them. Critical interpreta
tion of microstructure requires an appreciation of 
the quality and degree of these structural changes . 
Accurate measurements of histological microstruc
tures are important to human physiology and quan
titative pathology. Quantitative morphometretic 
studies at the tissue and cellular levels are increas
ingly being directed towards an understanding of 



structure and function in the normal and abnormal 
states. These studies apply a set of mathematical 
stereological tools to LM or TEM sections to extra
polate two-dimensional images to three-dimensional 
structure. We are interested in developing tech
niques that allow direct quantitation of three
dimensional structure in the scanning electron 
microscope. Because we are interested in the 
microdimensions of the human airways in the living 
state, and since we study this by making measure
ments of samples in the electron microscope, we 
must quantify the shrinkage of lung during each 
stage in the preparation for electron microscopy. 

We have measured the degree of shrinkage of 
human lung tissue during osmium tetroxide post
fixation, dehydration, and critical point drying and 
are preparing to extend the study to include the 
fixation step. This work will allow us to extrapolate 
accurately from measurements of structures made 
in our microscope to those in the living state in 
human beings. The measurements we are 
interested in are the lengths and diameters of the 
subdivisions of the airway, the diameters and confi
gurations of alveoli, and the branch angles and 
branching patterns of the airway. These regional 
properties are preserved in our SEM samples and 
are available for measurement and interpretation 
with morphometric techniques adapted for SEM. In 
our experiments, lungs removed from patients at 
surgery are inflated with air within 15-30 minutes 
of excision. The inflation is achieved in a tran
sparent, negative-pressure respirator designed and 
fabricated at LBL. We allow the lung to collapse, 
then inflate it with aqueous glutaraldehyde fixative 
to 20-cm water pressure. We cut open the airway 
using microdissection techniques that we have 
developed,1,2 then cut 1- to 6-cm blocks of the 
exposed airway. We post-fix these blocks with 
osmium tetroxide then remove the water by dehy
dration through a series of increasing concentrations 
of acetone or ethanol. We then remove the sol
vent by critical-point drying from CO2 , The tissue 
block sample is photographed after each step using 
a macrocamera. The outline of each tissue block is 
traced from the photographs onto transparent ace
tate and the linear dimensions parallel to and per
pendicular to the pleura are measured and 
recorded after each step in processing. 

Figure 1 shows the photographs of one sample 
of human lung tissue a) after fixation and dissec
tion, b) after osmium tetroxide post-fixation, c) after 
dehydration, and d) after critical point drying. Fig
ure 2 is the composite tracing of the tissue outlines. 
One can see that there is little shrinkage with 
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Fig. 1. Photographs of a single piece of human lung tissue 
after steps in the processing for electron microscopy. The 
bottom photograph is after fixation . Just above is a photograph 
after osmium tetroxide post-fixation. The next photograph 
above is after dehydration in ethanol. The top photograph is 
after critical pOint drying from co. This procedure is routinely 
used for scanning electron microscopy. Note that most 
shrinkage occurs during critical point drying. The tissue is sewn 
to a stainless steel screen for photography. Scale at the bottom 
applies to all photographs, each small division is 1/ 2 mm. The 
top photograph is out of focus because the lung has shrunk in 
height as well as width and length while the focal length of the 
camera has remained unchanged. (CBB 820-9793) 

osmification and dehydration but considerable 
shrinkage with critical point drying. In our experi
ment, human lung tissue shrinks by an average 
value of 19% in each linear dimension to 81 % of 
the width and length of the block of fixed tissue. 
This is equal to shrinking to 51 % of its volume. 
We measured 51 samples of human lung with an 
average dimension of 25 X 21 X 10 mm. Shrink
age values were rather consistent (Fig. 3a) and 
essentially equal in length and width . The means 
and standard deviations for the two values were 
19.4% (± 2.7% SD) for length (L) and 19.0% (± 
4.0% SD) for width (W). It is of interest that the 
lung shrank in length an amount equivalent to that 
which it shrank in width; length and width (L and 
W) being defined as dimensions perpendicular to 
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Fi,. 2. Shrinkage of lung tissue is measured by tracing the 
outlines of the tissue in Fig. 1. These outlines are superimposed 
and the widths and lengths measured with a rule. Arrows point 
to screen reference points that measure photographic 
consistency. (XBL 8211-4257) 
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Fi,. 3a. Size of human lung samples after preparation for 
electron microscopy expressed as a percentage of linear 
dimension of the width (W) and length (L) of the glutaraldehyde 
fixed sample. Shrinkage during the steps of post-fixation, 
rinsing, en bloc staining, dehydration, and critical point drying 
is included. Width is that linear dimension parallel to one 
pleural surface, length is the largest perpendicular dimension. 
AI/ samples began at 100%/100% at the upper right. Means (L, 
W) are shown with standard deviations. Note the tight 
clustering of values. N = 51. (XBL 8311-4101) 
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and parallel to the pleura, respectively (Fig. 1). 
This implies a structural isotropy that is fundamental 
to the interpretation of scanning electron micro
graphs. Figure 3b shows the data points enlarged 
to show that the points are essentially random with 
no minor trends. The correlation coefficient 
(pearson's r) is 0.15. Twenty-one samples were 
dehydrated in ethanol (e) and thirty samples dehy
drated in acetone (0). Both are routinely used in 
scanning electron microscopy. Shrinkage values for 
ethanol were not significantly different than those 
for acetone (ts = 1.09, t1o.05 100] = 1.99). We are in 
the process of measuring the additional shrinkage 
attendant upon the fixation process itself. This is 
difficult because a whole lobe of lung is fixed by 
inflating it with liquid fixative in a negative pressure 
respirator. The curved and irregular lobe is difficult 
to measure; convenient rectilinear blocks of tissue 
are not cut out until after fixation. Quantitation is 
further complicated by the fact that lung dimension 
and shrinkage percentage vary with inflation pres
sure. One might expect approximately 11 % linear 
dimension shrinkage during the fixation procedure 
from the work of Mazzone et al. in dogs.3 

The other major preparative technique for scan
ning electron microscopy of biological tissue is 
freeze drying. Preliminary plans are under way to 
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Fi,. 3b. Shrinkage of human lung sample data from Fig. 3a 
enlarged to show random scatter: the correlation coefficient, r, 
is O. 75. Values for dehydration through ethanol are plotted as 
(e), for dehydration through acetone as (0). The means for 
each are not significantly different indicating equal shrinkage 
after critical point drying with either procedure. 
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study the shrinkage with freeze drying in conjunc
tion with the Electron Microscope Laboratory of the 
University of California Berkeley. 

The shrinkage we measured in lung tissue is 
similar to that observed in the preparation of 
mouse liver (shrinkage to 76% of fixed tissue linear 
dimension) observed by Boyde and co-workers 
(Ref. 4 and personal communication). These stu
dies demonstrate that tissue samples change in size 
considerably with preparation for electron micros
copy. In order to reduce or eliminate these 
changes with new preparative techniques or to 
allow for their correction, it is necessary to have a 
quantitative measure of these changes. The studies 
described here provide objective data to aid in the 
interpretation of electron micrographs and are 
necessary for the extrapolation of microscopic 
measurements to living human beings. 
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INTERACTIONS BETWEEN PARTICLES AND RESPIRATORY EPITHELIUM IN 
CULTURED TRACHEAL EXPLANTS AS REVEALED BY SCANNING ELECTRON 
MICROSCOPY 

Gregory L. Finch, Thomas L. Hayes, Ming J.W. Chang,* Gerald L. Fisher,* and 
Brooke T. Mossmant 

In recent years much research interest has been 
focused on the use of tracheal explants to model 
the interaction of particles with the upper respira
tory tract mucosa.' Hamster tracheas are easily 
excised, sectioned, and maintained in tissue culture, 
where exposures to a variety of agents can be car
ried out. This system can be thought of as a com
bination of in vivo and in vitro techniques in that a 
complex tissue consisting of many well
differentiated cell types can be maintained with 
appropriate culture media. Advantages of using a 
system such as' this include easy manipulation of 
the culture environment, ability to measure ciliary 
beat frequency and its alteration by external agents, 
and the ability to monitor cellular synthesis and 
biochemical alterations. 

Our work reported here involves scanning elec
tron microscopic (SEM) studies of explant airway 
surfaces, and changes in epithelium morphology 
induced by particle exposure. Syrian hamsters are 
sacrificed, each trachea removed and soaked in an 
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antibiotic-containing saline bath, then cut into 1 to 
2 mm cartilage rings before being bisected and 
placed luminal (airway) side up in a petrie dish 
containing culture medium at 37"C. All work is 
performed using sterile techniques. The composi
tion of the culture medium is crucial to the mainte
nance of normal mucociliary differentiatioh; for 
example, vitamin A deficient medium causes a 
sloughing of the normal pseudostratified epithelium, 
with the resulting development of squamous cell 
metaplasia. We employ Eagle's minimal essential 
medium (Grand Island Biological Co., Grand Island, 
N.Y.), supplemented with HEPES buffer, gentamy
cin, and nystatin, to maintain normal differentiation. 
Sufficient medium is added to cultures to wet but 
not fully immerse the upwardly oriented mucosal 
surface. 

To examine interactions between particles and 
the respiratory mucosal surface, we expose explants 
to nickel subsulfide (Ni3S2), a potent cytotoxic 
agent and inorganic carcinogen that has been 
shown to be cytotoxic to cultured alveolar 
macrophages.2 Explants are first allowed to equm
brate in culture for three days before exposures are 
begun. Ni3S2 particles are suspended in culture 



medium by sonication then vortexed immediately 
before being added to cultures at a dose of 20 
~g/ml. Exposures are carried out for one hour, 
then the particle-laden medium is drawn off and 
fresh medium added. At appropriate times ranging 
from immediately after exposure up to 7 days (0 .0, 
0.25, 1, 4, and 20 hours; 3 and 7 days), explants 
are fixed using 2.3% glutaraldehyde in 0.05M 
sodium cacodylate buffer (pH = 7.4, 360 mOsm) . 
Samples are stored in fixative until processing is 
begun with three buffer rinses, dehydrated through 
a graded series of ethanol and water, then critical
point dried from CO2, Explants are mounted on 
carbon stubs, coated with Pt to prevent charging, 
then examined in a AMRay 1000A SEM with 
attached energy-dispersive x-ray microanalyzer. 

Morphological evaluation of the explants is 
begun using a low magnification SEM micrograph 
for orientation and sample area selection (see Fig. 
1). A grid is overlaid onto the micrograph then 
four grid points selected using a random number 
table for detailed examination. Areas selected are 
imaged at 2000 X magnification after bringing the 
area roughly perpendicular to the electron beam . 
A conventional secondary electron (SE) micrograph 
of the area is used to assess morphology. For 
particle-exposed explants, a backscattered electron 
image (BSE) is obtained by turning off the electron 
collector cage voltage. This mode provides 
increased contrast between particles and tissues 
and aids in identifying particles. The beam is then 
placed onto each observed particle, and the pres
ence of Ni and S x-ray peaks confirms Ni3S2 parti
cle identity. Alternately, particles are located by 

Fig. 1. Scanning electron micrograph (SEM) of hamster 
tracheal explants presenting their airway surfaces (L) for 
morphological analyses. Sections through rings of cartilage (C) 
are evident where explants have been cut. Bar = 0.5 mm; 
original magnification = 80X. (XBB 8311-10269) 
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making x-ray maps for the Ni Ka x-ray peak (see 
Fig. 2) . 

Control explants appear similar in surface archi
tecture throughout the experimental timecourse. 
Figure 3 shows a selected area such as those used 
for morphological analysis. The luminal surface is 
comprised of ciliated and nonciliated cells occurring 
with variable incidences. Frequently, nonciliated 
cells greatly outnumber ciliated cells, and linear 
clusters of cilia are seen. This is particularly true 
near peripheral margins of the explants where the 
epithelium spreads to colonize explant edges. Ci lia 
usually appear as numerous, free-standing cy lindri
cal projections into the lumen, but occasionally are 
clumped due to incomplete rinsing of mucus from 
the surface. Nonciliated cells are present in two 
general types. The first, as seen in Fig. 3a, is 
characterized by indistinct cel l borders and rounded 
luminal surfaces, with occasional short microvilli 
present. The other type, as shown in Fig. 3b, con-

Fig. 2. Various SEM imaging modes used in examining 
cell/particle interactions. Top: Secondary electron image used 
to assess morphology. Arrows point to four Ni S particles 
present. Middle: Backscattered electron mode giv~sl increased 
contrast in locating particles. Bottom: X-ray map for nickel 
proving that four particles are present. Bar = 5 J,Lm; original 
magnification = 4000X . (XBB 83 11-10270) 



Fig. 3. Luminal surface of control explants displaying ciliated 
and nonciliated cells. (A) Many of the nonciliated cells are 
rounded into the lumen. (B) Occasionally ciliated cells are 
sparse and nonciliated cells have polygonal shapes with well
defined cell boundaries (arrowhead). Bar = 70 J.lm; original 
magnification = 2000X. (XBB 8377-70272) 

sists of polygonally-shaped cells of irregular size, 
with microvilli clustered at cell edges forming dis
tinct borders . These cells frequently possess short, 
stubby microvilli over the entire surface and are 
flatter than the first type, as determined from 
stereopair SEM micrographs. 

In contrast to the control explants, Ni3S2-

exposed explants display a dramatic pattern of cell 
sloughing and regeneration of epithelium. The 
remaining micrographs (Figs. 4-7) depict stages in 
this process. In Fig. 4, from an explant fixed 
immediately after exposure, the normal differen
tiated epithelium is breaking up, and both ciliated 

Fig. 4. Tracheal explant after one hour exposure to Ni Si 
particles. Cell sloughing is occurring and several particles ~rJ 
present (arrows). Bar = 70 J.lm; original magnification = 2000X. 

(XBB 8377-70273) 
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and nonciliated cells are sloughing from the surface. 
Most particles appear adherent to the luminal sur
face yet external to the cells. Internalized particles 
are observed less frequently. In Fig. 5, one hour 
post-exposure, few columnar cells remain; those 
present appear rounded up, and an underlying net
work of basal cells is present. Over the next few 
hours, even fewer residual sloughed cells remain . 
More basal cells are present and the luminal sur
face is characterized by more complete cell cover
age. This process is more advanced in Fig. 6, four 
hours post-exposure, in which the cellular coverage 
is complete and cell borders are beginning to 
appear. Note that neither ciliated or typical nonci
liated cells are present; cell surfaces are character
ized by a ragged appearance. Many particles are 
still observed to rest upon the epithelium . Figures 
7a and 7b are two areas from the same explant at 
seven days post-exposure. In Fig. 7a, cells are of 
irregular size and shape and are covered by 
numerous microvilli. A few areas are free of sur
face projections and are slightly lower than sur
rounding cells. These are probably spaces from 
which flattened squamous cells have been 
sloughed. Several cells are slightly rounded with 
many densely packed microvilli . These more 
closely reflect the typical morphology of nonciliated 
cells seen in control explants . An even more 
advanced regeneration is seen in Fig. 7b, which 
appears similar to control epithelium. Note that 
several cells project apparent short cilia into the 
lumen; these may be regenerating ciliated cells. 

Examination of samples of exposed tracheal 
explants show that epithelial sloughing and regen-

Fig. 5. Explant one hour after exposure to Ni
3
Sz' Most of the 

differentiated columnar cells are gone and under/ying basal cells 
are visible (arrows). Bar = 70 J.lm; original magnification = 

2000X. (XBB 837 7- 70274) 



Fig. 6. Four hours after exposure, many particles are still 
present. Cell coverage is more complete. Cell borders are 
beginning to appear but no cilia are evident at this stage. Bar = 
70 J.Lm; original magnification = 2000X. (XBB 8377-70275) 

eration is a typical reaction to even low doses of 
Ni3S2 particles. Particles are present during the 
sloughing phase both internal and external to 
epithelial cells, and are still seen as the epithelium 
is recolonized. At longer timepoints, 3 and 7 days, 
few if any particles are present. Transmission elec
tron microscopy of thin-sectioned explants would 
be of value to assess the extent to which particles 
are phagocytized by regenerating epithelium or 
existing basal cells, or transported to submucosal 
spaces. We are continuing efforts to characterize 
hamster tracheal explants as sensitive indicators of 
particulate material exposure, and to examine the 
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Fig. 7. Two areas from the same explant seven days after 
particle exposure. At this time, the luminal surface is free of 
particles. (A) Cells are of irregular size and shape, with no cilia 
present. (B) Both ciliated and nonciliated cells are present. 
Several patches of short cilia are evident (arrows). Bar = 70 
J.Lm; original magnification = 2000 X . (XBB 837 7 -70277) 

interactions between particles and cells using a 
variety of electron microscopic techniques. 
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X-RA Y MICROANALYSIS OF DIFFERENTIA liNG PRIMARY MESENCHYME CELLS 
WITHIN lHE SEA URCHIN EMBRYO, LYTfCHINUS PICTUS 

Susan B. Klein, Thomas L. Hayes, and Fred H. Wilt* 

In situ primary mesenchyme cells of sea urchin 
embryos provide an appropriate system for studying 
the biological mechanisms of migratory differentia
tion with little artificial interference. The first three 
mitotic divisions of the sea urchin embryo produce 
eight identical cells of equal volume and apparent 
chemical composition . The fourth division pro
duces, by asymmetric cytokinesis, 16 cells: 12 with 
similar dimensions, and 4 miniature cells, called 

·Zoology Department, University of California Berkeley. 

micromeres. The primary mesenchyme cells arise 
from the progeny of the micromeres. At about the 
400-cell stage, the primary mesenchyme cells are 
extruded into the blastocoel, where they migrate 
upon the inner surface of the single cell thick shell 
of the blastula. By the onset of gastrulation (invagi 
nation of the archenteron), this migration is limited 
to the vegetal hemisphere. Finally the primary 
mesenchyme cells arrest at predetermined locations 
around the archenteron, extrude long filopodia that 
entwine and form syncytia, and begin to lay down 
the calcium carbonate skeleton of the larval sea 



urchin (the pluteus). Thus the primary mesen
chyme cells of the sea urchin embryo present us 
with four visually identifiable stages of differentia
tion : micromeres, freely migrating cells, restricted 
cells, and syncytia cells. The activity of these cells 
may be regulated by products within the primary 
mesenchyme cells, by surface products, by secreted 
products, or by the same set of possibilities involv
ing the cells of the embryonic epithelial shell. 
Standard methods of chemical extraction do not 
have sufficient spatial localization, and autoradio
graphic techniques fail to prevent the movement of 
diffusible ions. Scanning electron microscopy (SEM) 
x-ray microanalysis of frozen hydrated tissue cir
cumvents both of these limitations. 

In this technique sea urchin eggs of LytechinU5 
pictU5 are fertilized and cultured in millipore-filtered 
sea water, at 15 ° C. They are collected at appropri
ate times, and allowed to settle into a loose pellet. 
Sea water is drawn off by pipette and filter paper 
until less than 25 III remain, and 25J,.L1 of 20% 
hydroxyethyl starch (HES) cryoprotectant and 50% 
colloidal carbon in sea water is added (20/50 
matrix) . Two-mm diameter beads of embryos in 
matrix are formed on top of 1-mm diameter 
cylindrical depressions drilled into carbon SEM 
stubs. These stubs are plunged into frozen nitrogen 
slush for rapid freezing, and are stored in liquid 
nitrogen until examination. Although we have 
observed embryos to develop normally for over an 
hour in the diluted 20/50 matrix, the process from 
dry pellet to frozen bead is performed in less than 
a minute, optimally 15 seconds, to reduce translo
cation of diffusible ions. Prior to examination, the 
stubs are transferred from liquid nitrogen into the 
AMRay Biochamber, which is maintained at a 
vacuum better than 10-4 torr and a temperature of 
less than -170°C (for details of biochamber opera
tion and specifications, see Ref. 1). During this 
transfer operation, the specimen is thermally iso
lated within a precooled transfer housing. The 
bead is fractured to expose interior surfaces of ran
domly oriented embryos. Fractures falling just short 
of the desired plane can be etched with a radiant 
heater to expose intact primary mesenchyme cells 
within the blastocoel. Furthermore, processing in a 
continuous vacuum exposes relatively uncontam
inated surfaces for x-ray microanalysis . Although 
examination of bulk tissue provides superior ther
mal energy dissipation, bulk tissue reduces the spa
tial resolution of the x-ray data to cellular dimen
sions, due to teardrop shaped interaction volume. 2 

Fractured surfaces are examined in the AMRay 
1000A SEM by secondary electron imaging mode. 
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Stereo pair photographs are taken at 50 X magnifi
cation and 20° separation tilt, and are employed as 
guides to topography. This helps to maintain a 
constant average take-off angle and prevent soft 
x rays from being absorbed by interposing tissue 
masses. An appropriate embryo is chosen, oriented 
for optimal x-ray collection, and photographed at 
500X magnification. This photograph becomes a 
map for the microanalysis data collected; each cell 
analyzed yields information on the peak to back
ground ratios of sodium, magnesium, phosphorous, 
potassium, sulfur, chlorine, calcium, and man
ganese. To standardize conditions and prevent 
translocations of diffusable ions, surfaces are neither 
etched nor coated prior to this initial data collec
tion . Under these conditions cell boundaries are 
difficult to identify. In Fig. 1 small organelles can 
be seen, but cell-cell junctions lie beneath the ice 
surface. After initial elemental analysis, specimens 
are freeze dried in the biochamber overnight, for 
improved morphological examination. The freeze
dried sample is photographed at slightly greater 
than 500X , to compensate for shrinkage (Fig. 2), 
and the images superimposed to verify x-ray source 
location (Fig. 3). 

Preliminary results from this investigation are 
presented here in the form of peak-to-background 
ratios since a matrix of known standards, collected 
under identical conditions, will be necessary to cal
culate weight percent concentrations by the 
method of Statham and Pawley.3 However, some 
trends have been observed in early primary mesen
chyme extrusion into the blastocoel. Table 1 illus
trates a higher concentration of CI and reduced 

Fig. 1. Frozen hydrated blastula in 20/ 50 matrix. The 
specimen is fully hydrated. Blastula is at about the 400-cell 
stage with no apparent primary mesenchyme cell extrusion. The 
numbers indicate cells from which data were collected. 
Magnification 500X . (XBB 830-9587AJ 



Fig. 2. The identical blastula as Fig. 1, free-dried. 
Magnification 520X . (XBB 830-9588) 

concentrations of P and K in primary mesenchyme 
cells. 5 and Ca exhibit considerable variation in 
the early mesenchyme blastu la which may imply 
either rapid exchange of ions, or experimental 
errors, such as misidentification of the cells or slow 
freezing which allowed the ions to diffuse. Also, 
the high CI peaks may be influenced by extraneous 
x rays from the blastocoel. 
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Fig. 3. Figures 1 and 2 superimposed for identification of 
micro volumes analyzed. (XBB 830-9589A) 
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Table 1. Peak-to-background ratios for elements exhibiting detected trends. 
Data were taken at about the 400-cel/ stage. 

Cell type P 5 CI K Ca 

Primary 
mesenchyme 0.29 ± 0.04 0.27 ± 0.08 1.97 ± 0.33 1.59 ± 0.11 0.10 ± 0.04 

Epidermal 0 .34 ± 0.04 0.23 ± 0.01 1.40 ± 0.04 1.67 ± 0.10 0.15 ± 0.04 
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Studies of Lipoproteins and Other Macromolecules 

CIRCULAR DIFFERENTIAL SCATTERING CAN BE AN IMPORTANT PART OF THE 
CIRCULAR DICHROISM OF MACROMOLECULES 

Marcos F. Maestre, Carlos Bustamante,* and Ignacio Tinoco, Jr.* 

Circular dichroism (CD) and optical rotatory 
dispersion (ORO) studies have been very helpful in 
providing useful knowledge about the structure of 
biological macromolecules. These methods were 
originally limited to homogeneous solutions of 
macromolecules. More recently, they have also 
been applied to increasingly complex systems such 
as viruses, erythrocytes, nucleohistones, DNA
polylysine complexes, DNA aggregates, chloroplasts, 
etc.' A remarkable common feature of many of 
these systems was the presence of anomalies in 
their CD and ORO spectra. The CD spectra 
presented: 1) Apparent differential absorption of 
circularly polarized light outside of the absorption 
bands. The CD signal at long wavelengths was 
slowly varying, but nonzero; this long wavelength 
"tail" could be positive or negative. 2) Signals sen
sitive to the distance of the photomultiplier from 
the sample. 3) CD values one or two orders of 
magnitude larger than normal. Figure 1 illustrates 
some of these anomalies (unpublished data). 

Recently, a new quantitative understanding of 
differential scattering of circularly polarized light has 
been obtained.2- 6 We were able to relate the 
difference in scattering efficiency for incident left 
and right circularly polarized light to the detailed 
structure of the scattering particle.2- S We have 
measured the angular dependence of this circular 
intensity differential scattering for a helix of known 
structure, and obtained good agreement with 
theory.6 Thus, we can now explain the 
"anomalous" behavior of chiral macromolecules 
and aggregates. We find that the scattering 
"artifacts" can provide valuable information about 
the configuration (left- or right-handed) of the com
ponent particles. 

Here we will show how the differential scatter
ing of left and right circularly polarized light contri
butes to the differential extinction of circularly 
polarized light as routinely measured in a circular 
dichroism spectrometer. As the differential absorp
tion of circularly polarized light can be measured 
by fluorescence-detected circular dichroism in a 
separate experiment,6 the circular differential 
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scattering can be obtained by difference. This cir
cular differential scattering is directly related to the 
geometry (distances and orientations between the 
scattering elements); it can thus give information 
about the conformations of the macromolecules in 
the sample. 
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Fig. 1. An illustrative example of the effect of circular 
differential scattering on circular dichroism. The synthetic 
polynucleotide poly 0 dl : poly de was placed in different 
concentrations of polyethylene glycol in 3M NaCl. The solid 
lines show the measured circular dichroism which is large at 
wavelengths above the absorption region of the polynucleotide, 
the dashed lines show the approximate removal of the 
differential scattering effect provided by a f/uorscat cell. 
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THEORY 

Phenomenological Equations 

We wish to derive the combined effect of cir
cular differential absorption and circular differential 
scattering on circularly polarized light incident on a 
sample. The results will be obtained in terms of (aL 
- aR), the circular differential absorption (sL - sR)' 
the circular differential scattering, and U L' U R' the 
angular-dependent scattering cross-sections for cir
cularly polarized light. 

The scattering of a sample depends on the 
angle between the incident beam and the scattered 
beam; it can be characterized by a scattering 
cross-section per scattering solute molecule. The 
solvent scattering is usually subtracted from the 
sample scattering, therefore the scattering cross
section characterizes the scattering of the solute 
molecule compared to an equal volume of solvent. 
In dilute solutions the scattering cross-section per 
molecule is independent of concentration, i.e., mul
tiple scattering effects can be neglected. For a 
chiral unoriented sample, the scattering cross
section will depend on the state of the circular 
polarization of the light. 

The Beer-Lambert law defines an extinction 
coefficient, E. 

Here I is the transmitted intensity when light of 
intensity 10 is incident on a sample with concentra
tion, c, in path length, t. The units of E are t 
mole -1 cm -1. The extinction coefficient is the su m 
of an absorption coefficient, a, and a scattering 

I ncident beam' Io 

Cylindrical cell 

of radius J /2 
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coefficient, s. These coefficients are related to 
molecular cross-sections for absorption and scatter
ing. The molecular scattering cross-section is the 
integral over all angles of the angular-dependent 
cross-section for the scattering particle. The 
angular-dependent scattering cross-section has units 
of cm2 molecule -1 and characterizes the intensity 
scattered at any angle by a molecule. The scat
tered intensity depends on the light incident on the 
molecule, I, the distance, r, from the scattering 
molecule, and the angles measured relative to the 
incident beam. For an unoriented sample, in which 
the molecules have all orientations, the molecular 
scattering cross-section depends on only one angle, 
U (8). The measured scattered intensity will sca 
depend on the experimental arrangement through r, 
the distance from the sample to detector, the angu
lar acceptance of the detection optics, and the 
scattering volume as defined by the incident beam 
and the detection optics. The measured intensity 
will of course depend on the concentration of the 
sample. We will designate the angular-dependent 
scattering cross-section from the scattering volume 
(which depends on concentration and detection 
geometry) as u(8); it has units of cm2. 

The Scattered Beam 

At any angle except zero, only the scattered 
beam is detected. The derivation of the circular 
intensity differential scattering is straightforward; 
however one must realize that the scattered beam 
is not circularly polarized except at D· and 180'. 
Although we do not measure the polarization of 
the scattered beam, its attenuation in passing 

L'~; 
W 

Scattered intensity at angle B' 

-2.303 <Ie -2.303<_)/e 

Ioe 2 e 2 
CT (9) 

---;2 

Scattering volume' The intenSity of 

-2.303c1e 
light at this position is' Ioe 2 

Fig. 2. The scattering geometry. The scattered intensity at angle theta depends on the scattering cross-section at 
that angle, u(8), divided by the square of the distance, r, from the scattering volume to the photomultiplier detector. 
The attenuation of the incident light before reaching the scattering volume, and of the scattered light before leaving 
the cell must be considered. As incident circularly polarized light changes its state of polarization depending on 
the scattering angle, the appropriate weighted extinction coefficient, (E), must be used for the scattered beam. 

. (XBL 8210-3000) 



through the sample cuvette does depend on its 
state of polarization. When a left circularly polar
ized beam is incident on a point scatterer, the scat
tered light will be left circularly polarized at 0°, 
linearly polarized at right angles (90°), and right cir
cularly polarized at 180°. At any angle in between 
the light is elliptically polarized, but its state of 
polarization depends only on the scattering angle. 
For larger scatterers the state of polarization also 
depends on the properties of the scattering 
molecule; however, for most samples the depolari
zation effect is much less than 5%. We will 
assume that it is negligible, and obtain 

-2.303 ( ) t [ 1 + COS6)2 ] 
~L - ~R C 

2 2(1 + cos26) 

+ uL(6) + uR(6) 

ud6) + uR(6) 
(1) 

This is an expression for the circular intensity dif
ferential scattering at any angle. Again there are 
two terms. The first term characterizes the dif
ferential attenuation of the scattered beam due to 
circular differential absorption and scattering in the 
cuvette. The second term characterizes the circular 
differential scattering cross-sections at any angle. 
The terms can be separated by varying the concen
tration; the first term is linear in the concentration, 
so extrapolation to zero concentration leaves only 
the second term, which is independent of 

concentration. In our earlier work 1-4 we have only 
considered this second term. Outside all absorp
tion bands al - aR is zero and only sl - sR contri
butes to the first term. However, as mentioned 
before, the sign and magnitude of sl - sR is not 
simply related to ul (6) -uR(6). 

Although we are primarily interested here in the 
effects of circular differential scattering, Eq. (1) can 
be applied to a nonchiral scatterer mixed with a 
chiral absorber (for example, polystyrene spheres in 
a camphor sulfonic acid solution). Then orily the 
first term in Eq. (1) is nonzero. This method can be 
called scattering detected circular dichroism in 
analogy with fluorescence detected circular 
dichroism. 
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CONCLUSION 

Circular differential scattering can be a signifi
cant contribution to circular dichroism whenever 
the dimension of the particles of interest is one
twentieth the wavelength of light, or larger. 
Whether the scattering effects are important or not 
will depend specifically on the shape of the particle 
and its polarizabilities. The sign and magnitude of 
the circular differential scattering depend directly 
on the distance and angles between the scattering 
units. It is not expected to be significant for unag
gregated proteins or nucleic acids in solution. 
However, whenever an apparent circular dichroism 
is measured outside the absorption bands of the 
sample, the differential scattering must obviously be 
taken into account before a quantitative interpreta
tion of the circular dichroism is attempted. 

Circular differential scattering depends upon the 
phase difference of the light scattered from dif
ferent pOints in the molecule, therefore to a first 
approximation the electronic interaction between 
the scattering units can be neglected. This circular 
differential scattering, which until now was treated 
as an unwanted artifact, is a measure of long-range 
organization (distances greater than 20 nm). It can 
be interpreted simply and directly in terms of 
scattering from pairs of polarizable groups in the 
molecule. 

REFERENCES 

1. Tinoco, I., Jr., Bustamante, c., and Maestre, 
M.F. Ann. Rev. Biophys. Bioeng. 9, 107-141 
(1980). 

2. Bustamante, c., Maestre, M.F., and Tinoco, I., 
Jr. J. Chern. Phys. 73, 4273-4281 (1980). 

3. Bustamante, c., Maestre, M.F., and Tinoco, I., 
Jr. J. Chern. Phys. 73, 6046-6055 (1980). 

4. Bustamante, c., Tinoco, I., Jr., and Maestre, 
M.F. J. Chern. Phys. 74, 4839-4850 (1981). 

5. Bustamante, c., Tinoco, I., Jr., and Maestre, 
M.F. J. Chern. Phys. 76, 3440-3446 (1982). 

6. Maestre, M.F., Bustamante, c., Subirana, J., 
Hayes, T., and Tinoco, I., Jr. Nature 298, 773 
(1982). 



140 

BIOPHYSICAL STUDIES OF IMMUNE RECOGNITION 

John C. Owicki 

Much of the work in our laboratory during the 
past year has centered on the molecular mechan
isms of interactions involving biological surfaces. 
We are especially interested in cases involving 
specific ligand-receptor interactions, as when anti
bodies bind to antigen-bearing membranes and thus 
mark them for destruction by other components of 
the immune system. More specifically, we are 
studying how the specificity and strength of such 
recognition phenomena depend on the physical 
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 allowing one to investigate 
many of the salient features in relative isolation. 
The remainder of this report is a description of the 
model system that we have devised, followed by a 
summary of some of our results from the past year. 

Some basic questions about the recognition of 
biological membranes by antibodies include: What 
is the strength of the binding? What are the kinetic 
factors? Most antibodies are bivalent; how does 
this affect the interaction? Membranes act in many 
ways like two-dimensional fluids; what, effects does 
this have on antibody binding, particularly under 
conditions that lead to a highly polymerized 
antibody-antigen complex? 

The primary impediment is the complexity of 
the typical cell membrane. Therefore, we have 
substituted vesicles made from phospholipid 
bilayers. Such vesicles are not, however, particu
larly antigenic. So we had to develop an 
antibody-antigen system in which the antigen could 
be incorporated into the vesicles. An important cri
terion was that the antigen have properties that 
would make the antibody-antigen interaction easy 
to analyze. 

The spectroscopic properties of many fluores
cent molecules are sensitive to the molecular 
environment of the fluorophore. This is true for 
fluorescein. Its fluorescence spectra are shifted by 
.solvents of varying polarity and structure, it self
quenches when clustered, and its fluorescence is 
usually quenched when it is bound by specific anti
fluorescein antibodies. The effects of antibody 
binding on the excitation spectrum of sodium 
fluorescein are shown more fully in Fig. 1. It 
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Fig. 1. Quenching of fluorescence of sodium fluorescein by 
monoclonal anti-fluorescein antibody. Fluorescence excitation 
spectra for unbound (solid line) and bound (dashed line) 
fluorescein. Dotted line represents bound spectrum expanded 
vertically to same height as unbound spectrum, for better 
display of spectral shape. Emission wavelength, 540 nm, 
Fluorescence is in arbitrary units, excitation wavelength, A, is in 
nm. (XBL 8377-4776) 

demonstrates the quenching of bound fluorescein 
and an associated red shift of its spectrum. We 
have tethered fluorescein covalently to the head
group of a phospholipid and incorporated this into 
phospholipid vesicles as a minor component. 
Analysis of the fluorescence of these vesicles 
reveals a great deal about the behavior of the 
probe. More importantly, we have obtained mono
clonal murine IgG2b antibodies against fluorescein. 
When these bond to the fluorescein hapten on the 
vesicles, they quench the fluorescence almost com
pletely, allowing us to follow the antibody
membrane interaction in real time at nanomolar 
concentrations of the reacting components. 

We reasoned that such vesicles would make an 
ideal model target system for studying the physical 
and chemical factors that are important in 
antibody-dependent immune recognition. Since we 
finished assembling the model system earlier this 
year, we have concentrated on two areas: charac
terizing the properties of the fluorescein hapten on 
the vesicles, and studying the equilibrium and 
kinetic aspects of the binding of the monoclonal 
antibodies. This has led to two principal results. 
First, the accessibility of the hapten to antibody 
depends strongly on the lipid composition of the 



vesicles. Second, we can clearly detect and study 
the effects of bivalency in the antibody binding. 
These results are briefly discussed in turn below. 

Vesicles were made from a variety of 
phosphatidyl-cholines (PC's), with acyl chains that 
were saturated or unsaturated, and "fluid" or 
"solid" under experimental conditions. The kinet
ics of antibody binding to the haptenated vesicles 
showed an initial fast phase (time scale: tens of 
seconds) followed by a slow phase lasting many 
minutes. The rates and amplitudes of the two 
processes depend on the PC used. Further, they 
depend on the antibody concentrations employed. 
We made monovalent Fab fragments from the IgG, 
which showed binding behavior to sodium fluores
cein identical to that of the parent IgG. Fab bind
ing to the vesicles also showed the two processes. 

Spectroscopic studies on the haptenated vesi
cles without antibody present suggested that some 
of the haptens are rather close to the PC head 
groups in spite of the oligopeptide spacer between 
the hapten and the lipid on our synthetic molecule. 
The evidence includes a red shift of the excitation 
spectrum, relative to that of sodium fluorescein, 
and an increase of the monoanion/di-anion proto
nation pKa for the probe of two units above the 
value for sodium fluorescein. Further, in some 
cases we have been able to detect the presence of 
two populations of haptens spectroscopically. Our 
conclusion is that in these systems the haptens 
exist in an equilibrium between at least two states: 
extended away from the vesicles where they are 
accessible to antibodies, and associated with the 
membrane surface, where they cannot be bound. 
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The fast binding phase involves those haptens ini
tially extended, and the slow phase rep'resents the 
binding on initially membrane-associated haptens as 
the hapten conformational equilibrium is shifted by 
the antibody binding. 

When vesicles were made from binary mixtures 
of PC's and cholesterol, e.g., at a 2:1 molar ratio, 
antibody binding was enhanced and the slow phase 
substantially disappeared. Spectroscopically the 
hapten looked much more like sodium fluorescein 
than it did in pure PC vesicles. We believe that 
cholesterol largely eliminates the association of the 
hapten with the membrane surface. In other 
immunological systems involving haptenated vesi
cles, cholresterol has caused a similar increase in 
the target reactivity. We are in a good position to 
discover the molecular mechanism of this 
phenomenon. 

DPPC:cholesterol vesicles were chosen for 
more extensive equilibrium binding studies, particu
larly comparing Fab and IgG. Computer analysis of 
fluorescence titrations of the haptenated vesicles by 
Fab demonstrated that the system obeyed the same 
mass-action binding law as did Fab or IgG with 
sodium fluorescein: Fab + H ¢ Fab'H, where H 
represents hapten. Moreover, the measured affinity 
constant was similar to that involving sodium 
fluorescein: 400/micromolar. IgG, however, 
bound to the membranes more avidly and did not 
obey a simple binding law. This is presumptive 
evidence for bivalent interactions between the IgG 
and the vesicle surface, which means that we will 
indeed be able to do proposed studies of the bio
logical significance of such bivalent binding. 

INHIBITION OF PROTON TRANSPORT IN PURPLE MEMBRANE BY 
DICYCLOHEXYLCARBODIIMIDE 

Bing K. Jap and Robert M. Glaeser 

Proton transport by bacteriorhodopsin (bR) 
might involve structural principles that are homolo
gous to other cell membrane transport systems or, 
at least to other H+-transport systems. Several ion 
transport systems such as Ca2+ -ATPase 1 and the 
system that is involved in electrogenic CI- tran
sport in brown adipose tissue mitochondria2 are 
inhibited by a strongly hydrophobic small molecule, 
dicyclohexylcarbodiimide (DCCD). Many proton 
transport systems, such as H+ -A TPase3 and cyto
chrome oxidase4 are also inhibited by DCCD. The 
inhibition of H+ -ATPase involves a covalent reac
tion with a carboxyl group that is believed to be 

buried in the interior of the membrane. Previous 
efforts by other investigators to react bR with 
DCCD have produced no evidence of DCCD
induced inhibition of proton transport. We report 
here that DCCD does inhibit proton transport by 
bR when bR is reconstituted into soybean phospho
lipid vesicles using detergent. The reaction prob
ably also involves covalent binding with a carboxyl 
group in the membrane, similar to the case for H+
ATPase. 

Delipidated bR reconstituted into phospholipid 
vesicles using deoxycholate/cholate techniqueS 
consistently gives a large light-induced pH 



response. The pH response indicates a light-driven 
proton translocation from the outside medium to 
the interior of the vesicle. This translocation across 
the membrane has been shown using indicator 
dye. s 

DCCD added at a small molar ratio gives small 
or no significant effect on proton transport by bR. 
At a large molar ratio, DCCD reacts with bR giving 
a reduction in the maximum pH response and in 
the initial rate of pH change (Fig. 1). The initial 
rate of pH change is directly proportional to the 
efficiency with which bR generates the light
induced net transport of protons into the vesicles. 
The decrease in the initial rate of pH change indi
cates therefore that DCCD inhibits the proton tran
sport by bR. 

The reaction of DCCD with delipidated bR 
reconstituted into vesicles also changes the visible 
absorption spectrum of the chromophore (Fig. 2). 
The absorption maximum is shifted from 555 to 
500 nm after addition of DCCD. Purple membrane 
patches which have not been delipidated are not 
affected significantly by DCCD even when DCCD 
is added in a great excess. This suggests that 
DCCD reacts with a site or sites in the interior of 
the membrane that is or are made accessible by 
delipidation. Determination of the DCCD binding 
site(s) is an important next step as this information 
would provide additional constraints for the three
dimensional modeling of bR secondary and tertiary 
structure. 
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Fig. 7. Time dependent inhibition of the light-driven proton 
pumping by bacteriorhodopsin reconstituted in phospholipid 
vesicles after addition of excess of DeeD (100:1 molar ratio of 
DeeD to bR) for various incubation times. The variation in the 
baselines of pH is within the range 7.35 ± 0.13. (XBL 831-3503) 
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Fig. 2. The time dependent change in absorption spectrum of 
reconstituted bR vesicles after addition of excess DeeD (100: 1 
molar ratio of DeeD to bR). (XBL 831-3556) 

The observed reaction of DCCD with bR indi
cates that the proton transport "channel" of bR has 
properties analogous to that of other proton chan
nels and other DCCD sensitive. ion transport chan
nels, in apparently unrelated membrane proteins. 
We can now expect that the mechanism of ion 
transport in bR is similar to that of other ion pumps 
and that the determination of the high resolution 
structure of bR by electron crystallography may be 
of great significance in understanding general princi
ples involved in ion translocation by other systems. 
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HIGH DENSITY LIPOPROTEIN (HDL) ORIGINS: A MAJOR CONVERSION 
PATHWAY 

Alex V. Nichols, Elaine L. Gong, Patricia J. Blanche, Trudy M. Forte, and 
Virgie G. Shore 

It is generally accepted that normal or mature 
plasma high density lipoproteins (HDL) consist of 
several subpopulations of spheroidal particles that 
exhibit a relatively wide range of particle size (7-12 
nm). In certain lipid abnormalities, such as 
lecithin:cholesterol acyltransferase deficiency, 
unique HDL particles, enriched in phosphatidylcho
line and unesterified cholesterol and termed 
"discoidal" or "nascent" H DL, are present in 
plasma along with a subpopulation of low molecu
lar weight spheroidal particles. We and others 
have shown that incubation of the discoidal HDL 
with active lecithin:cholesterol acyltransferase 
transforms them to spheroidal particles. 

We have recently shown that it is possible to 
form relatively discrete classes of discoidal com
plexes composed of egg yolk phosphatidylcholine 
(egg yolk PC) and apolipoprotein A-I (the major 
structural protein of HDL) with and without 
unesterified cholesterol. These complexes can 
serve as model precursors for detailed study of the 
time course and the products formed during 
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lecithin:cholesterol acyltransferase-induced conver
sion. 

In the present studies we have investigated the 
conversion of a major class of model discoidal com
plexes, designated complex class 3, which has a 
mean long dimension of 10.5 nm by electron 
microscopy and a molar ratio of 
phosphatidylcholine:apolipoprotein A-I of 95: 1. A 
gradient gel electrophoresis pattern of this complex 
class is shown in Fig. 1, together with an electromi
crograph revealing discoidal particles aggregated 
together in stacks. Upon gradient gel electro
phoresis, lipoprotein particles migrate to a position 
corresponding to their particle size; hence, particles 
with low migration numbers (Rf values) are larger 
than those with high values. 

Our studies indicate significant reactivity of 
these model discoidal complexes with plasma com
ponents both in the absence and presence of 
lecithin:cholesterol acyltransferase activity. A major 
reaction pathway, in the absence of activity, 
includes conversion of the complexes to small par-

t t t 
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Fig. 1. Gradient gel electrophoresis pattern of an untreated discoidal complex preparation of egg yolk PC and 
apolipoprotein A-I with molar ratio 95:1, respectively. R, intervals of the complex classes are: class 1, 
0.844-0.781; class 2, 0.72-0.682; class 3, 0.679-0.587., class 4, 0.564-0.512; and class 5, 0.459-0.391. R, intervals 
of the major subpopulations of HDL are: (HDL3j e' 0.962-0.841; (HDL3J e' 0.841-0.781; (HDL3)88e' 0.781-0.711; 
(HDLz)88e' 0.711-0.627; and (HDLzJ88e' 0.627-0.iJf5. Electron micrograph

88
of the discoidal complexes is shown in 

inset; bar marker represents 100 nm. (X88839-8017) 



tides, which by gradient gel electrophoresis (Fig. 2) 
show peak maxima in the migration intervals of the 
(HDL3b)gge ar;ld (HDL3c)gge sub populations of 

normal human plasma HDL. This conversion is 
accompanied by partial depletion of phospholipid 
from the complexes, apparently by transfer to com
ponents in the interaction medium. The small 
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Fig. 2. Time course of change in electrophoresis patterns of d 
7.063-7.20 glml fractions isolated from incubation mixtures 
containing: discoidal complex preparations, LDL, and d ~ 7.27 
glml fraction containing lecithin:cholesterol acyltransferase. 
Lecithin:cholesterol acyltransferase activity was inhibited with 
paraoxon (2 mM). Patterns of d 7.063-7.20 glml fraction from 
untreated complex preparation (-----); complete incubation 
mixture ( --). R( values of major peaks (at maxima) are 
indicated. Similar results were obtained using d ~ 7.27 glml 
fractions isolated from plasma of four different normal subjects. 

(XBL 839-3987) 
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Fig. 3. Time course of change in electrophoretic patterns of 
d = 7.063-7.20 glml fractions isolated from the same 
incubation mixtures as in Fig. 2, but with 74 mM 
mercaptoethanol to activate lecithin:cholesterol acyltransferase. 
Similar results were obtained using d ~ 7.27 glml fractions 
isolated from plasma of four different normal subjects. 

(XBL 839-3984) 



conversion product appears resistant to further 
phospholipid depletion and serves as a precursor to 
core-containing products in our incubation media 
when the enzyme is active. In the presence of 
active enzyme and low density lipoproteins (LDL) 
as a source of unesterified cholesterol, the conver
sion, within 1 hour of incubation, of a major part of 
the initial complex mass to small species is similar 
to that observed when the enzyme is inhibited 
(Fig. 3). Following longer incubation periods, how
ever, the small species are converted to larger 
round particles, whose Rf values at peak maxima 
fall close to the Rf value separating the plasma 
(H~L2a)gg~ and (H~L.3~)gge subpopulations, and are 
enriched In apolar lipid. 

The time course of conversion of the small pro
duct to larger species, at incubation times beyond 
1 hour, does not appear as a progressive increase 
in particle size as might be expected from a gradual 
build-up of apolar core in precursor species. The 
conversion appears essentially as a single-step pro
cess proceeding from particles with electrophoretic 
peak maxima in the (HDL3b)g e and (HDL3c)gge 
intervals directly to products With peak maxima In 

the (HDL2b)gge and (HDL2a) e intervals, with no 
discernible peak maxima app~~ring in the interven
ing (HDL3Sl)gge interval. The latter interval is the 
location ot one of the major HDL subpopulations 
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observed in normal human plasma. If this conver
sion process is a major source of the (HDL3a) e 
subpopulation in vivo, then some remodeling g~f 
the (HDL2a)gge-like conversion product, in terms of 
its size and compositional properties, would be 
required. 

Our studies indicate that both LDL and very 
low density lipoproteins (VLDL) can provide the 
unesterified cholesterol required for enzyme
induced conversion of the model complexes. In 
the presence of VLDL considerable transfer of tri
glyceride for cholesteryl ester appears to occur 
between the conversion products and the VLDL. 

In more recent studies we have demonstrated' 
that the discontinuous nature of this transformation 
pathway appears linked to the incorporation of one 
additional apolipoprotein A-I molecule into the 
small product in the course of conversion to the 
larger species. These findings provide detailed 
insight into a major conversion pathway whose 
transformation products correspond closely to HDL 
species encountered in normal human plasma. 
These results are of interest not only because they 
increase our understanding of the origins of plasma 
HDL, but also because they indicate how HDL pro
duction may control the accumulation of 
cholesterol in tissue sites and thereby reduce the 
risk of atherosclerosis. . 

PARTIAL SPECIFIC VOLUME AND PREFERENTIAL HYDRATION OF LDL 
SUBFRACTIONS 

Talwinder S. Kahlon, Gerald L. Adamson, Laura A. Glines, Joseph R. Orr, and 
Frank T. Lindgren 

We have determined the partial specific volume 
(V) for five human low density lipoprotein (LDL) 
subfractions (n = 5-7) and evaluated preferential 
hydration (n = 2) for LDL subfraction 3 in normoli
poproteinemic subjects in order to characterize 
these highly atherogenic components of the human 
plasma lipoprotein spectra. Mean values for v were 
0.9757 ± 0.0019; 0.9701 ± 0.0007; 0.9674 ± 
0.0016, and 0.9550 ± 0.0025 mllg for subfractions 
1, 2, 3, 4, and 5, respectively. Thus, true densities 
(p) obtained from p = 1/ v for respective LDL sub
fractions were 1.0249, 1.0308, 1.0337, 1.0399, and 
1.0471 glml, respectively. The preferential hydra
tion values were determined in D20-NaCI and 
H20-NaCl-NaBr solutions. Preferential hydration of 
lipoprotein subfraction 3 in NaCI-H20 solution was 

3.2 to 5.0 wt%, whereas values were much lower 
(0.3 to 0.6 wt%) in a NaCI-NaBr-H20 solvent sys
tem. Unhydrated and hydrated densities of LDL 
subfraction 3 in one male subject are shown in 
Fig. 1. Unhydrated densities at 1 g and 200,000 X 
g (used in flotation velocity determinations) for LDL 
subfraction 3 (n = 2) were 1.0274 and 1.0308 glml, 
respectively, indicating that these LDL fractions 
have 22% and 50% higher compressibility than the 
solvent at 200,000 X g force. It was observed that 
the linearity of 1/F 0 vs P may not be valid for sol
vents NaCI-NaBr-H20 of density 1.4744 g/ml. 
Thus, flotation velocity data using extremely high 
salt concentrations (1.4744 glml and higher) may 
be viewed with caution. 
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Fig. 1. Low density lipoprotein subfraction 3, male subject 
7563. ."Fo vs p plot. 0-0 D20-NaCI; 0-0 H

2
0-NaCI and 

A-A H
2
0-NaCI-NaBr. Inset: p intercepts (0) 1.0308; (0) 

1.0298 and (A) 1.0306 g/ml. True density (1 from v = 1.0287 
g/ml obtained from 6th place solvent and solution densities, and 
CHN elemental mass analysis. Molecular weights by flotation 
velocity (2.37 X 1(/') and by sedimentation equilibrium (3.39 X 
1(/') daltons. Shape factor fifo (sedimentation equilibrium mol 
wt/flotation velocity mol wtY/J = 1.27. (XBL 831-3632) 

EXTRAMURAL COLLABORATIONS BY THE ANALYTIC ULTRACENTRIFUGE CORE 
OF THE LIPOPROTEIN PROGRAM PROJECT 

Frank T. Lindgren 

During the past year there have been several 
analytic ultracentrifuge collaborations related to a 
variety of research projects. Two have dealt with 
hepatic triglyceride lipase. A study with Dr. Alick 
Little and associates at the Toronto Lipid Research 
Clinic discovered a new familial abnormality in 
lipoprotein lipase. Both the male proband and his 
brother presented a normal extrahepatic lipase con
centration, but a hepatic lipase that was reduced to 
5% of normal. Apolipoproteins A-I, A-II, and D 
were normal, whereas apolipoproteins B, C-II, C-III, 
and E were elevated 2-3 fold over normal concen
trations and yet there was no deficiency in apoli
poprotein E-III in very low density lipoproteins 
(VLDL). The latter is characteristic of primary 
Type-III hyperlipoproteinemia. Both low density 
(LDL) and high density (HDL) lipoproteins were 
enriched in triglyceride (30% by-weight for LDL). 

In a related study with W. Virgil Brown and 
associates at Mount Sinai Hospital, New York, 
cynomolgus monkeys were studied. Antisera were 

produced against human postheparin hepatic lipase. 
Hepatic triglyceride lipase activities in liver biopsies 
were decreased by 65-90% after three hours con
tinuous intravenous infusion of this antiserum into 
the cynomolgus monkeys. The ultracentrifugal and 
activity studies indicate hepatic triglyceride lipase 
participates in a parallel role with lipoprotein lipase 
in the hydrolysis of glycerides in the VLDL, inter
mediate density lipoproteins, and the larger LDL of 
Sf 9-12. 

A collaboration with Dr. Ernst Schaefer, Molec
ular Disease Branch, NHLBI, NIH, involved hor
monal studies with premenopausal females. Sub
jects were five females given ethinyl estradiol, 0.1 
mg orally, daily for study periods of 28 days. The 
estrogen administration resulted in significant (p < 
0.05) mean increases in plasma cholesterol, trigly
ceride, VlDL and HDL. Analytic ultracentrifugation 
demonstrated that the main HDL increase was in 
the HDL2b subfraction (+ 150%). 
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UNUSUAL COMPOSITION AND APOLIPOPROTEIN DISTRIBUTION OF CORD 
BLOOD LOW DENSITY LIPOPROTEIN SUBFRACTIONS 

Trudy Forte, Paul Davis, Ronald Krauss, John Kane* and Conrad Blum t 

We have previously shown that umbilical cord 
blood from normal full term infants possessed low 
density lipoproteins (LDL) that had a single peak at 
26 nm upon gradient gel electrophoresis.' Unlike 
normal adults, there was little variation in the LDL 
peak among neonates. Although the particle diam
eter of the LDL peak was consistent with an 
equivalent particle found in adult plasma, the 
neonate LDL contained three apolipoproteins, 
apo B, apo E and apo AI. In contrast, adults pos
sess only apo B. Apo E and apo AI are usually 
associated with the high density lipoprotein (HDL) 
fraction. 

In order to determine whether cord blood LDL 
were indeed heterogeneous with respect to density; 
size and apolipoprotein content, LDL of density 
1.019-1.063 g/ml were subfractionated by equili
brium density gradient centrifugation. The physical 
and chemical properties of the various subfractions 
were determined in order to ascertain whether 
there was a discrete subfraction associated with the 
apo E and apo AI proteins. 

Seven cord blood LDL subfractions were gen
erated by density gradient centrifugation with densi
ties increasing from 1.024 to 1.062 g/ml. Electron 
microscopic examination (Fig. 1) revealed that at 
least three distinct size populations of particles 
were present: 1) large particles at d = 1.024 g/ml, 
28.3 nm diameter, 2) medium size particles, d = 
1.036 g/ml, 26.4 nm diameter, and 3) small parti
cles, d = 1.062 g/ml, 15.6 nm diameter. According 
to protein distribution, the medium sized particles 
represent the major lipoprotein component in the 
LDL region. 

SDS-polyacrylamide gel electrophoresis (10% 
PAGE and 0.1 % SDS) of the seven subfractions 
shown in Fig. 2 indicates that apo B is the major 
apoprotein in the top five fractions. Little or no 
apo B is present in the most dense fraction. Apo E 
appears throughout the fractions with increasing 
concentrations in the most dense fractions. Apo AI 
is predominant in fractions 6 and 7 which 

·UCSF, Cardiovascular Research Institute. 

tDepartment of Medicine, Columbia College of Physicians and 
Surgeons, New York. 

corresponds with the small particles seen in elec
tron microscopy. The data suggest that the small 
dense components contain particles possessing both 
apo AI and apo E similar to HDLc found in 
cholesterol-fed humans or dogs. They are in fact a 
less dense subset of the HDL region. Their appear
ance in cord blood plasma that is extremely low in 
total cholesterol is unique and unexpected. 

The LDL subfractions were also examined by 
3% polyacrylamide gel electrophoresis, which dif
ferentiates various forms of apo B. The largest 
molecular weight form of apo B is termed B 100 
and is secreted by the liver. In some adult indivi
duals, smaller forms of apo B, B 74 and B 26, 
believed to be complementary fragments of B 1 ~O, 
are also found in LDL. B 48, an intermediate 
molecular weight variant, is secreted by the intes
tine. The latter was not found in cord blood, 
which is consonant with the fact that nutrients are 
not being absorbed by the intestinal tract of the 
fetus. As shown in Fig. 3, apo B variants, B 74 and 
B 26, appear in intermediate density fractions and 
the amount of B 74 and B 26 increases with 
increasing density. This finding is the first demons
tration that the concentration of apo B variants is 
correlated with LDL density. It suggests that B 74 
and B 26 are metabolic products generated during 
metabolism of LDL containing B 100. 
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CORD BLOOD LDL SUBFRACTIONS 

Fr . 1 Fr. 3 Fr. 7 

28.3±3.2nm 264±3.0nm 15 .6±3 .5nm 

Fig. 1. Electron micrographs of fractions 1 (A), 3 (B), and 7 (C) obtained by density gradient centrifugation. A 
progressive decrease in size with increasing density is apparent. The most dense fraction, 7, seen in C, indicates 
that these particles are fairly homogeneous, small spheres which have a tendency to form hexagonal arrays. The 
numbers under the figures indicate mean particle diameters. (XBB 825-4428) 
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Fig. 2. 50S polyacrylamide (10%) gel electrophoresis of LOL fractions. Each gel was loaded with approximately 
60 Jlg protein per gel. The gels were stained with Coomassie Brilliant Blue R-250. The apolipoproteins (apo) are 
indicated on the left side of figure. (XBB 824-3226) 
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Fig. 3. 50S polyacrylamide (3%) gel electrophoresis of LOL fractions. Each gel was loaded with approximately 40 
J.Lg protein per gel. The gels were stained with Coomassie Brilliant Blue R-2S0. The nomenclature of Kane et at.2 is 
used to identify apo B species. The small molecular weight proteins appearing in fraction 7 probably correspond 
with apo E and apo AI. (XBB 824-3228) 

WHAT HAPPENS TO LIPOPROTEINS IN THE INTERSTITIAL SPACE~ A LOOK AT 
LUNG LYMPH 

Trudy Forte, Carroll Cross,* Rob Gunther,* and George Kramer* 

In the past 25 years extensive studies have 
been carried out on plasma lipoproteins. This 
research was spurred by the link between certain 
lipoproteins and cardiovascular disease. What is 
generally not appreciated, however, is that at any 
given moment one-third of the plasma lipoproteins 
are in the interstitial space where they interact with 
cells and tissues. Little is known, however, about 
the properties of lipoproteins in the interstitium. 
Do all lipoproteins cross the capillaries into the 
interstitial space? If so, at what concentration in a 
given capillary bed? Also, does the transit time in 
the interstitial space alter the lipoprotein particles 

-Departments of Medicine, Surgery and Physiology University of 
California, Davis. 

chemically or physically? We had an opportunity 
to address these points by studying sheep lung 
lymph. It should be noted at the outset that the 
sheep is a ruminant with extremely low levels of 
plasma triglyceride and no detectable very low den
sity lipoproteins (VLDL), which makes it different 
from the human, who has considerably more trigly
ceride and substantial amounts of VLDL. 

Lung lymph was obtained from indwelling dor
sal mediastinal lymph node catheters in unanesthe
tized sheep. For comparison, venous blood was 
also obtained from each sheep. 

Table 1 shows the distribution of lymph versus 
plasma lipoproteins and lipids in sheep. HDL is the 
major plasma lipoprotein class in the sheep, and it 
remains the major class in the lung lymph. The 
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Table 1. Lipid and lipoprotein concentration (mgldl) in sheep lung lymph and plasma." 

Cholesterol Triglyceride Phospholipid HDlb lBlb 

Plasma (P) 42.1 ± 10.5 12.0 ± 3.0 43.2 ± 7.6 84 ± 16 52 ± 17 

lymph (l) 18.8 ± 5.8 6.1 ± 1.3 21.8 ± 4.9 37 ± 8 26 ± 8 

liP Ratio 0.45 0.50 0.50 0.44 0.50 

a Values represent the mean and standard deviation of seven sheep. 

b HDl and lDl concentrations were calculated from protein and lipid mass. 

Iymph-to-plasma ratio for lipids and lipoproteins is 
close to 0.5, which indicates that lipoproteins in the 
lymph represent approximately 50% of the level 
found in plasma. Moreover, the HOL and LOL in 
lymph are present in the same proportions as in 
plasma. 

Lung lymph and plasma lipoproteins were 
separated into two fractions by preparative ultra
centrifugal techniques. One fraction consisted of 
low density lipoproteins (LOL) isolated. at density < 
1.063 glml and the other of high density lipopro
teins isolated at d = 1.063-1.21 glml. Size distri
bution of these lipoproteins was examined by gra
dient gel electrophoresis (GGE). As shown in 
representative scans in Fig. 1, LOL from plasma 
revealed great particle size heterogeneity with 3-5 
peaks present in the 23-30 nm particle size range. 
Lung lymph possessed particles similar in size to 
plasma LOL, but it also had an additional broad 

GRADIENT GEL ELECTROPHORESIS 

Plasma 
24.8 

2:.:}~ 
jr~ 

Lymph 

26.1 

~ 

d 1.063-1.21 

Plasma 

Lymph 

~.2 
~ "--

Fig. 1. Gradient gel electrophoresis scan from a representative 
sheep plasma and lymph HDL (d = 1.063-1.21 glml) and LDL (d 
< 1.063 glml) fraction. Numbers above peaks and shoulders 
denote particle diameter in nm. HDL was electrophoresed in 
precast 4-30% gels. Plasma HDL typically has a sharp, single 
peak that may possess a shoulder of smaller-size particles. 
Lymph HDL is more complex and shows several new larger 
components. LDL was electrophoresed on 2-16% gels. Plasma 
LDL possess a great particle heterogeneity; even greater 
heterogeneity is seen in lymph LDL where a broad peak is 
apparent at 16 nm. (XBL 828-4038) 

peak of smaller particles in the size range of 15-16 
nm. Plasma HOL were less heterogeneous than 
LOL and had one major peak around 8.6-8.9 nm 
size. In contrast, lymph consistently contained two 
additional larger HOL components: one with a 
peak around 9.0 nm and the other at 12.0 nm. 
the GGE results definitely show that both the LOL 
and HOL density regions have undergone altera
tions. This alteration in particle size probably 
ensues from the interaction of interstitial lipopro
teins with their surrounding cells and tissues. This 
became more apparent when the chemistry of the 
lymph lipoproteins was examined. 

Lymph HOL show a slight increase in total 
cholesterol; however, the most dramatic change in 
their composition is in the free-to-esterified 
cholesterol ratio, which increases from 0.15 in 
plasma to 0.36 in lung lymph. The composition of 
lymph LOL shows significant differences in phos
pholipid content, where lymph has a 34% increase 
relative to plasma and a twofold increase in the 
free-to-esterified cholesterol ratio. In addition, tri
glyceride in lymph LOL decreased 41 %. The com
positional changes in lymph lipoproteins, particu
larly the noticeable elevation of free cholesterol, 
suggest that these lipoproteins may play a role in 
reverse cholesterol transport. 

The electron microscopic structure of lymph 
lipoproteins is also altered. The difference between 
plasma and lymph fractions is seen in Fig. 2. The 
HOL are heterogeneous in structure, and both 
round particles and elongated or discoidal particles 
(2B, arrows) are present. We know from previous 
studies with lecithin:cholesterol-acyltransferase
deficient patients that discoidal H OL particles con
tain phospholipid and free cholesterol. l Although 
further studies with lung lymph are required, it is 
likely that some of the elevation in lymph HOL-free 
cholesterol can be accounted for by these unusual 
particles. The LOL fraction from lung lymph is also 
morphologically unusual. These particles in plasma 
tend to be round, but in lymph they often form 
extensive square-packing arrays. It is likely that the 



unusual geometry of these particles is also related 
to their altered chemical composition. 

The present studies indicate that lipoproteins 
undergo chemical and physical changes during tran
sit through the interstitial space of the lung. Modif
ication may, in part, be related to the metabolic 
function of lipoproteins in the lung since it appears 
that there is a relationship between lipoproteins 
and surfactant synthesis.2 
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Fig. 2. Electron micrographs of negatively stained lymph and plasma lipoproteins. (AJ Plasma HOL: rather 
uniform, round particles. (8) Lung lymph HOL: particles are heterogeneous in size and morphology. Note 
discoidal particles (arrows). (C) Plasma LOL: round particles, rather heterogeneous in size. (0) Lung lymph LOL: 
many particles have an unusual square-packing geometry. Bar markers represent 100 nm. 
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DNA and Genetic Studies 

CHARACTERIZATION OF ISOLATED YEAST DNA REPAIR GENES 

Robert K. Mortimer, Isabel L. Calderon, Rebecca Contopoulou, Herschel! S. Emery, 
Susan T. Lovett, David Schild, Karen C. Sitney, and John N. Takakuwa 

In the yeast Saccharomyces cerevisiae several 
different DNA repair pathways have been identi
fied. 1 These include recombinational repair, error
prone associated repair, excision repair and pho
toreactivation (see following paper). Our research 
includes an examination of the RADSO to RADS7 
genes, a subset of the genes involved in DNA 
repair. The genes in the RADSO to RADS7 epistasis 
group are thought to be involved in recombina
tiona I repair, since mutations in some of these 
genes decrease both repair and recombination. 
Although many phenotypes have been associated 
with mutations in the genes of this pathway, no 
enzyme or structural protein (such as a DNA bind
ing protein) has been determined to be the product 
of any of these genes. In order to study these 
genes at the molecular level and to isolate and 
characterize their primary gene products, we have 
cloned several of them. The cloning of these genes 
was presented in last year's Annual Report and has 
recently been published.2- 4 Here we report on 
work being done using these genes. In addition, 
while trying to obtain clones that would comple
ment the RADSO gene, an amber suppressor was 
isolated that suppressed the amber radSO-l muta
tion. Work leading to the further characterization 
of the suppressor gene is also reported here. 

RADSO 

Nine mutant alleles of RADSO have been stu
died genetically. Crosses of strains each carrying 
one of these mutations were made against strains 
containing either amber or ochre suppressor3. This 
revealed that two of these mutations are nonsense, 
one ochre (radSO-3) and one amber (radSO-1). A 
temperature sensitive modifier of radSO-7 was also 
isolated in this study. This modifier confers an x
ray resistant phenotype to radSO-7 at the permis
sive temperature, but has no detectable phenotype 
at the restrictive temperature. The modifier has not 
yet been mapped, but it is unlinked to radSO-1. 

In addition to the cloning of the suppressor 
gene (discussed below), a second plasmid was iso
lated which also complemented the radSO-l muta-

tion. This plasmid [YEp13-RADSO-21 DB] has since 
been shown to complement one of the other 
mutant alleles of RADSO, radSO-3. However, 
genetic analyses on the plasmid showed that it 
integrated near the centromere of chromosome XV, 
tightly linked to pet17, and not at the chromosomal 
site of RADSO, which has been shown to be on 
chromosome XIV proximal to met2. We have con
cluded that the [YEp13-RADSO-21 DB] clone has no 
homology to RADSO sequences and thus renamed 
the plasmid [YEp13-210B]. The possibility that this 
plasmid may be a nonsense suppressor was ruled 
out by genetic studies. 

A second possibility that we are currently inves
tigating is that the cloned gene codes for a protein 
that interacts in some way with RADSO, either 
structurally or in a regulatory capacity. In order to 
study this, an attempt was made to disrupt the 
genomic copy of 21OB. An internal fragment of 
[YEp13-210B] has been deleted and replaced by the 
HIS3 gene. A 2.6-kb Hindlll restriction fragment 
containing the HIS3 insert flanked on each side by 
about 0.5 kb of homology to the 210B sequences 
was integrated into a RADSO+ his3- strain using 
the method of Rothstein. 5 The integrant carrying 
this disruption has now become, as expected, 
His+, and it is Rad-; it has not yet been demon
strated that this phenotype is due to an integration 
at the 210B locus of chromosome XV. This is 
currently under investigation. 

A 4.7-kb Hindlll fragment of the [YEp13-210B] 
plasmid containing the complementing activity has 
also been subcloned into the integrating plasmid 
YipS in order to determine whether this gene will 
still complement radSO mutations when present in 
only one copy per cell. 

RADS1 

We originally isolated six plasm ids that comple
mented radSl and by restriction ,analyses these 
were all shown to be different. One of these six, 
[YEp13-RADSI-23], was shown to integrate at the 
site of radSl on chromosome V. The remaining 
plasm ids have been analyzed further and have 



been shown to not overlap [YEp13-RAD51-23] and 
also to not complement rad51. We deduce that 
the original yeast transformants contained at least 
two plasmids, only one of which complemented 
rad51. When plasmid DNA was isolated from 
these transformants and used to transform E. coli 
the plasmids recovered were the ones not contain
ing RAD51. We are developing a more detailed 
restriction map of [YEp13-RAD51-23] and plan to 
make subclones from this plasmid in order to local
ize the RAD51 gene in the insert. The subcloned 
gene will be used for studies of regulation, DNA 
sequence and gene product. 

RAD52 

The rad52-1 mutation has been studied in 
many laboratories because of its pleotropic effects 
on both recombination and repair. Since it is possi
ble that rad52-1 is a leaky mutation, we have iso
lated disruptions of this gene which should totally 
inactivate it. These disruptions were first con
structed using the cloned RAD52 gene and then 
substituted into the genome in a way similar to that 
used for the disruption of 2108 (discussed above). 
Instead of using the HIS3 gene for the disruption of 
the RAD52 gene, as was done with gene 2108, the 
LEU2 and TRPI genes were used. The disruptions 
of RAD52 are viable, demonstrating that this gene 
codes for a protein that is nonessential for vegeta
tive growth.3 We are currently testing various 
phenotypes of these disruptions to compare them 
with the phenotypes of the rad52-1 mutation. It 
has already been shown that these disruptions do 
not revert at a detectable level, whereas rad52-1 
does revert. Strains carrying the disrupted copy of 
the RAD52 gene will be used as control strains in 
experiments to identify the RAD52 gene product 
(see section on RAD54). Since rad52-1 is probably 
a missense allele, it is likely to produce a normal 
sized RAD52 protein. Since the disruptions should 
produce no such protein, they will be useful as 
controls lacking any RAD52 gene product. 

RAD54 

We have initiated gene structure and regulation 
studies of RAD54. To determine if this gene is 
regulated at the transcript level, we have prepared 
RNA from yeast cultures grown various lengths of 
time following x-irradiation. The level of RAD54 
mRNA in each RNA sample is now being deter
mined by hybridization to internal fragments of the 
gene previously cloned in our laboratory. Similar 
experiments are also in progress to ~ study RAD52 
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gene regulation. In order to utilize expression vec
tors for the isolation of gene product of the RAD54 
gene, the structure of the gene is being studied. 
Using Sl nuclease mapping, we have determined 
the direction of RAD54 transcription and the 
approximate· point of transcription initiation. We 
have further determined 600 base pairs (b.p.) of 
continuous DNA sequence through this region. 
Sequence features include a potential 1fT AT A box" 
at about - 30 (b.p.), and a single open reading 
frame beginning with an AUG at about + 150 
(b.p.). 

Sequence information has also revealed that an 
Xbal site lies just downstream from the presumptive 
transcription initiation site. Using this site we are 
cloning the coding region of the gene downstream 
from a CAL 1 promoter. This will allow us to 
amplify transcription of the gene 2-3 orders of 
magnitude, enough to isolate and identify the gene 
product. A similar method is also being applied to 
the other RAD genes. 

RAD55 

The isolation of plasm ids carrying the RAD55 
gene has been reported by this lab previously.4 
Analysis of these plasm ids has been continued. 
Restriction mapping data have shown that the 
plasm ids share a region of 2.6kb. A 1.7-kb Hindlll 
restriction fragment from this conserved region was 
subcloned into the yeast vector plasmid YCp50 and 
shown to retain RAD55 complementing activity. 
Deletions of restriction fragments from these 
plasm ids have defined two restriction sites internal 
to RAD55. Because all known RAD55 alleles are 
conditional, complete loss of RAD55 function may 
be lethal to the cell. To test this possibility, a res- . 
triction fragment carrying the LEU2 gene was 
inserted into one of the restriction sites within the 
RAD55 gene. This disrupted form of RAD55 will 
be substituted for one copy of the chromosomal 
RAD55 in a diploid strain to see if, upon sporula
tion, it segregates as a lethal mutation. 

In order to continue the genetic analysis of 
RAD55, revertants of a rad55-3 strain (having a 
cold-sensitive mutant phenotype) were selected on 
MMS-containing medium. In addition to true rever
tants, we hoped to obtain pseudo-revertants; strains 
which maintain the original rad55-3 mutation but 
which have suffered changes in other genes which 
compensate for the rad55-3 defect. Such pseudo
reversions can occur by four different mechanisms: 
informational suppression (by changing tRNA 
interpretation of the mutant codon), regulatory 
suppression (by overproducing weakly-functional 



RAD55 gene product), bypass suppression (by pro
viding a substitute pathway for RAD55 function), or 
interactive suppression (by making compensating 
mutations in gene products which interact with 
RAD55 gene product). These modes of suppres
sion can be distinguished genetically by domi
nance/recessiveness and allele specificity of 
suppression, and by the phenotypic effects of 
the suppressor mutation itself. 

Out of 120 rad55-3 "revertants," approximately 
40 were found to be candidates for interactive 
suppressor strains; these had lost the cold-sensitive 
Rad phenotype and assumed a heat-sensitive Rad 
phenotype. This ts-radiation sensitivity was reces
sive. Genetic crosses with 20 of these strains have 
shown that their new phenotype occurs by altera
tions within RADSS; these strains carry either 
improper reversions of radSS-3 or mutations at 
other sites within RADSS which compensate for 
radS5-3. The remaining strains are presently being 
screened for the presence of extragenic suppressors 
that define gene products that may interact with 
RADSS. 

One extragenic suppressor mutation was iso
lated which has the characteristics of a regulatory 
suppressor; it suppresses radS5-3 somewhat at tem
peratures where radS5-3 appears to have residual 
function. Its ability to suppress is recessive, indicat
ing that if its action is regulatory, then the wild-type 
gene exerts negative effects on RADSS. Experi
ments are underway to test if this mutation 
suppresses other alleles of RADSS and alleles of 
other RAD genes. 

INCIDENTAL CLONING OF A GENE FOR AN 
AMBER SUPPRESSOR IN YEAST 

In our attempt to clone the RADSO gene of 
yeast we have incidentally isolated a plasmid which 
suppresses the radSO-l mutation but fails to show 
homology to RADSO sequences. We have shown 
that radSO-l and trp 1-289, both present in the reci
pient strain, are amber mutations, and that the 
cloned gene codes for an amber suppressor that 
suppresses both of these mutations as well as other 
known amber mutations in yeast. The suppressor 
gene is located on the 2.s-kb yeast insert of the 
plasmid [YEp13-SUp] (Fig. 1). 

When a 1.S-kb restriction fragment from the 
insert was subcloned into the YRp7 replicating 
plasmid and yeast transformation carried out, all the 
transformants showed suppression of radSO-l and 
other amber mutations, indicating that the suppres
sor gene is present in that fragment; when, how
ever, the same 1.S-kb fragment was subcloned into 
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the integrating plasmid YipS and yeast integrants 
isolated, none of the 12 studied showed suppres
sion of radSO-l or of any other amber mutations. 
(Fig. 1). Since replicating plasm ids, such as YRp7 
and YEp13, are present in many copies in the cell 
(-- 2S-100) and the integrating plasm ids, such as 
YipS, generally integrate into the genome only once 
per cell, we concluded that we have cloned a weak 
suppressor that is expressed only when present in 
high copy number. 
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Fig. f. Restriction maps of the plasmid [Yfp73-SUp! and all the 
subclones derived from it. Restriction enzymes used: 8, 8amHI; 
G, 8gll/; H, Hindlll; P, Pst!; R, fcoRI; S, Sail; X, Xbal. 

(X8L 8370-4075) 



Genetic studies using standard genetic methods 
and the radS2 chromosome loss method6 showed 
that the plasmid bearing the 1.5-kb fragment of the 
suppressor insert had integrated very close to the 
MAL4 gene located on the right arm of chromo
some XI. MAL4 is one of a set of polymeric genes 
conferring ability to ferment maltose, and there is 
evidence for considerable homology between dif
ferent genes in this set. 7,8 It is conceivable that the 
sequence containing the suppressor would show 
homology to other MAL regions or that this 
suppressor would integrate at other MAL loci. 
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CLONING AND MAPPING OF THE YEAST PHOTOREACTIVATION GENE PHR 1 

David Schild, John Johnston, * Caren Chang t and Robert K. Mortimer 

The yeast Saccharomyces cerevisiae has several 
different repair mechanisms to deal with pyrimidine 
dimers caused by exposure to ultraviolet light. 
Although most dimers are removed by excision 
repair, they can also be repaired by directly splitting 
the dimers by photoreactivation. Photoreactivation 
involves a photolyase(or photoreactivating 
enzyme), a cofactor, and the absorption of visible 
light of low wavelength. A yeast mutation (phr1) 
that is unable to photo reactivate dimers was iso
lated by M. Resnick in 1969.1 Although the PHRl 
gene is clearly involved in photoreactivation, it is 
not known for which product the gene codes since: 
1) there appear to be two different photoreactivat
ing enzymes in commercial batches of bakers yeast, 
one a monomeric enzyme and the other a heterodi-

*Oepartment of Bioscience and Biotechnology, University of 
Strathclyde, Glasgow, GI 1 XW, Scotland. 

tOepartment of Biology, Caltech, Pasadena, CA 91125. 

mer,2 2) each enzyme seems to require a cofactor,2 
and 3) a second photoreactivation-deficient muta
tion (phr2) has recently been isolated and shown to 
be loosely linked to phrl.3 In order to study the 
PHRl gene at a molecular level and eventually to 
determine its primary gene product, we have 
cloned this gene. The cloned gene has also been 
used to determine the chromosomal location of 
PHR1, which would have been extremely difficult 
to do by other methods. 

A plasmid containing a 6.4-kb yeast DNA insert 
has been isolated and shown to restore photoreac
tivation in a phrl strain. The plasmid was targeted 
to integrate into chromosomal DNA at a site homo
logous to the insert by cutting within the insert. 
Two of these integrants have been studied and 
shown to map on the right arm of chromosome XV; 
the integrants have been further mapped at approx
imately 13 cM from prt1. It has also been 
independently determined that phrl maps at this 



location (Fig. 1). Thus, we have determined the 
map position of PHR1 and also have shown that 
the plasmid contains PHR1, rather than a suppres
sor of the phr1 mutation. 

Incidental to mapping the site of PHR1 we have 
also located a possible site of a TY1 sequence, one 
of the transposable elements of yeast. A spontane
ous integration event of the plasmid was mapped at 
about 7 cM from ADE3 on chromosome VII (Fig. 1). 
Since phr1 has been shown not to map at this loca
tion, this site may represent a chromosomal copy of 
a Ty1 sequence. The YEp13 vector and the PHR1 
derivative of it contain part of a TY1 sequence and 
should therefore sometimes integrate at the site of 
TY1 sequences. 
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Fig. 1. Genetic map location of the yeast photoreactivation 
gene PHRI and the probable site of a yeast TYI transposon. 
Only part of each chromosome is shown and the arrows point 
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THE USE OF A COLD-SENSITIVE DNA REPAIR MUTANT TO STUDY MEIOTIC 
RECOMBINATION IN YEAST 

John C. Game and Robert K. Mortimer 

We have known for some time1,2 that the yeast 
RADSO gene, originally identified as being involved 
in DNA repair, is also required for meiotic recombi
nation. In radSO mutants, no meiotic recombinants 
are formed, and the meiosis I division cannot be 
completed successfully to form viable products (see 
Ref. 3 for a review). In 1977, Ananthaswamy and 

. Mortimer isolated a cold-sensitive radSO mutant 
(unpublished observation). We are using it to study 
the role of the RADSO gene product in meiotic 
recombination and the timing of meiotic recombi
nation and its relationship to other meiotic 
processes. 

Diploid yeast cells can readily be induced to 
undergo meiosis in liquid or solid culture media by 
specific changes in the nutrient conditions in which 
they are grown. The meiotic process consists of 

several . separate but related stages that occur 
sequentially in each cell. These include DNA syn
thesis, meiotic recombination, first and second mei
otic divisions, and spore formation. If the process 
is interrupted at an appropriate stage by plating 
cells back to medium that supports vegetative 
growth but does not induce meiosis, cells that have 
already undergone pre-meiotic DNA synthesis and 
are committed to recombination will undergo a 
mitotic rather than meiotic division. Thus, in yeast 
meiotic recombination can be separated from mei
otic division, and the effects of meiosis-blocking 
mutations on. each of these processes can be 
separately monitored. 

It is particularly useful to study the behavior of 
temperature conditional mutations in this system, 
since by changing the incubation temperature dur-



ing the course of meiosIs one can in principle 
determine the time at which the product of the 
gene in question is required. We have used the 
cold-sensitive radSO mutation in this way and have 
confirmed earlier reports using other techniques 1,2 

that the RADSO gene product is required early in 
yeast meiosis. 

We have also constructed double mutant 
strains that carry the cold-sensitive radSO mutation 
and a heat-sensitive allele of another gene required 
for meiosis, cdc2l. Such double mutant strains are 
more useful than the radSO strain alone, since we 
can use them to determine if there is a required 
sequence in which the products of the two genes 
must function, and if so, what this sequence is. 
This can be achieved using an adaptation of the 
technique used by Jarvik and Botstein4 for studying 
phage maturation. Results from experimental 
regimes in which cells entering meiosis are incu
bated first at a high temperature (permissive for 
radSO) followed by a low temperature (permissive 
for cdc2l) are compared with those from the 
reverse treatment (low temperature incubation fol
lowed by high temperature incubation). If the 
RADSO gene product is required to function before 
the CDC2l gene product can function, then only 
the first type of regime should yield viable meiotic 
progeny, whereas if there is a sequential require
ment in the reverse order, only the second regime 
should allow cells to complete meiosis. 

In practice, these experiments require the use 
of strains and conditions that optimize the degree 
of cell synchrony in meiotic populations, and pro
vide very sensitive indicators of meiotic recombina
tion. Using such methods, we have been able to 
show that the CDC2l gene product functions prior 
to the RADSO product, in a dependent sequence. 
Live meiotic recombinants are formed in regimes 
where the low temperature precedes the high tem
perature, but not in reverse regimes. 

The gene product of the CDC2l gene is 
knowns,6 to be thymidylate synthetase, which is 
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required for mitotic and pre-meiotic DNA synthesis. 
Thus, cdc2l mutants are unable to carry out pre
meiotic DNA synthesis at the restrictive tempera
ture, and our results therefore suggest that pre
meiotic DNA synthesis must occur in yeast prior to 
the RADSO-mediated step in meiotic recombination. 
We are currently investigating the radso cold
sensitive mutation in combination with another 
heat-sensitive mutation, cdc9, which codes for DNA 
Iigase.7 
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AN EMPIRICAL EQUATION THAT CAN BE USED TO DETERMINE GENETIC MAP 
DISTANCES FROM TETRAD DATA 

Charles Ma* and Robert K. Mortimer 

In organisms amenable to tetrad analysis, 
genetic map distances between two genes on a 

·Undergraduate student at the University of California Berkeley, 
worked on this study as part of an honors section project in 
Biology lA. 

chromosome are determined from the relative fre
quencies of parental ditype (PD), nonparental 
ditype (NPD), and tetratype (T) asci for those two 
genes (for review see Ref. 1). Perkins2 derived the 
standard equation used for determining map dis
tances (xp) on the assumption that only 0, 1, or 2 



exchanges occur in the interval between the two 
genes and that there is no chromatid interference, 
i.e., 

x = p 
100(T + 6NPD) 

2(PD + NPD + T) 
(1) 

This equation gives a good estimate of map dis
tances for short intervals (up to about 35 cM) but, 
because it ignores higher crossover ranks, underes
timates lengths of longer intervals. 

Snow3 has used the maximum likelihood 
method to derive a set of equations for determining 
map distances (x') that considers all crossover ranks. 
Solution of these equations for a given set of PO, 
NPD, and T values yields, in addition to the x' 
value, a value for the interference parameter, k, 
and values for the standard deviations in x' and k. 
Values of x' and xp are very close for short intervals 
but differ greatly for longer invervals. Because 
values .of x' more accurately reflect actual map dis
tances they should be used in preference to xp. 
values. However, solution of the equations derivea 
by Snow involves iterative steps requiring a com
puter and, because of this, application of these 
equations has been limited. We have found empir
ically that the equation, 

x = e 
80.7xp - .833xJ 

83.3 - xp 
(2) 

gives a very good estimate of x' over the range 
xp = 0 to xp = 75 cM (see Fig. 1). The average 
deviation of xe from x' over the full range of values 
of xp is only 2.0%, although the individual varia
tions are greater than this for large xp values. This 
deviation is due, at least in part, to variations in 
interference over the yeast genome; the relation
ship between x' and xp' in contrast to that between 
xe and xp' depends on interference. For values of 
xp less tlian 35 to 40 cM, Eq. (1) yields sufficiently 
accurate values of map distances; Eq. (2) should be 
used for longer distances. The coefficients in 
Eq. (2) were chosen to give a best fit to data from 
Saccharomyces cerevisiae. In this organism the 
interference is positive and has an average value of 
0.36.3,4 We expect Eq. (2) would apply to other 
tetrad organisms such as Neurospora crassa with 
similar interference values. By use of Eqs. (1) and 
(2), long map distances in yeast and similar tetrad 
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organisms can be determined relatively easily and 
with good accuracy. 
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MITOTIC AND MEIOTIC RECOMBINATION IN SACCHAROMYCES CEREVISIAE: 
PROPERTIES AND GENETIC CONTROL 

Michael S. Esposito, Carlo V. Bruschi, Kathleen Bjornstad, and Dimitrios T. Maleas 

Spontaneous mitotic and meiotic recombination 
in yeast cells differ in several basic properties, 
including the timing of initiation of recombinational 
events relative to chromosomal replication, the dis
tribution of recombinational events along chromo
some arms and the effects· of mutations of yeast 
REC genes on recombination. l ,2 Previous studies 
provided preliminary evidence for gene conversion 
events in mitotic cells involving chromosomal DNA 
segments of considerably greater length than is 
observed in meiotic cell populations.3,4 Studies 
conducted during the past year demonstrate the 
occurrence of mitotic coincident conversion of 
widely separated genetic markers on the same 
chromosome involving both heterozygous and 
heteroallelic markers.5 Coincident mitotic gene 
conversion of chromosomal markers is stimulated 
by the spo 11-1 mutation, which confers a mitotic 
hyper-recombination phenotype and a meiotic 

hypo-recombination phenotype.6 The mitotic and 
meiotic disturbances exhibited by spo 11-1 /spo 11-1 
diploids are typical of classical meiotic mutants 
defective in chromosomal synapsis and exchange 
(asyndetic mutants). The properties of spo 11-1 sug
gest that the different effects of such mutants in 
yeast mitosis and meiosis reflect underlying normal 
differences in the timing of recombination in 
mitosis and meiosis, the average length of chromo
somal DNA regions that undergo gene conversion 
and the dependence of normal meiotic disjunction 
upon chiasmata formation. 

Spontaneous Mitotic Recombination in Coisogenic 
spo 11-1 /spo 11-1 and SPO 11-1 /SPO 11-1 Hybrids 

The spoll-l/spoll-l hybrid CBX1 and the 
SPOIl/SPOIl hybrids CBX2, JG44 and JG61 
(Table 1) were employed to assess the effect of the 

Table 1. Strains employed" 

Diploid Relevant genotypes 

CBXl s[!oll-l MAla ade2-l canl' 
spoll-l MAla ade2-l CAN1' 

ADE5 met13-c c~h2' tre5-c leul-c ~ 
ade5 MET13 CYH2' trp5-d LEUl ADE6 

CBX2 SPOll MAla ade2-l canl' 
SPOll MAla ade2-l CAN1' 

ADE5 met13-c . c~h2' tre5-c leul-c ~ 
ade5 MEl13 CYH2' trp5-d LEUl ADE6 

JG44 SPOll MAla ade2-l 
SPOll MAla ade2-l 

ADE5 met13-d CYH2' tre5-d leul-12 ~ 
ade5 met13-c cyh2' trp5-c leu1-c ADE6 

JG6l 
SPOll MAla ade2-l 
SPOll MAla ade2-l 

ADE5 met13-d CYH2' tre5-d leul-12 ~ 
ade5 met13 c cyh2' trp5-c leul c ADE6 

a Meiotic linkage map of chromosome VII (centimorgans): 

c, ,'" ~,c, ~,~ ,"-
"c, e'- 1('''- " ~e'o ~e ~ ~Q. ~Q. ,i> ,e'> 

~ c, .... ~ 

I I I I I I 0.04 I 0 I 96 24 79 0.3 18 4 29 



spoll-l mutation on mitotic recombination. 
Intragenic recombination at the TRP5 locus, result
ing in Trp+ prototrophs, monitored intragenic 
events on chromosome VII. The genotypes of the 
hybrids also allow detection of intergenic recombi
nation associated with conversional events at the 
TRP5 locus. The diploids are ade2-1/ade2-1 
ADE5/ade5 hybrids and form red colonies due to 
the cell-limited pigment accumulated by ade2-1 
mutants. Intergenic recombination, associated with 
intragenic recombination at TRP5, yields ade5/ade5 
Trp+ segregants. These cells form· white colonies 
since the ade5 mutation blocks accumulation of the 
red pigment precursor. Red-white sectored Trp+ 
colonies are also detected when conversion at the 
TRP5 locus yields a pair of prototrophic cells during 
the cell division preceding or immediately following 
plating on tryptophanless medium. The ensemble 
of mitotic events that results in red-white sectoring 
was monitored by the appearance of sectored 
colonies on synthetic complete medium. Mitotic 
segregation of the recessive drug resistance markers 
cyh2r, located on chromosome VII, . and can l r, 

located on chromosome V, provided a further basis 
for comparison. The experimentally determined 
mitotic rates of recombinational events in spo 11-
l/spoll-l and SPall/SPall hybrids are summar
ized in Table 2. Mitotic events that result in total 
tryptophan prototrophic intragenic recombinants, 
cycloheximide resistant segregants and canavanine 
resistant segregants occur at similar rates in spo 11-
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1/spo11-1 and SPOll/SP011 hybrids. Sectored 
colonies resulting from segregation of the ade5 
mutation, and markers linked to it, recovered on 
synthetic complete medium, are four times more 
frequent in the spo 11-1 /spo 11-1 hybrid. The 
enhancement is highly statistically significant 
(Table 2). 

Red-White Sectors Recovered on Synthetic 
Complete Medium 

We determined the genotypes of 51 red-white 
sectors recovered from platings of the spo 11-
l/spoll-l hybrid on synthetic complete medium to 
determine whether the enhanced sectoring is due 
to a stimulation of nonreciprocal and/or reciprocal 
recombination (Table 3). The spo11-1 mutation 
increases the frequency of both reciprocal and non
reciprocal events resulting in mitotic segregation. 
43/51 (84%) of the sectors exhibited only nonre
ciprocal sectoring for chromosome VII markers. 
8/51 (16%) sectors (Classes 4, 5, 8 and 10 of 
Table 3) exhibited reciprocal segregation at the 
ADE5 locus and three of these (Classes 5, 8 and 
10) were accompanied by nonreciprocal events at 
the CYH2 and MET13 loci. The presence of 
heterozygous markers at LEUl and ADE6 on oppo
site sides of the centromere of chromosome VII 
provided an opportunity to determine whether non
reciprocal intergenic recombination events can 
cross a centromere. We observed no instances of 

Table 2. Mitotic rates of spontaneous intragenic recombination at 
the TRPS locus and segregation of heterozygous markers 

following growth of spo 17 -I /spo 17 -I and SPO 17 /SPO II hybrids. 

Spontaneous mitotic rates 

Recombinant class spo17-I/spo17-1 (CBX1) SPO 17/SPO I I (CBX2) 

Trp+ red 1.63 ± 0.17 X 10-6 1.71 ± 0.25 X 10-6 

Trp+ white 4.07 ± 0.49 X 10-7 2.72 ± 0.47 X 10-7 

Trp+ red-white sectored 1.90 X 10-7 1.20 X 10-7 

Trp+ total 3.20 ± 0.32 X 10-6 1.92 ± 0.27 X 10-6 

Can' 2.38 ± 0.20 X 10-5 3.39 ± 0.38 X 10-5 

Cyh' 1.83 ± 0.36 X 10-5 1.91 ± 0.39 X 10-5 

Red-white sectored on 5.2 ± 1.2 X 10-4 1.4 ± 0.6 X 10-4 

synthetic complete medium 
due to segregation of adeSS 

• The frequency of red-white sectored colonies due to segregation of the adeS 

mutation in CBX1 is statistically significantly different than that observed in 

CBX2 (Chi square = 6.9; N =1; P < 0.01) 
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Table 3. Genotypes of red-white sectored colonies of the spo 11-1 /spo 11-1 hybrid CBXl 
recovered on synthetic complete medium. 

Genotypes observeda 

Red side White side 
Class ----------------------------------

No. 
observed 

ADE6 LEU1 TRP5 CYH2 MET13 ADE5 ADE6 LEU1 TRP5 CYH2 MET13 ADE5 
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a At TRP5, 1 + = trp5-d, and +2 = trp5-c. 
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genotypes of 6 red-white sectored colonies of the 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

1+ 
+ 2 

1 + 
+2 

1 + 
+2 

1 + 
+2 

1 + 
+ 2 

1+ 
+2 

1 + 
+2 

1 + 
+2 

+ 1 + 
+ 2 

+ 

+ 

+ 

+ 

+ 

+ 

i + 
+2 

1 + 
+2 

1+ 
+2 

1 + 
1 + 

+2 
+2 

1 + 
1 + 

+-- 1 + - --+ 1 + 

+ 1 + -+ 1 + 

+ 

+ 

+ 

-
+ 

+ 

-
+ 

+ 

+ 

+ 

+ 
+ 

+ 

+ 

+ 
+ 

+ -
+ 

+ 
+ 

+ 
+ 

+ -
+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ -
+ 

+ 
+ 

+ 
+ 

+ -
+ 

-
+ 

11 

-
+ 

13 

5 

3 

6 

2 

SPOIl/SPOIl hybrid JG61 were also determined 
(Table 4). 5/6 result from nonreciprocal events 
(Classes ~1 and 2 of Table 4) and 1/6 results from 
reciprocal recombination in the MET13-ADE5 inter
val (Class 3 of Table 4). 
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Table 4. Genotypes of red-white sectored colonies of the SP07 7/SP07 7 
hybrid jG67 recovered on synthetic complete medium. 

Genotypes observed" 

Red side White side No. 
Class observed 

LEU1 TRPS CYH2 MET13 ADES LEU 1 TRPS CYH2 MET13 ADES 

+2 1 + +2 + + 2 1 + + 1+ 
4 

1+ + 2 + 1 + 1 + + 2 + 1+ 

2 
+ 2 1+ +2 + +2 1 + + 2 
1 + + 2 + 1 + 1+ + 2 + 1+ 

3 
+2 1 + +2 + + 2 1+ +2 -
1+ +2 + 1+ + 1 + + 2 + 1+ 

" At LEU7, 1+ = leu7-c, +2 = leu7-72; at TRP5, 1+ = trp5-d, +2 = trp5-c; at MET73, 1+ = met73-c, +2 = 
met73-d. 

Red-White Sectored Trp+ Colonies 

We determined the genotypes of 17 Trp+ red
white sectored colonies recovered from platings of 
the spo 11-1 /spo 11-1 diploid on tryptophanless 
medium (Table 5) to inquire whether sectoring 
results from reciprocal intergenic recombination 
associated with intragenic recombination at the 
TRP5 locus. In the spa 7 7/SP07 7 hybrids JG44 
and JG61, 71 red-white sectored Trp+ colonies 
were previously described. A total of 60/71 (85%) 
exhibited reciprocal intergenic recombination in the 
interval TRP5-CYH2 resulting in reciprocal segrega
tion of markers at the CYH2, MET7 3 and ADE5 
loci. The sp07 7-7/sp07 7-1 red-white sectored Trp+ 
colonies exhibit a different pattern of segregation of 
markers at these loci. None of the spo 11-
l/spo 11-1 Trp+ sectored colonies reflect simple 
reciprocal intergenic recombination in the interval 
TRP5-CYH2 and concomitant reciprocal segregation 
of markers at the distal CYH2, MET7 3 and ADE5 
loci (Table 5). 12/17 (71 %) of the sectors (Classes 
1, 2, 4, 8, 9 and 10 of Table 5) result from conver
sional events involving the CYH2, MET7 3 and ADE5 
loci. 5/17 (29%) (Classes 3, 5, 6 and 7 of Table 5) 
exhibit reciprocal segregation at the ADE5 locus 
due to apparent reciprocal intergenic recombination 
in the most centromere distal interval, MET7 3-
ADE5. 

Coincident Nonreciprocal Segregation of Linked 
Recessive Markers Does Not Result by 
Chromosomal Deletion 

Spontaneous nonreciprocal segregation of 
recessive heterozygous markers of the same chro
mosome in SPall/SPall hybrids does not result 

by deletion of the chromosomal segment bearing 
the corresponding dominant alleles. If the segrega
tion of recessive heterozygous markers reflected 
hemizygosity following a deletion rather than 
homozygosity following gene conversion, this 
would have been detected during meiotic tetrad 
analysis of the white portions of sectored colonies. 
Asci from the white portions of sectored colonies 
would be expected to segregate 2+:2 - for a reces
sive lethal deletion. In order to determine whether 
the nonreciprocal sectoring observed in spo 11-
l/spo 11-1 was due to hemizygosity following a 
deletion, we analyzed the genotypes of meiotic 
segregants from both the red and white portions of 
red-white sectored Trp+ colonies. Hemizygosity 
would result in a strong bias in favor of the meiotic 
recovery of the intact chromosome from the white 
portions of Trp+ red-white sectored colonies due to 
the meiotic hypo-rec phenotype of spo 11-1. The 
putative deleted chromosome lacking the CYH2-
ADE5 segment must recombine with its homolog in 
order to result in a haplo-viable segregant since 
there are known indispensable loci distal to the 
CYH2 locus. The results of this analysis are shown 
in Table 6. Markers in trans configuration at TRP5, 
LEUl and ADE6 were employed to identify the 
nonrecombinant parental chromosomes. Parental 
chromosomes are recovered with equal frequency 
from both the red and white portions of sectored 
colonies and recombination in the relevant LEU1-
TRP5 interval is rare. 

A Model to Explain the Mitotic and Meiotic Effects 
of the spo 11-1 Mutation 

The spo 11-1 mutant alters the properties of 
mitotic recombination in three respects: 1) it 
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Table 5. Genotypes of red"white sectored Trp+colonies of the spo71-7/spo71-7 
hybrid CBX7 recovered on tryptophanless medium. 

Genotypes observeda 

Red side White side 

ADE6 LEU1 TRP5 CYH2 MET13 ADE5 ADE6 LEU1 TRP5 CYH2 MET13 ADE5 
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a At TRP5, 1+ = trp5-d, and +2 = trp5-c. 

No. 
observed 

6 

2 

2 

results in a nonuniform enhancement of reciprocal 
and nonreciprocal recombination; 2) it enhances 
the relative proportion of intragenic conversional 
events at the TRP5 locus, associated with coin
cident conversion of widely separated markers 
distal to the TRP5 locus; and 3) it abolishes the 

occurrence of intragenic conversional events at the 
TRP5 locus, associated with simple intergenic 
recombination in the TRP5-CYH2 interval, unac
companied by conversion at the CYH2, MET13, and 
ADE5 loci. These effects of the spo 11-1 mutation 
provide evidence that the SPOIl gene product 

Table 6. Recovery of parental genotypes among meiotic segregants from 
the red and white sides of sectored Trp+ colonies of the 

sp07 7-7/sp07 7-7 hybrid. 

Parental genotypes Crossovers 

Origin ADE6 LEU1 trp5 ade6 leu1 TRP5 ade6 leu1 trp5 Totala 

7 Red sides 59 42 152 

9 White sides 49 41 o 133 

a There were 31 putative disomics/152 tested from red sides and 34 puta

tive disomics/133 from white sides. The disomics do not include the 

parental and recombinant classes listed and are typically heterozygous at 

ADE6, LEU7, and TRP5. 



controls the length of chromosomal regions that 
undergo simultaneous gene conversion and con
comitantly modulates the distribution of reciprocal 
intergenic exchanges. 

The length of DNA segments that can exhibit 
coincident conversion of linked genetic markers 
and the position of associated reciprocal exchange 
events are mutually dependent properties of 
recombination according to the Aviemore model of 
recombination and our prereplicational model of 
mitotic recombination in which recombination 
between homologous chromosomes is initiated 
before completion of the mitotic DNA synthesis 
phase. The relevant events envisaged on the 
prereplicational model are shown in Fig. 1. Strand 
transfer establishes a region of heteroduplex DNA 
in the recipient DNA molecule only, i.e., asym
metric heteroduplex DNA. Strand transfer is ter
minated by the isomerization postulated by Mesel
son and Radding resulting in formation of a Holli
day structure. Resolution of the Holliday structure 
by DNA replication during the mitotic DNA syn
thesis phase results in reciprocal recombination of 
DNA sequences flanking the region of asymmetric 
heteroduplex DNA and the Holliday juncture 
(Fig. 1 E). Coincident conversion of heterozygous 
markers in this region is not dependent upon 
mismatch repair of heteroduplex DNA. If mismatch 

Fi,l. 1. Coincident gene conversion and reciprocal 
recombination on the prereplicational model of mitotic 
recombination. (A) Recombination is initiated before replication 
of the homologous chromosomes due to the presence of a single 
strand nick or gap in the DNA of one of the homologs. (B) 
Coordinated DNA synthesis (dashed line), strand displacement 
and strand uptake result in asymmetric transfer of single 
stranded DNA from the donor (black) to the recipient (white) 
homolog and transient 0 loop formation. (C) The region of 
asymmetric heteroduplex DNA in the recipient duplex is 
extended by continued DNA synthesis, strand displacement and 
uptake into the recipient duplex. (D) Asymmetric strand 
transfer terminates as the Meselson-Radding isomerization and 
gap closure result in the formation of a Holliday structure in 
which the DNA double helices of the recombining homologs are 
joined by crossing single DNA chains. The length of the region 
of asymmetric heteroduplex DNA and the site of formation of 
the Holliday juncture are Simultaneously determined. (E) 
Chromosomal DNA replication resolves the Holliday structure, 
and two pairs of sister chromatids (7,2 and 3,4) are formed. 
Genetic markers in the region of asymmetric heteroduplex DNA 
exhibit coincident gene conversion. Three chromatids (nos. 7, 3 
and 4) contain only the donor (black) DNA sequence of this 
region; one chromatid (no. 2) contains the recipient (white) 
DNA sequence of this region. Genetic markers bracketing the 
region of coincident gene conversion and the site of formation 
of the Holliday juncture are reciprocally recombined, i.e., 
chromatids 7 and 4. Chromatids 2 and 3 retain the parental 
configuration of flanking sequences. (XBL 837 7 -4 709) 
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repair does occur it can result in total elimination of 
one of the input alleles at a heterozygous site. This 
results in sectors in which both portions are 
homozygous for the same allele of a locus previ
ously in heterozygous condition (e.g., conversion at 
the MET13 locus, classes 2, 5, 6, 11 and 1 7 of 
Table 3). 

The precise nature of the SPOll gene product 
is not specified by the genetic results, but the data 
favor the hypothesis that it is the postulated 
Meselson-Radding isomerase or a protein whose 
activity affects this type of isomerization. Delayed 
termination of asymmetric heteroduplex DNA for
mation by isomerization would be expected to 
result in the mitotic phenotype exhibited by the 
spo17-ljspo17-l diploid: diminished evidence of 
Holliday structure formation in the immediate vicin-
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ity of selected conversional events (i .e., Trp+ proto
trophs) and perturbation of the usual frequency dis
tribution of conversion and reciprocal recombina
tion events along the length of a chromosome. 

In meiosis spoll-l / spoll-l cells exhibit a 
Rec- phenotype associated with high levels of 
chromosomal nondisjunction, and the SPOIl gene 
product is apparently required for stable associa
tions of nonsister chromatids . The meiotic effects 
of the spo 11-1 mutation are also consistent with 
the speculation that the SPOIl gene product is 
involved in the Meselson-Radding isomerization. In 
meiotic yeast cells recombination occurs postrepli
cationally, and asymmetric heteroduplex DNA is 
apparently limited to short regions that are on aver
age less than 1000 base pairs in length, when 
events involving single copy genes are examined. 
This is a very small distance compared to the 
length of the TRP5 to ADE5 chromosomal segment, 
consisting of approximately 5 X 105 base pairs 
(bp), that exhibits mitotic coincident gene conver
sion in the spo 11-1 / spo 11-1 diploid and to a lesser 
extent in SPOIl / SPOIl diploids. Owing to con
straints imposed by meiotic physiology, strand 
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transfer may not be able to continue over long dis
tances. Failure to isomerize and form Holliday 
structures, which are thought to be the molecular 
basis of meiotic chiasma formation, may result in 
disengagement of the interacting chromatids. This 
may occur both by eventual scission of the single 
DNA strand uniting the interacting chromatids and 
by reversal of strand transfer due to branch migra
tion of the incomplete Holliday juncture to the site 
of single strand scissions in the transferred strand . 

2-/-Lm DNA Plasmid Profiles of Mitotic and Meiotic 
Cells 

Most strains of Saccharomyces cerevisiae harbor 
a nuclear 2-/-Lm circular double-stranded-DNA 
plasmid present at 60-100 copies/ diploid cell. The 
2-J.Lm DNA plasmid, consisting of 6300 bp, contains 
two regions of 599 bp each that are inverted 
repeats of each other. The inverted repeats 
separate the plasmid into two domains of unique 
sequence, one of 2774 bp and one of 2346 bp. 
Recombination occurs readily between the two 
inverted regions. Intermolecular as well as 
intramolecular recombination result in multimeric 

Fig. 2. 2-p.m DNA plasmid circles from mitotic cells of the SP071/ SP071 hybrid C8X2. Arrow indicates a 
multimeric molecule. (X88 831-10276) 



plasm ids.· In collaboration with Dr. Kenneth Down
ing, 2-/oLm plasmid DNA was prepared from mitotic 
and meiotic cell populations of 5pO 11-1 /5pO 11-1 
(CBX1) and SPO 11 /SPO 11 (CBX2) hybrids to deter
mine whether the 5pO 17 -7 mutation affects mainte
nance of the 2-/oLm DNA plasmid and the frequency 
of multimeric molecules which may result from 
inter- or intramolecular recombination. DNA of 
meiotic populations in acetate sporulation medium 
was isolated < two hours before onset of the first 
nuclear division, monitored by fluorescence micros
copy of sporulating cells; 2-/oLm DNA prepared by 
ethidium-bromide/cesium-chloride density gradient 
centrifugation was visualized by electron micros
copy, and random fields were photographed for 
subsequent counting and contour length measure
ment of molecules. Typical monomeric and 
dimeric forms of 2-/oLm circles are shown in Fig. 2. 
Mitotic plasmid populations isolated from the 
5pO 7 1- 7/5pO 11- 7 and SPO 11 /SPO 11- 7 hybrids 
exhibited nearly identical percentages of dimers, tri
mers and larger multimeric molecules (Fig. 3). Mei
otic plasmid populations exhibited approximately 
the same level of dimeric and trimeric molecules 
(Fig. 3). The results demonstrate that the REC 
mutation 5pO 77 -7 does not affect the frequency of 
multimers. 
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QUANTITATIVE gp32 AFFINITY CHROMATOGRAPHY OF THE INTACT AND 
MODIFIED gp32 MOLECULES TO EXAMINE gp32 SELF INTERACTIONS 

Junko Hosoda and Herbert W. Moise 

Our previous research on bacteriophage T 4 
gene 32 product (gp32), a single-stranded DNA 
binding protein, led us to propose that both termi-

nals of gp32 make discrete functional domains: 
domain A, 50 amino acid residues at the carboxy 
terminus, and domain B, 20 residues at the amino 



acid terminus, which are involved in gp32 interac
tions with DNA and proteins. It has been shown 
that the intact amino acid terminus B domain is 
essential for cooperative binding to single-stranded 
DNA, while the intact carboxy terminus domain A 
is responsible for the kinetic block in the gp32-
induced melting of native DNA and is related to 
the gp32 interactions with other T 4 proteins related 
to DNA metabolisms.1 A recently developed tech
nique of affinity column chromatography allowed us 
further more precise examination of protein-protein 
interactions. 

Self interactions of gp32 molecules is very 
important because the high cooperativity of their 
binding to single-stranded DNA is believed to be 
due to the interaction between the adjacently 
bound gp32 molecules. Such interactions will 
probably determine the conformation of the gp32 
DNA complex that serves as the template for the 
replication recombination complexes. Gp32 in 
solution shpws very complicated self-association 
reactions; there are at least two types of (protein) 
concentration-dependent association that have dif
ferent sensitivities to a variety of other environ
ments. One such association produces indefinite 
oligomers, maximum at 0.1 M salt, neutral pH, and 
sensitive to high salt and high pH, and another pro
duces a dimer, resistant to high salt or high pH.2 

Our limited proteolysis experiments indicated that 
the proteolytic removal of nine amino acid residues 
from the amino terminus of gp32 reduced (or abol
ished) all three interactions, the oligomer formation, 
the salt resistant dimer formation, and cooperative 
DNA binding. 1 

De Haseth et al.3 measured binding constants 
of proteins for DNA using DNA-cellulose columns. 
The same technique was applied to' measure bind
ing constants for gene 32 protein self-association. 

Small columns were made of agarose to which 
gp32 had been covalently attached. The columns 
were equilibrated with Tris-HCI buffer containing 
varying concentrations of NaCI. 10 Jlg of 3H-gp32 
corresponding to 5% saturation of the binding sites 
in the column buffer was applied to a 0.5-ml 
column and eluted with the same buffer. The con
centration of the binding sites was measured by 
applying an excess amount of gp32 to the column 
in the buffer containing 50 mM NaCl, and calcu
lated from the amount of gp32 that saturated the 
column, assuming that one binding site retains one 
gp32. When data were plotted as log Pci vs. i (Pci 
= percentage of 3H-gp32 remaining on the column 
and i = fraction number, as in Fig. 1), the major 
part of the profile can be characterized as single-
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exponential decay. The observed binding constants 
Kobsd were calculated from the lower part of the 
curves in Fig. 1 according to de Haseth et al.3 At 

. 6 -1 
0.05 M NaCl, Kobsd = 1.2 X 10M . The slope 
of log Kobs vs. - 10g[Na+] was approximately 1, 
indicating t~at one pair of ionic bonds may be 
involved in the self-association. Addition of 10 mM 
MgCI2 increased the binding constants, and Kobsd at 
10 mM MgCI2 and 50 mM NaCI was 1.6 X 106 

M- 1. 

32*11, a proteolytic product of gp32 lacking nine 
amino acid residues from the amino terminus, did 
not show any affinity for the 32-column (Fig. 2), 
while amE315 peptide lacking approximately one 
third of the molecule from the carboxy terminus 
seemed to have as strong an affinity as the intact 
protein (data not shown). 32*111, another proteo
lytic product lacking both the amino and carboxy 
terminus regions A and B, had an affinity weaker 
than that of the intact 32. It seemed that the pres
ence of the intact carboxy terminus in region A 
lessened the affinity, i.e., the longer the remaining 
carboxy terminus region, the less strong the affinity. 
The 32*111 made by trypsin lacking 21 residues from 
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the amino terminus and 48 residues from the car
boxy terminus had Kobsd = 1.5 X 105 M-' (Fig. 1). 
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Cell Culture Studies 

GROWTH OF HUMAN MAMMARY EPITHELIAL CELLS IN CULTURE 

Martha R. Stampfer and Jack C. Bartley 

We have continued our collaboration with Dr. 
Richard Ham of the University of Colorado on 
development of improved media for growth of 
human mammary epithelial cells (HMEC) in cul
ture.' Such improvements in the culture of these 
cells facilitate their general use in studies of human 
cellular physiology, differentiation, and carcino
genesis. The serum-free medium developed in this 
laboratory, designated MCDB170, with the addition 
of several growth factors, has now been tested on 
12 different HMEC specimens derived from both 
normal and carcinomatous tissues. In all cases thus 
far tested, active growth in monolayer culture can 
be maintained for 12-20 passages2 with about 3 
population doublings per passage. Thus a practi
cally unlimited number of cells are available, and 
large standardized cell pools from individual speci
men donors are being stored frozen for use in 
numerous and repeatable experiments. However, 
only a small subpopulation of the HMEC is capable 
of this extended growth; at passages 2-4 most cells 
appear to senesce while a minority population 
maintains the same growth rate and morphology. 
Addition of agents that elevate intracellular cAMP 
levels increases the number of these cells and 
stimulates the rate of cell growth. Possibly, those 
cells that continue to grow represent a stem cell 
population. We have now examined several indivi-

duals at early and later passages in culture and find 
no alterations in expression of keratin and fibronec
tin distribution, human milk fat globule antigen, 
karyology, pattern of glucose metabolism, and sen
sitivity to x-irradiation. Thus it is unlikely that the 
continued growth in culture represents a selection 
of an abnormal cell population. However, the lev
els of some metabolites of benzo{a)pyrene metabol
ism do decrease with increased time in culture, a 
phenomenon often observed upon prolonged pas
sage in culture with certain enzyme activities. It is 
possible that further improvements in the tissue 
culture conditions may prevent this loss of meta
bolic activity. 
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IN VITRO TRANSFORMATION OF HUMAN MAMMARY EPITHELIAL CELLS. 

Martha R. Stampfer and Jack C. Bartley 

The ability to induce in vitro transformation of 
normal HMEC would greatly facilitate studies on 
the mechanisms involved in malignant transforma
tion and the identification of agents responsible for 
such transformation. We have- been using our 
HMEC culture system to investigate the potential 
transforming ability of the common environmental 
pollutant, benzo(a)pyrene (BaP). A goal of these 
studies is to develop a simple assay of transforma
tion that could be used to detect potential environ
mental carcinogenic agents. The use of HMEC is of 
particular value, since approximately 80-90% of 
human cancers derive from cells of epithelial origin, 
but most previous work on transformation in vitro 
has utilized fibroblastic or mesenchymal cells, gen
erally derived from rodents. 

We have now been able to repeatably demon
strate that addition of BaP to primary HMEC cul
tures exhibiting rapid growth in our originally 
derived mammary medium, MM, causes an 
increased growth potential in these cells. Growth is 
readily maintained for about 3-6 passages beyond 

where control cells senesce. Isolated foci of cells, 
often resembling the hyperplastic growth patterns 
seen in vivo, continue growth for several additional 
passages. Only rare cells maintain indefinite growth 
potential. We have developed one c10nally iso
lated cell line actively growing at passage 71, and 4 
other cell strains, each with a distinctive morphol
ogy, currently at passages 9-11. It is hoped that 
careful characterization of these different cell lines 
will enable us to understand what changes occur in 
cells during the process of transformation, and the 
possible relationship between malignant transforma
tion, immortal life in culture, and expression of nor
mal cellular differentiated properties. These cells 
likely represent only partial (nonmalignant) transfor
mants since our cell line does not display the 
tumor-associated property of anchorage indepen
dent growth, or form tumors in immunosuppressed 
nude mice. Such partial transformants may be 
valuable substrates for examining the effects of 
potential promoting agents. 

A POSSIBLE ROLE FOR BASAL LAMINA GLYCOSAMINOGL YCANS IN THE 
REGULATION OF MAMMARY EPITHELIAL CELL DIFFERENTIATION 

Gordon Parry, Eva Lee, Debbie Farson, Mike Koval, and Mina Bissell 

It is becomingly increasingly clear that com
ponents of the cell surface and extracellular matrix 
play an important role in regulating the expression 
of a cell's differentiated characteristics. While 
several examples of this phenomenon have been 
described, there is very little information available 
on biochemical aspects such as what extracellular 
molecules are important, and what is the mechan
ism and route of information transfer from the cell's 
periphery to its biosynthetic and degradative 
apparatus. 1 In attempting to answer these ques
tions we have used cultures of epithelial cells from 
mammary glands of pregnant mice. These are ideal 
for study in that, in response to hormones, they 
produce and secrete many milk proteins. However, 
their ability to respond depends upon the nature 
and physical state of the substratum to which they 
are attached. Our previous studies have character
ized this modulating effect in detail.2,3 In sum
mary, we have found that cells cultured on col-

lagen gels that have been made to float in the cul
ture medium secrete many (though not all) milk 
proteins in significant quantities, while cells cul
tured on tissue culture plastic secrete only a few 
milk proteins in limited quantities. Cells cultured 
on attached collagen gels behave in a fashion inter
mediate between these two states. 

Our recent studies have concentrated on the 
cell-substratum interface with particular concern for 
the nature and organization of basal lamina com
ponents deposited when cells are cultured on 
either tissue culture plastic, or attached on floating 
collagen gels. Our intent has been to determine 
whether a correlation exists between the deposition 
of a basal lamina with a specific composition and 
the cell's ability to secrete differentiated products. 

Previous preliminary studies had demonstrated 
elevated levels of Type IV collagen in cultures 
maintained on released gels.2 During this last year 
we have focused on glycosaminoglycan com-



ponents synthesized by the cells and have 
discovered some interesting correlations between 
casein secretion and the type and distribution of 
glycosaminoglycans (GAG's). Cultures produce 
hyaluronic acid (HA), heparan sulfate (HS), and 
chondroitin sulfates (CS) on all substrata, but signifi
cantly more 3H glucosamine is incorporated into 
GAG's by cells on plastic than by cells on collagen 
substrata (Table 1). The location of the glycosami
noglycans differs considerably according to culture 
substratum in that cells on plastic secrete most of 
their GAG's into the medium while cells on floating 
collagen gels secrete very little material into the 
medium and incorporate most of their GAG's into 
the cell layer (Fig. 1). Although cells on plastic do 
incorporate considerable quantities of all classes of 
GAG's into the cell layer, only a small proportion is 
assembled into a detergent insoluble basal lamina. 
In contrast, over 70% of GAG's produced by cells 
on released collagen gels are assembled into an 
intact basal lamina. 

The composition of the basal lamina itself also 
differs according to culture substratum, the most 
notable feature being the proportion of hyaluronic 
acid that is present. Nearly 19% of the basal lam
ina GAG's produced by cells on plastic are hyalu
ronic acid while they represent only 6% of the 
GAG's produced by cells on floating gels (Table 2). 
Interesting cells on attached collagen gels produce 
a hyaluronic acid-rich matrix just as do the cells on 
plastic. This correlates with the production of 
caseins, in that cells on attached gels produce little 
casein in the culture medium while cells on 
released gels secrete considerable quantities of 
caseins. 

Currently we are attempting to modulate GAG 
synthesis and assess the consequences for the pro
duction of differentiated products. In addition we 
are testing the possibility that hyaluronic acid is a 
negative modulator of mammary differentiation by 
incorporating exogenous hyaluronic acid into the 
collagen substratum prior to cell attachment. 

Table 1. Total glycosaminoglycans (HA+CS+HS) synthesized. 
Cultures were labeled for 24 hours with 3H glucosamine 

(100,..Ci/ml) and radiolabeled glycosaminoglycans isolated. 
These were separated from glycopeptides derived from 

glycoproteins using DEAE cellulose chromatography and the 
total incorporation determined. 

Culture Substratum 3H glucosamine incorporated/,..g DNA 

Plastic 13,802 + 1805 

Attached Collagen Gel 3,943 + 1947 

Floating Collagen Gel 3,858 + 616 
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Our present data; then, are consistent with the 
possibility that a cell-synthesized basal lamina is 
required for maintenance of a differentiated pheno
type and that glycosaminoglycans and proteoglycans 
are important components of this extracellular 
matrix. Our experimental system is ideal for inves-
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Fig. 1. Histograms demonstrating the distribution of 
glycosaminoglycans among cellular compartments. Cultures 
were radiolabeled as described in the legend to Table 1. After 
24 hours, medium was separated from the cells, the monolayers 
washed with isotonic buffer, and the wash pooled with the 
medium. The cell layer was extracted with a detergent 
containing buffer (10 mM Tris CI pH 7.4, 1% Triton X-l00, 1% 
deoxycholate) at 4· for 30 minutes and the detergent-insoluble 
material removed by centrifuging in a microfuge at 12,000 g for 
10 minutes at 4·. The insoluble material is referred to as the 
"extracellular matrix" or "basal lamina" fraction and the soluble 
material as the "soluble cellular fraction." Error bars denote 
standard deviations. Values are the means of four 
determinations. (XBL 8311-4117) 



~ -' ... ~.' 
Table 2. Composition of the extracellular matrix produced by 
cell cultured on different substrata. Values are expressed as a 

percentage of the total GAG's present in 

Plastic 

HA 18.93 

HS 36.98 

CS 44.08 

the isolated extracellular matrix. 

Total GAG's (%) 

Attached Collagen 
Gel 

17.97 

32.36 

49.67 

Released Collagen 
Gel 

6.16 

40.06 

53.77 
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tigating this possibility further and should enable us 
to eventually discover how information is 
transferred from the extracellular basal lamina to 
the cell's biosynthetic apparatus. 
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CULTURED HUMAN HEP G2 CELLS AS A MODEL FOR INVESTIGATING 
LIPOPROTEIN SYNTHESIS AND METABOLISM 

Richard Thrift and Trudy Forte 

We are studying lipoprotein secretion by a 
human hepatoma-derived cell line, Hep G2. This 
line has been used extensively to study the secre
tion of serum proteins and, in particular, apoli
poproteins. Earlier work from our laboratory dealt 
with lipoprotein secretion by primary cultures of rat 
hepatocytes (i.e., cells isolated directly from rat 
liver). Since efforts to grow primary cultures of 
human hepatocytes have been unsuccessful, we 
hoped that the Hep G2 cell line could be used as a 
model to investigate the differences in lipoprotein 
metabolism between rats and humans. Humans 
are, of course, quite susceptible to atherosclerosis 
while the rat is resistant, yet far more is known 
about lipoprotein metabolism in the rat. 

In our current experiments Hep G2 cells were 
cultured in serum-free medium supplemented with 
insulin and glucose. Medium was harvested daily 
and concentrated. The newly secreted proteins 
were then isolated by standard ultracentrifugal pro
cedures into low density lipoprotein (LDL), high 
density lipoprotein (HDL), and nonlipoprotein frac
tions. Although daily secretion rates (per gram cell 
protein) of LDL protein and HDL protein were 
comparable to those obtained with the rat primary 
cultures after the first few hours of culture in the 
rat system, we found no very low density lipopro
teins (VLDL) in the Hep G2 medium. VLDL secre
tion is a normal liver function, and electron micro
graphs of human liver biopsies as well as rat hepa
tocytes show VLDL-sized lipid particles in smooth 
endoplasmic reticulum (SER), Golgi apparatus, and 
secretory vesicles. Electron micrographs of our cul-

tured Hep G2 cells showed numerous Golgi, but 
SER was clearly diminished, and VLDL were absent 
(Fig. 1). Although the VLDL secretion rate of pri
mary rat hepatocytes drops precipitously within 
hours after the cells are cultured, the rates in that 
system can be increased ten-fold by the addition of 
albumin-bound oleate. Fructose is expected to 
have a similar effect. Neither supplement added to 
the Hep G2 medium caused Hep G2 cells to pro
duce VLDL,. although both induced intra
cytoplasmic lipid droplets. In future studies we are 
planning to test the effects of anabolic hormones 
and other factors on VLDL secretion. 

The compositions of secreted LDL and HDL, as 
well as their normal plasma counterparts, are listed 
in Table 1. The major core lipid (hydrophobic 
lipid, as opposed to the amphipathic "surface" 
components) of plasma LDL is cholesteryl ester, 
while for the Hep G2 LDL the major core lipid is 
triglyceride. If, as presumed, the microsomal 
enzyme acyl coenzyme A:cholesterol acyltransferase 
(ACAT) is the major source of VLDL and LDL 
cholesteryl ester, then our composition data suggest 
the enzyme may not be functioning in this cell line. 

The composition of Hep G2 HDL is even more 
unusual. It is enriched in surface lipids (phospholi
pid and unesterified cholesterol) and deficient in 
core lipids (esterified cholesterol and triglyceride). 
Electron microscopy of negatively stained HDL 
shows it to contain discs of thickness 4.5 nm (the 
thickness of a phospholipid bilayer) and small 
spheres (Fig. 2). 



FiB. 1. Electron micrograph of Hep G2 cell culture sectioned 
parallel to the culture flask . The cells are closely packed and 
have large nuclei. The major intracellular organelles include 
mitochondria, extensive Golgi (Go), and rough endoplasmic 
reticulum (RER). Smooth endoplasmic reticulum is 
inconspicuous. VLDL which are usually seen within the Golgi 
cisternae of liver biopsies are not seen in the Hep G2 cells. 

(XBB 8310-8904) 

In their EM morphology and lipid composition, 
Hep G2 HDL resemble the HDL of patients with a 
genetic deficiency of the enzyme, 
lecithin:cholesterol acyltransferase (LCAT), which is 
normally secreted by the liver. In the presence of 
a required cofactor (apo A-I , the major apoprotein 

Table 1. Composition of lipoproteins. 

Protein PL UC CE TG 

Lipoprotein (% total weight) 

Hep G2 LBL 32 28 13 5 22 

Human Plasma LDL 22 22 8 42 6 

Hep G2 HDL 39 40 16 3 2 

Human plasma HDL 48 27 4 16 3 

PL, phospholipid; UC, unesterified cholesterol; CE, 

cholesteryl ester; TG, triglyceride. 
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FiB. 2. Negatively stained lipoproteins of d < 1.21 gl ml 
isolated from Hep G2 culture medium collected over 3 days. 
Arrow 1 indicates particles in the size range of LDL (20-26 nm), 
arrow 2 indicates discoidal or "nascent" HDL, and arrow 3 
indicates small round 6-8 nm HDL particles. Bar represents 100 
nm. (XBB 830-10799) 

of HDL), this enzyme normally catalyzes the forma
tion of a core lipid, cholesteryl ester, from the two 
surface lipids, unesterified cholesterol and phospha
tidylcholine . The net effect of this enzyme activity 
is the conversion of polar-lipid-rich discoidal parti
cles into core-lipid-rich spherical particles. In colla
boration with Dr. C.H . Chen of the University of 
Washington, we have determined that Hep G2 cells 
secrete catalytically active LCA T; therefore, there 
must be some other explanation for the persistence 
of discoidal H DL particles in Hep G2 culture 
medium. 

Great interest has been generated by the recent 
demonstration, first with Hep G2 cells and th en by 
other means, that apo A-I is secreted (both in the 
human and in the rat) as a pro-protein. That is, it 
has an N-terminal hexapeptide segment not present 
on plasma apo A-I. (Only one other plasma pro
tein, the a chain of complement C4, is known to 
be secreted in a form different from the major cir
culating form. Albumin and insulin, for instance, 
are synthesized as pro-proteins but cleaved in the 
Golgi .) It is not known whether pro apo A-I has a 
specific function, but it has been suggested by a 



number of groups that the pro segment may 
prevent the binding of pro apo A-I to HDL. Prel
iminary immunoblotting studies (immunoperoxidase 
staining of protein blots from gradient gel electro
phoresis) carried out with Dr. Virgie Shore of 
Lawrence Livermore National Laboratory indicate, 
however, that Hep G2 apo A-I is present across the 
whole spectrum of newly secreted HDL. The pos
sibility remains that the other known function of 
apo A-I, that of activating LCAT, may be inhibited 
by the pro segment. 

Very little is known about the secretion and 
extracellular processing of HDL. Based on results 
from rat livers perfused with an LCAT inhibitor, it 
has been proposed that HDL is secreted in a 
discoidal form and becomes spherical when it 
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enters the circulation. Work from our laboratory 
with rat primary hepatocytes indicated, however, 
that the inhibitor is toxic, and that in its absence rat 
hepatocyte HDL is spherical. It is not known 
whether the differences in morphology between 
Hep G2 and rat hepatocyte HDL are due to meta
bolic alterations in our cell line or to species differ
ences (such as the known difference in the struc
tures of the apo A-I pro segments). However, the 
discoidal HDL and premature atherosclerosis of 
LCAT -deficient patients are evidence of the impor
tance of post-secretory processing of HDL. The 
Hep G2 cell line will be extremely useful in the 
study of steps in HDL metabolism which were inac
cessible with the rat hepatocyte model. 

PLASMA MEMBRANE REORGANIZA nON INDUCED BY CHEMICAL 
TRANSFORMATION IN CULTURE 

Beverly S. Packard, Mina J. Bissell, and Melvin P. Klein* 

The idea of transformation to a malignant 
phenotype inducing a reorganization of the intra
and peri membranous macromolecular scaffolding of 
the plasma membrane is supported by a broad 
range of biophysical, biochemical, and morphologic 
studies. We are using the induction of a cell line 
(Mad in-Darby Canine Kidney (MDCK) to a 
transformed phenotype by exposure to phorbol 
ester tumor promoters as a model in which to study 
the plasma membrane perturbations brought about 
by the transformation process in general. 

As the initial intent was to probe the lipid 
environment of the plasma membrane, a number of 
commercially available fluorescent dyes were exam
ined for their staining patterns. All were found to 
internalize at rates unacceptable for the planned 
experiments. Therefore, a new probe Collarein, a 
fluorescent phospholipid analog, which has the pro
perty of exclusive localization in the plasma mem
brane, was synthesized. Collarein's apparent 
exclusive staining of the plasma membrane in cells 
viewed under the fluorescence microscope, com
bined with the single component exponential decay 
of its fluorescent lifetime when measured in stained 
cells, strongly supported its singular localization. 

·Chemical Biodynamics Division, LBl. 

This was in sharp contrast to the heterogeneous 
fluorescence patterns and multiexponential decays 
observed for the commercial dyes (Fig. 1). 

The effects of phorbol ester tumor promoters 
on the lateral diffusion in plasma membrane lipid 
environments were examined using the technique 
of fluorescence recovery after photobleaching 
(FRAP) (Fig. 2). Measured decreases for Collarein 
of the three parameters characteristic of this class 
of measurement, i.e., percent bleach (30%), per
cent recovery (52%), and halftime for recovery 
(52%), connoted the induction of an immobile frac
tion upon treatment with biologically active tumor 
promoters. The idea of induced reorganization is 
supported by experiments in which cell-shape 
change, brought about by exposure to cytochalasin 
B, an inhibitor of cytoskeletal structure, or to 
growth on matrices of collagen, fibronectin, or to 
laminin, resulted in FRAP values similar to those 
with active phorbol esters. 

Protein reorganization appears to be of high 
order in the hierarchy of biophysical perturbations 
to plasma membranes brought about by transforma
tion to a malignant phenotype. 
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Fig. 7. Fluorescence decay curves of MOCK cells subsequent to 
incubations with (a) Rhodamine-B and (b) Collarein. Curves 
labeled E are the excitation profiles induced by the laser pulse 
and the response of the system. Curves labled F are the experi
mental fluorescence decay (noisy) and the calculated fit 
(smooth) essentially superimposed. Deviation plots are below. 
Data were fit with an assumed decay law approximated by a 
sum of exponentials: 

1(0 = a,.exp(-t/r) 

where a; is the fraction, normalized to one, of the molecules 
with lifetimes Tr Deviations from attempted fits are indicated 
by the pattern and the magnitude of !ll. 

(a. XBL 829-11814B, b. XBL 829-11814A) 

(b) 
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Fig. 2. Fluorescence recovery after photobleaching (FRAP) 
traces. Eight successive hits and recoveries on the same spot of 
(a) a control cell and (b) a cell after treatment with a 
biologically active tumor promotor. (XBL 836-2647) 

REGULATION OF EXTRACELLULAR MATRIX FORMATION BY AVIAN TENDON 
CELLS IN CULTURE 

Julie A. Robinson and Mina J. Bissell 

Previous workers in this laboratory 1 have shown 
that primary avian tendon (PAT) cells cultured at a 
high density in medium with a low serum content 
(0.2% FCS) and ascorbate (50 J.Lg/ml) maintain their 
embryonic state of differentiation with respect to 
collagen synthesis (approximately 20% of their total 
protein synthesis is collagen). The PAT cells depo
sit onto the tissue culture dish an extensive net
work of extracellular matrix (ECM) fibrils that can 
be isolated free of cells by briefly treating the cell 
layer with 0.25-M NH40H.2 We have investigated 
the proteoglycan (PG) component of the ECM. 
After one week in culture, subconfluent PAT cells 
secrete into the ECM, proteoglycans containing 
heparan sulfate and dermatan sulfate as their main 
GAG components (see Table 1). After two weeks 
in culture, the composition of the proteoglycans 
being secreted into the ECM changes. The propor
tions of heparan sulfate and dermatan sulfate are 
reduced, and chondroitin sulfate constitutes the 

major proportion of the GAG's. This change in the 
composition of the proteoglycans being secreted 
into the ECM may reflect a trend towards restora
tion of the differentiated phenotype of the tendon 
cells in vivo, since it was found that whole tendons 
from 16-day-old chick embryos labeled in vitro 
with 35S-sulfate synthesized proteoglycans contain 
predominantly chondroitin sulfate and a smaller 
amount of dermatan sulfate. The PG's synthesized 
by embryonic tendon cells in vivo are currently 
being investigated. 

Since both ascorbate and the ECM have been 
found to be important regulators of collagen syn
thesis by cultured PAT cells, the effect of these fac
tors on PG synthesis was investigated. PAT cells 
were grown for four days in the absence of ascor
bate, and then the cells were replated on plastic or 
ECM-coated dishes in the presence or absence of 
ascorbate and/or i3-aminopropionitrite fumerate 
(i3apn), an inhibitor of collagen cross-linking and 



Table 7. GAG composition of proteoglycans synthesized by 
PAT cells in culture." 

% total 35S-GAG 

ECM Medium 
Ageof-----------------
Culture HS CS os HS CS DS 

7 days 50 17 33 8 19 73 

13 days 26 67 7 20 23 57 

a PAT cell cultures were radiolabeled with 35S-sulfate (50 ~Ci/ml 

of medium) for 24 hr. The medium was then collected and 

the ECM was isolated by treatment of the cell layer with 

0.25-M NH40H for 5-10 minutes at room temperature. Ra

diolabeled PG's were extracted from the ECM in buffer con

taining 4-M GuHCI and 0.1 % Triton X-l00. The PG's in the 

medium and ECM extracts were partially purified by ion

exchange chromatography on a column of OEAE-Sephacel 

equilibrated with 0.15M NaCI in 0.05M NaOAc buffer, pH 6.0, 

containing 8M urea and 0.5% CHAPS and eluted with a 

0.15-1.5M gradient of NaCI. The radiolabeled GAG's were 

isolated following papain digestion of the PG's, and their com

position was determined by selective degradation with chon

droitinases ABC and AC and nitrous acid reagent. 

HS = heparan sulfate; CS = chondroitin sulfate; OS = der

matan sulfate. 

hence of collagen matrix formation. The results are 
given in Table 2. Replating the cells on ECM
coated dishes caused a rapid and marked increase 
in the rate of 35S-GAG synthesis compared to con
trol cells replated onto plastic. In contrast, addition 
of ascorbate to the culture medium was found to 
increase total 35S-GAG synthesis only slightly during 
the 8-hour incubation period. However, further 
experiments in which PAT cells were cultured for 
longer periods in the presence or absence of ascor
bate indicate that addition of ascorbate to the cul
ture medium has a profound effect on the compart
mentalization of newly synthesized GAG's into the 
medium or ECM (see Fig. 1). A higher proportion 
of the newly synthesized GAG's are secreted into 
the ECM when PAT cells are cultured in the pres
ence of ascorbate, and this proportion increases 
with increasingly longer periods of incubation with 
ascorbate. The composition of the ECM GAG's 
was also found to be affected by ascorbate. PAT 
cells were maintained in culture for one or two 
weeks with or without ascorbate, and the composi
tions of the GAG's in the ECM's were determined. 
It was found that PAT cells cultured in the absence 
of ascorbate fail to undergo the change in matrix 
GAG composition (i.e., a decrease in HS synthesis 
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Table 2. Comparison of the effects of ascorbic acid and 
ECM on GAG synthesis by PAT cells in culture." 

-c 

-c +ECM 

-c +~APN 

+c 

+ +ECM 

+c +~APN 

35S-sulfate incorpn. into GAG 
(dpm/8h/l05 cells) 

Medium Cell layer 

2775 1266 

8789 2334 

2600 1721 

3055 1672 

8568 2585 

5784 1712 

Total 

4041 

11123 

4321 

4727 

11153 

7496 

a PAT cells were grown for 4 days in F12 medium containing 

0.2% FCS. The cells were then removed from the dishes by 

treatment with collagenase and replated on plastic or ECM

coated dishes in the absence (-c) or presence (+c) of ascor

bate or ~-amino propionitrile fumerate (+ ~APN). The 2 0 cul

tures were immediately radiolabeled for 8 hours with 355_ 

sulfate (20 ~Ci/ml). Radiolabeled GAG's were isolated from 

papain digests of the medium and cell layers by precipitation 

with cetylpyridinium chloride. 

in favor of CS synthesis) seen in cultures main
tained in the presence of ascorbate. Further stu
dies will be undertaken to determine the role of 
the substratum upon which the tendon cells are 
grown (e.g., matrices synthesized by PAT cells,rat 
tail collagen, or fibronectin) in the regulation of PG 
synthesis and/or degradation by tendon cells in cul
ture. 

Previous studies in this laboratory have shown 
that the collagen matrix synthesized by tendon cells 
in culture is absent in cultures of tendon cells that 
have been transformed with Rous sarcoma virus 
(RSC, Prague A strain). It was found that whereas 
collagen synthesis was considerably reduced upon 
transformation, synthesis of fibronectin was not sig
nificantly affected.3 We are now investigating the 
effect of RSV-transformation on PG synthesis by 
PAT cells. We have found that RSV-transformed 
tendon cells seeded onto either plastic or ECM
coated dishes exhibit an increased rate of 35S-GAG 
synthesis compared to the untransformed cells 
(expressed as dpm/hr/no. of cells). However, all 
of the GAG's synthesized by the transformed cells 
are secreted into the culture medium. Immu
nofluorescent staining experiments using mono
clonal antibodies against chick fibronectin and 
heparan sulfate indicate that the fibrillar matrix con-
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Fig. 1. Influence of ascorbate on the compartmentalization of 
newly synthesized GAG's into medium or ECM. PA T cells were 
seeded onto plastic tissue culture dishes (initial density = 7 X 
706 cells (6-ml dish) and grown for 4 days in the absence of 
ascorbate. On day 5, ascorbate (50 p.g/ml) was added to half of 
the cultures. After various periods (0-72 hr) of preincubation 
in the absence (0-0) or presence ( .......... ) of ascorbate, the 
cultures were pulse-labeled for 7 hr with 35S-sulfate. The 
amounts of 35S-labeled GAG's in the medium (A) and the ECM 
(8) were then determined. (X8L 8377-4775) 
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taining fibronectin and heparan sulfate seen in cul
tures of untransformed cells is absent in cultures of 
RSV-transformed tendon cells. Thus there appears 
to be a concomitant loss of collagen, fibronectin, 
and proteoglycan from the matrix upon transforma
tion. 

It has been observed that when RSV
transformed PAT cells are replated onto ECM
coated dishes, their morphology changes to one 
that more closely resembles that of the 
untransformed cells. While the lowered rate of col
lagen synthesis by transformed cells is not changed 
when these cells are grown on matrices, the level 
of cell-associated fibronectin is increased.4 It has 
been suggested, therefore, that fibronectin is lost 
from the cell periphery of transformed tendon cells 
as a consequence of decreased levels of anchoring 
collagen molecules.3 We intend to investigate 
further the relationship between RSV-transformation 
and matrix deposition by PAT cells in culture. Prel
iminary experiments indicate that RSV-transformed 
PAT cells seeded onto matrix-coated dishes secrete 
into the ECM PG's which have a very different 
GAG composition from that of the untransformed 
cells. 
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RSV ASSOCIATED MALIGNANCIES MAY REQUIRE ADDITIONAL FACTORS FOR 
TUMOR FORMATION 

David Dolberg, Missie-Joe Gates, and Mina J. Bissell 

Although the initiating impulse (of tumori
genesis) may be related to viral genetic consti
tution, it is unlikely that the continuity of subse
quent events can be ascribed entirely to specif
ic viral influences. .. (We must also consider) 
all the phenomena of the influences and the 
mechanisms governing the sequence and 
characteristics of cell differentiation resulting in 
the orderly development of the normal embryo. 
Although applications of tissue culture tech
niques have satisfied many demands on ques-

tions of virus-cell relationships, an understand
ing of the processes of tumor formation must fi
nally be dependent on the animal in which 
events transpire that are unseen in the absence 
of a host influence.1 

As J.W. Beard noted, to study tumorigenesis 
one ultimately must return to the animal. In doing 
so, we have found that host factors in chicken 
embryos determine whether or not the tumorigenic 
potential of Rous sarcoma virus (RSV) is even 



expressed. We have now inoculated over 1500 
embryos in the limb bud on day 4 of development 
with up to 105 f.f.u. of SRD-RSV. The limb as well 
as peripheral tissue was evaluated 10 days later. As 
reported last year, in contrast to its effect in 
newborn chicks (palpable tumors within a week), 
the virus was remarkably nonpathogenic in young 
embryos. Based on morphologic and histologic 
examinations we have found 1) no evidence of 
teratogenesis, 2) no evidence of tumorigenesis, and 
3) occasional presence of hemorrhagic lesions 
(endothelial blood blisters). These results confirm 
observations made over forty years ago. In addi
tion, we have found that 1) the virus was 
integrated and expressed; 2) the embryos were 
viremic and all tissues contained virus, 3) the 
recovered virus was competent and could form foci 
in culture and tumors in newborns, 4) all tissues 
contained an elevated level of viral pp60src associ
ated tyrosine specific phosphokinase activity, 
5) this activity was detectable as early as two days 
after inoculation, and 6) the amount of kinase 
activity per microgram DNA in the limb bud was 
comparable to levels found in 10-day-old tumor tis
sue; this suggests that, in early embryos, kinase 
activity may be necessary but not sufficient for 
tumorigenesis. 

Additionally we addressed the following 
questions: How do the cells from the limbs of 
infected 14-day-old embryos behave after being 
disrupted and placed in culture? And are the cul
tured cells from the limb buds of 4-day old 
embryos as susceptible to infection and virus pro
duction as cells from older embryos? 

Using morphology and rate of sugar uptake as 
two commonly measured criteria of transformation, 
we compared cultures prepared from the wing of 
inoculated embryos to that of cultures derived from 
the wing of control embryos which were infected at 
the time of plating or to cultures derived from 
tumors generated in newly hatched chicks. Cells 
were cultured in 25-mm multiwell plates at high 
density (4-5 X 105 cells per cm2) in order to 
discourage the horizontal spread of infectious virus. 
Cells infected in ovo appeared quite normal ini
tially, and demonstrated no appreciable increase in 
the rate of sugar uptake. However, within 24 hours 
the morphology of these cultures began to appear 
transformed (in mass rather than as foci), and the. 
rate of sugar transport increased. Kinase activity 
was elevated in the intact tissue and remained high 
after culturing. This effect does not seem to be 
due to the process of tissue disruption associated 
with the preparation of cultures, as transformed cul-
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tures retained all the characteristics of transforma
tion (qualitative and quantitative) immediately after 
trypsinization and replating. On the other hand, 
cultures derived from normal embryos and infected 
after plating (MOl = 0.2, approximately the same 
virus to cell ratio found in the infected limb tissue 
at the time of culturing) began to show foci of 
transformation and a stimulation of the rate of sugar 
transport only after 72 hours, while cultures derived 
from tumor tissue behaved transformed as soon as 
cells attached. 

Thus, embryonic cells infected in ovo retain 
their normal phenotype in ovo, as well as initially 
after plating. Furthermore, it appears that the capa
city to display a transformed phenotype is rapidly 
acquired after the cells are placed in culture. Either 
the culture conditions are permissive for the 
expression of the transformed phenotype, or alter
natively, these cells may experience an acceleration 
of the developmental program which would nor
mally lead to the tumor permissiveness observable 
in newly hatched chicks. The notion that the 
developmental program accelerates in culture has 
been suggested, by our laboratory, to occur at high 
densities using other criteria.2 

To find out whether cells from the limb bud of 
day-4 embryos are as susceptible to transformation, 
and whether they produce progeny virus at the 
same rate as cells derived from the limbs of day-14 
embryos, limb bud tissues from the respective 
embryos were dissociated, plated at low density 
and infected with RSV at a high multiplicity of 
infection (MOl = 2). Cultures were subsequently 
screened for reverse transcriptase activity, sugar 
uptake and morphology. The growth rates and 
subsequent morphologies of infected and unin
fected cultures derived from day-4 embryos differed 
from their day-14 counterparts, as would be 
expected. However, the increase in sugar uptake 
and the production of viral particles (per cell) were 
similar in both infected cultures. Thus, the refrac
toriness of embryonic tissues to tumor formation is 
the result of the embryonic environment, and iso
lated cells lose this property in culture. 

We are currently considering three general 
hypotheses that might explain the apparent inability 
of RSV to cause tumors in chick embryos. First, the 
intracellular concentration of viral kinase activity 
may be suboptimal. Alternatively, it is possible that 
only nontarget tissues are infectable in young 
embryos; the infection and replication of RSV in 
certain avian cell types in the absence of transfor
mation has recently been reported. These explana-
tions seem unlikely because of the high levels of 



detectable kinase activity in infected embryonic tis
sue and the presence of viral antigens in more that 
90% of isolated limb cells prior to culturing.3 

Second, a cellular component, required for tumori
genic expression, may be absent in the early 
embryo. This component might be a target for the 
viral kinase, for an additional "src" gene mediated 
activity, or a hormone, growth factor or 
endogenous promoter. Third, the early embryo 
may contain inhibitors for any of these necessary 
interactions. 

We have not yet been able to determine 
whether or not embryos infected on day 4 of 
development will ultimately develop tumors. Due 
to the lethality of the virus, which becomes 
apparent around day 14-15, we have hatched only 
4 of these embryos. None contained tumors, 
although all four died within 4 days of hatching of 
as yet undetermined causes. Several examples 
exist both for sustained suppression of the neoplas
tic potential, and for temporary suppression related 
to the developmental stage of the animal, but obvi-
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ously more embryos must be hatched to draw any 
conclusions. 

It appears that while the kinase activity of 
pp60src may be necessary for RSV-mediated 
transformation and tumorigenesis, there are one or 
several other developmentally related criteria which 
must be met before expression of the malignant 
phenotype is possible. The temporal sequence of 
the expression of viral and cellular factors may also 
be an important determinant. In addition, infected 
cells, once placed in culture, overcome the in ovo 
restrictions and become transformed rapidly. The 
mechanisms of both the restriction in ovo and 
transformation in culture are under investigation. 
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Carcinogenesis 

EFFECTS OF ALKYLA TING CARCINOGENS ON MAMMALIAN CELLS IN CULTURE 

Regine Goth-Goldstein and Mildred Hughes 

CELL KILLING BY ALKYLATING AGENTS 

Our work in the last year has concentrated on 
analyzing the response of Chinese hamster ovary 
(CHO) cells, a well established cell line, to various 
monofunctional alkylating agents. By comparing 
the toxic effects of these agents we hope to under
stand which alkylating agent-induced lesions are 
responsible for cell killing. 

Cell survival of CHO cells after treatment with 
N-methyl-N' -nitro-N-nitrosoguanidine (MN NG) 
shows an unusual dose response consisting of two 
components, an initial steep drop to about 2% sur
vival followed by a much flatter part (Fig. 1, cir
cles). In trying to determine the reason for this 
unusual curve, we investigated the possibility that 
the biphasic response could be due to a reduced 
MNNG-uptake with higher dose. This does not 
seem to be the case. Binding of 14C-MNNG to acid 
precipitable cellular material and also mutation 
induction to 6-thioguanine resistance are linear with 
dose. Another possibility was that the flat com-

ponent is due to a resistant subpopulation. When 
survival after MNNG treatment was measured in 
clones derived from single cells from our CHO line 
and tested as soon as enough cells were available 
for the experiment (-- 26 generations), each of the 
6 clones tested again gave a biphasic response, 
indicating that the flat component is inherent to the 
mechanism of cell killing by MNNG. 

N-methyl-N-nitrosourea (MNU) reduces cell 
survival in a similar manner as MNNG, whereas sur
vival after methyl methane sulfonate (MMS) and 
N-ethyl-N-nitrosourea (ENU) shows a shouldered 
response followed by an exponential drop (Fig. 2, 
open circles). These two different shapes of sur
vival curves indicate different mechanisms of killing 
by these agents. The grouping of the four agents 
according to their cell killing (MNNG and MNU 
versus MMS and ENU) does not correlate in any 
obvious way with their chemical reactivity, that is 
with the spectrum of alkylated bases they produce 
in DNA. Of course, MNU and MNNG yield the 
same pattern of alkylation, but MMS and ENU have 
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a very different one. MMS methylates DNA bases 
almost exclusively at nitrogens, whereas ENU reacts 
predominantly with oxygens. More alkylating 
agents will have to be tested to find out how the 
structural characteristics and the chemical reactivity 
of alkylating agents relate to their cell killing. 

ACQUIRED RESISTANCE TO SOME ALKYLATING 
AGENTS 

During the study of the biphasic MNNG sur
vival curve we investigated if clones derived from 
cells in the resistant part of the survival curve had a 
biphasic sensitivity to MNNG. Of four clones iso
lated after treatment with 3-JLgjml MNNG and 
tested for their MNNG sensitivity, all clones were 
much more resistant to the toxic effects of MNNG. 
One of these resistant clones, CI 3, has been 
characterized in more detail. It has been stable in 
culture for 10 months without a change in its 
response to MNNG. It has the same growth rate as 
the parent line. It is much more resistant to 
MNNG, and the dose response is monophasic with 
the same slope as the flat component in the sur
vival curve of the parent cell line (Fig. 1, triangles). 
The increased resistance to MNNG is not due to 
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decreased drug uptake, because the same amount 
of 14C-MNNG is bound to acid precipitable 
material in CI 3 and parent line. CI 3 is also more 
resistant to MNU, slightly more resistant to MMS 
and has the same sensitivity to ENU as the parent 
line. 

To see if increased resistance occurs with 
alkylating agents in general, CHO cells were treated 
with a high dose of MNNG, MNU, MMS or ENU (a 
dose that reduces survival to between 1 and 0.1 %), 
and the surviving population was exposed to a 
second dose of the drug. Increased resistance was 
observed only after pretreatment with MNNG and 
MNU, the two agents that result in a biphasic sur
vival curve. The MMS- and ENU-pretreated cells 
had the same sensitivity to a second dose of the 
agent as the un pretreated cells (Fig. 2). In the case 
of MNNG and MNU, resistance of the progeny 
population increased as a function of pretreatment 
dose. 



The resistant clones isolated after MNNG treat
ment could arise by three mechanisms: selection 
of a resistant subpopulation, gene mutation, or 
some other inducible permanent change. Because 
the resistant clones appear at such a high fre
quency, a gene mutation seems very unlikely. 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 sub-
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population, our CHO cell line might contain a very 
small resistant population for which we selected by 
MNNG treatment. In preliminary experiments, we 
were unable to find any evidence for a resistant 
subpopulation. We therefore think that we might 
be observing an inducible process that makes cells 
permanently more resistant to these methylating 
agents, and that the biphasic survival curve is 
somehow an indication of this process. 

INDUCIBLE REPAIR OF DNA DAMAGE BY CHEMICAL CARCINOGENS 

Priscilla K. Cooper, Mark F. Henteleff, Peter Origenes, and Vincent Ling 

The effects of DNA damaging agents, most of 
which are mutagens and carcinogens, are extremely 
complex in both procaryotic and eucaryotic cells, 
and a growing body of evidence suggests that many 
of these effects are mediated by cellular processes 
induced in response to the damage itself. Two 
classes of such inducible responses have thus far 
been recognized in Escherichia coli: 1) 50S 
responses that are induced by a variety of DNA 
damaging agents and which comprise a diverse set 
of functions that are coordinately controlled by the 
recA-lexA regulatory circuit; and 2) the adaptive 
responses that are induced by alkylating agents and 
that are independent of recA and lexA and instead 
are controlled by the ada gene. Phenomenological 
evidence for similar responses has been obtained in 
mammalian cells. In both the 50S and adaptive 
responses there appears to be a dichotomy 
between processes affecting survival after damage 
and those affecting mutation resulting from damage. 
We are currently extending our previous studies 1 

on one 595 process, long patch excision repair of 
uv damage, in order to better understand the 
mechanism by which this induced process pro
duces survival enhancement.2 We are also 
expanding our investigation to include repair of 
alkylation damage in order to understand the rela
tionship between the 50S and adaptive responses 
and the interaction of their effects on survival and 
mutagenesis. Most of our effort during the past 
year has been directed to launching studies of 
repair in E. coli following treatment with the potent 
carcinogen N-methyl-N'-nitro-N-nitrosoguanidine 
(MNNG). Quantitative measurements of repair 
DNA synthesis by combined radioisotopic and den
sity labeling3 in normal cells and in mutants defi
cient in one or more known repair functions are 
employed together with analysis of cellular survival 
under various conditions. 

The DNA adducts produced by alkylating 
agents are relatively well characterized: three 
major purine derivatives, 7-alkylguanine, 3-
alkyladenine, and 06-alkylguanine, are formed, 
together with a number of other relatively infre
quent products. The most frequent of the purine 
adducts formed by MNNG treatment, 7-meG, 
seems to be relatively innocuous and is tolerated 
with no obvious deleterious effects. In contrast, 
methyl addition" at the 0 6 position of G produces 
an aberrant tautomeric form of the base which pairs 
with T in addition to C, thus causing transition 
mutations. The third major product, 3-meA, is 
apparently responsible for much of the lethality 
associated with alkylation damage, since mutants 
that are unable to remove it are very sensitive to 
such damage. Indirect evidence suggests that the 
less-frequent 3-meG adduct may also have lethal 
consequences. E. coli contains several different 
repair enzymes that act on alkylated DNA. These 
include a constitutive 3-meA glycosylase (Tag I, the 
product of the TagA gene), an inducible 3-meA 
glycosylase that also has activity against 7 -meG and 
3-meG (Tag II, the product of the alkA gene), and a 
novel methyl transferase which specifically removes 
the methyl group from 06-meG, apparently without 
disturbing the DNA structure. The Tag II and 
methyl transferase activities are induced via the 
adaptive response, in which E. coli cells grown in 
low levels of alkylating agents achieve greater resis
tance to killing and decreased mutagenesis in 
response to higher doses of an alkylating agent. 
Action of either the constitutive or inducible 
glycosylases would be expected to initiate an exci
sion repair event following strand cleavage by an 
AP endonuclease activity, whereas removal of 0 6_ 

methyl groups by the methyl transferase would not. 
Repair synthesis in E. coli following uv damage 

results in patches that are heterogeneous in size. 



The majority of lesions are repaired by a constitu
tive process with patches 20-30 nucleotides in 
length, while a few (approximately 1 %) are repaired 
by an induced, ree-Iex dependent process with 
very long patches of at least 1500 nUcleotides. 1 

Both pathways require incision by the uvrA,8,C 
complex to initiate the process. Treatment of cells 
with the protein synthesis inhibitor chloramphenicol 
immediately following irradiation prevents induction 
of 50S processes and substantially reduces repair 
synthesis by blocking the long patch pathway. 50S 
functions can be induced prior to damage by incu
bation of a tif (reeA441) mutant at 42°C; such prior 
induction results in a large increase in uv resistance 
in uvr+ but not in uvr- cells. We have found that 
this uvr+ -dependent survival enhancement corre
lates with the induction of long patch repair and 
also with induction of a similarly uvr+ -dependent 
increase in ability to sustain DNA replication after 
irradiation. The following model has emerged from 
these and other results. Inducible enhancement of 
uv resistance and of post-uv DNA replication are 
primarily attributable to a uvr+ -dependent process, 
probably long patch repair, which is required for 
repair of lesions that are potent blocks to 
replication and are, perhaps for structural reasons, 
refractory to repair by the constitutive short patch 
process. Our investigation of repair in E. eoli 
treated with MNNG seeks to determine whether 
50S induction similarly affects events following 
alkylation damage. 

We first investigated the effect on survival of 
induction of 50S responses by growth of the tif 
(reeA441) mutant at 42 0 C prior to treatment with 
MNNG. As shown in Fig. 1, the induced cells were 
considerably more resistant to the alkylating agent 
than control cells grown at 32 0 C prior to treatment. 
Indeed, the tif-induced cells were found to be even 
more resistant to methyl methane sulfonate (MMS) 
treatment than were the MNNG-adapted cells (data 
not shown). This is an unexpected finding, since 
studies by others have shown that the adaptive 
response is apparently independent of 50S func
tions by the criterion that adaptation can occur in 
reeA- and lexA-noninducible mutants. 

The next question to be answered was whether 
uvr-mutants display similar tif-induced resistance 
to alkylating agents. This question is significant 
because we and others have found that 50S induc
tion of enhanced resistance to uv damage is largely 
dependent on the uvr+ genotype. We had 
presumed that this uvr+ dependence reflected a 
requirement for specific incisions in the induced 
process, but since the levels of the uvrA and uvr8 
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Fig. 1. Survival of uvr+ (left panel) and uvrA- (right pane/) E. 
coli cells following treatment with various concentrations of 
MNNG. Prior to treatment cells were grown either continuously 
at 32°C (constitutive control conditions), for 90 minutes at 42"C 
in the presence of adenine (induction of SOS functions via the 
tif mutation), or for 90 minutes at 32°C in the presence of 0.5 
JJ.g/ml MNNG (adaptation). (XBL 8311-4096) 

proteins are known to be increased following 
induction, it was conceivable that some other role 
of the induced levels of the uvr gene products 
could be involved. However, our current experi
ments have shown that tif induction of resistance 
to both MNNG (Fig. 1) and MMS (not shown) 
occurs independently of the uvr genotype. Hence 
there is no evidence for a role other than incision 
for the uvr gene products in 50S enhancement of 
cellular resistance to DNA damage. In the case of 
methylation damage, the excision repair process is 
presumed to be initiated by action of either the 
constitutive (Tag I) or inducible (Tag II) 3-methyl 
adenine DNA glycosylase. Thus, if 50S induction 
produces enhanced resistance to MNNG or MMS 
via the inducible long patch repair pathway as we 
suggest for uv resistance, then it would be 
expected that mutants mlssmg both of the 
glycosylase activities would be deficient in this 
induced resistance, analogous to the deficiency in 
enhanced uv resistance of uvrA mutants. Construc
tion of appropriate strains containing the tif muta
tion in addition to tag and alk will be required to 
test this expectation. 

During the current year we have also begun to 
characterize repair synthesis after alkylation treat
ment. Experiments have been performed with a 
dna8 mutant at the restrictive temperature, with the 
tif mutant in both uvr+ and uvrA - backgrounds, 



and with a strain carrying both tag and alk muta
tions and thus having no 3-meA glycosylase activity. 
Patch size has been examined in the dnaB- strain 
for repair of either MNNG or MMS damage. While 
these studies are far from complete, the following 
observations have been made to date. 1) As is the 
case for repair of uv damage, a large proportion of 
repair synthesis after treatment with either methy
lating agent is inhibited by chloramphenicol, sug
gesting that an inducible excision repair pathway 
operates as in the uv case. 2) Much of the repair 
is in long patches with either agent. Whether it is 
these long patches that require new protein syn
thesis remains to be conclusively established. Prel
iminary indications are that a greater proportion of 
the total repair sites are long patch than for uv 
repair. 3) Repair synthesis after MNNG treatment is 
not significantly reduced by a uvrA mutation. This 
result corroborates the above conclusion that the 
involvement of the uvr genes in long patch repair is 
confined to their role in incision. 4) There is no 
dose-dependent repair synthesis detectable in the 
tag-alk-double mutant, thus establishing that exci
sion repair of methylation damage is initiated by 
action of either the Tag I or Tag II activities, 
presumably followed by strand cleavage by an apu
rinic endonuclease. 

The enhanced resistance to alkylating agents 
produced by adaptation is thought to be attribut
able to the increased levels of the inducible Tag II 
enzyme found in adapted cells.4,s In order to 
definitively establish that the tif-mediated resistance 
was indeed separate from the adaptive response, 
we assayed Tag II activity in collaboration with the 
laboratory of Dr. Erling Seeberg in the Division of 
Toxicology of the Norwegian Defense Research 
Establishment. As illustrated in Fig. 2, we COh

clusively showed that there was no induction of 
glycosylase activity by 42 0 C incubation of the tif 
mutant. 06-methyl guanine transferase activity was 
also determined and likewise found not to be 
induced (not shown). We conclude that SOS 
induction confers enhanced resistance by affecting 
a later step in the excision repair process and 
hypothesize that the relevant event is induced 
repair synthesis. Further characterization of the 
effect of prior SOS induction and adaptation on 
repair synthesis will test this hypothesis. A prelim
inary account of this work has been presented.6 
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HUMAN MAMMARY EPITHELIAL CELLS IN CULTURE: METABOLISM OF 
CHEMICAL CARCINOGENS 

Jack C. Bartley and Martha R. Stampfer 

Our overall objective is to investigate, in a 
human mammary epithelial (HMEC) culture system, 
the normal regulation of breast epithelial cell 
development and functional differentiation and the 
process of chemical carcinogenesis. All the investi
gations described have been made possible for the 
first time by the development of a system for grow
ing HMEC in long term cell culture. 

CHEMICAL CARCINOGENESIS 

The major emphasis in our program studying 
HMEC in culture has been on the aspect of chemi
cal carcinogenesis for ~everal reasons: the high 
incidence of breast cancer in the U.s., and the 
clear relationship between polycyclic aromatic 
hydrocarbons (PAH) and initiation of mammary 
adenocarcinomas in experimental animals. We 
chose benzo(a)pyrene (BaP) as the PAH for our stu
dies because BaP is the most abundant environ
mental carcinogenic by-product from the incom
plete combustion of fossil fuel and because the 
metabolic pathway to the ultimate carcinogen is 
relatively well understood. The conversion of BaP 
to the ultimate carcinogen involves two epoxidation 
steps. Epoxidation of BaP at carbons 7 and 8 
yields, after hydration, the 7,8-dihydrodiol. Epoxi
dation of the 7,8-dihydrodiol yields the 7,8-
dihydrodiol-9,10-epoxide (BPDE), which is highly 
reactive, resulting in covalently bonded addition 
products with cellular DNA, RNA, and protein. 
One enantiomer of BPDE has been shown to pos
sess particularly potent carcinogenic activity in 
several experiment models, both in vivo and in cell 
culture. 

With this system, we have demonstrated previ
ously that the mammary epithelial cells readily con
vert BaP to a spectrum of products characteristic of 
high yields of the ultimate carcinogen, and the 
extent of DNA addition products formed is similar 
to that in cells transformable by BaP. 

These results indicate that chemical carcinogens 
could be a factor in the initiation of human breast 
cancer, if the breast epithelial cells are exposed to 
these agents under natural conditions. 

We currently have several pieces of evidence 
that might provide an explanation for the extraordi
nary ability of HMEC to form the ultimate carcino
gen. The basis of this explanation is the presence 

of prostaglandins synthetase in HMEC. This 
enzyme system could supplement the BaP oxida
tion by the usual pathway. The results from short 
exposure periods indicates that tetraols, the hydra
tion product of BPDE, rather than dihydrodiols, 
were the predominant products even at the early 
time intervals. In contrast, fibroblastic cells, in 
which DNA adduct formation was difficult to 
demonstrate, metabolized BaP more slowly and 
released mainly dihydrodiols and phenols in the 
medium. This oxidative activity in human epithelial 
cells is compatible with the presence of prostaglan
din (PG) endoperoxide synthetase, which is capable 
of oxidizing 7,8-dihydrodiol-BaP to the ultimate car
cinogen. 

The concept that the prostaglandin pathway is 
contributing to BaP metabolism is borne out by the 
results of our studies with fatty acids. Epoxidation 
of PAH and their metabolic derivatives by the PG 
pathway requires arachidonic acid as a co-oxidant. 
We have shown that linoleic acid, the precursor of 
arachidonic acid in the cell, specifically stimulates 
BaP metabolism in HMEC. The stimulating effect 
of polyunsaturated fatty acid on BaP oxidation is 
specific for epithelial cells in the human mammary 
gland; the extent of BaP metabolism and BaP meta
bolite pattern of breast fibroblasts was unchanged 
by the addition of polyunsaturated fatty acids. 

Although the stimulation affects all metabolites, 
a specific increase is noted in the most carcino
genic enantiomer of BaP diolepoxide. Furthermore, 
addition of an analogue of arachidonic acid, a com
petitive inhibitor of several PG enzyme systems, 
inhibits BaP metabolism and specifically decreases 
production of this form of the diolepoxide of BaP. 

These results support the contention that PG
related PAH epoxidation contributes both to the 
initial oxidation resulting in formation of the dihy
drodiol and, to an even greater extent, to the 
conversion of the dihydrodiol to the most potent 
carcinogenic product of BaP metabolism. 

The results of the studies with fatty acids may 
have direct medical significance as well as portray
ing the pathway of conversion of BaP to the ulti
mate carcinogen in HMEC. First of all, the pres
ence of the PG enzyme complex may help explain 
the particular risk of certain human epithelial cells 
to initiation of cancer (breast, colon, prostate). 
Secondly, the role of PG enzymes in BaP oxidation 



may provide a partial explanation for the relation
ship, verified epidemiologically, between diets rich 
in polyunsaturated fatty acids and the incidence of 
breast cancer. 

With respect to individual risk of breast cancer, 
it is interesting to note that HMEC grown out under 
precisely the same conditions from specimens from 
four individuals have been surveyed for the influ
ence of polyunsaturated fatty acids on BaP epoxida
tion. Of these, one showed no response, even 
after attempts on four different cell preparations, 
one consistently exhibits a 3- to 4-fold stimulation 
by fatty acid, and the other two fall between these 
extremes. We plan to determine if a relationship 
exists between these differences and specific 
aspects of the donor's medical history, e.g., familial 
risk of breast cancer, nationality, age, hormonal his
tory, use of tobacco, etc. 

HUMAN MAMMARY EPITHELIAL CELLS IN 
CULTURE: DEVELOPMENT AND FUNCTIONAL 
DI FFERENTIATION 

Because of the exquisite control exerted on the 
gland, the mammary epithelial cell is particularly 
appropriate for studies on control of functional dif
ferentiation. The mammary epithelial culture sys
tem provides a unique opportunity to study this 
regulation in a human system, and collaborations 
with Drs. Mina Bissell and Gordon Parry of this 
Division will allow us to conduct comparative stu
dies between the human and murine systems. 

We can monitor the modulation of functional 
differentiation in mammary epithelial cells in culture 
by the following markers: 1) overall glucose meta
bolite pattern, 2) synthesis of glycogen and lactose, 
3) the spectrum of protein synthesized and secreted 
(casein, lactalbumin), 4) synthesis and secretion of 
medium chain triglycerides, 5) growth rate, and 6) 
morphology. We have shown previously that the 
pattern of labeled intermediates and synthesized 
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products are characterized for the various stages of 
functional differentiation of the murine mammary 
epithelial cell. 

Results of glucose metabolite patterns, including 
glycogen synthesis, for HMEC demonstrate that 1) 
the metabolic activity of cells grown in the serum
free medium is similar to that of the freshly isolated 
organoids, and 2) metabolic activity of HMEC is 
modulated by the medium in which they are 
grown. Indeed, the pattern by cells in secondary 
passage in MM, the serum supplemented medium, 
resembled that for mammary cells from pregnant 
mice. The proteins secreted by the HMEC in the 
two media were very similar. The majority of the 
proteins synthesized within the cells remained the 
same in the two media, but cells in MM syn
thesized several proteins with acidic isoelectric 
points. Further investigations are required to deter
mine if these proteins are related to milk com
ponents as might be expected from the glucose 
metabolite patterns. 

The indication that the HMEC in MM may have 
characteristics of cells in the prelactating state is 
surprising in that the HMEC are derived, in all 
specimens used here, from nonpregnant, nonlactat
ing women. The likely explanation is that the rich' 
medium in which these preparations were grown 
produces a state of functional differentiation com
parable metabolically to that in cells from pregnant 
mice. The rapid growth of these cells in culture is 
compatible with the latter explanation. In contrast, 
the serum-free medium more likely mimics the 
state in vivo in the donors whose specimens were 
utilized in this study. 

The availability of a serum-free medium will 
clarify studies of specific hormonal modulations to 
an extent not possible in other mammary cell cul
ture systems, including mice. Therefore, many 
questions remain for further investigations in this 
human mammary epithelial cell system. 

COMPARATIVE ANALYSIS OF DATA FROM SHORT-TERM TESTS FOR 
CARCINOGENS AND MUTAGENS 

Joyce McCann, Laura Horn, John Kaldor, and Bob Siegel 

The use of short-term tests, such as the Sal
monella (Ames) test,l,2 for predicting the carcino
genic potential of chemicals has expanded so 
rapidly that development of a systematic, quantita
tive approach for analyzing and interpreting results 
has become essential. 

The potential of short-term tests to provide 
quantitative information about carcinogenicity is 
much less certain than their potential to provide 
qualitative information. There is, however, sugges
tive evidence that some quantitative correlation in 
potency between short-term tests and animal 



cancer tests may exist, and it is important to 
thoroughly explore this possibility for practical as 
well as scientific reasons. Short-term tests of 
thousands of synthetic and natural chemicals have 
identified far more potential carcinogens than can 
be confirmed by conventional animal cancer tests. 
The carcinogenic potency of different chemicals 
can vary by more than a millionfold. Clearly, if 
potency in short-term tests could be used to make 
rough predictions of potency in animal cancer tests, 
risk evaluation could be more easily focused on 
chemicals with the greatest potential hazard. 

In order to approach these problems, measures 
of mutagenic potency must be defined and then 
estimated from experimental data. While a number 
of studies have utilized such measures, important 
issues concerning their variability and reproducibil
ity have not been thoroughly considered. The vari
ability of potency estimates is not only important 
from the point of view of measuring the relation
ship between mutagenic and carcinogenic potency, 
but is also essential as a baseline against which to 
compare differences in the mutagenic potency of 
various chemicals and test conditions. Without 
utilizing such information, no general inferences can 
be drawn from between-experiment comparisons. 

We have constructed 3 a data base of short-term 
test results that will provide a powerful resource for 
resolving issues of comparability, both between 
various short-term tests and between short-term 
and animal cancer tests, by allowing quantitative 
comparisons to be made. Rec:ently, we have sug
gested statistical procedures for analyzing individual 
Salmonella dose-response curves4 and results of 
mammalian cell mutagenesis assays.s We have also 
discussed 'some alternative measures of mutagenic 
potency.6 In the past year we have completed a 
study involving dose-response Salmonella test 
results from a large number of experiments 
reported in the published literature, in which we 
have applied statistical procedures to obtain 
potency estimates, as well as the corresponding 
standard errors. We have also applied tests for sig
nificance and linear goodness of fit of the dose 
response to these data. Using these estimates we 
examined 1) the judgement of the statistical test for 
significance as compared to authors' opinions as to 
the positivity of each result, 2) the reproducibility 
of the test across replicate experiments from dif
ferent laboratories (according to the test for statisti
cal significance, authors' opinions, and the potency 
of the result, and 3) reproducibility in the published 
literature as compared to a standardized multila
boratory testing program. We also examined some 
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problems involved in making comparisons between 
the potencies of experiments carried out under dif
ferent test protocols. Below, we briefly discuss 
some of these results. 

We searched the published literature for Sal
monella test data on 450 chemicals. Even after 
excluding all articles that did not report quantitative 
test results, we still found that many papers did not 
report basic information about the test protocol 
(Table 1). In all, we were able to apply the statisti~ 
cal analysis to 1751 experiments, comprising data 
on 152 chemicals from 137 published articles. 

The test for linear goodness of fit indicated that 
the overwhelming majority of mutagens produce 
dose-response curves that contain an initial region 
that is approximately linear. Furthermore, of the 
few nonlinear curves, less than half (a total of 26, 
or about 7% of all experiments to which the good
ness of fit test was applied) are curves of increasing 
slope. With a few possible exceptions, these 
curves are not obviously clustered for any particular 
mutagens, even those generally considered to pro
duce nonlinear effects in the Salmonella assay, such 
as MNNG and EMS. 

In the published literature there are few cases 
where authors indicate that statistical methods were 
used to determine the significance of the response. 
We compared the author's opinion as to whether 
each result was positive or negative, with results of 

Table T. Incompleteness of the published literature in 
specifying details of the experimental protocol. 

Journal 
Experiments articles 

Information not reported (2129 total) (188 total) 

Metabolic activation 

Animal strain 239 51 

Animal species 12 6 

Inducer 40 9 

Amount of 5-9 added 404 29 

mg/ml protein in 5-9 1011 147 

Tester strain used 14 3 

Spontaneous revertant number 264 40 

Whether spontaneous was 
subtracted from response 62 8 

Data needed to convert dose units 
to ltg/plate 86 13 

Date needed to convert response 
units to revertants/plate 168 11 



the statistical test for significance. In almost all 
cases (99%) results of the statistical test and the 
author's opinion were the same. In the examples 
of conflicting opinions, the reasons were 1) the sta
tistical test places more weight than do most 
authors on the presence of a linear dose-response, 
2) most authors tend to require at least a 2-fold 
increase over the spontaneous background for "sig
nificance," and 3) when the number of spontane
ous revertants is small (say fewer than 20), authors 
tend to require a larger increase in induced rever
tants than when the spontaneous background is 
large, whereas the statistical procedure makes no 
such distinction. These factors result in the statisti
cal test tending to identify more experiments as 
positive than do authors, provided there is a linear 
dose-response effect, and authors tending to judge 
more experiments as positive than the statistical 
test when the dose-response is not linear. 

Among the 1751 experiments to which we 
applied the statistical analysis, there were 122 
data-sets (a total of 333 experiments) in which the 
same chemical was tested by two or more different 
laboratories under identical conditions. We have 
analyzed variability between laboratories, first, 
according to whether there was agreement between 
experiments as to positivity or negativity, and 
second, according to whether the estimated poten
cies were in' agreement. Twenty-one of the 122 
data-sets had some disagreement between experi
ments as to whether results were positive or nega
tive. In a few cases there may be biological rea
sons to explain the discrepancies, such as the pres
ence of mutagenic impurities in chemicals from dif
ferent sources. In other cases, the use of different 
dosing ranges (i.e., doses tested that were too low 
to detect an effect) may be the cause. In still other 
cases, the difference appears due either to 
extremely weak effects occurring at the limit of 
sensitivity of the assay that are detected as positive 
in some but not all tests, or to the random fluctua
tion of negative data. 

To analyze agreement among potencies from 
replicated experiments we selected, among the 122 
data-sets, those that contained 3 or more positive 
experiments, and we further restricted the analysis 
to data-sets containing no negative experiments. 
The results of this analysis indicate that estimates of 
mutagenic potency from different experiments are 
roughly clustered. However, marked across
experiment variability is also apparent. Thus, the 
within-laboratory precision of the potency estimates 
does not account for the variation observed across 
laboratories. Almost all data-sets are heterogene-

187 

ous, using a chi squared test. We also applied a 
test for the presence of outliers in these data-sets, 
but in only a small number (3) were any outliers 
identified (Fig. 1). 

We next compared results from the published 
literature to those obtained in a National Cancer 
Institute/National Toxicology Program testing 
program in which a large number of chemicals 
were tested in four different laboratories using a 
standardized testing protocol. Overall, we com
pared 44 pairs of data-sets, each of which con
tained results of experiments carried out under the 
same test conditions. These were all such pairs 
having more than one experiment from the pub
lished literature and more than one experiment 
from the standardized testing program. For each 
data-set, we first obtained summary measures of 
positivity, potency, and variability, using procedures 
we have described? In Table 2, the estjmated 
potencies and variances are compared. As shown, 
in most cases the average slopes are similar for the 
two groups of experiments. More than half are 
within a factor of 3. Variance is compared using 
the coefficient of variation (CV), which is the stan
dard deviation divided by the mean. It is striking 
that there does not appear to be a great difference 
in reproducibility between the two sources of data. 
In fact, reproducibility, as measured by the CV, 
may be slightly better overall in the literature than 
in the standardized testing program. This is most 
likely due primarily to two factors. First, authors 
tend to publish results that have been verified by 
replication, whereas, in the standardized testing 
program, chemicals were, in general, tested only 
once, using predetermined doses. Second, in con
trast to the standardized testing program, most test
ing done for publication is not done blind, and 
authors are aware of previously published results, 
which could conceivably bias their choice of which 
experimental results to publish. 

It should be possible to classify chemicals 
according to their different mutagenic potencies 
when they are tested under different Salmonella 
test protocols. We have made two observations 
that, if generally correct, will greatly facilitate such 
comparative studies. The first observation is that 
the CV of potency estimates across replicate experi
ments is approximately equal for all data-sets 
(about 70%), and the second is that within
experiment variances are often negligible compared 
to between-experiment variances. To illustrate how 
one might construct such a classification incorporat
ing these two observations, we compared the 
mutagenic potency of a number of chemicals in 
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Table 2. Comparison of results in the published literature and a standardized testing program: 
Mutagenic potency (average slope) and reproducibility (coefficient of variation). 

Standardized 
Literature testing program 

Average Average 

BaP TA100 

TA100 

TA98 

DBE TA1535 

HMF TA1538 

MMS TAl 00 

MNNG TAl 00 

TA1535 

NAT TA1535 

4NPD TA100 

TA98 

TA1538 

2NPD TA1538 

TRIS TA1535 

AVERAGE CV(%) 

a Number of experiments. 

b Rats were uninduced. 

S9 

+ 

+b 

+ 

Na slope 

2 238 

2 88.5 

2 98.6 

2 0.11 

4 7.3 

2 3.9 

2 5016 

5 1872 

2 .028 

3 24.3 

3 35.3 

6 68.9 

4 4.07 

4 .043 

CVC(%) N slQpe CV(%) 

125 5 88.3 111 

129 5 8.83 101 

80.7 4 40 78.2 

75.9 4 0.11 94.7 

55 7 12.4 150 

56.1 5 1.8 72.4 

58.3 10 672 104 

113 9 359 76.9 

38.6 4 1.03 192 

72 5 22.8 148 

44 5 85.8 85.2 

122 6 91.2 108 

71.9 6 0.27 62.4 

47 6 .019 76 

78 104 

C Coefficient of Variation (CV). (Standard deviation of the slope/average slope) X 100. 

Chemical name abbreviations: 

BaP = benzo(a)pyrene 

DBE = 1,2-dibromoethane 

HMF = N-hydroxy-2-acetylaminofluorene 

MMS = methyl methanesulfonate 

MNNG = N-methyl-N'-nitro-N-nitrosoguanidine 

NAT = natulan 

4NPD = 4-nitro-o-phenylenediamine 

2NPD = 2-nitro-p-phenylenediamine 

TRIS = tris-(2,3-dibromopropyl)phosphate 

two pairs of tester strains, TA 1535, which detects 
base-pair substitution mutations, and its isogenic 
pair, TAl 00, which contains the R-factor plasmid 
pKM 101. In Fig. 2, the potencies of results in the 
two strains are plotted for 39 chemicals, tested 
under a variety of conditions. There are three 
obvious classes of results, 1) those positive only in 
TAl 00, 2) those detected only in TA1535, and 3) 

the remainder, detected in both strains. If the two 
observations mentioned above are assumed to 
apply to these data, it can be shown that any two 
Salmonella test results are significantly different pro
vided their ratio is at least about 8 (or according to 
a more conservative argument, about 30). Using 
this approach, the results in Fig. 2 that are positive 
in both tester strains can be subdivided into those 



190 

10', 
29 

368 

10+ f3 
7 

I 221 

102 19-
1Q8 

151 22~ 
I 

.1 
I 

2~~ 158 

101 
!§ 288 88 

13 101 38 21 
37 I 20 281 

'?;] ~ 
81 

I 11 0 6 
0 

loor <l: 388 
f-

II 121 
-16e16 

5 26 

Icr'~ 
24 

33 

I 34 
~ 

102L178 
171 I 398--L391------321 

103 - 10- 2 
~c 

10' 10° -- 10' 10
2 

10
3 

10
4 

TAI535 

Fig. 2. Comparative potencies of 39 chemicals tested under various test conditions in TA 700 and TA 7535. The 
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more potent in TAl 00 and those of approximate.ly 
equal potency in the two strains. 
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CARCINOGENIC POTENCY 

Lois Swirsky Gold, Georganne Beckman, Margarita de Veciana, 
Robert H. Levinson, Renae I. Magaw, Mark Smith, and Bruce N. Ames 

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 to compare 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 applied to the results of tests on a 
broad range of chemicals. Our Carcinogenic 
Potency Database is an attempt to quantify and 
standardize the animal bioassay literature and to 
organize it systematically. 

TDS{!: A NUMERICAL INDEX OF CARCINOGENIC 
POTENCY 

As an index of carcinogenic potency, we have 
developed the TD50, or 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). TD50 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. estima~e a T~,50 using this inf~rmation; 
beca'use animals given high doses of chemicals fre
quently die early due to chemical toxicity, failure to 
account for this early mortality could lead to 
underestimates of the true potency. A full statisti
cal description of TD50 is given in Sawyer et al. l 

We have found that the range of TD50's is 
more than a million-fold. The range of carcino
genic potency for female mice, for example, from 
the bioassays conducted by the National Cancer 
Institute and the National Toxicology Program 
(NCI/NTP) is from 526 nanograms for 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) to 2~24 grams 
for 4-chloro-o-phenylenediamine. Both of these 
chemicals were evaluated as carcinogenic in the 
NCI/NTP Technical Reports, and the statistical sig
nificance of TD50 is less than 0.01. 

THE CARCINOGENIC POTENCY DATABASE 

Construction of the database of long-term 
animal tests has now been completed for the pub
lishedliterature through July 1981, and for the 
bioassays from the NCI/NTP program through July 
1980. There are approximately 800 experiments on 
200 chemicals from the NCI/NTP program, and 
1800 experiments on 550 chemicals from the pub
lished literature. During the past year we have 
added to the large literature on rats and mice, the 
results of many experiments with hamsters, dogs, 
and nonhuman primates. 

The database is readily accessible for qualitative 
and quantitative analysis, and most results are 
presented graphically in a plot format.V All posi
tive and negative experiments that fit a set of stan
dard criteria based on suitability for estimation of 
potency have been included in the database: tests 
in which exposure 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 suffi
cient evidence of carcinogenicity are not included, 
if for example, the route of administration was skin 
painting or subcutaneous injection, or the dose 
level could not be measured in mg/kg/dai 

In order to determine how reasonable it is to 
use the results of animal experiments to predict 
carcinogenic potency in man we began by compar
ing potency in rats and mice. If there is little corre
lation between these two species, we cannot hope 
to extrapolate animal experimental results to man. 
We have found that the carcinogenic potencies of 
chemicals which are positive in both rats and mice 
a.re highly correlated. However, this relationship 
can be directly predicted statistically from the fact 
that there is a very high correlation between the 
experimental doses administered to the two 
species. This statistical artifact of potency estima
tion does not imply that there is no basis for extra
polating animal results to man, but it does suggest 
that the interpretation' of correlation studies' of 
potency is open to scientific question and further 
research.4 
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