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Preface

This year an atterxpt has been made to develop
a Biology and Medicine Division annual report that
presents a coherent, integrated, and balanced
portrayal of the research activities of the Division.

The decisions on the program emphasis for this
new format were made by an editorial committee
made up of Group Leaders and Deputy Group
Leaders. As aresult a much heavier burden fell on
them as the contact points between the contribu-
tors and the Associate Laboratory Director's Office.
In this capacity Eleanor Blakely, Mina Bissell,

Thomas Budinger, Aloke Chatterjee, Michael
Esposito, Trudy Forte, and Bing Jap deserve
special mention,

Credit for the coordination of the overall effort
and much of the fine editing goes to Jan DeMoor, as
it has in previous years. The efforts and interest of
R.G. Barton and the staff of the Technical Informa-
tion Department contributed in many ways to make
this a more readable document than it might other-
wise have been,

Jack Bartley
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Introduction

The continuity and tradition of research in
biology and medicine at LBL—devoted to “advanc-
ing the application of physics, chemistry, and the
natural sciences to biology and medicine” (as
inscribed on the 1941 dedication plaque of the
Donner Laboratory)—was emphasized this past
year by the celebration of our 50th Anniversary.
The current research in life sciences at LBL re-
mains compatible with this mission. There is a
continuing commitment to basic studies of biologi-
cal and molecular function, particularly as they
relate to carcinogenesis, mutagenesis, and athero-
genesis, to the development and application of
advanced nuclear medical techniques, and to
studies basic to radiation damage and therapy
utilizing the unique selection of particle radiations
available at LBL. These efforts entail application
of state-of-the-art techniques derived from immu-
nology, cell biology, molecular genetics and the
traditional disciplines basic to medicine such as
biochemistry, biophysics, physiology, and hematol-
ogy.

Planning

During the past year, two unusual panels dealt
with new and ongoing research at LBL. LBL
Director Shirley received recommendations on
research in life sciences from the Panel to Explore
New Directions (PEND) and from the multicampus
Life Sciences Task Force. These reports have
recognized the potential importance of life sciences
in the future of LBL.

The PEND Subcommittee for Life Sciences
evaluated several potential new programs in the
context of the LBL/DOE mission. Their recommen-
dations designated two initiatives as being appro-
priate for development at LBL at this time. The
first was a biotechnology initiative that would
utilize strengths in 1) molecular and cellular
biology at LBL/UCB to explore means for optimiza-
tion of host/vector systems for bioprocessing and 2)
instrumentation and bioengineering to develop a
pilot plant to facilitate scale-up of the optimized
systems and to develop noninvasive means of
monitoring cellular activity and productivity. The
seconad initiative was a plan to bring to bear the
combined activities of several divisions on the
question of the extent and biological significance of
free radical generation in the environment during

energy conversion, The first of these initiatives has
received funding from the Director’s Program Fund
and the UC Biotechnology Research and Education
Program for bioprocess engineering. A pilot
program in biotechnology will be initiated in FY
1988 that will include components from the Cell
and Molecular Biology, Applied Sciences, and
Engineering Divisions. .

Reorganization

The Life Sciences Task Force was charged with
assessing current stren;*hs and future opportuni-
ties for the LBL life sciences program and to
recommend an appropriate organizational struc-
ture. The recommendations included retaining and
nurturing existing strengths in chemical biodynam-
ics and in research medicine and to promote cell
and molecular biology. A new organizational
structure, implemented at the beginning of 1988,
essentially embraces the organizational aspects of
the Task Force's recommendations. This new
organization brings together, under the leadership
of Paul Silverman as Associate Laboratory Director
for Life Sciences, those divisions in which the major
research effort is in life science. Concurrent with
these organizational changes, Life Science was
added to Energy Science and General Science in the
LBL mistion statement to reflect the recognized
importance of this research area.

Paul Silverman remained head of the Biology
and Medicine Division until January 4, 1988 when
it was divided into two major research components:
the Research Medicine Division, under the leader-
ship of Thomas Budinger, and the Cell and Molecu-
lar Biology Division under the direction of Mina
Bissell, This organizational structure meets the
recommendation of the Task Force to provide a
more prominent role for the research program in
cell and molecular biology.

Internal and external reviews have recognized
the strengths in the research effort at LBL and
affirmed the appropriateness of its emphasis on
research medicine, cell and molecular biology, and
structural biology. The opportunity to combine
these efforts with research in life sciences in other
divisions was explored at a retreat late in the fiscal
year. The potential of this integration to develop
an even stronger program in life sciences is being
realized and will be reflected in next year’s report.



New Initiatives

Any quality research program requires infusion
of new concepts, innovative approaches to ongoing
programs, and addition of complementary new
initiatives if it is to maintain its scientific stature.
In an effort to confront this necessity, several new
projects were initiated last year and significant
new directions were added to several ongoing
programs. The new initiatives include development
of a multidisciplinary program to examine the
biophysical, cellular, and molecular aspects of
radon exposure; the use of molecular epidemiology
based on restriction length polymorphism to
provide a molecular link to the incidence of familial
diseases, particularly atherogenesis and breast
cancer, and the addition of the hemopoietic system
to the studies of the relationship between perturba-
tions in gene expression and carcinogenesis.

The Human Genome Center became the major
new initiative developed in life sciences at LBL
during the past year. As a result of this effort, LBL
was designated by the Secretary of Energy as one of
the two DOE-sponsored centers for the national
Human Genome Project. The Center at LBL is
designed to focus strengths in cell and molecular
biology, instrumentation, data management and
analysis, and structural biology on the formidable
and challenging task of physically mapping and
seguencing large portions of the human genome,
This project exemplifies the new emphasis on the
importance of research in life sciences to the total
research effort at LBL. The Human Genome
Center has the potential of becoming one of the
largest single biomedical initiatives attempted at
LBL.

In addition to the the two major programs
initiated during FY 1987-the Human Genome
Center and Cell Transformation by Radon
Progeny-several ongoing programs are being
significantly expanded. The goal is to encourage
the research effort in nuclear medicine and in the
cellular and molecular aspects of radiobiology,
mutagenesis and carcinogenesis, and gene expres-
sion.

Specific programs targeted for expansion
include advancing our understanding of the mecha-
nisms for repairing damaged DNA, the cellular and
molecular consequences of radiation-induced DNA
damage, the role in carcinogenesis of perturbations
in differentiation, and diagnostic and therapeutic

applications of radiation and related instrumenta-
tion developed in research medicine.

Accomplishments

The research effort in DNA repair was mounted
at LBL several years ago with major emphasis in
bacterial and yeast systems. This work has pro-
gressed and coalesced to produce four new projects
on DNA repair, three of which involve human cells.
These projects use concepts and techniques refined
in simpler systems to increase our understanding of
DNA repair in human cells. This is complemented
by the expanding effort of radiobiologists at LBL to
characterize chemically the damage induced in
DNA by various types of radiation, the biological
consequences of this damage, and how this damage
is recognized and repaired in the cell. The research
effort at LBL in gene expression, particularly in
mammary epithelial cells, has achieved interna-
tional recognition. Continued growth of this
program is expected, and the emphasis will remain
on modulation of the differentiated state by cytoki-
nes, tissue substrata and other cells, and the role of
aberrations in these modulations in carcinogenic
processes.

Research in nuclear medicine continues to
advance investigations of physiology and disease
processes, the development of special instruments
to aid in these investigations, and the development
of treatment regimens using the variety of radia-
tion sources available at LBL. The use of nuclear
magnetic resonance (NMR) for imaging tissues and
blood flow was pioneered at LBL, and a new posi-
tron emission tomograph (The Donner-600) that
provides 2.5 times finer spatial resolution than
previously possible was designed and developed
here. A significant expansion of the medicine
program will include the research and development
necessary to transfer this instrumentation to the
clinic. Construction of a biomedical isotope facility
has been proposed in support of the PET-imaging
effort. LBL has the staff necessary to develop
radiolabeled imaging agents, but productivity is
hampered by the lack of facilities for producing
short-lived tracers and inadequate facilities for
meeting the demand for synthesis of new and
improved PET-imaging agents.

The research on biomedical applications of
heavy-ions is at the forefront in testing and refining



effectiveness as a treatment modality for certain
inoperable tumors and for arteriovenous malforma-
tions (AVMs) in the brain. The proposed upgrade
of the Bevalac, the source of the unique spectrum of
charged-particle beams available at LBL, will
facilitate the anticipated expansion of this program.
One goal of the recent reorganization is to foster a
highly integrated program involving heavy-ion
therapy in conjunction with imaging by PET and
NMR. _

There are two major parts to the research effort
in atherogenesis. The first is to understand the
metabolism of specific lipoprotein subclasses and
subspecies and the role of variations in this me-
tabolism, and the underlying molecular and biologi-
cal causes of these variations, as factors protecting
against or related to the onset of premature athero-
sclerosis. The second part is related to this goal.
Preliminary evidence indicates that a predomi-
nance of small dense subclasses of low density
lipoproteins (LDL) in the circulating plasma is
related to the risk of cardiovasuclar disease. The
objective of this research to test the hypothesis that
the patterns of subclaases of LDL are in large
measure determined genetically. This hypothesis
is being tested by screening for the presence of
various LDL subclasses in carefully defined fami-
lies and performing both complex ssgregation
analysis in pedigrees and linkage analysis restric-
tion fragment length polymorphisms (RFLP) in
DNA.

Technology Transfer

Another goal of the research effort in life
sciences at LBL is to transfer new findings to the
medical community and to industry for application
in the private sector. Recent examples of this
activity in nuclear medicine are the discovery of
metabolic aberrations in Alzheimer’s disease and
the newly defined phenomenon of heart muscle flow
rebound in coronary artery disease.

Summary

Modern biology is characterized by rapid
change. The development of new tools and the
resulte derived from their application to various
biological systems require significant shifts in our
concepts and the strategiex that are adopted to
analyze and elucidate mechanisms, In parallel
with exciting new scientific developments our
organizational structure and programmatic empha-
ses have altered. These changes and developments
have enabled the life sciences at LBL to be better
positioned to create and respond to new opportuni-
ties. The work summarized in this annual report
reflects a vital multifaceted research program that
is in the vanguard of the areas represented. We
are committed to justifying the confidence ex-
pressed by LBL through the new mission statement
and reorganizational changes designed to give
greater prominence to the life sciences.

Paul H. Silverman
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Sectior: 1. Structural and Macromolecular Biology

The Structural and Macromolecular Biology
Group comprises multidisciplinary investigators
whose major objective is to understand the struc-
tural-functional relationships of biologically impor-
tant molecules. The breadth of the program ranges
from protein structure studies at the level of atomic
detail using highly sophisticated electron crystal-
lography techniques to optical spectroscopy meth-
ods utilized to study the orientation and structure

of proteins and nucleic acids in intact cells. And
because protein structure and synthesis in biclogi-
cal systems are under the regulation of specific
genes, the program examines genetic regulation in
the formation and metabolism of specific biological
structures.

The different research components of our group
and the research affinities of its members are
indicated below.

ACTIVITIES OF THE STRUCTURAL AND MACROMOLECULAR BIOLOGY GROUP

Electron Microscopy and Eleciron
Crystallography

Spectroscopy of Nucleic Acids
and Proteins

Lipoprotein and Membrane
Protein Biochemistry

Genetics and Gene
Expression of Lipoproteins

Technical and Staff
Scientists Graduate Students
J. Bastacky d. Barr
F. Burkhard G. Gutman
K. Downing S-H. Kong
R. Glaeser C. Lee
T. Hayes G. Perkins
B. Jap P. Walian
S. Bicknese dJ. Corbett
R. Glaeser S.Goolsby
B.Jap
F. Livolant
M. Maestre
A, Nichols
E. Berry J. Adamson
S. Bicknese P. Blanche
T. Forte R. Celli
B. Jap D. Chin
R. Krauss G. Giotas
M. LaBelle L. Glines
F. Lindgren E. Golder
T. Musliner E. Gong
A. Nichols R. Harvey-Turner
dJ. Owicki S-H. Kong
M. Robinson B. Nordhausen
P. Williams V. Obie
J.0mr
dJ. Selmek-Halsey
J. Slack
M. Austin L. Abe
T. Forte A, Cavanaugh
R. Krauss L. Glines
M. Labelle

M. McCall



Electron Microscopy and Electron Crystallography

CHEMICAL ELEMENT LOCALIZATION IN THE
MICROENVIRONMENT OF EPITHELIAL CELLS

The chemical elements of the cell's microenvi-
ronment are often found to be localized in small
particles or microcompartments surrounding the
cell, Such localization and compartmentalization
can result in individual cell exposure to concentra-
tions of chemical elements (or molecules containing
such elements) that are quite different from the
exposure calculated from data obiained by bulk
chemical analysis of the extracellnlar fluids. If
certain microcompartments or zarticles tend to
concentrate the slement, the individual cell expo-
sure can be strikingly different from that eatimated
froni macroenvironmental measurements.

The analysis of the elemental composition of
small volumes (on the order of the size of individual
cells) has been carried out during the past year
using the analytic electron microscope at the
National Center for Electron Microacopy (NCEM)
at LBL. Both elemental mapping and estimates of
concentrations based on characteristic x-ray analy-
sis by a thin-film program at NCEM were carried
out. The elements P and Fe, as distributed in red
blood cells and lung type II epithelial cells, were
used as test specimens. Elemental concentrations
and distribution can also be determined by using
synchrotron radiation (x rays) to excite characteris-
tic x-ray fluorescence or by measuring the absorp-
tion edge structure in scanning transmission x-ray
microscopy. An alternative method of x-ray micros-
copy imaging uses a contact radiograph (litho-
graph) to record the information and an electron
microscope to read the information from the x-ray
lithograph. During the past year, investigators in
our group provided biological specimens for syn-
chrotron radiation experiments in collaboration
with the LBL Center for X-ray Optics. Progress on
both x-ray scanning and x-ray lithography methods
during the past year are described below.

ANALYTIC ELECTRON MICROSCOPY

The analytic electron microscope (AEM) is a
scanning transmission electron microscope (STEM),
JEOL 200CX, fitted with both high-angle and
ultrathin window x-ray detectors and a Kevex 8000
series spectrom..ter. The beam is capable of pene-
trating whole cells.

Figure 1.1a shows the wall from a single lung
alveolus in the STEM. The lung had been inflated
and maintained under controlled physiologic
conditions, then frozen in gitu. This sample was
frozen relatively slowly by pouring liquid nitrogen
over the lung; however, techniques are presently
being developed for rapid freezing using a metal
probe. Sections of frozen lung tissue were trans-
ferred to the specimen chamber of the low-tempera-
ture scanning electron microscope (LTSEM) in a
special vacuum transfer device currently being
designed and developed in conjunction with the
AMRay and EMScope corporations. After examina-
tion under the electron beam of the LTSEM, final
freeze-drying was carried out on the stage of the
scanning microscope. A single alveolar wall from
the lung (approximately 10 um thick and 100 um
long) was removed using microdissection tech-
niques and mounted between two beryllium grids.
Increased magnification of the image [Fig. 1.1(b)]
allows selection of individual calls for enalysis by
beam spot or raster modes [Fig. 1.1(c)). Character-
istic x-ray peaks were measured to determine the
concentration of specific elements in individual
cells.

Figure 1.2 shows two superimposed spectre;
one spectrum was obtained from the red blood cell
marked “RBC” in Fig. 1.1(c) and the other spectrum
from the type II epithelial cell marked “T,” in
Fig.1.1(c). Theiron peak (Fe) is present only in the
red blood cell and the phosphorous peak (P) is
higher in the epithelial type II cell. The type II cell
produces phospholipid surfactant, which is critical
in preventing alveolar collapse.

The pattern of P and Fe distribution can be
recognized more essily by elemental mapping of the
alveolar wall, In Fig. 1.3 the microscope generates
a spectrum at each point in a 125 x 64 raster then
each pixel is displayed with an intensity of red
proportional to the concentration of iron and an
intensity of green proportional to the concentration
of phosphorus.

X-RAY MICROSCOPY

In the past year pilot studies were conducted to
assess specimen preparation and mounting for the
first trials of x-ray microscopy on lung tissue,
Sequential correlative microscopy before and after
x-ray imaging was conducted using the analytic
electron microscope and high voltage electron



Fig. 1.1 The scanning transmission eleciron microscope
transilluminates the wall of a single air soc or alveolus from the
lung. Red blood cells line up within the thin sheet of copillaries
that make up this gas exchange membrane. This sample of dog
lung was frozen while inflated then fresze-dried. No chemical
fixatives, stains nor metal coats were used. Figures 1.1b and
1.1c are increasing magnifications of the center of the field in
Fig. 1.1a. Red cells are approximately & um in diametir. The
rectangles marked RBC and T, indicate the electron beam raster
areas during the collection of the spactra in Fig, 1.2. RBC is the
red blood cell, T,, the alveolar epithelial Type II cell. (XBB 882-
866)

microscope at the National Center for Electron Mi-
croscopy. Freeze-dried alveolar wall preparations
similar to those described above were photographed
in the transmission light microscope and examined
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with the LBL prototype scanning x-ray microscope
system operated by the LBL X-Ray Optics Group at
the National Synchrotron Light Source at
Brookhaven National Laboratsiy. This instrument
was able to focus monochromatic x rays to an
elliptical spot of 10 x 5 pm and to scan this spot in
a line across the alveolar wall, taking a characteris-
tic x-ray spectrum at each of 12 to 14 points aiong
the line. The specimens were returned to LBL, the
lung was mounted on Be grids, and the same area
was analyzed with the AEM. X-ray spectra excited
by the AEM electron beam were compared with
those excited by the x-ray beam, STEM images
were compared with the original transmission light
images. The sample was also transilluminated by
the 1.5-MeV electron beam of the high voltage
electron microscope to obtain fine structural detail
as a first step in the evaluation of beam damage
with the scanning x-ray microscope.



Fig. 1.3, (a) Digitalized image of the same alwsolar wall in Fig.
1.1(c). The analytic slectron microscope collacts & characieristic
x-ray specirum at each point in the 185 2 84 pixel field then in
in (b) painis each pixel red if Fe is present and green if P is
present. In this x-ray map of the alveolar wall, th- ‘nlensity of
color at each point is proportional Lo the amount of the element
present. In the above black and white print of this map the
distribution of the slements is still discernible dut the potiern is
much less evident than in the orginal, (CSIY 883-1346)

DEVELOPMENT OF FREEZING TECHNIQUES
FOR BIOLOGICAL MATERIAL

A joint study with Dr. Patrick Echlin at the
Batany School, Cambridge University was directed
toward a better understanding of the cellular
changes that take place in specimens held at
subzero temperatures during microscopic examina-
tion and analysis. Relatively unaltered biological
material can be crycfixed at temperatures from —20
to —2°C, held at the fixation temperature until
cellular electrolyte equilibrium is extnblished and
then snap-frozen for analysis by SEM-characteris-
tic x-ray techniques. The experiments were carried
out using primordial tissue found in the low-tem-
perature-resistant turion or bud of the aquatic
plant Lemna (Duckweed), which had heen the
specimen used in previous studies of frozen hy-
drated material examined at liquid-nitrogen
temperatures. Viability studies were carried out in
the upper ice-temperatu~a range and the transition
from liquid to solid phase was menitored on indi-
vidual turions by microcalorimetry and thermal
analysis of the exotherm that accomoanies the
freezing of the supercooled tissue. Preliminary
results indicate that the turion of Lemng is an
excellent test specimen for experiments that would
develop techniques for the examination of unal-
tered biological specimens by soft x-ray mizroscopy.

T. Hayes and J. Bastacky. Affiliate Membera:
J. Goerke (UCSF) J. Underwood, ... Thompsoi:, R.
Giague,Y. Wu., and M. Howells (Center for X-ray
Optics, LBL), C. Echer INCEM, LBL).

Eleciron Crystallography of Membrane Proteins

Electron crystallography has been used widely
in structural studies of biological molecules at a
resolution of 20 A, and in a few cases to somewhat
better than 10 A. Information obtained at that
resolution is useful in identifying msjor structural
domains. However, the full understanding of
functiona! mechanisms of protein molecules re-
quires a knowledge of molecular structure in
atomic detail. Electron crystallography has great
potential to become a powerful technique for
determining the atomic structures of membrane
proteins. The best resolution that is currently

attainable by the electron crystallography tech-
nique is about 6-7 &, which is somewhat chort of
that needed to discern the atoniic structure of the
proteins. Until recently, several problems hav::
limited the attainable resolution.

In the past year, technical breakthrougus have
been made in ele:troa: crystallography for determi-
nation of atomic structures of mambrane protains.
The first is a technique that improves the signal-to-
noise ratio of the high resolution details in the
images of biological samples. thus allowing high
resolution images tu be routinely ohtained; the



other is the crystallization of membrane proteins
for miolecular structure determination. These
breakthroughs have contributed major steps
toward making electron crystallography become a
routine technique for molecular structure determi-
nation of proteins,

Specimen movement that occurs in response to
incident electron radiation has been a major
problem in obtaining high resolution images of
biological samples. It has long been known that
radiation damage limits the resolution of images of
organic specimens. This damage results ir: »reak-
age of covalent bonds and puts stress on the apeci-
men. These effects produce movement in tha
specimen during electron radiation that results in
smearing of the imsge and a resulting loss of
contrast of the high reqolution details. To overcome
this problem, a small-spot illumination technique
wes developed that produces a dramatic increase in
the contrast of high resclution details of images.
This is demonstrated by the quality of images of a
monolamellar paraffin crystal obtained in this way
(Fig. 1.4). The crystalline lattice spacing of 3.7 A is
clearly visible in these images. In contrast, such &
lattice spacing is not visible or appears with much
lower contrast when images of paraffin crystals are
obtained :aing conventional methods. The small-
spot technique has recently been applied to obtain
high resolution images of bacteriorhodopsin, a
light-driven proton pump, and of outer membrane

Fig. 1.4. An image of « monolamallar pareffin crystal oblained
directly with the small spot lechnique. The image is somewh:.:
nolsy; lattioe linss can be seen more clearly by viewing the figure
ot an angle along the direction of the iines. Laitice linss with
spacings of 3.7 and 4.2 A as indicated are visible. The dark
spois at the intersections of lines correspond to the image of the
pareffin chaing seen end-on. (XBB 876-5429)

channels from E. coli. The small-spot technique
therefore provides a major atep in developing
electron crystallographic technique for routine
three-dimensional structure determination at the
atomic level. This technique can be simiiarly
applied to improve the contrast of high resolution
details for crystalline fibers, such as actin filaments
and microtubules. Images of these samples have
been limited in the past to give low resolution
details as a result of specimen movement and of
radiation damage. The small spot technique opens
a new dimension to electron crystallographers for
structural determination of biological macromole-
cules.

Specimen flatness and/or the interaction of
biological samples with tho support film have
reduced the success rata of obtaining high resolu-
tion images and the diffraction pattern of bacteri-
orhodpsin in purple membrane at high tilt angles.
Images at various tilt angles are needed in order to
obtain the three-dimensional molecular structure.
The success rate of obtaining high resolution
images diminishes at increasingly high tilt angles,
This is now the only known limiting factor in
obtaining the high resolution structure of bacteri-
orhodopsin by electron crystallographic methods. A
recent study focuses on ways to change the surface
properties of the support film to ensure thet the
sample remains flat. The use of support films with
holes and the frozen hydrated specimen technique
have provided some encouraging results, but
further work is needed.

Crystallization of membrane proteins forming
two-dimensional crystals is a necessary step in
obtaining the three-dimensional molecular struc-
ture of a protein by electron crystallography.
Crystallographic averaging provides a way to
enhance the signal-to-noise ratio of high resolution
details with a minimum dose of electron radiation,
damage from which limits the dose allowed to
obtain high resolution viructural details of biologi-
cal samples. In the past, purple membrane, which
naturally forms highly ordered arrays, was the only
specimen from which one could successfully obtain
a high resolution structure to é 5 Aby electron
crystallography. There was an urgent need to show
that membrane proteins that are not naturally
crystalline can be reconatituted to form two-
dimensional crystals that diffract to high resolu-
tion. Such reconstitution has now been successfully
done for a membrane protein, PhoE porin, and the
crystals diffract to at least 3.4 A (Fig 1.5).

The specimen flatness problem, which clearly
hindered progress in obtaining high resolution data



Mg 1.5. A high resolution slaciron diffraction pattern of PhoE
porin embedded in glucose. The paitern has been procesed by
compuler to reduce the ba:hground inlensity, The diffraction
potiern was oblained at a tempercture of -190 C. The patiern
shows reflactions extending (o at least 3.4 A. (XBB 870-10681)

at high tilt angles for bacteriorhodopsin, appears to
be less severe for PhoE porin. It was possible to
obtain high resolution diffraction of PhcE porin at
45 degrees tilt without significantly degrading its
quality. The interaction of the PhoE membrane
with the support film as compared to that of
bacteriorhodoprin may be the main difference:
bacteriorhodopsin crystals diffract only when the
support film is hydrophobic while PhoE porin
crystals diffract even when the support film is
highly hydrophillic. It is currently believed that the
surface properties of the cupport film and of the
sample suspension determine the degree of stress
on the support film, resulting in varying degrees of
bending of the suppoert film. The bending of the
support film, in turn, results in the fading of the
diffraction pattern as the sample is tilted.
Significant progress has been made in obtain-
ing a high resolution three-dimensional structure of
PhoE porin. A projection map of PhoE porin (Fig,
1.6) with a resolution better than 10 A has been
obtained. The projected map shows that the struc-
ture of porin consists of a hollow cylinder with
outer diameter of about 40 A. The diffraction
pattern of PhoE porin shows strong reflections at
approximately 4 and 10 A suggesting that the B
sheets, which are known to make up its secondary
structure, are oriented approximately normal to the
membrane plane. Assuming that the cylindrical

10

Hig.1.8. A projectad map of PhoE porin embedded in glucose.
The map is oblained from an image by computer processing that
enhances the contrast. The struciural information is limited to a
resolution of about 10 A. There are four trimers in a unit cell.
Each trimer appears as three cylindrical siructures (dark rings)
of 8 sheel, where the ceniral dark region of each cylinder repre-
sentis a glucose-filled channel. (XBB 881-8) '

structure extends across the membrane, about 40 A
thick, the number of p strands needed to form such
a hollow cylinder is about 19, each strand being 12
residues long. The total number of residues needed
to form such a channel is about 230. Since PhoE
porin consists of 330 residues, there are about 100
remaining residues for linker peptides and for
forming a possible gating structure, This type of
model is consistent with our three-dimensional map
of negatively stained PhoE porin at a resolution of
better than 20 A. Our three-dimensional map
shows trimeric channels, each of which is about 35
A long and 20 A wide. The trimeric channels
traverse the membrane, but they do not merge.
Each channel probably has an extended narrower
segment that may play an important role in both
its molecular selectivity and possible gating mecha-
nism. Currently, the three-dimensional structure
of PhoE porin at high resolution is being deter-
mined in order to provide more detailed informa-
tion about the molecular design of the channel.
Great effort has been given to crystallize
halorhodopsin (hR), a light-driven chloride pump.
Reconstituted hR with lipids, extracted from purple



membrane, forms two-dimensional patches, indicat-
ing that our crystallization condition is not too far
from the ideal one. The reconstituted patches have
not yet shown any ordered arrays. Work is cur-
rently underway to refine the crystallization
protocol in order to obtain well-ordered crystals.

A new project has been initiated to purify
mitochondrial transport enzymes, the adenine and
phosphate transporters, for subsequent crystalliza-
tion into two-dimensional crystals suitable for
electron crystallographic studies. When these
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proteins have been purified to homogeneity, at-
tempts will be made to crystallize them following
the same technique that has been used successfully
in the reconstitution of PhoE porin into crystals.
The natural abundance of the two transporters in
witochondria from beef heart and their stability
when purified are certainly positive factors for
successful two-dimensional crystallization.

Robert M. Glaeser, Bing K. Jap, Kenneth Down-
ing, and Edward Berry. Affiliated Members: Paula
Flicker, Peter Walian, and Seok-Hwan Kong.

Spectroscopy of Nucleic Acids and Proteins

FLUORESCENCE DETECTED CIRCULAR
DICHROISM

Fluorescence-detected circular dichroism
(FDCD) is a powerful tool for studying the struc-
ture of proteins that possess fluorophores such as
the amino acid tryptophan. In normal FDCD
measurements, a large part of the fluorescent
signal ir. lost by the phenomenon of photoselection.
This latter spectroscopic artifact arises when
fluorophores are excited by linearly polarized light
and emit anisotropically due to long rotational
times and transition dipoles that are closely aligned
with the plane of polarization. Residual linearly
polarized light occurs in most FDCD instruments,
thus decreasing sensitivity. A tachnical break-
through has been made in the past year by mem-
bers of our spectroscopy group in developing an
ellipsoidal mirror system that virtually eliminates
the signal from photoselection. The design of the
elliptical mirror system that is placed inside the
sample chamber of the Jasco spectropolarimeter is
schematically shown in Fig. 1.7, Fluorescent
emission reaching the photomultiplier tube is
increased by a factor of 18. By increasing the
signal-to-noise ratio, the mirror assembly will be
extremely useful for other forms of spectroscopy,
and will be important for resolving the structure of
complex biological macromolecules. Experiments
are presently underway to study the structure of
apolipoproteins and changes induced in the struc-
ture of the protein molecule during interaction with
specific lipids.

DIFFERENTIAL POLARIZATION MICRCSCOPY
OF CHANGES IN STRUCTURE OF SPERMATO-
CYTE NUCLEI

Phase-dependent forms of microscopy (phase
contrast, interference, polarization, and so forth)
have been used for many years; they use the
amount of phase retardation to measure the iso-
tropic or anisotropic index of refraction. Investiga-
tors in our group have developed a microscope that
forms images dependent on small differences in
extinction for different forms of incident polarized
light. By modulating the polarization of incident
light on the sample and digitally recording the
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Fig. 1.7, The basic ellipsoidal mirror configuration showing
the sample cell with its collar, the modification of one mirror,
and the position of the photomultiplier tube (PMT) (+ indicates
the ellipaoidal foci). The positions and percentages of light col-
lection and loss are also indicated, (XBL 875-7731)



difference in intensities of transmitted light,
images have been obtained that reveal specifically
either linear or chirally ordered structures. Linear
polarized light, incident alternately with two
perpendicular directions of polarization, forms
images of structures that have linear order or
linear orientation. Right and left circular polarized
light incident alternately on a sample forms images
of chiral structure. Structures with neither linear
order nor chirality are essentially invisible. Thus,
linear dichroism, circular dichroism, and linear and
circular differential scattering images can be used
to detect specific types of structures that may be
obscure by conventional methods. The structure of
the nucleolus (the site of RNA synthesis) in live
primary spermatocytes of Drosophila when they
are transcriptionally active and inactive has been
elucidated by linear and circular differential

(a)

Fig. 1.8. Four views of the nucleus of an early siage primary
spermaiocyte: more than ten such cells were imaged. The
mhdmd’lkucd“cum mont of the cytoplasm is
contained in a small region still atiached to part of the cyst
above. The nucieus (with its nucleolus) tahes up the
remainder of the cell. The nucleolus ( ) and the presumasd Y
chromosome (Y) are labeled. (a) The transmiseion image of
primary spermatocyle. The fleld of view in the differmtial
images is 7 jum on sach side; the wavelength used to image is
430 am. mwuwmwwmwmm.
A square outlines the area of this cell that was imaged in the
differential polarization images. Both linsar end circular
differential extinction are color coded with blue (bl) representing
+0.002 10 0.0; yellow (¥3) represents 0.0 o -0.008. (b) A circular
differential image showing the nucleolus and partof the Y
chromosome. (¢) A linsar differentiol image of the same area in
(b) showing the single domain nucleolus (center, yeliow) and
part of the lampbrush chromoso;ne (upper right, blue). (d) The
image of the amount of linearly aligned material. The image is
oblained from two linear dickroism imeges [one is shown in (c)]
with the principal axes of polarisation differing by 45 degress.
The aorm of these hwo images gives the amount of oriented
malerial independent of the direction of orientation. The
nucleolus and part of the lampbrush chromosome are readily
visible in (a) through (d). Note that the circular and linear
differential images show different structures at this siage in
development. [(a)XBB 860-8866, (b,c,d)XBC-869-7926]
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imaging techniques. The active nucleolus is sepa-
rated into regions of differing amount of linear and
chirally scattering material while the inactive
nucleolus and the heterochromatic region of the Y
chromosome show the same uniformity of linearly
and chirally scattering material (Fig. 1.8). Thus
polarization-dependent images reveal structures
that correlate with the transcriptional activity of
cells.

®)

(c)

d)



THE EFFECT OF SPEED OF DEOXYGENATION
ON THE PERCENTAGE OF ALIGNED HEMO-

GLOBIN IN SICKLE CELLS: APPLICATION OF
DIFFERENTIAL POLARIZATION MICROSCOPY

Differential polarization microscopy (linear
dichroism) has been used to measure the percent-
age of aligned hemoglobin (Hb) in 1086 deoxygen-
ated red blood cells from subjects with sickle cell
anemia. The percentage was found to be only
slightly dependent on the speed of deoxygenation,
thus showing that the percentage of aligned Hb was
thermodynamically controlled (as has been found
previously for the percentage of polymerized Hb).
The slight decreass in the percentage of aligned Hb
due to increasing speed of deoxygenation is primar-
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ily due to the increase in number of cells containing
no detectable aligned Hb. This class of cells was
also the most variable between the different sub-
jects studied. Two other groups of cells were identi-
fied that contain different numbers of domains of
aligned Hb, and these groups contain statistically
different percentages of aligned Hb. The differences
between these classes of cells were shown to be pri-
marily due to different numbers of initial nuclea-
tion sites within each cell. It appears that the
presence of preformed nucleation sites within cells
at room oxygen tension results in the thermody-
namic control of aligned Hb polymer.

Marcos Maestre, William Mickols, Stephen
Bicknese, and Alex Nichols. Affiliated Member:
Ignacio Tinoco (Chemical Biodynamics, LBL).

Lipoprotein and Membrane Protein Biochemistry

LIPOPROTEIN STRUCTURE AND METABO-
LISM

Lipoproteins are macromolecules that transport
triglycerides and cholesterol in the plasma. Nor-
mally these lipids are important as sources of
energy for cells, and they are required for cell
growth and repair. However, it is well known that
exaggerated levels of plasma lipids, particularly
cholesterol, increase risk to atherosclerosis. Lipo-
proteins do not represent a single population of
particles but rather are best described as distinct
families or classes that are distinguished by the
protein(s) called apolipoproteins (apo), associated
with the lipid. The protein associated with the
lipoprotein ultimately determines the metabolic
fate of the particle:

The metabolism of various lipoproteins and the
interactions between classes of lipoproteins are
extremely complex. Abnormalities in lipoprotein
metabolism or processing can lead to the onset of
atherosclerosis. The complexity of lipoproteins and
their role in atherogenesis is schematically repre-
sented in Fig. 1.9.

The goal of investigations in the lipoprotein
subgroup is to understand the origin and fate of
specific lipoprotein subclasses and subspecies, and

their contribution as possible risk factors in athero-
sclerosis or their capacity to protect against prema-
ture atherosclerosis, To this end, members of our
group are carrying out extensive in vitro modeling
studies in order to delineate how lipoprotein
macromolecules are assembled and subsequently
modified by specific enzymes.

Plasma HDLs are associated with decreased
risk {0 prematurs atherssclerosis; this properiy of
HDL has led to studies aimed at understanding the
structural-functional aspects of their molecules.
Extensive progress has been made in understand-
ing the origin of specific high density lipoprotein
subclasses. HDLs are composed of at least five
different components and are associated with three
major apolipoproteins, apo Al, All, and E. Specific
details on conversion of apo Al (or All or E) precur-
sors to representative plasma components have
been delineated with protein-lipid models inter-
acted with the enzyme lecithin:cholesterol
acyltransferase (LCAT). Model complexes formed
with three apo Al molecules, phospholipid, and
cholesterol are discoidal structures, of 13.5-nm
diameter. Following incubation with LCAT,
spheres of 9.2-nm diameter that contain three apo
Al molecules are generated (Fig. 1.10). Starting
with discoidal complexes containing two apo Al



MAJOR LIPOPROTEIN PATHWAYS INVOLVED IN ATHEROSCLEROS!IS
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Fig. 1.9. Schamatic of major lipoprotein pathways involved in
atherosclerosis. The liver is the major source of apolipoproteins
(apo)B, E, and C. The major particlen secreted by the Liver are
triglyceride.rich structures, VLDLs. VLDL-triglyceride is
hydrolysed, thus forming smaller particles, including IDL and
LDL, that transport most of the blood's cholesterol. LDLa that
are abnormally modified in the blood are thought to be tahen up
by arterial macrophages that then give rise io foam cells that are
the beginning of the atheroscleroiic lesion. The HDL lipopro-
teins associated with apoAl and apoAll are belisved do remove
excess cholesterol from cells with the help of apok, which is
synthesised by many cells and is believed to transport cell
cholasterol into the blood. The HDL are often termed “good”
lipoproteins because of their ability to reverse cholesterol
transport, i.e., remove it from cells. The precursor HDL
assaciated with cholesterol is discoidal in shape but is ropidly
converted o the mature spherical HDL by the ensyme
Lecithin:cholesterol acyliransferase (ICAT). The cholesierol
accumulating in large HDL is transferred to LDL and is
ultimalely degraded in the liver. (BBC 8710-8579)

molecules, LCAT produces a spherical product 8.5
nm in diameter that contains three apo AI mole-
cules per particle. During transformation, fusion
occurs with the formation of a particle containing
three apo Al molecules and the liberation of one
apo Al. The properties of the core-containing
particles (spheres) with three apo Al molecules
closely resemble those of the major plasma apo Al
without apo AII HDL subpopulation, which also
contains three apo Als and is between 8.2-8.8 nm
in diameter. This apo AI HDL model strongly
suggests that three apo Al proteins are required to
stabilize an HDL core containing 13-22 cholesteryl
ester molecules. Model complexes employing apo
AII were developed to study the molecular dynam-
ics of HDL particles containing this protein. Nor-
mally, plasma apo All is found in association with
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Fig. 1.10, Gradient gel electrophoresis pctierns of transforma-
tion products from fractionn isclated from incubation mixtures
comprised of three apoAl-unssierified cholesterol complexes,
partially purified LCAT, human serum albumin, and 15-mM b-

. Patterns correspond to the following incuba-
lion (37* C) pariods: (A) 0 hr; (B) 6 hr; and (C) 24 hr. Electron
micrographs (Formvar grids) of material in fractions from 0-hr
and 24-kr mixiures are shown with corresponding electro-
phoretic patterns. Paltern (D) is of 24-hr transformation
product isolated from mixtures with same composition as in
(A){C) abouve, but containing LD, as source of additional
cholesterol. The shaded pattern in (D) is a schematic representa-
tion of the R, distribution of the two major subpopulations
obeerved in the human plasma HDL population containing
apoA-1 without apoA-II (Lp(A-I without A-II)). For reference, the
particle size intervals of the major subpopulations of total HDL
are indicated below pattern (D). (XBL 866-4890)



apo Al, except for the genetic abnormality in which
apo Al is not synthesized. Using cholate dialysis
for association of apo AIl and phospholipid, several
discrete complexes are generated. These com-
plexes, which probably mimic nascent apo All-
containing HDL, are separated by gel filtration into
subfractions that have specific numbers of apo All
molecules and electron-microscopic size. The
minimum number of apo Alls required to stabilize
the discoidal HDL is three; with increasing disc
diameter the number of apo AIl molecules per
particle increases. The well-defined apo AIl model
complexes are currently being used to understand
the role of this protein by itself and in association
with apo Al to participate in formation of plasma
HDL subpopulations.

Apo E, which is known to play a role in reverse
cholesterol transport is also currently under inves-
tigation. Model complexes are bsing generated that
promise to be extremely usefui in understanding
formation and processing of apo E-rich HDL. In
addition, collaborative studies on the physical-
chemical properties of apo E have been carried out
with investigators at the Gladstone Foundation,
San Francisco. This 34,000-dalton protein is
readily fragmented into two proteolytic fragments
of 10 kDa and 22 kDa. The 10-kDa fragment
aggregates into tetramers while the 22-kDa portion
remains monomeric and has a globular conforma-
tion. This important work indicates that the
protein has two independently folded domains that
may mediate its lipid and receptor-binding func-
tions

Unlike HDL, the lower density lipoprotein
classes contain subpopulations that are positive
risk factors for coronary artery disease. Important
breakthroughs have been made in the past year in
understanding the intricate interrelationships
between subpopulations of very low density lipopro-
teins (VLDL), intermediate density lipoproteins
(IDL), and low density lipoproteins (LDL). LDLs
consist of a spectrum of several subpopulations on
nondenaturing gradient gels as outlined in Fig.
1.11, where peaks I and II are large less dense
particles and LDL-III and IV are small denser
particles. As indicated in Fig. 1.11, IDLs appear in
the region before LDLs and are precursors of LDL
subspecies. A novel experimental approach was
developed in order to determine which VLDL or
IDL subclass was the precursor of specific LDL
subpopulations. Human plasma lipoproteins of
known density (VLDL or IDL) were isolated,
isotopically labeled with ®], and injected into rats,
which possess an active lipolytic pathway but no
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2-18% GGE

Fig. 1.11. Densitomeiric scan of IDL and LDL subpopulations
separated by elscirophoresie 2 io 16% nondenaturing poly-
acrylamide gels. (XBL 854-8243)

lipid-transfer activity. In vivo transformations of
VLDL - IDL — LDL were charted by electro-
phoretic blotting of the radiolabeled products. This
unique method of following in vivo metabolism of
human triglyceride-rich VLDL particles revealed
that normal small-sized VLDLs can give rise to
IDL-1s and ultimately cholesterol-rich LDL-IIs.
Somewhat smaller sized IDL-2s were found to
generate larger LDL-] species. VLDLs from pa-
tients with familial type 3 hyperlipoproteinemia
produce cholesterol-rich particles intermediate in
size between IDL-1 and IDL-2. These unususal
species are also found in patients with familial
hypercholesterolemia and may represent athero-
genic particles responsible for increased risk of
cardiovascular disease in these disorders.

Recent work with LDL-I enriched in vitro with
triglyceride indicates that lipolysis of triglyceride in
such particles generates the smaller denser LDL-
III particle asscciated with increased atherosclero-
sis risk. This suggests that LDL-I and LDL-III are
metabolically related, which is consistent with
previously reported inverse correlations between
these two subclasses of LDL.

Lipoprotein lipase is a key remodeler of triglyc-
eride-containing lipoproteins along with lipid
transfer proteins. Pursuing this aspect of triglyc-
eride-rich lipoproteins, members of the Lipoprotein
Research Group have recently shown that VLDL
and LDL form an association complex during
lipolysis, which suggests a mechanism whereby
lipids can be transferred from one lipoprotein class



to another. Current studies are underway that are
specifically addressing the role of HDL during
lipolysis. Preliminary studies suggest that HDLs
are able to inhibit VLDL-LDL complex formation.
Moreover, during lipolysis, lipids can be transferred
to HDL apolipoproteins, thus indicating a metabolic
interaction between triglyceride-rich particles and
anti-atherogenic HDL.
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Alex V. Nichols, Trudy M. Forte, Ronald M.
Krauss, Frank T. Lindgren, and Thomas A.
Musliner. Affilisted Members: Michael La Belle,
Miguel Robinson (LBL), Virgie G. Shore, (Lawrence
Livermore National Laboratory), and Lon Agger-
beck, Karl Weisgraber, John Wetterau, and David
Chappell (al! of Gladstone Foundation, San Fran-
cisco).

Genetics and Gene Expresion of Lipoproteins

GENETIC FACTORS THAT INFLUENCE LDL
SUBCLASS PATTERNS

Based on nondenaturing gradient gel electro-
phoresis, investigators in this Group have provided
data on more than 400 individuals that reveal the
existence of two distinct LDL subclass patterns,

Pattern A

282 Particle Size (A)

determined by math

249

denoted A and B in Fig. 1.12. In these examples of
patterns A and B the three componant curves
correapond to LDL subclasses I, II, III, and IV.
Pattern A is characterized by a major peak of large,
buoyant LDL subclasses I and IT, and a minor peak
representing smaller LDL-III. In contrast, pattern
B has a major peak of smaller denser LDL-III or

Pattern B

285 246

Particle Size (A)

Fig. 1.18. Low densily lipoprotein subclass patterns A and B, as determined by gradient gel dlectro-
phoresis. The solid lines represent densitomaetric tracings of the grodient gel bands. The dotted lines were

tical modeling to facilitate identification of the LDL subclasses. Patiern A is

characierised by a major peak of large LDL subclasses (LDL-I and 1I) and a minor psak of smaller LDL.
In contrast, patiern B is characterized by a major peak of small LDL (LDL-II or IV), often with shewing of

the curve to the left. (XBL 853-8233E)



LDL IV particles, with skewing of the curve toward
the larger particle diameters. LDL subclass pat-
tern A is, in general, defined as an LDL subclass
pattern with the major gradient gel peak at a
particle diameter of 255 A or greater, and skewing
of the minor components of the curve to the right.
Pattern B has the major peak at a particle diame-
ter less than 255 A, with skewing of the minor
components of the curve to the left.

To test the hypothesis of genetic control of LDL
subclasses in a healthy population, 200 healthy
Mormon families are currently being recruited and
screened for LDL subclass distribution. To date 29
large kindrads, including 61 nuclear families and
300 members, have been screened among the
relatives in these families,

The distribution of pattern A and pattern B
shows apparent sex, age, and hormonal effects.
That is, only 17% of males under age 40 demon-
strate LDL subclass pattern B, while more than
40% of the males over that age have pattern B.
Among females, the highest prevalence of pattern
B, 50%, was seen among postmenopausal women.
Subjects with LDL subclass pattern B have higher
mean triglyceride levels, lower HDL cholesterol
levels, and higher apo B levels. These trends are
seen despite the fact that these families are healthy
and lipid values are generally within normal
ranges.

Segregation analysis has been performed on
these families using a mixed model incorporating
both a major gene effect and a polygenic compo-
nent. The best-fitting model included a major gene
effect influencing LDL subclass pattern B with a
dominant mode of inheritance, an allele frequency
of 0.28 for the allele leading to LDL subclass
pattern B, and a small but significant polygenic
component. The observed segregation ratios for the
49 families with both parents screened and the
expected ratios based on the above model are
summarized in Table 1.1, Based on this sample,
the allele leading to LDL subclass pattern B is
present in a large proportion of the healthy popula-
tion. If so, this trait may be a marker for genetic
predisposition to lipid disorders, and possibly
increased coronary heart disease risk.

A collaboration was conducted with the Boston
Ares Health Study that suggests that there is
indeed a correlation between LDL pattern types
and cardiovascular disease. In this case-control
study, it was found that 54% of male subjects with
myocardial infarction had pattern B. Subjects with
pattern B also had elevated plasma triglyceride and
apo B levels. LDL subclass pattern B is associated
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Table 1.1 Segregation ratios by parental mating

type and age of offspring.

Number of
offspring Age

<40 pattern

Number of

Parental mating matings A B

AxA  Observed 14 41 0

Expected 41.0 0

AxB Observed 27 66 28
Expected 661 279

BxB  Observed 8 13 T
Expected 109 9.1

with a high-risk lipoprotein profile, i.e., higher
triglycerides and apo B levels and lower HDL
cholesterol. Future studies will probe the molecu-
lar i;axis for LDL patterns A and B. It is possible
that genes coding for apo B structure include DNA
polymorphisms that are associated with a given
LDL pattern. Specific DNA restriction enzymes
will be used to determine whether there are differ-
ences in restriction fragment length polymorphisms
(RFLP) in DNA coding for apo B, and whether such
RFLP’s correlate wtih either pattern A or pattern
B.

Melissa A, Austin and Ronald M. Krauss.
Affiliate Member: Karen Vranizan.

EXPRESSION OF LIPOPROTEIN GENES BY
LIVER CELLS

The human hepatoma line Hep G2 has been
extensively used to study synthesis of HDL and
LDL precursors; a major drawback with this line is
its inability to secrete very low density lipoproteins
(VLDL) under basal conditions. A major break-
through in the past year was the identification of
two other human hepatoma-derived cell lines that
secrete precursor or nascent lipoproteins. One, Hep
3B, is able to produce VLDL in basal medium. The
three lines presently under investigation are
phenotypically distinct in their expression of
apolipoproteins in defined medium as noted in
Table 1.2.



Table 1.2 Expression of apolipoprotein in

defined medium.
Cell line Major apolipoprotein
Hep G2 B and Al
Hep 3B B and AIl
NPLC E

An important observation in the past year is
that Hep G2 apo Al is secreted primarily as a lipid -
free form. This led to the hypothesis that HDL may
be assembled extracellularly. Extracellular assem-
bly was demonstrated by model incubations using
Hep G2 lipid-free apo A and phospholipid. Such
products were discoidal in shape and represent in
vitro analogs for nascent HDL harvestad from the
culture medium. Nondenaturing gradient gel scans
and complementary views of the electron micro-
scopic structure of HDL-like complexes formed by
incubation of Hep G2 lipid-free protein fraction
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Fig. 1.13. Elsctron micrographs of nagatively stainsd complexes formed by incubation of Hep G2

lipid-free apaAl with the phospholized, dimyristoylphosphatidylcholine, (A) Phospholipid:
protein molar ratio 100:1; (B) ratio 300:1. Bar represents 100 mm. (XBL 871-438)
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with the phospholipid, dimyristoylphosphati-
dylcholine, are shown in Fig. 1.13. At a molar ratio
of phospholipid to apo Al of 100:1, a complex 9.7 nm
in size is formed that is similar to the intact lipo-
protein isolated from the medium. A higher molar
ratio, 300:1, results in the formation of even larger-
sized complexes. The inference from such studies is
that HDL may not necessarily be pre-assembled in
the liver; rather some may be assembled extracellu-
larly through interaction of lipid-free apo Al with
membranes and/or other lipoproteins. This premise
remains to be tested experimentally,

Another important observation made in the
past year is that newly synthesized LDLs, i.e.,
thora secreted by Hep G2 and Hep 3B cells, differ
electrophoretically from plasma counterparts.
Several possible factors contributing to the in-
creased negative charge are that the carbohydrate
moiety of the protein is different in newly secreted
particles and/or that the apo B protein conforma-
tion may be different on nascent LDLs. Altered
properties of the LDL surface may guarantee that
the newly synthesized particles are not taken up by
the cells that secrete them. The liver has numer-
ous receptors that recognize LDLs (the LDL recep-
tor or spo B-E receptor) subsequently leading to the




internalization and degradation of LDLs (Fig. 1.14).
Newly synthesized LDL may not be recognized by
the receptor by reason of altered conformation of
the ligand. Clearly, two aspects of nascent LDLs
are yet to be explored: 1) that the apo B protein is
structurally different from circulating plasma LDLs
that have probably undergone modification in the
plasma, and 2) that nascent LDLs do not recognize
normal LDL receptors. To assess apo B protein
structure, future studies will utilize monoclonal
antibodies that recognize specific apo B epitopes to
determine whether there are differences between
nascent and plasma apo B which could account for

Lysosome
(Degradation)

(Uptake)

Fig. 1.14. Schematic showing interaction of normal plasma
LDL with the LDL receplior on cell surfaces. A possible scenario
for nascent LDL is also shoun; subtle changes oxs the surfoce of
the particle may prevent its recognition of and binding to the
LDL recepior. {(XBL 8711-8007A)

the observed difference in electrophoretic behavior.
Ligand blotting techniques will be used to assess to
what extent nascent LDLs bind to normal LDL
receptors,

Melissa A. Austin, Ronald M. Krauss, Trudy M.
Forte, and Michael La Belle. Affiliated Members:
Alex Nichols, Mark R. McCall, Miguel Robinson,
Xaren Vranizan, and Virgie G. Shore (Lawrence
Livermore Laboratory).

ATHEROSCLEROTIC PLAQUE PROTEINE

The objective this study was to use anion .
exchange and reverse-phase HPLC to provide new
knnwledge about the properties of plaque proteins
and to determine whether different protein species
are present in plaque harvested from two anatomi-
cal sites: the coronary artery and thoracic aorta,
Protein extracts were characterized by anion
exchange and reverse-phase HPLC and the inte-
grated chromatographs revealed significant differ-
ences in both peak retention times and areas for
protein species from coronary artery compared to
thoracic aorta artery plaque. Coronary artery
plaque proteins possessed a high degree of cationic
charge and polarity compared to those present in
thoracic aorta plaque and normal mammary artery.
This suggests that specific protein makers may be
expressed in plaque of different anatomical origin,
and the the processing of protein may be distinct
to plaque sites. In constrast, characterization of
molecular weight by gel electrophoresis resolved no
major differences between plaque types. These !
findings indicate that proteins in human plaque
lesions of different anatomical origin can be re-
solved by HPLC methodology and that they exhibit
different charge and polarity. Such an HPLC
approach may prove usefu! in the quantitative
identification and ultimate isolation of specific
protein markers present in plaque during athero-
genesis, and in the study of mechanisms of protein
involvement in plaque formation.

Robert Liburdy.
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Section 2. Cell and Molecular Biology

These are exciting times for biology in general
and for the cell and molecular biology effort at LBL
in particular. The Cell and Molecular Biology
Group was formed four years ago. Through its own
activities and by its representation on the LBL
Panel to Explore New Directions (PEND), it suc-
ceeded in an effort to foster a coordinated program-
matic approach to research in life sciences at LBL.
This effort has integrated ongoing research and is
one of the driving forces behind attempts to initiate
programs in hemopoiesis, in biotechnology and
bioprocessing, and with the cooperation of the
CThemical Biodynamics Division, in the Human
Genome Center. The activity of the Group was part
of the impetus for reorganization and formation of
the Cell and Molecular Biology Division that took
effect in January 1988, implementing a recommen-

dation of the LBL Life Sciences Task Force. During
FY 1987, an important consolidation was the
integration of hemopoietic research into other
efforts in cell and molecular biology and differentia-
tion. Formation of the Cell and Molecular Biology
Division consolidates and integrates programs in
atherogenesis, macromolecular structure, and
radiation biology with the historic four subgroups,
DNA repair, DNA replication and recombination,
carcinogenesis, and differentiation, These investi-
gators will all continue to interact and produce
pioneering research,

The following summary of research activities
outlines the major scientific goals and recent
achievements of the Group and shows the direction
of futurs studies.

ACTIVITIES OF THE CELL AND MOLECULAR BIOLOGY GROUP

Carcinogenesis
Generation of acti-e species
Mixed function oxidase
Arachindonate cascade
Characterization of damage to DNA
Alkylation products
Bulky adducts
Oxidative damage
Induction of transformation
Characterization of stages, target population,
cellular substrates
Development of selective and quantitative
for human epithelial cells
Role of viral and cellular oncogenes
Factors involved in promotion and progression
Active oxygen/inflammatory response
Cell agonists and antagonists
Cell-cell and cell-stromal interactions

Technical Staff and
Scientists Graduate Students
M. Alhadeff L.G. Hayashi
J.C. Bartley C. Hatier
M.J. Bissell M.M. Hosobuchi
R. Goth-Goldstein AC. Pang
AR. Howlett M. Sieweke
S.A. Leadon
B. Singer
S.J. Spengler
M.R. Stampfer
AW. Stoker
AN. Tischler

Continued on following page



26

Differentiation
Regulation of normal differentiation and
development cell types
Mammary epithelial cells (rodent and human)
Fibreblasts
Hemopoietic cells
Factors
Hormonal, extracellular matrix
Relationship between normal gene and expression
and carcinogenesis

DNA Replication and Recombination

Analysis of molecular mechanisms of
recombinational events
Coordinate control of DNA replication
and recombination
Characterization of multiprotein-DNA replication
and Recombination complexes
Protein-protein and protein-DNA interactions
In vitro and in vivo model plasmidic systems
Physical monitoring of chromosomal
recombination
Purification and characterization of proteins
involved in recombination
Maintenance of genomic integrity during
recombination
Effects of DNA damage on replication

Repair of Induced DNA Damage

Characterization of inducible networks repairing
DNA Damage
Repair of DNA damage in specific sequences
or at specific sites
Transcribed and nontranscribed sequences
analysis of importance of excision repair at
or near growing forks
Influence of DNA-protein interactions
Use of model substrates and purified polymerases to
examine coding properties of DNA containing
defined lesions
Isolation and molecular characterization of genes
involved in cellular responses to DNA damage

Scientists

M. H. Barcellos-Hoff
dJ.C. Bartley
J.C. Beck

M.J. Bissell

G. Brecher
G.K. Clemons
K.L. Miller

G. Parry

D.E. Prosen
R.I. Schwarz
P.H. Silverman
M.R. Stampfer
J.D. Stubbs

J.T. Brown
P.K. Cooper
M.S. Espositio
J.C. Game

J. Hosoda
R.K. Mortimer
N.L. Rudin

D. Schild

P.K. Cooper
M.S. Esposito
J.C. Game

R. Goth-Goldstein
J. Hosoda
S.A. Leadon
L.S. Miller
R.K. Mortimer
D. Schild

B. Singer

S.J. Spengler

Technical Staff and
Graduate Students

L-H. Chen

B.L. Cullen
D.J. DeManicor
U.N. Dinh

D.E. Erkenbrack
B.R. Kullgren
G.A. Levine
L.Moss

L.J. Mahlmann
S.S. Neben
T.G. Ram

J.8. Scherer
KR. Zettl

M.Aker

M. Bell
Q.E. Gipson
J.A, Kans
T.J. McKey
H.W. Moise

F. Chavez

S.L. Gee

MK Hughes
C.B. Kinglsey
D.A. Lawrence



Molecular and Genetic Studies of DNA Damage and Repair

The DNA of living cells is continuously subject
to damage, both from endogenous events within the
cell and from a variety of exogenous environmental
agents to which humans are routinely exposed,
ranging from ordinary sunlight to naturally occur-
ring carcinogens present in foods. Organisms at all
levels of complexity have evolved an elaborate
array of enzymatic mechanisms to maintain the
integrity of their genetic material, and the muta-
genic or cytotoxic consequences of any particular
lesion in DNA will depend in large part on the
nature and timing of the cellular processing of that
lesion and on the interaction of repair processes
with other aspects of DNA metabolism such as
replication, recombination, and transcription. The
broad objectives of our DNA repair studies are to
understand the biochemical and molecular basis for
the processing of damaged DNA and the genetic
control of repair processes (also described in the
section on DNA Replication and Recombination).
Individual research groups approach these ques-
tions using a variety of systems ranging from
purified enzymes in vitro to in vivo studies employ-
ing phage, bacteria, yeast, rodent and primate cell
lines, established human cell lines, and primary
cultures of human cells.

MOLECULAR MECHANISMS OF DNA DAMAGE
BY CARCINOGENS

Mono- and Bifunctional Aldehydes

The biochemistry of mono- and bifunctional
aldehydes is being studied in vitro to provide
accurate and well defined conditions permitting the
isolation and identification of metabolic products.
The aldehydes arise both from environmental
carcinogens, such as vinyl chloride, as well as
metabolic processing of natural substrates,
Monofunctional aldehydes are being used to study
the initial reaction with nuclecsides and the further
reaction between these products and other mole-
cules present in the cell. Bifunctional aldehydes
can form DNA derivatives that contain an addi-
tional ring on the base. This ring destroys at least
one base-pairing site in the nucleoside and distorts
DNA structure to varying degrees. The mutagenic
efficiencies of these etheno derivatives have been
determined by measuring the levels of errors
introduced following replication in vitro with a
variety of polymerases. High mutagenic efficiency

coupled with small amounts of physical distortion
of the DNA helix may be the hallmark of a deriva-
tive, such as N? 3-ethenoguanosine, that is likely to
be an initiator of carcinogenesis (Fig. 2.1). Bifunc-
tional aldehydes can also form interstrand
crosslinks in DNA. Although the extent of forma-
tion of this type of damage may be low, the biologi-
cal consequences are likely to be severe. Thus, in
vitro studies are being extended to measuring the
extent of crosslinks formed in DNA in animals
exposed to vinyl chloride by inhalation, the normal
route of human exposure.

Bea Singer and Sylvia Spengler.

N-nitroso Alkylating Agents

The reaction products of another class of
ubiquitous carcinogens, N-nitroso alkylating
agents, have been well characterized. The biologi-
cal consequences of this damage involve both
mutation and cell killing. Mutagenicity has been
associated most frequently with alkylation of
exocyclic oxygens of both purines and pyrimidines.
Mammalian cells and E.coli have similar enzymes
to repair alkylation damage. N-alkyl-purines are
removed by N-glycosylases while O*-alkylguanine
(the principle lesion responsible for the carcinogen-
icity and mutagenicity of alkylating agents) is
repaired by a rather unique mechanism. A small
protein, O%-alkylguanine alkyltransferase (MT),
directly transfers the alkyl group in a stoichiomet-
ric manner to a cysteine residue on the protein,
resulting in suicide inactivation of the protein.
Both the MT and N-glycosylase activities can be
measured in crude cell extracts using in vitro
alkylated DNA as a substrate. There is evidence
that the common baker’s yeast Saccharomyces
cerevisige might differ from E.coli and mammalian
cells in the repair of alkylation damage. No MT

Fig. 3.1. N’.3-ethenoguanosine can form two hydrogen bonds
with thymidine. The mulgenic base pair does not distort the
helix significantly, and the additional etheno ring can be
accommodated in the groove. (XBL 881-7237)



activity or M-glycosylase activity can be detected in
extracts from yeast cells. However, using a radio-
actively labeled alkylating agent, it was found that
methylated purines and O*~methylguanine are lost
from the yeast DNA relatively rapidly and there-
fore, are presumably repaired. DNA repair mu-
tants of yeast, described later in this report, will be
used to determine whether alkylated bases are
repaired by a different repair system in yeast.

It is less well understood which alkylated DNA
bases cause cell death, In E.coli, 3-methyl purines
could be identified as lethal lesions. However, in
mammalian cells no specific lesion has been impli-
cated in alkylating-agent-induced cell death. The
identification of such lethal lesions has been
attempted by two approaches: 1) comparison of the
cytotoxic effects of alkylating agents which form
differsnt spectra of alkylated bases, and 2) compari-
son of DNA repair in alkylating agent sensitive and
resistant cell variants. Neither approach was
successful in identifying a specific lethal lesion,
Rather, there seem to be several alkylated bases
that can contribute to cell death and as yet uniden-
tified factors that modify the cytotoxic effect of
specific DNA alterations. Since the alkylating
agent resistant cells apparently do not differ from
sensitive cells in repair of methylated DNA bases,
other cellular responses to alkylation damage were
investigated. It was found that following treat-
ment with N-methyl-N’-nitro-N-nitroso-guanidine,
intracellular levels of dindenosine tetraphosphate
(Ap4A) are elevated to a greater extent in resistant
than sensitive cells. Since cellular Ap4A levels are
increased in response to various environmental
stressors, they might trigger a cellular mechanism
that increases cellular survival. This mechanism
apparently does not function as efficiently in a
number of tumor-derived cell strains characterized
by hypersensitivity to the cytotoxic effects of
alkylating agents and by lack of repair of O*-

methylguanine.
Regine Goth-Goldstein and Mildred Hughes.

PROCESSING OF LESIONS IN THE VICINITY
OF REPLICATION FORKS

The mutagenic or lethal consequences of any
particular lesion in DNA depend on cellular proc-
essing of that lesion, often by responses that are
induced by the damage itself. A damage-inducible
repair process in E.coli, long patch excision repair,
has been shown to be of general importance in
resistance to lethal and replication-blocking effects
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of DNA damage. Results from a variety of experi-
ments have suggested that the inducible process is
required for repair of lesions near DNA replication
forks, where structural constraints might hinder
constitutive excision repair. Our recently devel-
oped technique for resolving DNA fragments
containing replication forks from linear DNA
fragments by two-dimensional agarose gel electro-
phoresis has been used to detect the replication of a
specific gene in a synchronously dividing culture.
Determinations of the timing of replication of a
gene near the origin of replication (polA) was made
by hybridization of a cloned probe to slot blots of
CaCl dansity gradient fractions of DNA prepared
from samples taken at various times after initiation
of replication in bromouracil. Parallel samples of
purified DNA were digested with a restriction
endonuclease, analyzed in the two-dimensional
electrophoresis system, blotted to nitrocellulose by
capillary transfer under neutral conditions, and
hybridized with the probe DNA. Hybridization in
the position of replicating DNA (the minor arc) was
detected at the time predicted by the CasCl gradient
results. The two-dimensional gel electrophoresis
system and the ability to detect the replication of
specific genes will allow the investigation of human
genetic repair deficiency diseases such as the
variant form of xeroderma pigmentosum and ataxia
telangiectasia, both of which may have a defect in
the processing of lesions in the vicinity of replica-
tion forks. In addition, this system will be used to
determine whether the integration of transfected
plasmid DNA into the mammalian genome takes
place via replicative intermediates.

Priscilla Cooper and Sherry Gee.

EFFICIENCY OF REPAIR AND TRANSCRIP-
TIONAL ACTIVITY

The analysis of DNA repair in eukaryotic cells
is complicated by the various levels of DNA conden-
sation in chromatin structure and by the complex-
ity of the multiple tandem replication units, An
increasingly important aspect of DNA damage and
excision repair is whether all sequences in the
eukaryotic genome are affected by damage to the
same extent. The repair of uv damage in the
human metallothionein (MT) gene family is being
studied using an immunological method that
isolates DNA fragments containing bromouracil in
repair patcl.es by means of a monoclonal antibody
that recognizes bromouracil. The presence of the
MT genes in the repaired and unrepaired DNA



fragments can be detected by using a cDNA probe
for the genes. Repair in four members of this gene
family was measured: the expressed MT-IA and
MT-1IA genes, the MT-IB gene whose expression is
tissue specific, and the non-expressed MT-IIB
pseudogene. Ultraviolet damage was repaired at
least twice as fast in the transcribed MT-IA and
MT-IIA genes than in the genome overall. Repair
in the MT-1B and MT-IIB genes was about the
same as in the rest of the genome. When the
expression of the MT-IB and MT-IIB genes is
increased 15- to 20-fold by incubation of the cell
cultures with cadmium, the rate of repair in these
genes was 4- to 5-fold faster than in the genome
overall (Fig. 2.2). The rate of repair in the MT-]1B
and MT-1IB genes, whose expression cannot be
induced by cadmium, remained about the same as
in the rest of the genome. These results indicate
that the efficiency of repair of DNA damage in a
particular sequence is influenced by the transcrip-
tional activity of that sequence.

Steven A. Leadon and Margaret M. Snowden.
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Fig. 33, Repair of uwv damage in the metallothionsin IA and IIA
genss, under conditions where thair activity is
induced, is 4- 1o 5-fold fasier than in the genome overall. The
rale of repair in the meiallothionein IB and IIB gnss, whose
expreseion cannot be induced, is about the same as in the rest of
the genome. (XBL 881-7238)
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OXIDATIVE DAMAGE AND DIRECT ADDUCT
FORMATION IN CARCINOGENESIS

There is increasing evidence implicating the
involvement of free radicals, particularly those
derived form molecular oxygen, in many stages of
chemica! carcinogenesis. The production and
repair of two types of DNA damage, direct
benzo(a)pyrene adducts and indirect oxidative
damage, produced during the metabolic activation
of the carcinogen benzo{a)pyrene by human mam-
mary epithelial cells, have been examined. Thy-
mine glycols, one type of oxidative DNA damage,
were detected using a monoclonal antibody specific
to this base modification (Fig. 2.3). The number of
thymine glycols formed in the DNA was similar to
that of benzo{a)pyrene-DNA adducts. Since thy-
mine glycols represent only a portion of the oxida-
tive damage possibly produced, these results
indicate that the total amount of oxidative damage
induced by exposure of human mammary epithelial
cells to benzo(a)pyrene greatly exceeds the amount
of direct adduct formation and that complete
carcinogens such as benzo(a)pyrene may exert their
biological effects by both direct DNA binding and
the production of indirect damage.

Jack.Bartley, Steven A. Leadon, and Martha
Stampfer.
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Mig. 2.3, Benso(a)pyrene produces both direct DNA adducts and
thymine giycol, Human mammary epithelial cells were exposed
to PH]-benzo(a)pyrene and the DNA isolated. Banzofa)pyrene-
DNA adducts (e—¢) were detsrmined from the specific activity of
the DNA. Thymine glycols (0-0) were determined from competi-
vive immunoassays with a monoclonal antibody to thymine
glycol. (XBL 881-7239)




DNA Replication and Recombination

INTRODUCTION

An understanding of the mechanisms of DNA
replication and recombination is a fundamental
prerequisite to studies of the role of genomic
changes in normal development and disease states.
The molecular and biochemical studies of genes and
proteins required for DNA replication, repair, and
recombination complement the studies of DNA
repair and carcinogenesis described above. The
focus of one program is to characterize the activi-
ties, DNA-protein, and protein-protein interactions
of bacteriophage T4 gene products that function as
an intagrated replication-repair-recombination
multiprotein complex during the T4 life cycle. A
related research goal is to identify the biological
roles of spontaneocus mitotic recombination in Sac-
charomyces cerevisiae and to identify and
characterize REC genes and proteins comprising
the partial reactions of mitotic and meiotic recombi-
nation. Several investigators are conducting a
comprehensive study of RAD50-57 family of yeast
genes involved in repair of double strand breaks,
recombination, homothallic mating type switching,
chromosome disjunction, and meiosis.

POSTREPLICATION RECOMBINATIONAL
REPAIR

The major genes encoding proteins involved in
postreplication recombinational repair (PRR) of
bacteriophage T4 have been identified in previous
studies and provide an opportunity to examine the
DNA-protein and protein-protein interactions of
gene 32 protein (gp32), a helix destabilizing pro-
tein; the uvsX gene product, a RecA-like protein;
and the product of genes 46 and 47 (gp46 and
g€p47), a putative exonuclease.

Functional Domains of gp32

Previous studies employing limited proteolysis
products and an in vitro DNA replication system
provided support for the model that gp32 consists of
three functional domains and that the carboxy
terminal A-domain not only participates in DNA
replication, recombination, and PRR activities, but
also controls the the properties of replication-
repair-recombination multiprotein complexes
through direct protein interactions. Recent studies
have been focused on the structural and functional
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roles of Zn(II) and “Zn-finger” sequence located in
the central domain of gp32.

The “zinc-finger” emerged in the last few years
as a nove! protein motif for nucleic acid recognition
and binding. Although it was originally discovered
in repeated tandems in the Xenopus transcription
factor IIIA(TFIIIA), similar sequences have been
found widespread throughout many different
organisma—from human cells to bacterial viruses,
They are present within the structure of a large
number of regulatory proteins and seem to serve as
modules for the building up of specific nucleic acid
binding domains,

Our preliminary studies indicate that many Zn-
suppressible gene 32 mutations induce conforma-
tional changes that make the normally protease
resistant ceniral domain susceptible to proteases,
Such conformational changes have been analyzed
by limited proteolysis of crude lysates from mutant
infected cells, followed by Western-blot detection of
the proteolysis products. These findings demon-
strate that Zn(II) is essential for stability of the
protein and that mutations within the zinc-finger
alter the conformation of that portion of the mole-
cule where the terminal domain A connects to the
central core (the hinge of the A domain). The
functional significance of relationships between the
zinc-finger and the terminal domains is currently
being investigated.

Purification of gp46/gp47

Properties of temperature sensitive and amber
nonsense mutants of genes 46 and 47 provide
evidence that they encode an exonuclease activity
that expands single strand nicks into gaps, an
activity required for biparental recombination and
production of concatenated DNA, a precursor of
mature bacteriophage. Purification of gp46/47 to
near homogeneity has been achieved, as shown in
the SDS-gel picture (Fig. 2.4). The gp46/47 prepa-
ration contains a nuclease activity that converts
both double-stranded and single-stranded T4 DNA
to acid soluble material. Purification of the gp46/47
protein from temperature sensitive mutants is in
progress. The purified proteins from the wild-type
and mutants will provide direct evidence of the
catalytic role of gp46/47, its involvement with other
proteins such as gp32 and uvsX, and its role in
DNA strand exchange, DNA unwinding, DNA
annealing, and branch migration. In collaboration



gp47—

Fig. 3.4. 1D-PAGE of DEAE-cellulose column fractions contain-

ing T4, gp46, and gp47. (XBB 883-887)

with Michael S. Esposito, differential DNA affinity
chromatograpy and in vitro assay methods devel-
oped for T4 studies are being adapted to character-
ize analogous proteins of Saccharomyces cerevisiae
and rec mutants. This approach is particularly
appropriate since the yeast RAD52 gene (also
known as REC2) complements gp46/47 mutations
of bacteriophage T4 in vivo.

Junko Hosoda, Herbert Moise, and Ellen Sisk.

MITOTIC RECOMBINATION AND DNA REPAIR

Previous studies demonstrated that interho-
molog mitotic recombination of Saccharomyces
cerevisiae differs from meiotic recombination with
respect to the time of initiation of recombination
relative to chromosomal replication, the lengths of
conversion tracts, mismatch repair modalities, the
relative frequencies of Holliday structure interme-
diates containing asymmetric or symmetric hetero-
duplex DNA, and reciprocality of intergenic recom-
bination. A broad spectrum of hyporecombination
and hyperecombination mutants affecting sponta-
neous mitotic single site gene conversion, in-
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tragenic recombination, intergenic recombination,
and genomic stability were isolated to attempt to
understand the differences between spontaneous
mitotic and meiotic recombination and to test the
predictions of current molecular models of chromo-
somal recombination.

Isolation of REC Gene Mutants

An N+1 hyperhaploid strain disomic for chro-
mosome VII (LBL1) was employed for direct isola-
tion of rec mutants affecting spontaneous recombi-
national events and chromosomal segregation.
Heterozygous and heteroallelic marker; on chromo-
some VII permit simultaneous monitoring of
recombination in several genetic intervals and
detection of dominant and recessive rec mutations
induced in the remainder of the genome, Spontane-
ous mitotic recombinational proficiency per se was
used to identify ultraviolet-light-induced rec mu-
tants of novel REC loci comprising five phenotypic
classes: 1) conversion negative, intergenic rncombi-
nation negative; 2) conversion positive, intergenic
recombination negative; 3) conversion negative,
intergenic recombination positive; 4) conversion
positive, intergenic recombination elevated; and 5)
conversion elevated, intergenic recombination
elevated. Several rec mutations affect in vitro
plasmidic recombination and exhibit meiotic defects
when rec/rec diploids are exposed to meiosis induc-
ing sporulation medium (Table 2.1).

Characterization of the REC1 Gene and Protein

Ongoing research focuses upon cloning and
sequencing of the RECI gene and isolation of the
REC1 gene product since it is required for all
modes of mitotic recombination, chromosomal
stability and meiosis (Table 2.2). Since the recl-1
mutation is defective for in vitro plasmidic recombi-
nation the REC1 protein will be isolated by in vitro
complementation. The amino acid sequence of the
purified protein will be determined and compared
to the amino acid sequence inferred from DNA
sequencing of the cloned structural gene to provide
confirmation that the correct protein has been
purified. The purified protein will be tested for
strand transfer activity, exo- and endodeoxyribonu-
clease activities, and ability to cleave Holliday
Jjunctions using protocols developed in collaboration
with Junko Hosoda.

Michael S. Esposito, Jokn Brown, Norah
Rudin, and Greg Delory.
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Table 2.1 Mitotic recombination mutanis isolated following ultraviolet light mutagenesis of LBL1.

Average spontaneous mitotic recombination frequencies

Phenotypic groups No. mutants Cyhr conversions/ Cylr intergenic
obtained 10° cells recombinations/
10 cells
I. Conv- Inter. Exch- 13 15 0.8
II. Conv.* Inter. Exch. 24 22.8 0.8
IIL. Conv.* Inter. Exch.*+ 13 153 121.9
IV. Conv. Inter, Exch,* 1 0.8 19.7
V. Conv.** Inter. Exch,** 3 94.7 1006.4
Control LBL1 (25 colonies) 194 29.1

Table 2.2 Properties of four REC gene mutants.

Mutants recl rec2 rec3 recd6
rad52
Mitotic gene conversion - - + +++
Mitotic intergenic recomb. - + - b
Mitotic chromosomal stability - - - -
Meiosis of rec/rec diploid - - - -
RECOMBINATIONAL REPAIR MEDIATED BY important genes, such as RAD50 and RADS2 have
RAD GENES already been extensively studied. Others such as
RAD24, RAD51, RAD54, RADG6S, and RADS57

The radiation sensitive mutants of Saccharo- remain to be characterized. Several RAD genes
myces cerevisiae are a valuable genetic resourece for have been cloned and sequenced (e.g., RAD 61,
studying repair in a eukaryote. The main focus of RAD52, and RADS4) providing reagents to charac-
research is to understand the roles played by the terize the transcriptional control of these genes and
RADS50 to RADS7 genes in recombinational repair whether regions §' to them bind regulatory pro-
and in mitotic and meiotic recombination. Some teins.



Transcriptional Regulation

Recent studies of RAD54 demonstrate that this
gene is inducible approximately 3- to 5-fold by x
rays, ultraviolet light, and methyl-methane sulfon-
ate, but not by heat shock. Regions 5' to the RAD64
gene are involved in its regulation. Deletion
analysis is being employed to identify the exact
sequences involved in regulation both in mitotic
and meiotic cells and to determine whether this
gene is under positive or negative transcriptional
control. A similar analysis of the RADSI gene will
reveal whether this gene is similarly regulated and
whether RAD51 and RAD54 are coordinately
regulated.

Using lacZ fusions of both the RAD52 and
RAD54 genes, evidence has been obtained that
these genes are induced in diploids during meiosis
during the period of meiotic recombination. No
induction was observed when haploid cells, inca-
pable of meiosis, were incubated in sporulation
medium, Preliminary studies indicate that induec-
tion of RAD52 and RADS4 is blocked in rad50-1
mutant diploids, known to arrest after premeiotic
DNA synthesis and before the onset of meiotic
recombination.

Characterization of Primary Gene Producis

RADS51 and RAD54 have been sequenced and
the sequencing of RADSS5 and RADS57 is in prog-
ress. These data are employed to infer the amino
acid sequence of the encoded proteins. RADSI,
RAD54 and RADSS5 have been placed under the
control of yeast ADH1 and GAL1 promoters and
protein gels are being employed to identify the RAD
proteins. RAD genes are also being ovaorexpressed
in E.coli as fusion proteins, which will be isolated to
produce antibodies for further protsin purification.
Purified RAD proteins will be tested for various
enzymatic activities such as ATPase, nuclease and
DNA binding activities.
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Visualization of Recombination and Recombina-
tional Repair by Pulsed Field Gel Electrophoresis

Pulsed field gel electrophoresis allows DNA
molecules the size of yeast chromosomes to be
resolved on gels. One form of this technique,
orthogonal field alternation gel electrophoresis,
OFAGE, has been used to study double strand
breaks and repair of linear chromosomes. A novel
system has also been developed to detect double
strand breaks, inter-homolog recombination, and
sister chromatid exchange (SCE) on OFAGE gels.
The technique employs a circular derivative of
chromosome III. Recombination between this
circular chromd‘:me and its linear homolog is
topologically equivalent to integration of the circle
into the linear molecule. Thus, molecules of a new
size class are generated that are detacied on
OFAGE gels by Southern hybridization. Similarly,
SCE between two sister circles generatos a new
type of molecule, a double circle. The double circle
does enter gels until it is linearized by introduction
of a double strand break by x-ray exposure. These
techniques provide methods to examine repuir of
linear chromosomes, recombination between
homologs, recombination between sister chromatids
and the effects of RAD gene mut:tions upon repair
of DNA damage and the normal progress of meio-

sis.

The novel technique for detection of SCE
exchange represents a significant advance over
methods that detect only unequal SCE events. The
circle by circle exchanges detect all SCE events and
the rad50-1 mutant blocks meiotic SCE. The
OFAGE technique further demonstrates that there
is a low but detectabie number of double strand
DNA breaks during meiosis and that there is a two-
hour delay between commitment to genetic recom-
bination and actual recovery of physically recom-
bined molecules.

Robert K. Mortimer, John Game, David Schild,
and Rebecca Contopoulou.



Differentiation

Understanding how cells precisely regulate
tissue-specific fanction in response to signals from
their environment is a fandamental problem in
modern biology. In the Cell and Molecular Biology
Group, an understanding of this complex problem
i8 sought from three distinct but complementery
systems. Mammary cells of epithelial origin are
studied as a model of cells with polarized secretion,
hormonally regulated gene expression, and great
sensitivity to external environment, Tendon cells,
archetypal fibroblasts producing very high levels of
collagen, are an ideal model for determining mo-
lecular mechanisms controlling the production of
an extracellular matrix protein. Hemopoiesis
encompasses a series of distinct cell lineages
leading to the various circulating blood cells de-
rived from & common pluripotent stem cell. He-

mopoiesis throughout the life of the organism isa

model for many of the critical processes that tuke
place during embryogenesis such as determination
and maturation.

MAMMARY CELLS AS A MODEL FOR STUDIES
OF GENE EXPRESSION AND POLARIZED
SECRETION

Cell-ECM Interaction and Gene Expression

Study of the regulation of gene expression in
cultured cells, particularly in epithelial cells, has
been both hampered and facilitated by the loss of
function that accompanies culture on traditional
plastic sabstrata. However, with the recognition
that the unit of function in higher organisms is
larger than the cell itself and that gene expression
is dependent upon cell interactions with hormones,
substrata, and other cells, came the understanding
that the epithelial cell is stimulated by its extracel-
lular environment to express its phenotype. In the
last decade epithelial cell research has centered on
studies of functional differentiation with very
promising and important results. Using cultured
mammary epithelial cells as a primary model of
these interactions, a framework has been deline-
ated in which gene expression may be studied
based on three premises:

1) That the unit of function in higher organisms
includes the cell and its extracellular environment.

2) That the extracellular matrix (ECM) on
which the cells sit is an extension of the cells and
an active participant in regulation of their function,
i.e., that the ECM is an “informational” entity in
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the sense that it receives, imparts, and integrates
structural and functionz) signals.

3) The ECM-induced functional differentiation
in the mammary gland is mediated through
changes in cell shape, i.e., that the structure is a
large part of the message to maintain differentiated
gene expression.

Based on these tenets and the data generated
at LBL, several years ago a model of “dynamic re-
ciprocity” was proposed wherein the ECM is postu-
lated to exert an influence on gene expression via
transmembrane proteins and cytoskeletal compo-
nents. The cytoskeleton, in turn, through its
association with polyribosomes may affect mRNA
stability and rates of protein synthesis, and
through its interactions with the nuclear matrix
may affect mRNA processing and, possibly, rates of
transcription,

The study of mammary gland epithelial cell
biology has addressed the role of the ECM in
controlling the expression of tissue specific function
by measuring the expression of mil» proteins, both
at the level of mRNA synthesis #nd protein secre-
tion. Extension of previous studies led to the
identification of transferrin (Tf) as a major mouse
milk protein for which a cDNA has also been
isolated and characterized. In vivo mammary Tf
protein and mRNA levels are dramatically in-
creased by pregnancy and lactation, during which
time they are comparable to those found in liver
(Fig. 2.5). In culture, the steady-state Tf mRNA
and protein levels are relatively insensitive to
lactogenic hormones compared to those of B-casein.
However, mRNAs of both milk proteins’ expression
are markedly increased in cells cultured on base-
ment membrane over those cultured on plastic (Fig.
2.6). It is therefore postulated that changes in the
basement membrane composition that occur in vive
play a role in regulation of transferrin and possibly
other milk proteins.

In the past year, the form and function of
mammary epithelial cells cultured on a substratum
of reconstituted basement membrane prepared from
EHS tumors (Engelbreth-Holm-Swarm) have been
characterized. In comparison to cells cultured on
plastic, and even to those cultured on floating
collagen gels, EHS elicits a dramatic increase in
tissue-specific function. B-casein mRNA was shown
to increase 70-fold in cells cultured on EHS atopa
floating collagen gel. Cells on EHS are character-
ized by a unique three-dimensional organization
into matrix-adherent spheres surrounded by a



Fig. 2.5, The identification of mammary gland iransferrin (T))
mRNA and its modulation by pregnancy and lactation. Total
cellular RNA (10 pg) was extracted from mammary glands of
virgin (lanes 1 and 2), pregnant (lanss 3 and 4), and lactating
(lanes 5 and 6) mice. The RNAs from mammary glands (lcnes
1, 3, and 5) and from liver (lanes 3, 4, and 6) were separoicd on
formaldehyde-agraroee gel, blotted lo Gene Screen Plus
membrane, and hybridiced with nick-translated TF probe by
standard procedures. (XBB 882-884)

distinct basement membrane, in which the apical
surfaces of the polar columnar cells face a central
lumen (Fig. 2.7). That this morphology is accompa-
nied by vectorial secretion of milk proteins was
determined by comparing the protein composition
of the medium exposed to the basal surfaces of the
cells to that obtained after opening junctions
between cells. This procedure extracts the medium
sequestered within the lumina of the spheres.
Immune-precipitation using a polyclonal antibody
to skim mouse milk proteins of the basal medium
versus the luminal medium indicates that a greater
proportion of the luminaly secreted proteins are
milk proteins (Fig. 2.8). These data indicate that in
addition to the dramatic changes in gene expres-
sion reported previously, EHS allows formation of
functional three-dimensional structures resembling
secretory alveoli in vivo. Thus basement mem-
brane plays a role in both the structure and the
function of the mammary gland and the underlying
mechanism of this influence on gene expression is
being pursued. Preliminary data have been ob-
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Myg. 2.8. Effect of culture subsirata on iransferrin (TY) expres-
sion. Cells were isolated from mammary glands of pregnant
mice and cultured in the presence of lactogenic hormones on
plastic (lane 3), EHS (lane 3), ond EHS on floating gel (tane 4).
Lane 1 wos RNA isolated from lactating mammary gland.
Northern blot wos probed with nick-translaied pMTY-5 and -
casein cDNA simulianeously. Transferrin-specific mRNA was
deleciable in lane 2 after longer autoradiographic exposure.
(XBB 873-3013)

tained suggesting that EHS may stimulate the
production of basal lamina by mammary epithelial
cells in culture. How the production of new base-
ment membrane may affect cellular function and
whether a specific disruption in cell-ECM interac-
tion leads to loss of polarity and hence function are
under study. The level of regulation of milk
protein by aubstrata (i.e., transcriptional or post-
transcripticnal) is also being investigated using
nuclear run-on and pulse-chase experiments.

Mina Bissell, Mary Helen Barcellos-Hoff, Li-
How Chen, Tracy Ram, and Charles Streul;.

Cell Polarity and Secretory Activity

Renearch in the area of epithelial cell polarity
has focused on two areas: 1) the generation and
maintenance of plasina membrane polarity; and 2)
the significance of ce!l polarity for expression of
fferantiation in culture. In studying plasma
membrane polarity, monoclonal antibodies have
been used that are rzactive with a high molecular
weight glycoprotein (PAS-0), that is restricted to
the apical plasma membrane of differentiated
epithelial cells in the lactating mammary gland.
PAS-0 is also expressed on the surface of cultured
human mammary carcinoma cells (734B), a model
system for these studies. PAS-0 is polarized to the



Mig. 2.7. Morphology of primary mammary cells on a reconsti-
tuted basement membrane (EHS). These structures resemble
functional secretory alueoli in vive. (XBB 882-883)

apical domain of the plasma membrane in the
cultured cells independently of culture density. Ex-
periments were designed to determine the relative
significance of cell-cell, cell-substratum, and
membrane-cytoskeleton interactions in controlling
the domain distribution of PAS-0. Immunofluores-
cence and immunoelectronmicroscopy experiments
(Fig. 2.9) demonstrated that all three inters=*ions
were important for maintaining a polarized distri-
bution of PAS-0, and that they were interrelated.
Experiments using drugs that disrupt cytoskeletal
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Fig. 2.8. Cells secrete much highar levels of milk proteins on the
EHS mairix. In addition, almost all the caseine are secreied
vectorially int) the lumin, (MED = medium; LUM = lumin).
(XBL 881-727%)

elements in the cell, and in particular, the actin-
containing microfilaments, led to the conclusion
that PAS-0 was restricted in its distribution by
association (either direct or indirect) with submem-
branous microfilaments (Fig. 2.10). The stability
and organization of this network, however, was
dependent upon cell-cell and cell-substratum
interactions.

While thesc results present a novel view of how
specialized domains are established in the mem-
brane of epithelial cells, they also provide insight
into one of the ways by which cell-cell and cell-
substratum interactions can influence structural
differentiation in epithelia. Further studies of this
simple model system may well contribute signifi-
cantly to our understanding of cell-cell and cell-
substratum effects in more complex epithelial cells.

The fact that epithelial cells are polarized has
important implications for the way in which they
interact with their environment. In the mammary
gland, the basal surface exclusively is involved in
uptake of nutrients into the cells and in interacting
with hormones and growth factors. The apical
surface, in contrast, is active in secretion. The
importance of such a polarized interaction with the
environment for optimal differentiation was stud-
ied is: mouse mammary epithelial cell strains
(COMMA-1-D) in culture. Experiments utilizing a
variety of exogenous extracellular matrices as
culture substrata demonstrated that culture
conditions that met the polarity constraints of the
cell permitted differentiation and secretion. This
was shown directly by culturing cells on nitrocellu-
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peroxidase conjugated second antibody. The antibody

Fig. 3.0, Elscirormicrograph of cultured 734B celle stained with monoclonal antibodies to PAS-0 and visuclised with
decoraies the apical surface of the cell up to the point of roniact with

[ T

e substratum. No ataining of the basal o= lateral membranes is apparent, (XBB 879.-7806A)

lose filters in Millicell chambers in which the
basolateral surface of the cells was exposed. Under
these conditions the cultures differentisted and
secreted their differentiated products, namely milk
proteins, in & highly polarized fashion (Fig. 2:11).
These studies thus indicate that cell-sxtracellu-
lar matrix and cell-cell interactions influence
expression of differentiation in terminally differen-
tiated cells. Whether cell-ECM interactions lead to
estublishment of polarity which in turn leads to

changes in gene expression remains to be deter-
mined.

Gordon Parry, Lenny Moss, Betsey Cullen, and
James Beck.

TENDO™ CELLS

In higher organisms, ‘iscues involved in struc-
tural organization must syw.chronize their own
growth in relation to that of the whole ozganism.

Fig. 3.10. Immunofluorescence analysis of PAS-0 distribution on unireated and cylocholasin-B treated 734B cells. The
PAS-0 molecules were visualized using a polyclonal antibody to PAS-0. (A) Untrealed cells where the antigen is found
exclusively on the apical curface; (B) cytocholasin-B treated cells where the PAS-moleculs has redistributed to the baso-
lateral membranes; (C) antibody-induced patching of PAS-0 after cylocholasin ireatment. Patching did not occur in the

absence of cylocholasin (A). (XBB 870-9177)
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Mg. 2.11. Polarised secretion of mouse milk proteins from COMMA-1-D cells cultured in “Millicell”

chambers. (A) An

immunoprecipitaied proteins present in. the cell C, top chamber

suioradiogram showing
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polarised manner into the lop chamber, while iransferrin is secreted inio both the top and botiom chambers.
Coating the "Milliosll” chambers with extra-cellular matrix protsins ( [)) did not affect the polarized
secretion procese. { [ ] nuncosted chambers,) (XBB 873-2117)

Since overall growth rate changes radically over
the course of development, this raises important
questions as to how tiasues regulate their own size.
In tendon, the important growth parameter is
length, and this is determined to a first approxima-
tion by the level of collagen production, since
collagen is the major protein component. Decipher-
ing the mechaniuins controlling collagen production
in tendon cells has importance not only because it
is crucial to understanding the regulation of the
differentiatec. state of a tendon cell hut also be-
cause it sheds light on how tissues coordinate
growth regulation.

In this regard two important facts have
emerged from studies of tendon cells in culture.
First, the steps in the collagen pathway are tightly
coupled allowing for feedback control. Second, the
cell responds to the density of its neighbors and
only produces high levels of collagen at high cell
density. In the past it was shown that the level of &
collagen modifying enzyme, prolyl hydroxylase, and

procollagen mRNA are cell-density dependent. To
further pursue how a cell detects its neighbors, the
cell density increase in procollagen mRNA was
used to develop a quantitative in sity hybridization
assay (Fig. 2.12) so that the level of procollagen
mRNA could be measured in individual cells.
Using this assay it can be shown that a tendon cell
can detect the presence of other cells over 2 1-mm
distance. Whether this is due to chemical gradients
or physical changes such as expression of extracel-
lular matrix components is under investigation.
Richard I. Schwarz.

HEMOPOIESIS

The basic problems in hemopoiesis are funda-
mental to many systems in biolcgy. "What directs a
pluripoient stem cell to a specit - lineage? How
does this differ from ¢ ‘f-replicaiior ™ ~"hat are th+
factors that cause a committed cell to raature? In
additior, there are also unique characteristics of
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Fig. 2.12. Saturation of hybridisabls sites of procollagen
mRNA molecules in tendon cells in situ. Tendon cells were
grown with (A) and without (+) ascorbale. The 6-fold increase
in procollagen mRNA induced by ascorbate (as shown previously
by dot hybridisation using purified tolal BNA) is quantitatively
reproduced by in situ Aybridisation. (XBL 881-72368)

hemopoiesis that are poorly understood. A he-
mopoietic stem cel! can wander throughout the
blood stream but will be functional only in a few
sites in the body. The factors that contribute to
this “hemopoietic inductive microenvironment” are
not well understood, and yet its influence cannot be
doubted. A single stem cell injected into the
peripheral blood can repopulate the bone marrow
and start producing the 3 x 10~ red blood cells per
day and all the other blood types necessary for the
survival of a lethally irradiated mouse. In addition,
numerous factors play a role in the induction and
proliferation of hemopoietic cells and their mode of
action needs to be understood. For example,
erythropoietin is one of the first factors shown to
stimulate the erythroid lineage, but neither the
exact producer cell in the kidney nor the receptor
cell in the marrow have been clearly identified.
With this lack of understanding of normal control,
it is not surprising that the underlying mechanisms
that cause this tightly controlled cell system to
malfunction (leading to anemias, leukemias,
immunodeficiency, ete.) are also poorly understood.
Our approach is multidisciplinary, combining
classical hemotological techniques with those of
modern molecular biology. Each activity below
focuses on a specific subset of questions in hemopoi-
esis but all share overlapping techniques and
interest in the process as a whole,
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Erythroid Lineage

Identifying Early Committed Stem Cell and the
Inductive Microenvironment: The technique of in
situ hybridization has been adapted for use with
bone marrow smears. Using a hemoglobin mRNA
probe, one can readily identify the late progenitor
cells, normoblasts and reticulocytes, as well as
earlier committed stem cells that would be impos-
sible to identify by histological stains (Fig. 2.13).

.. . . .‘ .
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My, 3.3, Cytospin of bone marrow cells from mice blocked in
. Commitied stem celle can

cr!hmpohdabquypcrhmm

otill be detected by their ability to hybridise in situ to a -
hemaglobin probe. The hamoglobin in mRNA content is
estimated to be about 10 molecules /cell. (XBB 582-885)

The ability to stimulate erythropoiesis by injection
of erythropoietin or to inhibit erythropoiesis by
hypertransfusion allows one to manipulate the flow
through this lineage. Currently, in situ hybridiza-
tion is used to follow a synchronous stimulation of
the erythroid lineage by first repressing the mar-
row by hypertransfusion and then stimulating the
committed stem cells with erythropoietin. Combin-
ing this information with ability of in situ hybridi-
zation to give spatial information about the organi-
zation of the various erythroid precursor cells in
frozen sections of bone marrow should aid in our
understanding of the hemopoietic inductive envi-
ronment.

Richard 1. Schwarz and Mark Hertle.

Action of Erythropoietin (Ep): The main objec-
tives of this research are to investigate 1) the
ontogeny and physiology of erythropoietin produc-
ing tissues, 2) the action of Ep at the receptor level
in blood forming tissues, and 3) whether the ex-
pression of the Ep receptor gene is modulated by
other hormones or growth factors during fetal,
neonatal, and adult life.



The production of red blood cells in the normal
animal is regulated by Ep. However, as in other
hormonal systems, the endocrine control of blood
forming tissues, while Ep dependent, is also the
result of complex interactions with other factors.
Conversely, our recent finding of high Ep levels in
the fetus and neonate indicate that Ep, besides
being responsible for red blood cell production,
might also have additional functions. Very high Ep
levels were found in salivary glands, and it was
shown that these glands are not the source of
extrarenal Ep. Rather, they may be the result of
accumulation after puberty because no mRNA for
Ep can be demonstrated in tissues derived from
hypoxic rats. In addition, sexual dimorphism exists
in rodents in that more Ep is found in male saliary
glands than in females, Whether Ep plays a role in
wound healing similar to nerve, epidermal, and
transforming growth factors derived from the
salivary gland is under investigation. Renal Ep
production is also being investigated in the adult
animal as & function of insulin-like growth factor 1
(IGF1) and growth hormone.

To further define the action of Ep, a radiorecep-
tor assay for Ep is presently being developed. Our
laboratory is the first to show that radioclabeled Ep
retains its full biological activity, a fundamental
prerequisite for the development of such an assay.
The use of a radioreceptor assay is manifold. It will
allow the study of the kinetics and affinity of the
receptor in membrane preparations, the action of
Ep at the receptor level during development and
maturation, the modulation of the receptor gene
expression as a function of other hormonal interac-
tions, and the ontogeny of Ep receptors in blood
forming tissues.

Gisela K. Clemons and Darlene DeManincor.

Megakaryocyte Lineage

The overall goal is to understand the mecha-
nisms that regulate megakaryocytopoiesis leading
to the formation of platelets. Several approaches
are being used:

A culture system has been developed where
megakaryocytes can be stimulated by the plasma
from thrombocytopenic rabbits to undergo changes
that show many features of platelet formation in
vivo. Plasma from normal rabbits is inactive.
Current models predict that thrombopoietin, an as
yet uncharacterized hormone, is elevated during
thrombocytopenia and is responsible for the
changes we observe in these cultures. Part of the
observed changes are dependent on extension of
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microtubules that provide structural support for
long cytoplasmic processes. In addition, microtu-
bule coils that are characteristic of mature blood
platelets may also form in the cytoplasmic exten-
sions of the cultured megakaryocytes before intact
platelets are released. Small cytoplasmic frag-
ments that are ultrastructurally similar to platelets
and respond to platelet activators are found in
these cultures. Currently, a detailed analysis of
cytoskeletal organization during the process of
megakaryocyte fragmentation is being undertaken.
This work is primarily by the use of immunocyto-
chemistry and electron-microscopy.

A study is being made of the Wistar Furth rat,
a strain that has a genetically controlled abnor-
mality of platelet size and number, Ultrastructural
analysis has led to our belief that there may be a
biochemical abnormality in the megakaryocyte
membranes of these rats that leads to abnormal
platelet formation. This work has been done in
collaboration with Dr. Fern Davis at the University
of California, Davis. In addition, lipid and pro-
teoglycan analyses of the platelets from these
animals have been underway to resolve biochemical
alterations that may underlie the observed abnor-
malities in membrane structure.

Studies of the unique characteristics of the
gene expression in megakaryocytes are being
initiated. Techniques for isolation of megakar-
yocyte RNA have been developed, and currently the
expression of protooncogenes and platelet alpha
granule proteins is under investigation. It is
thought that protooncogene expression may play a
role in the development of polyploidy, an unusual
characteristic of megakaryocytes. Several alpha
granule proteins appear to be specific for megakar-
yocytic cells. Therefore detection of the expression
of these proteins may be a useful tool to detect
otherwise unrecognizable early-committed percur-
sor cells in the bone marrow.

Shirley Ebbe, Robert Leven, Dorothy Carpenter,
and Tamlyn Yee-Neben.

Disease Models: Malaria

The cellular mechanisms involved in the
anemia and immunosuppression associated with
malaria infection are being investigated. Anemia, a
major complication of malaria, accounts for the
major morbidity and mortality of this disease. Our
current focus is on how products of the immune
system, such as interleukins and tumor necrosis
factor (TNF), may mediate these pathological
sequelae via their regulatory effects on stem cell



proliferation and/or differentiation.

It has been shown that infection of mice with
three strains of malaria (Plasmodium vinckei, P.
berghei, and P. chabaudi adami) results in the
depletion of bone marrow pluripotent stem cells
(from which all erythroid and myeloid cells derive)
and a concomitant increase in stem cells in the
blood and spleen. Apparently, an increase in stem
cells in the spleen does not compensate for the loss
of erythropoietic activity of the bone marrow. Mice
infused with recombinant TNF, a product of acti-
vated macrophages, show a similar depletion of
bone marrow stem cells and an increase in spleen
stem cells. Studies are now under way to deter-
mine whether such mobilized stem cells are func-
tionally altered during malaria infection and
therefore contribute to the anemia and immunosup-
pression observed in malaria-infected mice.

Studies using in vitro colony assays for
erythroid progenitor cells and an in vitro assay to
measure erythroid precursor cell proliferation in
response to erythropoietin (Ep), the hormone
required for mature red blood cell development,
demonstrated that committed erythroid progenitor
cells as well as pluripotent stem cells are altered by
malaria infection. Both early erythroid progenitor
cells, colony forming unit erythroid (CFU-E), and
later erythroid progenitor cells, burst forming unit
erythroid (BFU-E), are present in reduced numbers
in the bone marrow and spleen over the course of
malaria infection (Fig. 2.14). Evidence suggests
that a soluble factor may be responsible for the
ineffective erythropoiesis obaerved in infected mice.
Conditioned media produced from spleen cells of
malaria infected mice, or normal spleen cells
incubated with malaria infected red blood cells, are
able to inhibit the proliferative response of
erythroid precursor cells to erythropoietin. What
factor(s) is/are involved is not known. Interleukin-
1 (IL-1), a product of macrophages and other cell
types, has been shown by J.C. Schooley and col-
leagues to suppress the proliferative response to Ep
in the same assuy.

In addition to anemia, malaria infection is also
associated with immunosuppression, as shown by
the depression of the in vitro response of lympho-
cytes from malaria-infected mice to mitogens and/or
antigens. The relationship of the immunosuppres-
sion to the inhibition of erythropoiesis and whether
similar mechanisms are involved is currently under
investigation.

In conclusion, it has been shown that malaria
infection leads to alterations in the kinetics of
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EFFECTS OF P.BERGHE! INFECTION ON BFU-E & CFU-E
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Fig. 3.14. The number of colony forming unils erythroid (CFU.-
E) and burst forming units erythroid (BFU-E) in the spleen and
bone marrow of BALB /¢ mice at various times after infection
with P. berghei. CFU-E and BFU-E were determined by in vitro
colony assays. Results are expressed as the percaniage of control
values for normal BALB /c mice. (XBL 8711-4811)

pluripotent stem cells and in the functicnal capac-
ity of committed erythroid progenitor cells and
lymphocytes.

Investigations continue into the nature of the
inhibitory factor{s) in conditioned media from
malaria infected spleens, whether the target cell is
a pluripotent stem cell or a committed erythroid
progenitor cell, the molecular basis of the inhibi-
tion, and the role played by factors such as IL-1 and
TNF. This research will not only increase our
understanding of how hemopoiesis is normally
regulated but will also aid in the development of
therapeutic strategies for the anemia and immuno-
supression that are associated with a number of
infectious diseases such as malaria.

Paul H. Silverman, Kathleen L. Miller, Lynn J.
Mahlmann, and Birgitta Kullgren.



Bone Marrow Transplantation and the Pluripotent
Stem Cell

Both pluripotential stem cells and precursor
cells committed to the different lineages have been
cultured and characterized in vitro. However, the
relationship of pluripotential and precursor cells is
poorly understood in vivo, because there are no
methods to identify the early stem cells. Such
methods must be highly sensitive, because the
pluripotential stem cells represent a vanishing
small number in the bone marrow. At the moment,
only the progeny of these cells can be studied, most
satisfactorily after transfusion of marrow into &
new host in which the pluripotential stem cells seed
and proliferate. Present methodology requires
samples of at least 15,000 cells for this purpose.
The development of a much more sensitive method
for the recognition of a few hundrod transplanted
stem cells is thus badly needed for understanding
of the kinetics and physiology of stem cells. A
major effort is under way to produce a monoclonal
antibody to meet this methodological requirement.

Carcinogenesis

INTRODUCTION

The transformation of normal cells to malig-
nancy is & multi-step process, involving derange-
ments in cellular growth control, differentiation,
and senescence. Many factors are known to affect
this process as initiators or promoters of carcino-
genesis. These include chemical and physical
agents (such as chemical carcinogens and radia-
tion), viruses and cellular oncogenes, and dietary
components. An individual's genetic makeup can
also influence relative susceptibility to development
of cancer. Members of the Cell and Molecular
Biology Group are examining several different
aspects of the carcinogenic process, ranging from
assessments of the effect of chemical carcinogens,
radiation, and viral infection on cells and animals.
These studies should provide an increased under-
standing of both the causes of, and mechanisms
occurring during oncogenic transformation, and
should draw upon insights into DNA repair, repli-
cation and recombination, and responses to carcino-
gens described in the preceding sections.
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In the meantime, work is in progress on the
progeny of donor pluripotential stem cells While a
single stem cell can repopulate a lethally irradiated
mouse completely and permanently, it has been
demonstrated, in collaboration with E.P. Cronkite,
that there exist other stem cells that can repopu-
late the irradiated recipient only partially. The
host’s own stem cells may then recover and repopu-
late the entire animal. The ecology of the bone
marrow stroma is being investigated to clarify
these findings. Marrow transfused into a lethally
irradiated mouse was retransfused subsequently
into both secondary lethally irradiated hosts and
normal-nonirradiated secondary hosts. The mar-
row exposed to a lethally irradiated environment
repopulated the entire marrow of the secondary
lethally irradiated host, but failed to grow at all in
the normal hoat. This was the case, even when the
number of marrow cells was increased to contain as
many CFU-S as sufficed to produce a 30% level of
donor cells in a normal, nonirradiated secondary
host.

George Brecher, Marilyn Yee, and Steven Neben.

ENVIRONMENTAL CARCINOGENS

In an effort to evaluate the potential hazard to
human health of exposure to chemical carcinogens,
the Group has developed a Carcinogenic Potency
Database (CPDB). This database includes the
published results of chronic animal carcinogenesis
bioassays from about 4000 experiments involving
1000 different chemicals. Estimates of the TD,,
values of rodent carcinogens vary more than 10-
millionfold. These TD,, values hzve been used to
rank possible hazards to humans from exposure to
chemicals known to be carcinogenic in rats or mice,
in particular, 41 chemicals for which there are also
defined OSHA Permissible Exposure Levels (PEL).
When the PEL (mg/kg/day) for these chemicals are
compared to the rodent TD,, the resulting ratios
differ by more than 100,000-fold from each other.
It therefore seems reasonable to give particular
attention to the reduction of allowable worker
exposure to those substances that appear to be



hazardous by this index, and that some workers
may be exposed to full-time near the PEL, namely
ethylene dibromide, ethylene dichloride, 1,3-
butadiene, tetrachloroethylene, propylene oxide,
chloroform, formaldehyde, methylene chloride,
dioxane, and benzene.

Bruce Ames and Lois Gold.

HUMAN MAMMARY CANCER

Interaction of Human Mammary Cells with Growth
Factors and Oncogenes

Much of the work in the carcinogenesis group
utilizes a human mammary model system devel-
oped by Martha Stampfer. This culture system
permits long-term active growth of normal human
mammary epithelial cells (HMEC) in a serum-free
medium, In vitro exposure of normal HMEC to the
chemical carcinogen benzo(a)pyrene has also led to
the development of two immortalized cell lines.
Transformation to malignancy can occur when
these cell lines are further exposed to tumor virus
oncogenes. These unique cell substrates are being
used in many laboratories at LBL and around the
world to study and compare the properties of
normal and transformed human epithelial cells. A
major effort in the past year (in collaboration with
Marc Lippman and Bob Dickson at NIH) has
involved examining these cells’ requirements for,
responses to, and production of growth factors,
hormones, and their receptors. In particular, TGF-
B growth inhibition and receptor levels are being
assessed as a function of transformation, age in
culture, and presence of other growth factors, while
TGF-o and EGF receptor mRNA and protein
synthesis have been shown to be active in all the
HMEC types examined. Subpopulations of the
immortalized cell lines that have altered growth
requirements or responscs have been isolated to aid
in the dissection of the mechanisms of cell re-
sponses to growth factors. Growth in restrictive
media also appears to select for cells altered by
further exposure to a chemical carcinogen. It is
hoped that this selective growth will assist quanti-
tation of the transformative potential of different
carcinogens,

Interaction of Human Mammary Epithelial Cells
with Carcinogenic Hydrocarbons

The normal HMEC have been used to study
another aspect of chemical carcinogenesis, the
metabolism of pro-carcinogens such as

benzo(a)pyrene (BaP) to their ultimate carcinogen
form, in this case, the benzo(a)pyrene-diolexpoxide
(BPDE). Reaction of BPDE with DNA may result
in mutation or cellular transformation. The group
has previously shown that HMEC readily convert
BaP to the active BPDE form, wher-eas fibroblast
cells from the same tissue are much less capable of
this reaction. This work is continuing by determin-
ing whether arachidonic acid, particularly cyclooxy-
genase, plays a role in this conversion by the
HMEC. Pretreatment of normal HMEC with cold
BaP has been found to increase the overall :onver-
sion of tritiated BaP to BPDE, as measured by BP-
7,8-diol and tetraol hyrolysis products of BPDE
identified by reversed-phase HPLC. Methods to
quantitate the BPDE-derived tetraols by periodate
oxidation and calcium oxide treatment are being
developed. Cyclooxygenase inhibitors appear to
partially inhibit this tcrtraocl production, while thus
far, inhibitors of lipoxygenase have no effect.
Hence, of these two pathways the cyclooxygenase
appears to be the predominant one in HMEC.
Recently, *H-BaP-7,8-diol was found to be a supe-
rior substrate to *H-BaP in that it produces BPDE-
derived tetraols both more readily and cleanly. Use
of this substrate should allow a quantitative dissec-
tion of the key step, the conversion of BP-7,8-diol to
BPDE by evaluating the effect of inhibitors of
cytochrome P-450 as well as inhibitors of the
arachidonic acid cascade. In a collaborative effort
with Mina Bissell and co-workers, the possible role
of the arachidonic acid cascade in wound-promoted
tumors in Rous sarcoma virus infected chicks is
under investigation.

Martha Stampfer, Jack Bartley, Allan Tischler,
Myriam Alhadeff, Linda Hayashi, Midori Ho-
sobuchi, Gerri Levine, and Anaie Pang.

NOVEL APPROACHES TO VIRAL CARCINO-
GENESIS: HOST-VIRUS INTERACTIONS IN
DIFFERENTIATION AND MALIGNANCY

The recent advent of techniques for the incorpo-
ration of foreign genetic information into animal
hosts in vivo has allowed us to embark on a system-
atic and ambitious project to apply modern cell and
molecular biology to answer basic questions in
tumor biology. Since it has been shown that the
embryo is capable of regulating the malignant
properties of Rous sarcoma virus (RSV), the system
affords the exciting opportunity to evaluate some of
the key elements in the transformation process. In
the past year it has been shown that while the level
of pp60src (the product of the transforming gene of



RSYV) is not proportional to the expression of other
viral structural proteins such as p19 (a compound
of group-specfic antigens), nevertheless src is
expressed in the early embryo and further, it is
active because it phosphorylates tyrosine residues

of proteins. To trace the lineage of the target cells
and to investigate whether the older embryo could
become permissive for sarcoma, it was first neces-
sary to prevent viremia and to prolong the life of
the embryo. To achieve these goals, we developed a
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vector-packaging quail cell line, stably infected
with an avian leukosis virus-derivative deficient in
packaging sequences y. The construction of this
derivative (named pRAV-1y) is shown in Fig. 2.15.
Novel replication-defective v-src constructs contain-
ing drug-resistant genes were transfected into
PRAV-1y, and the resulting colonies were shown to
stably produce up to 2 x 10* replication-defective
(RD) infectious viral particles. These viruses are
currently being injected into the embryo. Prelimi-
nary results indicate that unlike the wild type virus
that was expressed early in the skeletal muscle
only and would not allow viability beyond days
12-14, the RD virus appears to be expressed in the
limb connective tissue post-day-12, but allows
embryo survival at least to day 18 at which time it
appears to form sarcoma. These experiments verify
the versatility of the embryo system and should
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lead to identification of factors thax appear (or
disappear) between days 12-18 that allow the
expression of the malignant phenotype. In another
complementary approach, we are exploring the
mechanism by which wounding acts as a cocarcino-
gen in RSV tumorigenicity in hatched chicks.
Techniques have been developed for sectioning
through the wounded area (Fig. 2.16) to follow the
course of activation of silent integrated virus, for
subsequent localization of virus and dividing-cells
using antibodies, immunohistochemistry, and in
situ hybridization with riboprobes of viral genes.
In collaboration with Michael Sporn of NIH, the
pattern of TGF-B expression after wounding and its
ponssible role in RSV-tumorigenicity is alse being
investigated.

Mina J. Bissell , Anthony Howlett , Andrew
Stoker, Michael Sieweke, and Jill Hatier.
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Fig. 2.16. Phase contrast image of a transverse froeen section (6 jum) of a suture wound at the midpoini of the radius-ulna
region 1 of the right wing of a 15-day-old chicken 20 hours after wounding. The suture allows the precise localization of
wounded tissue in the seciion. Boxes indicate areas with high incidence of growing calls. (b = bone, bm = bone marrow, m =

muacle, # = suture). (XBB 852-856)
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Section 3. Radiation Biophysics

The Radiation Biophysics Group brings an
interdisciplinary approach to unclerstanding both
the harmful and beneficial effects of a large variety
of ionizing and nonionizing radiations. This under-
standing is being developed inrough fundamental
studies at &ll levels of biological organization — the
physical, chemical, molecular, cellular, tissue, and
organ levels. The ultimate goals are *} to deter-
mine the health risk from very low levals of radia-
tion such as those found | : spacc, or the natural
and occupational environments; 2) to develop
procedures to mitigate the risks due to long term
radiation exposures; and 3) to optimize the utiliza-
tion of different qualities -f radiation for the
treatment of cancer and certain non-neoplastic
brain disorders.

The research activities related to these goals
are quite broad in scope. "he formal training or
background of each raembar of the group is in
either physics, chemistry, or biology. However,
over the years, several have crossed their bounda-
ries and extended themse'ves into other areas. The
members and their affiliated activities are shown
below.

QOur main interest in nonionizing radiations
conci:rns the biological effects of static magnetic
fields and radio-frequency (rf) radiation. A new
9.0-{esla (90,000 gauss) superconducting magnet
facility has recently been installed to study the
responses of cellular, tissue, and animal systoms
when exposed to such ultrahigh magnetic fields.

Ionizing radiation studies center around the
Bevalac, a unique source of energetic heavy par-
ticles that is capable of ac:elerating ions of masses
ranging from hydrogen to uranium. These acceler-
ated ions are extremely valuable for probing
various cellular properties. In addition, some of
these ions are currently used in cancer therapy and
in treatment of certain brain disorders. Many basic
radiobiological studies are being extended to
understand the health effects of alpha particles
(energetic helium ions) en itted from the decay
products of radon gas. Reslon, a natural pollutant,
is of national concern because of its effect in induc-
ing lung cancer. The central focus of research
activities in ionizing radiations will continue to be
the elucidation of the effects of heavy charged
particles in biological materials at various levels of
organization. It is becoming increasingly clear that
the knowledge gained from particle studies can

improve the understanding of the effects of x rays
and gamma rays in biological materials.

Physicists are engaged in research related to1)
the qualitative and quantitative aspects of the
physical nature (charge, mass, energy loss, etc.) of
radiation fields associated with heavy charged
particles, and 2) the energy deposition patterns
within regions equivalent in size to cellular dimen-
sions. This information is essentiz? for basic
studies as well as for pianning radiation exposure
in clinical applicatinns, and for ensuring the
radiologic safety of personnel in space,

The information obtained from physical studies
then bacomes the basis for evaluating chemical
changes in a biological target. The end result is
establishing a better quantitative relationship
between the radiation quality and the initial
cellular damage.

The DNA inside the cellular nucleus is consid-
ered to be the most critical radiological target
because it contains all the genetic information,
Any chemical change in this important molecule
has fa: -saching biological consequences. Chemical
changes associated with a given site (sugar or base)
on a DNA molecule caused by ionizing radiation
have been considered through two mechanisms: 1)
by hydroxyl radicals produced from water in the
cell, and 2) by direct deposition of energy on the
DNA itself. Those two mechanisms then define the
molecula; i:ature of *he damage and become the
starting point for our studies in molecular radiobi-
ology.

Research in molecular radiobiology is concerned
with investigation of the repair, misrepair, and
unrepair of the various types of damage to mam-
malian DNA caused by ionizing radiation, Chro-
matin and chromosome breaks are also included in
these studies. The central problem is the identifi-
cation of those initial chemical changes that lead to
either mutation or transformation if not repaired
adequately. The chemists and molecular biologists
work together to understand the correlation be-
tween chemical changes and their possible biologi-
cal consequences. They expluit high-LET radia-
tior.s to better understand the processes leading to
repair or misrepair of radiation-induced lesions.
Preliminary studies indicate that high-LET radia-
tion causes a larger number of unrepaired (or
possibly misrepaired) lesions per unit dose than dc
x rays or toxic chemicals. While most basic studies



in molecular radiobiology are done in vitro, the
fundamental knowledge acquired is subsequently
further studied in cellular environments.

One focal point in the overall research efforts
by physicists, chemists, and molecular radiobiolo-
gists is understanding the respons~s of mammalian
cells when insulted by ionizing radiation. They
interact with the cellular biologists to analyze
cellular data in terms of the fundamental physizal,
chemical, and molecular processes involved. Cellu-
lar radiobiologists are trying to understand the
correlation vetween damage and repair processes in
the cellular environment to characterize cell-cycle-
dependent changes. They also try to understand
the correlation between molecular changes in DNA
and chromosomal changes. The overall research
efforts of cellular radiobiologists pursue ur
standing of the relationvhip between fern: .+ . of
DNA adduct and cell transformation. Seve: 1l
current studies concern various biological end
points, including acute dose-survival effects, cell
progression delays, cellular repair, and transforma-
tion as a function of radiation quality (including
nuclear fragmentation processes). A major empha-
sis is given to work with synchronized human cells.
In addition to basic research, cellular radiobiolo-
gists are also providing important data for applica-
tions in clinical therapy. Cancer patients are being
treated with heavy ions from the Bevalac (see
Section 4, Research Medicine) and, before treat-
ment planning can be done, it is essential that
radiobiological data concerning cell killing, oxygen
effect, and the effiviency of cell killing by the heavy
charged particles in comparison to x rays or gamma
rays are available. Ali this information is provided
by the cellular radiobiologists in ccllaboration with
radiation therapists.

Tu
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Theoretical models are being developed and, as
we learn more and more about the basic physical,
chemical, an”’ biological processes invalving ioniz-
ing radiation, the tim2-cvolution and the mechanis-
tic aspects of radiation damage are becoming more
apparent .

The section on in vivo biophysics describes
research radiation effects at the tissue and ozgan
levels. The objective is to obtain data to develop
models for the assessment of health-risk and to
elucidate mechanisms that relate lethal and
nonlethal damage in ir vivo systems to different
qualities of radiation (natural and man-made). The
focus is principally on carcinogenesis, in vivo
ceilular radiobiology, and early aiw. iate damage to
tissues and organs where ccli loss, altered function
including metabolism, and reg:ation of cell prolif-
eration are important. The in vivo biophysics
program complements and extends the molecular
and cellular studies conducted with pro- or eukar-
yotic systems in vitro: it uses organized tissues or
intact rodents to address questions that cannot be
studied productively in vitro where cell, tissue, and
organ system interactions and homeostatic regula-
tory mechanisms are absent. Howeaver, much
attention is being given to determination of the
molecular and cellular basis for these tissue effects,

A strong component : £ this program is the
application of accelerated charged particles in the
treatment of cancer and for radiosurgery. Itis
important to assess possible damage to normal and
healthy cells during this radiation therapy, and the
evaluation of such damage to critical organs adja-
cent to a tumor volume to b treated by radiation is
one of the special concerns in the in vivo biophysi-
cal studies.
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ACTIVITIES OF THE RADIATION BIOPHYSICS GROUP

Physics

Physical natare of high-LET radiation field
(nuclear interactions), dosimetry associated
with high-LET charged particles and magnetic
fields

Transport of heavy ion beams

Mechanism of energy deposition and track
structure in water, DNA, and cells.

Statistical fluctuation in energy loes for
low dose studies.

Chemistry

Energy deposition and the initial yield of
chemical species (*OH ¢H, etc.).

Radical attack (*OH) on DNA, Chemical
nature of DNA damage

Excitation and ionization of DNA, chemical
nature of DNA damsge

Molecular Biology

Chemical nature of DNA damage and repair and
misrepair, chromatin and chromoscme breaks

Molecular characterization of mutetion

Protooncogene activation and neoplastic
transformation.

Cellular Biology

Damage and repair processes in a cellular
environment; cell cycle effects

Human chromosome in a hybrid cell line
Role of protein synthesis
Role of intra- and extra-cellular matrix

Scientists

A. Chatterjee
S. Curtis
W. Holley

W. Schimmerling

T. Tenforde
M.Wong

J. Afzal

A. Chatterjee
W. Holley

R. Roots

E. Blakely
M. Dixon
R. Liburdy
R. Roots
C. Tobias
T. Yang

E. Blakely
M. Decker
M. Dixon

L. Hlatky

A. Rodriguez
R. Roots

T. Tenforde
C. Tobias

T. Yang

Technical Staff and
Graduate Students

J. Scherer

K. Bjornstad
P. Chang

K Goncz

E. Goodwin
G. Ivery

K. Bjornstad
P. Chang

K. Goncz

E. Goodwin
G. Ivery

Continued on following page



In Vivo Biophysics
Molecular and cellular basis for tissue effects

Tumor radiobiology and cell kinetics

Cellular mechanism of early and late effects
in critical organs

Carcinogenesis at low dose and low dose rates
Effects of magnetic and electromagnetic fields
Actinide element biokinetics

Modeling
Initial damage

Repair-misrepair model
Lethal and potentially lethal model

Carcinogenesis

Ionizing Radiation

RADIOLOGICAL PHYSICS AND RADIATION
CHEMISTRY

Over the years, from experience in doing
research with ionizing radiations, it has become
very clear that studies with energetic charged
particles (also called high-LET radiations) are
extremely important for an overall understanding
of biological effects. There are many intrinsic
properties of cells that cannot be explored by using
only x rays or gamma rays (also called low-LET
radiations). [{ence, a strong component of this
program has been the utilization of accelerated
charged particles from the Bevalac, a Lawrence
Berkeley Laboratory national resource accelerator
complex.

The Bevalac can produce energetic particles
across the periodic table from helium to uranium.
These particles can penetrate to depths of 30 cm or

Technical Staff and

Scientists Graduate Students

R. DeGuzman
K. Kavanau
P. Powers-Risius

d. Afzal

J. Ainsworth
E. Alpen

S. Curtis

P. Durbin

C. Gaffey

R. Liburdy
A. Rodriguer
T. Tenforde

A. Chatterjee
S. Curtis
C. Tobias

more in human tissue or in a tissue-like medium.
For a given energy, each particle has a precise
depth of penetration with little scattering as
compared to x rays, and about 80% of the radiation
dose is deposited near this stopping point. These
features make such particles especially useful (as
compared to x rays) for the treatment of localized
tumor volumes. However, physical processes
associated with these particles, such as their
microscopic energy deposition patterns or the
occasional break-down of their heavy nuclei during
propagation, introduce complexities that must be
understood for optimal utilization.

In FY 1987, these phyzical processes were
investigated through experimental and theoretical
studies. Specifically, results were obtained on the
break-down, or nuclear fragmentation, of 670-MeV/
u neon ions. At this energy these ions penetrate a
depth of about 32 cm in water (a tissue-like me-



dium). Along their flight-path, some of the neon
nuclei break down into protons, carbon, oxygen,
etc., with the resulting nuclei having mass numbers
lower than neon. The extent of fragmentation
depends upon the parent nucleus and the depth of
the medium traversed. This research involves
identification of each of the fragments at a given
depth, and thereby provides information on the
spectral nature of the radiation field.

Analysis of fragmentation data for 670-MeV/u
neon nuclei in & water absorber at the Bevalac
Biomedical Facility has continued. An identifica-
tion algorithm for particle charge was developed
based on the relationship between average energy
loss in a thick detector and the stopping power
calculated for a proton using the measured time of
flight (TOF). With this algorithm, fluence spectra
(i.e., number of particles per unit area) were ob-
tained for particles with charges between Z = 4 (Be)
and Z = 10 (the primary neon and its isotopes) as a
function of water-absorber thickness. At each
depth the number of particles per square centime-
ter emitted with a given value of linear energy
transfer (LET) was obtained. Typical LET spectra
at the entrance and at the Bragg peak of neon, are
shown in Figs. 3.1 and 3.2. At the entrance to the
Bragg curve the LET spectra are narrow, even for
the fragments accompanying the beam. These
fragments are due to residual material in the beam
line such as vacuum windows, beam flattening lead
foils, ete.

The measurement of radial distribution of
cnergy around a charged particle trajectory is of

NEON at 670 Mav/A on @ cm H20
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Fig. 3.1. LET spectra of neon at 670 MeV /A incident on o water
column; beam contaminants,also sh are present at the 1%
level. (XBL 811-111)
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Kg. 3.8. LET spectra of neon and fragments produced after 32
em of watsr on which neon was incident at 870 MeV/A. (XBL
881-110)

primary importance to the overall research effort.
Recently Metting and co-workers from Battelle
Pacific Northwest Laboratory completed an analy-
sis of single-event energy deposition distributions
measured in a 1.3-um diameter site, using iron
beams extracted into the Bevalac Biomedical
Facility. These had been measured as a function of
radial distance  from the trajectory of 600-MeV/u
iron ions. Specific energy (2,),spectra of single
energy deposition events, and the frequency mean
(2, ), were obtained as function of . Figure 3.3
shows the experimentally determined values of
(2,),, where the width of each rectangle indicates
the range of b over which each (2, ), was averaged
to obtain adequate statistics, and where the height
of each rectangle is based on the number of eve:ts
detected. Beyond 5 pm, (2, ), is determined mainly
by single electrons, whose energy spectrum no
longer changes appreciably as a function of b,
These single-electron events occur more rarely, but
when they do, the energy they impart in a micro-
scopic volume can be significantly greater than the
average absorbed dose, calculated as D(b) = R (2,),
(where R, is the number of events at the same
distance b) and also is shown in Fig. 3.3 to be in
substantial agreement with homogeneous track
models.

Heavy nuclei undergo multiple scattering
during their passage through matter. A quantita-
tive understanding of this physical process is
needed, primarily for purposes of dosimetry. The
physicists are involved in measuring these scatter-
ing phenomena in order to make comparisons with



101 E
100 A
ZplF for a 1.3 pm
i Diameter Site
=
10-1
h\\
%
& 3\
o % D(b); Chatterjee & Schaefer, 1976
10-2f~ %
o\ Dib); Zhang, Dunn, & Katz, 1985
o.‘}..
——— NN
N
10-3 N
» ~ -~
(]
Dib) = zp = Ry (FH)F Ste, ..:
L ]
1o Tar ) VR IR YN N SN Y SO N TN N B |
' 4 8 12 16 20 24
PC Radial Distance b/jum
Radius

Fig. 8.3, Single-event mean specific energy (%), and radial
absorbed dose (rectangles) and homogeneous track siructure
predictions (curves). (XBL 881-113)

the existing theoretical formulae. The multiple
scattering studies are categorized as 1) measure-
ment of heavy charged particle multiple scattering
angular distributions, 2) development of calcula-
tional methods to compare the results of experi-
ment with multiple scattering theory, and 3)
calculation of the loss of particles to multiple
scattering in nuclear fragmentation experiments,
Measurements of the multiple scattering of
~600-MeV/u beams of neon, iron, and uranium ions
in targets of water, aluminum, copper, and lead
have been made. Position-sensitive detectors
(psd's) are used to determine the spatial trajecto-
ries of individual particles before and after target
scattering, The angle through which an incident
trajectory is deflected is then a measure of the
multiple Coulomb scattering of the beam particle
by the target nuclei. In this method there is no
physical collimation of the beam, so that possible
effects of collimator edge scattering or particle

fragmentation are eliminated. The method is also
independent of beam divergence.

The focus is an analysis of data obtained for the
most massive particle accelerated at the Bevalac,
uranium, to provide a stringent test of the theoreti-
cal descriptions of the multiple scattering of very
heavy charged particles relative to those for pro-
tons,

The pad’s make possible differential measure-
ment of the multiple scattering deflection angle. A
computer simulation of the experiment using
Monte Carlo techniques has been made to allow
detailed studies. In this simulation, individual
particles are tracked through the system, with the
effects of particle energy loss, multiple scattering,
and detector resolution all taken into account. The
overall angular resolution of the system is meas-
ured with the “target-out data.” The conclusion
from this analysis of uranium data is that the
standard theory of multiple Coulomb scattering for
elementary charged particles appears to describe
adequately the scattering of very heavy charged
particles from target nuclei.

To understand the chemical stage in the
evolution of radiation-induced damage, an attempt
has been made to understand the effects on biologi-
cal material at the molecular level by studying the
physical phenomena of the energy deposition
process and the subsequent physico-chemical and
chemical processes leading to DNA strand breaks.
Both the indirect and direct mechanisms of damage
have been studied theoretically. Initial studies
were confined to a linear form of DNA, but during
the past year a systematic study of the effects of
higher order structures in the formation of damage
has been started.

In conjunction with the theoretical studies
sbove, the experimental program aimed at testing
and verifying the theoretical models and, in par-
ticular, attempting to understand the detailed
mechanism involved in radiation-induced DNA
strand breaks have been continued.

Theoretical Studies

The earlier work—studying the indirect effects
of radiation on isolated DNA using SV40 viral DNA
in dilute aqueous solution as a model system—has
continued. These calculations involve the following
main features: 1) computer simulation of the SV40
DNA molecule using standard geometric stere-
ochemical parameters (obtained from x-ray diffrac-
tion studies); 2) simulation of the production of OH



radicals and other water radiolysis products around
the DNA by the track of an ionizing particle; and 3)
simulation of the diffusion of the radicals and their
reactions with each other, with other scavenging
agents in the solution (Tris buffer), and ultimately
with the DNA molecule. Reactions with the deoxy-
ribose ring lead to strand breaks while reactions
with the bases lead to other forms of damage.

These studies have been carried out using a
series of Monte Carlo computer codes to simulate
the actual process. The probabilities of single
strand break (SSB) formation for a variety of
incident radiation qualities and scavenger concen-
trations (to mimic the cellular environment) have
heen calculated.

During the past year, these calculations have
been extended to include the effects of the presence

of associated proteins by studying the effects of
nucleosomes (see Fig. 3.4) on the probability of
strand break formation. The results are given in
Table 3.1. The presence of the histones reduces the
probability of single strand break formation by
approximately a factor of two for the DNA that is in
contact with the proteins. When moving away from
the histones onto the linker DNA the probability of
strand breaks gradually increases until it reaches
approximately the uncomplexed DNA value after
about 170 base pairs. Future studies will investi-
gate the effects of organized groups of nearby
nucleosomes to more closely simulate the complex
structure of chromatin.

The development of computer codes to model
the direct action of radiation on DNA has also
continued. This model is based on concepts of track

Fig. 34. A computer graphic representation of a DNA molecule wrapped around a central histone core, which is not
visible in this figure. Such a represeniation Aas provided us with a three-dimensional consideration of damage caused by
the diffusive motion and subssquent atiack by waier radicals. Based om theoretical calculations, it appeare that the
hiuoupmkcutheDNAﬁumdawbyafacwrofmwhmwmpandbdmﬂardawtoDNAwithouth:‘done.
However, the linker part of the DNA is not protected to any significant extent by the presence of hisione. (CBB 869-7725)
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Table 3.1. Comparison between B-DNA with and without histones.

% sugar % base
DNA structure <P>.u..r <P>., attack attack
Linear 470 %10~ 1.83 %102 20.0 80.0
(No Histones)
Linker1 4,59 x 10~ 190 %10 19.5 80.5
(171 Base Pairs)
Nucleosome 2.04 x 10" 718 x 10~ 22,1 779
(210 Base Pairs)
Linker 2 410x 10~ 1.87 x 10~ 18.0 82,0

(171 Base Pairs)

structure, stopping-power theory, and the Bragg
_ rule. Monte Carlo computational techniques are
used to treat both glancing and knock-on collisions,

Previous studies made use of a simple smooth
radial energy distribution to calculate the direct

effects of the penumbra (knock-on electrons).
During the last year, these calculations have been
incorporated into a more detailed model for electron
interactions.

Furthermore, these electron results have been
combined with the results for the core of heavy-ion
tracks to calculate the single- (SSB) and double-
strand break (DSB) yields as functions of LET for a
series of particles.

Strand-break production in oxygenated cells is
generally considered to be due mainly to indirect
effects at low LET and to dizect effects at high LET.
The calculated yields (normalizod to breaks rad*
dalton) in Fig. 3.5 shown as solid lines (direct) and
dotted lines (indirect) are compared in the adjacent
plot with a selection of experimental measurements
of radiation-induced primary single- (SSB) and
double- (DSB) strand-break yields as functions of
LET. In addition, recent results for the yields of
chromatin breaks are also shown. The satisfactory
agreement of the theoretical results with experi-
mental data suggests that most of the important
effects are at least approximately accounted for in
these calculations.

In addition to the indirect effect studies, there
is also an interest in looking at the influence of the
higher order organization (nucleosome, chromatin,
and eventually chromosome) of DNA in cellular
nuclei on directly induced strand-break yields and

on the spatial distribution and correlations of the
damage along the DNA chain.

Experimental Studies

Through collaboration with Dr. G. Kraft (GSI,
Germany), data have been accumulated on the
formation of strand breaks in viral DNA irradiated
in dilute aqueous solution (pH 7.6) with a large
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Fig. 3.5. Theoretical yields of DNA strand-breaks in cells for
direct effects (solid curves) and indirect effects (doited curves).
For comparison selected experimental measurements are shown
for yields of single-strand (), double-strand (o), and
chromatin (O)) breaks. (XBL 881-112)



number of charged particles, ranging from helium
to uranium. A plot of the DSB/SSB ratios plotted
against LET for several ion species is shown in Fig.
3.6. It becomes evident that a biological effect that
varies because of radiation quality must be studied
separately for each particle species. Data collected
should cover a range in velocities for each particu-
lar ion species, with & series of curves thereby
obtained. The number of DSBs relative to the
number of all breaks (or SSBs) increases as the
LET of the specific ion species increases, as shown
with SV40 DNA irradiated in a buffered solution.
However, this same relationship also holds true for
irradiation of mammalian cellular DNA with alpha
particles, shown by the dashed line in Fig. 3.6.

Aloke Chatterjee, William Holley, and Ruth
Roots.

MOLECULAR AND CELLULAR STUDIES

In the field of molecular radiobiology, the
efforts are focused in three areas: 1) detection of
radiation-induced DNA damage and repair; 2) LET
dependence of chromatin breaks and rejoining; and
3) evaluation of neon-ion-induced rearrangements
in the single human chromosome using a dual
species-specific fluorescence hybridization method.
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Fig. 3.6. Measurements of the yields of DNA, DSB, and SSB as
a function of ionization density (keV/um). A variety of ion
apecies were used, ranging from alpha particles to uranium.
Particle energies at the DNA target ranged from 5 to 900 MeV/
u, approximately. Data obtained for DNA irradiated in solution
are represented by solid lines. The dashed line represents data

blainad for lian cellular DNA irradiated with alpha
particles. These daia were calculated from a publication by
Kampf and Eichhorn, 1983. (XBL 881-7219)
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In each of these studies, heavy charged particles
have been used and the comparison of the data
with measurements from x rays are in progress. A
brief summary of each of the studies is reported
here.

Detection of Radiation-Induced DNA Damage

In these experiments intact cells were irradi-
ated and assays of the damage and repair processes
were done by pulsed-field-gradient electrophoresis
techniques that have been successfully employed to
separate restriction fragments ranging from 50 kb
to 3000 kb. The objective is to study the effect of
radiation-induced DNA strand breakage and
rejoining in normal and repair-deficient synchro-
nous and asynchronous human and Chinese
hamster (CHO) cells. The restriction enzymes used
include the eight-base cutters Notl, Sfil and six-
base cutters Mlul and Eagl. Preliminary results
using LKB Pulsaphor electrophoresis squipment in
conjunction with a unique Pulsewave switcher from
BioRad indicate that DNA preparation is a critical
step in obtaining consistent repeatable results.
Factors include age of cells, control of trypsiniza-
tion, grade of agarose employed, temperature used
in each procedure, and the use of sterile quality-
grade solutions to avoid shearing the DNA samples,
The human lymphoblastoid cell line TKS, irradi-
ated with 320-MeV/u silicon ions has yielded
results that show a dose-dependent banding and
show repeatadly that with or without irradiation
there is a different restriction pattern with Notl,
Sfil, and Eagl than with hamster or other human-
cell lines. Work is in progress to determine if these
different restriction patterns are due to differences
in radiosensitivity, or are an artifact of cell prepa-
ration, methylation, or incomplete digestion with
enzyme. Breakage and repair of specific TK6
fragments are being studied by probing with a
thymidine kinase gene using Southern procedures
to identify molecular alterations due to radiation
exposure and to determine if repair incubation
periods will allow restitution of the radiation-
induced changes. In addition to these studies,
results from irradiated wild-type and temperature-
sensitive CHO cells are being analyzed and show a
disappearance of a band with heat following irra-
diation. Synchronous G, cells with and without
irradiation run more completely out of the well and
down the gel than do the asynchronous cell popula-
tions. Therefore, future research will involve
synchronous cell populations in G, phase to evalu-
ate dose-depenident DNA damage and repair.



LET-Dependence of Chromatin Breakage and

The RBE for cell survival is wel: known to be
LET-dependent, first rising with increasing LET to
a broad peak in the 100—200 keV/um range and
then steadily decreasing. If the postulate that
chromatin breaks are the only lesions that influ-
ence cell survival is accepted, then the premature
chromosome condensation (PCC) technique can be
used, This allows one to fuse an irradiated cell
with a mitotic inducer cell, prematurely condense
the chromatin of the test cell, and examine chroma-
tin breaks in individual interphase cells within 30
minutes after irradiation, permitting evaluation of
the chromatin damage befors it is altered by the
processes of repair and cell cycls progression.
Three hypotheses to explain why the RBE for
survival is a function of LET can then be examined.
These hypotheses, which are not mutually exclu-
sive, are that 1) the initial number of chromatin
breaks produced per cell per ¢Gy is LET-dependent,
that 2) high-LET lesions are less repairable than
low-LET lesions either because thers is an LET-
dependent fraction of the initial chromatin breaks
that cannot be rejoined by cellular repair mecha-
nisms, or because high-LET-induced lesions are
more likely to be misrepaired, and that 3) cluster-
ing of lesions (the production of multiple chromatin
breaks per cell by single high-LET particle travers-
als) may affect the officiency of cell killing. Results
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from the ongoing study with tl.c PCC system
indicate that the RBE for survival vs. LET curve
reflects an LET dependence on the initial number
of lesions per cGy, but this alone may not fully
account for the magnitude of the RBE at 10%
survival in radioresistant cell lines. A comparison
between survival and chromatin breakage RBE
values is shown in Fig. 3.7 for radioresistant T-1
cells, hamster cells of intermediate sensitivity, and
radiosensitive A-T cells. Beyond ~100 keV/um, the
survival RBE consistently exceeds the chromatin
breakage RBE in the radioresistant T-1 and ham-
ster cell lines, but not in the radiosensitive A-T cell
line. There appears to be a slow or nonrejoining
fraction of chromatin breaks that increases with
increasing LET, and clustering of chromatin breaks
at high LETs resulting in non-Poisson distributions
of initial lesions has been demonstrated. The
average number of chromatin breaks produced by a
single particle passing through a cell nucleus was
found to be a sigmoidal function of LET. At ~65
keV/um, each particle yields an average of one
chromatin break per cell in the hamster cell sys-
tem. In the high-LET region above 65 keV/um,
single particles produce multiple chromatin
breaks—a process known as clustering of radiole-
sions. These investigations should provide a more
quantitative explanation of the LET dependence of
the survival in both radioresistant and radiosensi-
tive cell lines.
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Fyg. 3.7. Comparison belween survival and chromatin breahage RBEs. For CHO celis, circles

(o) and triangles (A indicate RBEs for chromatin brevhoge and survival, respectively. Only the
envelopes for the previously reported T1 and AT cell survival RBEs are shown (no PCC data are
available for T1 and AT cells). Beyond ~100 keV [yum the survival RBE consistently exceeds the

chromatin
tive AT cell line. (XBL 877-10828)

RBE in the radioresistant T1 anc CHO cell lines, but not in the radiosensi-



Evaluation of Neon-Ion Induced Rearrangements
in a Single Human Chromosome Using ¢ Dual
Species-Specific Fluorescence Hybridization Method

Experiments using a human-hamster cell line
that has a karyotypically stable hamster genome
containing a single copy of human chromosome
number 2 have been initiated in which plateau
phase cultures have been irradiated with single
doses of Bragg-peak neon ions at an LET of 183
keV/um and are processed with the premature
chromosome condensation technique either imme-
diately or after a 37°C incubation period of up to 8
hours. Fixation and dual-fluorescence staining
then permitted a scoring of the immediate number
of human chromosome fragments produced and an
evaluation of rejoining events during the post-
irradiation repair period. Preliminary results
indicate a doss-dependent increase in production of
neon-ion-induced fragments and a time-dependent
decrease in the total number of fragments. There is
also evidence for a time-dependent increase in
illegitimate fusions between human and hamster
chromatin., Results of these experiments are to be
compared to x-ray studies that are in progress.

In cellular radiobiology, fundamuental research
as well as research applicable to radiation therapy
continue to be carried out, using high-LET and low-
LET radiation qualities. The various studies
initiated were 1) the effects of clastogenic factor on
normal cells irradiated with x rays, 2) the role of
protein synthesis in repair of lesions, 3) the effects
of cell cycle and survival of synchronized human
cells when irradiated with split doses of heavy ions,
and 4) clinical radiobiology. A brief summary of
each follows.

Effects of a Clastogenic Factor

A diffusible clastogenic factor in the culture
medium of ataxia telangiectasia (A-T) cells that
increases the incidence of chromosome aberrations
of normal cells cultivated with this medium has
been reported. This ¢lastogenic factor is a peptide
with a molecular weight of 500 to 1000 daltons.
Conditioned media from both A-T and normal
fibroblasts were collected after 8 days of growth
when the clastogenic factor was reported to be
maximum. These media were used to cultivate
normal fibroblasts transferred to the conditioned
media either 3 days before or just before irradia-
tion. In both cases, the irradiated cells were
trypsinized and plated into the conditioned media,
which were then removed after 3 days and replaced
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with fresh media. Preliminary studies indicate
there is an increased x-ray sensitivity of 20-30% (at
1% survival) for normel cells grown in A-T condi-
tioned medium presumably containing this clasto-
genic factor compared to the controls cultivated
with either normal conditioned or fresh uncondi-
tioned media. This effect was most pronounced
when the cells were grown in the conditioned media
prior to irradiation. This clastogenic factor is being
isolated from the conditioned medium by a series of
filtration steps to be used for further studies.

Role of Protein Synthesis

CHOQ wild-type cells (SCI) and temperature-
sensitive mutants (TSHI) have been subjected to
42°C continuous heat treatment and assayed for
heat shock proteins (haps) using one-dimensional
polyacrylamide gel electrophoresis. Autoradio-
grams indicate that constitutive levels of proteins
in the two cell lines are identical, but upon heat
shock, SCI have elevated lavels of heat shock
proteins and TSHI do not. If the cells were sub-
jected to a trigger dose of 5 minutes at 45°C, then
incubated at the permissive temperature of 35°C
for up to 5 hours, both cell lines showed hsps. A
parallel experiment with a trigger dose of 6 min-
utes at 45°C, followed by incubation at the nonper-
missive temperature of 40°C for up to 5 hours,
showed that SCI cells have haps but the TSHI cells
do not. In another experiment the temperature-
sensitive mutant and wild-type cells were each
exposed to & priming dose of radiation to kill down
to 10% survival (4.5 gray of 150-kVp x rays or 2.0
gray of neon) and heated to 41.5°C forup to 6
hours. The temperature-sensitive mutant cells
heated to inhibit their protein synthesis indicated
an additive response with the radiation killing but
with no synergism, whereas the same experiment
with wild-type cells showed the expected enhanced
cell killing reported in the literature for both
radiation qualities. This suggested that protein
synthesis plays an important role in the repair of
lesions produced by high- and low-LET radiations.
Lack of protein synthesis protects the mutant cells
from the combirned effects of the two deleterious
treatments. Hyperthermia following radiation is
more effective when the radiation is low-LET than
when it is high-LET; this points to differences in
the types or quantity of lesions produced or in the
mechanisms of repair, Preliminary survival results
also indicate that thermotolerance is still expressed
in the wild-type cells and is absent in the mutant
cells after chronic exposure to heat post-irradiation,



but confirmatory studies still have to be carried out
using polyacrylamide gel electrophoresis.

Effects of Cell Progression Kinetics and Survival of
Synchronized Human Cells Irradiated with Split
Doses of Heavy Ions

The rationale for this work is to extend early
hamster cell work that indicated 1) a lack of aplit-
dose recovery and perhaps even a potentiation of
cell killing with dose fractionation of neon Bragg-
peak ions and 2) a lack of independent action of
sequential doses of high and low-LET radiations.
There is particular interest in the cell-cycle-depend-
ent kinetics of these dose fractionation effects in a
human cell with longer cell-cycle times. Figures 3.8
and 3.9 summarize the results. Figure 3.8 (A)
illustrates split-dose survival kinetics of asynchro-
nous cell populations irradiated with two low-LET
or two high-LET doses. Figure 3.8 (B) illustrates
similar data obtained with cell populations syn-
chronized either in the middle of G, phase or S
phase. Recovery occurs in the exponentially
growing cells irradiated in the plateau, but not in
the Bragg peak, resulting in an enhanced peak-to-
plateau differential effectiveness with dose frac-
tionation. Figure 3.9 summarizes dati: obtained
from synchronized cell populations ir:  .ated with
a sequence of high-LET radiation followed by low-
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LET radiation. The sequential doses of neon
Bragg-peak and plateau ions administered within
several hours can result in human cell killing that
is greater than expected from the independent
action of each radiation. The cell-cycle-dependent
sensitivity to sequential doses of high-LET and low-
LET radiations can be further modified by cell
progression to more radiosensitive or radioresistant
cell cycle phases occurring with elapsed time
between the two doses. Future extensions of these
experiments are planned that will be of value to
improved clinical dose fractionation schemes.

Clinical Radiobiology

Several cellular experiments have been com-
pleted by members of the Radiobiology Group to
directly support clinical radiotherapy with heavy-
ion beams. These included studier of enhanced
biological effectiveness of particle radiotherapy
beams controlled by magnetic wobbling and an
evaluation of the potential of combined chemother-
apy with cisplatinum and particle treatment. The
latter investigation has been completed by Mary
Decker, a UCSF Radiation Oncology Resident, who
is working 50% time in the heavy-ion radiobiology
experimental program.

Eleanor Blakely, Cornelius Tobias, Tracy Yang,
Martha Dixon, Edwin Goodwin, Polly Chang,
Kathy Bjornstad, Gayla Ivery, and Kaarin Goncz.
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Fig. 8.8. Split-dose effecis of asynchronous and synchronized human T-1 cells. (A) Complilation of data from replicate experiments to
investigate split dose offecis of 425-MeV/u neon plateau or Bragg-peat; ions zn asynchronous human T-1 cells. The dota show dose-
dependent recovery in the plateau, but relatively negligible recovery in the Bragg peak. (B) Effects of 425 MeV [u neon-plateau (¢) or
Bragg-peak () ions on synchronized cell populations in mid G, phase or late S phase at the time of the first doee. The data show split-
dose recovery with plateau and a lack of recovery wuhBraapeule ions. {(a) XCG 872-6773, (b) XCG 872-6778]
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Fig. 3.0. Comparisons of high-LET and low-LET radiations.
(A) Late S-phase human 1 cells (435-MeV /u nson), Complete
dose-response curuss for late S-phase cells cooled to ice tempera-
ture and irradiated with single doses of plateau ione alone (M)
or single doses of Bragg-peak ions alone (+). Some cells were
also irradiated with Bragg-peak ions at room temperature (A).
Also shown are the survival data for cooled cells irradiated se-
quentially with 2.7-Gy Bragg-peak ions followed within 2

minutes by gradsd doses of plateau ions (0). The survival of this last group was significantly less than that expeciad from the inde-
pendent action of the two radiations () . (B) Mid Gphase and (C) late S-phase or late S phase at the time of a jwrat dose of Bragg-
pcak ions followed at various times by a dose of ploteau ions. The stars represent the survival level expacted from the independent
aciion of each radiation. The data show that G -phase cells are more sansitive than expeciad and become sven more radiosensitive with
a 2-hr interval between the lwo doses as the edh move o the G,/S border. The cells then show increasing radioresisiance that levels off
with an 8-hr fractionation interval. The late S-phase cells are also much more sensitive than expecied with the combined radiation
treatment, but become mor; resislant with split-times up to 4 hr and then more radiosensitive when the cells divide and enter G, phase

(confirmed by flow cytometry). [(a) XCG 872-6774, (b) XCG 872-6776]

THEORETICAL MODELING OF CELLULAR
AND MOLECULAR EFFECTS

The experimental program has been accompa-
nied by the development of mathematical models.
A goal is to describe the essential nature of pro-
cesses that take place when ionizing radiation or
other environmental variables perturb the mecha-
nisms that control cell progression and prolifera-
tion. One such model is the “repair misrepair
(RMR) model,” which has been under development
for several years. Its central theme is that cells
attempt to repair injuries in their own genome
using enzymatic processes: macroscopic expres-
sions of observable effects are the consequences of
misrepair, defined as the inability to finish the
repair process, or the occurrence of molecular
mistakes as this process occurs.

Another model that has been developed is the
“lethal-potentially lethal (LPL) model.” The differ-

ence between it and the RMR model is that the
former assumes two distinct classes of lesions,
irreparable (lethal) and repairable (potentially
lethal), while the RMR model assumes one type of
lesion that is initially “uncommitted” and whose
fate is determined by lesion interaction and the
fidelity of the repair process. Cne consequence of
the LPL model is that sublethal and potentially
lethal damage repair are manifestations of the
same repair process.

The intent is to examine various mechanisms
tiot may occur in interactions between the progeny
of trunsformed cells and the tissues of the living
organism. It must be kept in mind that, while
developing quantitative approaches for modeling
transformation processes, the events leading to cell
division and proliferation are statistical processes.

Aloke Chatterjee, Cornelius Tobias, and Stanley
Curtis.



CELL TRANSFORMATION AND SUMATIC
MUTATION STUDIES

The induction of neoplasms and of somatic
mutations are two of the major damaging effects of
ionizing radiation. Qur focus is to determine how
effective energetic heavy charged particles (primary
cosmic rays) are in producing these effects. Using
the results from these studies, it may be possible to
assess potential risk for space workers on a long-
term space mission.

Low Dose Rate Effects

The oncogenic effects of high-LET radiation,
using accelerator-produced heavy-particle radiation
and mouse embryo cells (C3H10T1/2), have been
studied for many years. The exposure dose rate of
space travelers is very low, less than 1 ¢Gy/min,
and thus it is important to have data on this low
dose rate of heavy ions for vivk assessment. The
earlier dose-rats studies with energetic iron par-
ticles (600 MeV/u, 200 keV/um) indicated an en-
hancement effect of low dose rate (2 ¢cGy/min) for
cell transformation, as shown in last year’s Annual
Report. In FY 1987 the dose-rate studies have been
extended to other ions, and LETs and dose response
curves for 425-MeV/u neon and 2: “-MeV/u argon
ions have been obtained. A simils. enhancement
effect for cell transformation was observed for
argon ions, but not for neon particles. These
results clearly suggest that the low-dose-rate effect
for cell transformation is LET-dependent, enhanced
at about 140--200 keVium and reduced at about 32
keV/um. Whether there is an enhancement effect

of low dose rate for LETs greater than 200 keV/um
is uncertain at present, because some recent data

have indicated that 300-MeV/u iron particles (430
keV/um) were equally effective at 47 and 2.7 ¢cGy/
min in inducing neoplastic ¢ell tranaformation.

RBE Repair and LET

Human skin fibroblasts and rat embryonic
cells (Rat-2) at a confluent state have been used as
model systems in continuing studies to determine
the mutagenic effect of heavy ions, and investiga-
tions on the repair of potential mutation lesions
have been initiated. An analysis of dose-response
curves for various heavy ions, including uranium
particles, showed that the RBE and LET relation-
ship for the 6-thioguanine resistant mutation is
very similar to that for cell transformation. This

64

good correlation suggests that the mutation lesion,
possibly deletion, may be important for cell trans-
formation by ionizing radiation. Studies on the
repair of potential mutation damage indicated that
heavy ions produce fewer repairable lesions than
photons and that no repair of potential lesions
could be detected in cells irradiated by 320-MeV/u
silicon ions (85 keV/um). The molecular nature of
repairable and irreparable mutation lesions has not
been carefully investigated and is totally unknown.

Systematic studies with heavy ions, which are
effective in producing irreparable mutation lesions,
may provide insights on the initial lesions for
mutation,

Initial Primary Legions

Neoplastic cell transformation is a multi-step
process, including initiation, fixation, promotion,
and progression to the malignant state. Various
experimental findings suggest that nuclear DNA is
the primary target for radiogenic cell transforma-
tion. The nature of the primary DNA lesion(s)
responsible for initiation of cell transformation is
unclear, although double-strand breaks have been
suggested as possibly important ones. In the past
several years, considerable dose-response data with
carbon, neon, silicon, argon, iron, and uranium
particles have been collected, and information on
the repair of potential transformation damage as a
function of LET has been obtained. A simple
analysis of these data indicates that two specific
primary ionizations within 80 A in DNA may form
transformation damage. Further studies with
restriction endonucleases are being undertaken to
verify this intcresting finding.

Genetic Changes in Transformants

Numerous instances have now been provided
on the links between protooncogene alterations in
some form or another and the presence of various
forms of neoplasms. To understand the genetic
basis for radiation-induced cell transformation,
some investigations on the radiation-mediated
genetic changes in specific genes have been initi-
ated. At present, this research concentrates on the
molecular changes of the c-mye protooncogene in
transformed cells.

Normal diploid Syrian hamster embryo cells at
secondary or tertiary passages were transformed by
x rays. The transformed foci were then isolated
and tested for anchorege-independent growth in



soft agar medium. Large colonies formed in soft
agar medium were cloned again, grown into large
cell populations in culture, and tested for altera-
tions in gene expressions of specific genes at
various times after cloning. To date, the changes in
the c-myc protooncogene of one transformed clone
have been analyzed. By:using Southern and
Northern analyses, it was found that restriction-
fragment-length polymorphism (RFLP) occurred in
the c-myc locus during the prograssion of cell
transformation and that the c-myc gene expression
(the c-myec mRNA level) also changed.

It appears that some changes developed at a
Pst-1 site in c-myc gene during the progression and
that certain changes of c-myc mRNA species also
occurred at the same time. Figure 3.10 shows the
mRNA changes of the c-myc gene.

Current studies are attempting to iind out if
specific chromosomal alterations have occurred in
the c-myc locus by applying the in situ hybridiza-
tion technique to metaphase chromosome spreads.
In the near future these studies will be extended to
include other protooncogenes (e.g., the ras family),
and to determine whether these observed changes
are general phenomena in radiation-induced cell
transformation.

Tracy Yang and Ruth Roots.

Mg. 3.10. Northern plot of cytoplasmic C-MYC mRNAs. (Left
pansl) C-MYC mRNA is shoun for normol (lanes 1,3) vs.
transformed (lanes 3,4) hamster cells. The (2.7-kd) C-NYC
mRNA from normal Auman cells (IMR-90) is shown in lanes
5,6. (Right panel) The characieristic 2.7-kb mRNA of C-MYC in.
human cells (IMR-90) is shown in lane 7 together with lambda
molecular weight markers at the right. (XBB 877-57324)

OXYGEN-GLUCOSE DEPRIVATION AS THE
CAUSE OF NECROSIS IN A TUMOR ANALOG

A sandwich system was recently developed as
an in vitro tumor analog. Like spheroids, sand-
wiches are organized, multicellular systems in
which the interplay between diffusion and con-
sunption leads to the formation of spatial gradi-
ents; a necrotic center and a viable cell border
subsequently develop. Adjacent to the necrotic
center is a region of hypoxic cells. Within the
viable border, there are gradients of oxygen,
nutrients, cell-cycle state, morphology, and ultra-
structure. These gradients of biological state result
in gradients of radiation response and response to
chemical perturbations or labeled substances. All
cells are viewable during the time the sandwich
matures. The gradients can be avoided by remov-
ing the top slide; this reoxygenates the cells and
restores them to favorable growth conditions.
Sandwiches of the 9L, V79, and EMTS cell lines
have been used to investigate questions relevant to
formation of necrosis ir solid tumors, the presence
and behavior of hypoxic cells, the radiation re-
sponse of the tumors, and the results of reoxygena-
tion,

The effects of oxygen and glucose deprivation
on the onset and formation of necrosis were investi-
gated. The data indicate that in sandwiches
necrosis is a result of a joint shortage of both
substances. Complementary cell monolayer experi-
ments to determine a number of consumption
parameters were performed. On the basis of the
data, a joint oxygen-glucose deprivation model for
V79 cell necrosis was proposed. It is assumed a cell
dies when oxygen deprivation in conjunction with
glucose deprivation lowers the cell’s ATP produc-
tion rate below a critical value. Interactions of the
concentrations and consumptions of oxygen and
glucose were analyzed theoretically; concentration
profiles are obtained by numerically solving
coupled nonlinear integral equations arising from
the diffusion equation. The predicted viable border
widths are in good agreement with the observed
values.

Sandwiches were labeled with *H-misonidazole.
Location of cells within a sandwich was preserved
by fixation and misonidazole binding was assessed
by autoradiography. Heavy binding was seen in
all cells bordering the necrotic center, with a
greater than 50-fold difference between cells in the
innermost hypoxic region vs. the outer oxygenated
region. Misonidazole binding profiles were, at least
approximately, consistent with oxygen profiles



computed previously for V79 sandwiches from the
model described above. It was possible to count
grains per cell rather than grains per unit area. No
preferred binding in the nucleus, other organelles,
or cytoplasm was noted. Detailed statistics on per-
cell binding are consistent witk a two-fold intrinsic
variation of misonidazole binding per cell in the
outer region of the viable border, where most cells
are normally cycling, with a smalle: intrinsic
variation in the hypoxic region near the necrotic
center. The results suggest misonidazole binding is
proportional to cell size. The cell kinetics and
response to other labels of those sandwich cells that
bind misonidazole heavily were investigated both
before and after reoxygenation.

There was a gradient of *H-thymidine labeling
index for the sandwich cells, with the index drop-
ping to less than 10% for the cells adjacent to the
necrotic center. When these cells were reoxygen-
ated and restored to favorable nutrient conditions
by removal of the top slide, the 2H-thymidine
labeling index rose considerably within 24 hours;
the minimum value after removal of the top slide
occurred for the cells adjacent to the necrotic center
and was 60%. Using the DMIPS, viability was
assessed using formation of mini-colonies as a
criterion after removal of the top slide. It was
found that 80% of the cells in the hypoxic region
were viable. Thus such hypoxic ci:lls could contrib-
ute to repopulation. The biology of the hypoxic cells
after reoxygenation was analyzed using a number
of additional labels, including fluorescent labels;
the results were compared to labeled R1 tumors
from rats shortly after the removal and sectioning
of the tumors.

The conclusion was that sandwich hypoxic cells
are viable and resume cycling after restoration of
favorable growth conditions, a property relevant to
tumor repopulation after radiation therapy. It was
also concluded that the cell state continues to
reflect their former hypoxia for at least 24 hours, a
property relevant to diagnosis using tumor sec-
tions.

Because of the presence of self-induced or
imposed gradients, the potential usefulness of
sandwiches is not confined to their role as tumor
analogues. They can be used to study situations
where diffusion gradients are relevant, cellsin a
continuw of local environments, cells subjected to
a cont’nuum of toxin or drug concentrations, and
cell pupulations heterogeneous with respect to
kinetic states.

Lynn Hlatky.
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IN VIVO BIOPHYSICS

Normal Tissue Studies

There are two main objectives of studies on
radiation effects in normal tissues. The firstis to
determine the relationship between the relative
biological effectiveness (RBE) in normal tissues and
the linear energy transfer (I.LET) of heavy charged
particles. It has been shown that the highest RBE
for acute effects after single doses of radiation
occurs at about 90 keV/um (Fig. 3.11). Fractionated
doses are being used at present to determine the
RBE and the repair capacity of mouse kidney and
rat spinal cord, which are late responding tissues.
The purpose is to test the hypothesis that the RBE
for late effects after heavy ion irradiation is higher
than for early responding tissues,

The second is to study the effects of radistion
on differentiated normal tissue cell function and
the regulation of function. These studies are being
performed with cultured pig kidney cells (LLC-
PK1) and rat proximal tubule kidney cells. Impli-
cations of these studies are fundamental as well as
applied.

Mouse kidney functions are measured to
determine the target cell type responsible for the
kidney late radiation syndrome. Urinary frequency
(tubular damage) changes are found to occur early
(4 days) after neon irradiation, with an RBE of 1.9,
This effect is clearly separate from hemodynamic
effects (glomerular filtration, plasma flow) that do
not occur before 10 to 12 weeks postirradiation. By
20 weeks all the fiunctions have similar dose-
response relationships (RBE of 1.45). Data analy-
sis indicates that there is less repair after neon
radiation.

Rat spinal cord paralysis studies with neon
indicate a large sparing effect with fractionated
helium plateau and neon plateau (0:f of 1.51 and
2.23 respectively). There is much less sparing for
fractionated doses of distal Bragg peak neon (0::f of
12.85). The RBE is 2.0 for neon plateau and 5.2 for
the distal Bragg peak. It appears that the RBE for
late effects after fractionation is higher than for
early-responding tissues.

Studies on the regulation of sodium-activated
glucose transport in pig kidney cells indicate that
this process can be impaired in a dose-dependent
manner and there is no sparing effect on glucose
transport regulation with fractionated doses.
However cell killing is spared. These studies
implicate a target or targets other than DNA that
are inactivated for functional impairment.
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Future studies include 1) irradiation of normal
tissues with 1-2 Gy per fraction of low- and high-
LET radiation, and 2) determination of the radia-
tion-sensitive target of functional impairment in
pig kidney cells.

Radiation Carcinogenesis in Mouse Harderian
Gland

The pituitary-promoted mouse Harderian gland
tumorigenesis model was used to examine carcino-
gonic effects of heavy iona representing LET values
from 1.6 to 650 keVium. High LET radiation
carcinogenesis for doses in the range of 5 cGy to 40
¢Gy in the mouse Harderian gland has an RBE
range of 2 for plateau helium ions at 1.6 keV/um to
values in excess of 25 for the highest LET of 650
keV/ium (argon distal peak) sa shown in Fig. 3.12.
The important generalization from these data is
that there is no evidence for a peak in the RBE-
LET relationship as is found for cell killing and
other tissue late effects. Future studies will in-
clude induction of Harderian gland tumors with low
doses (0.02-0.4 Gy) of plateau heavy ions.

Life Shortening Effects in Mice

The goal of this project is to relate carcinogenic
effects in vivo to particle LET, track structure, or
other physical parameters so that cancer risk
models may be formulated. Life-span shortening in
irradiated mice reflects the total radiation-induced
tumor burden in terms of increased tumor inci-
dence and/or shortened tumor latency. From the
results of pilot studies on life shortening in CB,F,
male mice irradiated (total body) with particles
ranging in LET from 30-200 keV/um, several
important conclusions were drawn. The hypothesis
that LET has predictive value was rejected because
stopping carbon particles are far less effective than
fission neutrons for life shortening after either a
single dose or 24 weekly fractions. Surprisingly,
iron particles produced no detectable life shorten-
ing at doses of 40, 80, or 160 ¢Gy. Cataract evalu-
ations indicated that weekly fractionation with
carbon particles significantly enhanced cataract
severity.

Results from these pilot studies are an essen-
tial prerequisite for the design of future tumori-
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genesis studies, probably with high-energy silicon
particles. The objective will be to define the initial
slopes of dose-response curves for various radia-
tion-induced/promoted tumors over a range of low
single or fractionated doses.

Marrow Stem Cell Inactivation

The RBE-LET relationship for CFU-S
inactivation in vivo has been defined for both high
energy and stopping particles. Results indicate &
maximum RBE or cross section, at about 80 keV/
pm, and no detectable differences between high
energy or stopping particles where LET estimates
are the same. New data collected for high energy
protons (150 MeV/u) and stopping argon particles
(330 MeV/u) indicate RBEs of 1.0 and 0.8 respec-
tively compared with gamma photons. Future
inactivation studies will focus on fragmentation of
iron particles to determine how RBE increases as
the ratio of primary particles to fra~e<nts de-
creases.

Studies continue on the mecnanismso. - ned
particle damage to CFU-S usir= . c rawspsviectors
WR 2721 and prostaglandixs. Results indicatc
independent action, if not synergism, when Miso-

prostol is given at 2 hours and WR 2721 at 0.5
hours before exposure to gamma radiation. Future
studies will focus on metabolic and membrane
alterations produced by Misoprostol.

Tumor Radiobiology

The response of a rat rhabdomyosarcoma tumor
system to irradiation with heavy charged particles
is being evaluated from experiments conducted
both in vivo and in vitro. The radiobiological
endpoints studied include tumor volume response,
cellular survival after in situ tumor irradiation, and
cell kinetic parameters measured by flow cytom-
etry. The primary emphasis of research during the
past year has been in the following areas: 1) tumor
repopulation kinetics following fractionated doses
of low- and high-LET radiations; 2) phase-specific
cell survival and cell kinetics following low- and
high-LET radiations, and 3) studies on the immune
system response to irradiated tumors.

Measurements were made of the time course of
clonogenic cell survival in rat tumors after fraction-
ated doses of either 225-kVp x rays or 557-MeV/u
neon ions in the distal position of a 4-cm extended
peak. Rhabdomyosarcoma R-1 tumors (the R2C5
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subline) were irradiated in situ with daily fraction-
ated doses (4 fractions in 3 days) of either peak
neon ions (1.75 Gy per fraction) or x rays (6 Gy per
fraction). These doses were administered to
achieve a cell survival of approximately 2~-3% by
the end of the four-fraction schedule. The most
significant new finding of these experiments »vas
that with both radiation modalities a large delayed
decrease in cell survival was observed at 1 to 3 days
after completion of the fractionated dose achedule
as shown in Fig. 3.13. The rate of cellular repopu-
lation was consistent with the postirradiation
tumor volume regression and regrowth pattern for
both radiation modalities.

Several factors related to tumor-hoat interac-
tions and to tumor cell environment following
irradiation are being considered in an attempt to
explain the delayed decrease in clonogenic cell
survival, These studies have clearly implicated a
specific host immune response against x-ray-
irradiated R2C5 tumors as a factor thet influences
post-irradiation tumor cell survival properties.
Future studies will focus on determining the
relative role of this factor in producing the post-
irradiation dip in cell survival.

The results of experiments reported here
suggest several new treatment regimens that may
prove to be highly efficient in achieving tumor cure.
Because the clonogenic cell survival is dramatically
decreased following fractionated doses of either x
rays or peak neon ions, a top-off dose of radiation
administered at that time may be highly efficient in
sterilizing the small residual fraction of clonogenic
cells. In addition, the results suggest the possible
advantages of using monoclonal or polyclonal
antibodies directed against tumor antigens that are
expressed following irradiation. By combining
immunotherapy and radiotherapy, it may be
possible to achieve tumor sterilization with radia-
tion doses that are substantially less than the
tolerance limit of normal tissue structures within
the radiation field.
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Edward Alpen, Adrian Rodriguez, John Ains-
worth, Stanley Curtis, and Javed Afzal.



Nonionizing Radiation

The primary objectives of the nonionizing
radiation program are 1) the development of a
detailed experimental and theoretical understand-
ing of the mechanisms through which static mag-
netic fields, extremely-low-frequency (elf) electro-
magnetic fields, and radiofrequency (rf) fields
interact with biological systems; 2) the use of static
magnetic fields and rf fields to facilitate the release
of encapsulated chemotherapeutic drugs from
liposomes into target cells; 3) the application of
static megnetic fields with intensities up to 8.0
tesla (90,000 gauss) for magnetic circular di-
chroism analysis of DNA structure; and 4) the
development of novel chromatographic procedures
in which rf fields and pulsed electric fields are used
to enhance the separation of chemical species such
as DNA fragments and arterial plaque proteins.
Progress in relected areas of the nonionizing
radiation program are described hera,

FIELD-INDUCED CHANGES IN MEMBRANE
PERMEABILITY

The interactions of static magnetic fields and rf
radiation with the phospholipid bilayer mem-
branes of liposomes and various eukaryotic cell
membranes were analyzed using several structural
and functional end points. The liposome vesicle
membrane is normally not permeable to solutes at
temperatures below the thermal phase transition.
However, when exposed to static magnetic fields at
prephase transition temperatures, liposomes were
observed to release an encapsulated chemother-
apeutic drug, cytosine arabinofuranoside. This
observation indicates that it may be possible to
medically control drug release in a given target
tissue by manipulating membrane permeability
with a focused magnetic field. A detailed theoreti-
cal model of liposome membrane interactions with
magnetic fields at prephase transition tempera-
tures has provided a structural explanation for
these findings. These investigations will be «x-
tended to eukaryotic cell membranes in future
research,

In related experiments, the ability of f fields to
facilitate solute transfer from liposomes into
various target cells was investigated using a
fluorescent dye marker: 6-carboxyfluoroscein (6-
CF) was self-quenched inside liposome bilayer
membranes comprised of lecithin or other phospho-
lipids with 14- and 16-carbon chain lengths. Hu-
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man erythrocytes and lymphocytes, rodent lympho-
cytes, rodent tumor cells, and rodent macrophages
were treated with 6-CF-liposomes to promote cell-
surface binding. Washed liposome-cell complexes
were subsequently exposed to 2.45-GHz micro-
waves or sham-treated at identical temperatures
below the phase transition for the liposome system,
and fluorescent dye transfer between the bound
liposomes and the target cells was assessed by
fluorescence microscopy and by a spectrofluoromet-
ric assay. The microwave exposure was found to
significantly facilitate dye transfer from the
liposomes as compared to the sham-treated control
samples maintained at the same temperature,
This finding indicates that the membrane permea-
bility changes leading to dye transfer are not
attributable to thermal interactions with the
microwave field. Future studies will explore the
feasibility of using microwaves to facilitate drug
delivery from liposomes into various target tissues
in vivo.

STRUCTURAL CHANGES IN EUKARYOTIC
CELL MEMBRANES

Studies have demonstrated that microwaves
physically alter the structure of eukaryotic cell
membranes, It is known that erythrocytes shed
proteins from the membrane surface at the thermal
phase transition. When human erythrocytes were
placed in a 2.45-GHz microwave field, it was
observed that the total protein released in the
phase transition temperature range was doubled.
Further, the type of proteins shed as a consequence
of microwave exposure were relatively nonpolar
and possessed a positive electrostatic charge, which
distinguished these proteins from those released as
a result of conventional heat treatments.

CARDIOVASCULAR EFFECTS

The magnetohydrodynamic interaction of high-
intensity static magnetic fields with blood flow
have been studied in monkeys, dogs, and rodents at
field levels up to 1.5 tesla. Circulating blood in an
applied magnetic field generates electric currents,
and a volume force on the fluid is produced from
the interaction of these induced electric currents
with the magnetic field. Theoretically, this volume
force can cause a retardation of axial blood flow
velocity. Mathematical models of this magnetohy-



drodynamic phenomenon have predicted the
slowing of blood flow in intense magnetic fields.
However, studies on carotid artery blood flow rates
in rats have shown no effects from a 1.5-tesla
uniform field. Further studies are planned using
magnetic field intensities up to 9.0 tesla in order to
determine the threshold field level for producing a
measurable magnetohydrodynamic effect on blood
flow dynamics. Cardiovascular effects of prolonged
exposure to high-intensity magnetic fields are also
being studied by continuous radiotelemetry moni-
toring of the electrocardiogram (ECG) in rodents
subjected to a 1.5-tesla static magnetic field. At
this field level, the magnetically-induced currents
within the central circulatory system are 2-3
times as large as the endogenous currents normally
present in the region of the sinoatrial node that
controls cardiac pacing. Data obtained from
implanted ECG radiotelemeters in 12 adult rats
have demonstrated that a 3-4% decrease in heart
rate occurs during a continuous 10-day exposure {o
a 1.5-tesla field relative to the heart rate measured
during the 10-day pre-exposure interval. However,
this change in heart rate is completely raversible
upon termination of the magnetic field exposure.
The results of these experiments indicate that the

Future Studies

Most of the research efforts described above
will continue in order to achieve the defined goals.
Within the scope of these studies, efforts in the
area of molecular radiobiology will be expanded.
The key questions to be addressed are related to
mechanisms underlying radiation effects, such as
damage mechanisms, protective mechanisms,
response mechanisms leading to irreversible
changes, etc. Emphasis will be given to the late
somatic and genetic effects of external radiation
(low- and high-LET). The problem of low-level
radiation effects on human health will be specifi-
cally addressed in the coming years. It is hoped
that the knowledge gained from present ongoing
studies of basic processes involved in radiation
damage and repair (including misrepair) will be
sufficient so that many of the low-level effects can
be understood from simple statistical considera-
tions.

A recent new initiative deals with the problem
of cell transformation by radon progeny. The goal
of this study is to provide experimental evidence at
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induced electrical potentials and currents present
in the central circulatory system during prolonged
magnetic field exposure have only a small, and
probably irsignificant effect on cardiac pacing.

APPLICATIONS OF ELECTROMAGNETIC
FIELDS IN SPRCTROSCOPY AND CHROMA-
TOGRAPHY

Progress in this research area includes 1) the
completion of instrumentation for magnetic circular
dichroism analysis of DNA structure using a 9.0-
tesla uniform magnetic field produced by a super-
conducting magnet; 2) the demonstration that the
separation of arterial plaque protein species using
reverse-phase HPLC can be enhanced by the
application of an rf field at nonthermal intensities;
and 3) a pulsed-electric-field chromatography
system designed for use in the separation of large
DNA fragments. These applications of nonionizing
radiation in spectroscopy and chemical separation
procedures will be an integral component of the
future research program.

Thomas Tenforde, Cornelius Gaffey, and Robert
Liturdy.

the physical, chemical,and molecular levels for a
causal link between the incidence of lung cancer
and the presence of radioactive nuclides deposited
in the air passageways of the lung by the progeny
of the decay of radon gas. The primary interest is
in the sector of the DNA damage that eventually
results in & malignant transformation and the
induction of a tumor.

The Radiation Biophysics Group is also going
to be involved in technology transfer with respect
to the recent interest in the medical community
regarding heavy-particle accelerators. The Merritt
Peralta Medical Center (MPMC) in Oakland,
California, is planning to build a light ion biomedi-
cal research accelerator and supporting laborato-
ries for expanded medical research and cancer
therapy with high-LET particles. The MPMC has
asked the Group to provide input for the determi-
nation of the beam characteristics for this accelara-
tor. In addition, the Group will provide assistance
in dosimetry and beam development for a variety of
clinical applications.
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Section 4. Research Medicine

Introduction

The Research Medicine Group has as its
principal focus the investigation of physiology and
disease processes using nuclear chemistry and
nuclear physics methods and instruments. This
program of research evolved over the past fifty
years with its beginnings in 1937, when Dr. John
Lawrence joined a small group at the Radiation
Laboratory on the University of California Berkeley
campus, Now, in its fiftieth year of progress, the
Donner Laboratory and the Biology and Medicine
Division have participated in the exploration of
various disease diagnoses and therapies using
radiotracers and accelerated particles. Though the
general characteristics of the research approach
have not changed, current topics of focus emphasize
the study of mental disorders, including schizophre-
nia and Alzheimer’s disease, the evaluation of
metabolism in tumors, and the investigation of
atherosclerosis by noninvasive imaging methods
and tracer methods that detect abnormal metabo-
lism.

Along with physiologic and disease oriented
studies in human subjects, there is a continuing
thrust on the development of specialized instru-
ments for understanding human disease. Among
these instruments is the high resolution positron
emission tomograph, which this year achieved a
resolution of 2.3 mm, far beyond the available
resolution of instruments elsewhere. Recent
instrumentation development includes the estab-
lishment of NMR spectroscopy and whole-body
imaging instruments at Lawrence Berkeley Labora-
tory close to the existing positron emission tomo-
graphic instruments.

Therapy with charged-particle beams has been
successful in clinical trials involving tumor sites of
the head, neck, spinal cord, and prostate gland.

The program of heavy-ion radiosurgery for the
ablation of arteriovenous malformations in the
human central nervous system continues to have
excellent results in disease situations that are not
approachable by neurosurgical methods.

Collaborative programs between researchers
creating new instrumentation and radionuclides for
the study of disease and those interested in their
applications in the clinical environment have
increased over the past few years to include investi-
gators from the University of California, Berkeley
College of Engineering, and Departments of Physi-
cal Education and Nuclear Engineering; the Uni-
versity of California, San Francisco Departments of
Neurosurgery, Radiology, and Neuropsychiatry; the
University of California, Davis Department of
Neurology; the University of Illinois, and Harvard
Medical School.

As modern biology has emphasized more
fundamental investigations of the molecular biology
associated with life and disease processes, the
Research Medicine Group has emphasized the basic
in vivo chemical techniques of tracking metabolism
while investigating the time rate of change of
metabolic products that can be measured by the
integration of HPLC techniques with radiotracer
methodology.

The Research Medicine Group has also made
major contributions to studies of environmental
radiation, radiation used in diagnosis and therapy,
and the health effects of oscillating and static
magnetic fields.
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ACTIVITIES OF THE RESEARCH MEDICINE GROUP

Technical Staff and
Scientists Graduate Students
Physics and Mathematics
Detector instraumentation S.E. Derenzo dJ. Baker
Positron emission tomography R.H. Huesman dJ. Cahoon
Single photon tomograph W. Moses M. Colina
E. Salmeron A. Geyer
Computer based algorithms D. Uber T. Yuletich
Reconstruction methods
Statistical analysis
Kinetics modeling
Chemistry
Radiopharmaceutical tracers J. Gerdes S. M. Hanrahan
Brain and heart blood flow; metabolism C. Mathis
Neuroreceptors Y. Yano
New isotope generators
Medicine and Physiology
Blood clotting K.M. Brennan K. Bristol
Platelets T.F. Budinger D. Carpenter
Megakaryocytes K. Dalal N. Kusubov
S.N. Ebbe M, Morimoto
Atherosclerosis S. Gregg J. Twitchell
Coronary artery disease R. Himelman
Platelets S. Knezevic
Metabolic patterns W.J. Jagust
R. Leven
Alzheimer’s disease B. Periera
Diagnosis D. Prozen
Cause(s) T. Sargent I1I
J.P. Seab
Schizophrenia P.E. Valk
Tumor metabolism
Nuclear Magnetic Resonance
NMR probes H. Ikehira N. Bolo
R. Newmark B. Knittel
NMR imaging systems M. Roos M. Kessler

S. Wong



Heavy Ion Therapy
Intercranial AVMs

Heavy ion radiotherapy physics

Heavy ion radiobiology

Treatment planning and
dose localization

Radiotherapy physics

Tumor radiosensitivity
predictive assays

PEBA

Brain Function and Disease Studies

Neurological and psychiatric diseases are being
studied by using positron emission tomography
(PET), nuclear magnetic resonance (NMR), single
photon emission computed tomography (SPECT),
and metabolic tracers. The research activities with
these advanced techniques encompass creation of
new instrumentation and new tracers, and physio-
logical investigations with animals and patients.
The diseases of interest are Alzheimer's dementia,
white matter lesions, stroke, brain tumors, radia-
tion necrosis, schizophrenia, and depression. Each
is being studied by two or more of the above tech-
niques.

PET is used to obtain images of the localization
of any biochemical that can be labeled with a
positron-emitting isotope. From these images
accurate data can be obtained to give the amount of
activity in any selected region, and these data can
be determined over short time intervals after
injection to derive kinetics for the time course of
the label in the brain. Critical to the usefulness of
these kinds of data are the choice of the labeled
compound and the knowledge of how it is metabo-
lized. For example, glucose metabolism is meas-
ured by fluorodeoxyglucose, labeled with 110-min
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Technical Staff and
Scientists Graduate Students
J.R. Castro K. Baken-Brown
F. Chuang N. Dodson
J.M. Collier M. Foster
J.L Fabrikant E. Holloway
K A. Frankel dJ. Judnick
S. Henderson C. Rathbun
M. Kessler
R.P. Levy
EH. Lo
J.T. Lyman
N, Manley
P. Petti
M.H. Phillips
S. Pitluck

fluorine-18. This is used to measure regional
cerebral metabolic rate (fCMR), which is reduced in
specific areas in Alzheimer’s dementia, stroke, and
brain tumors. An important additional measure is
the regional cerebral blood flow (rCBF), which is
altered by the brain in accord with metabolic
demand. A new radiopharmaceutical, **I.HIPDM
IN,N,N-trimethyl-N’(2-hydroxyl-3-methyl-5-
iodobenzyl)-1,3-propanediamine), has been devel-
oped by our group for measuring rCBF.

SCHIZOPHRENIA AND AFFECTIVE
DISORDERS

These psychotic diseases are being investigated
to find the biochemical abnormality that is believed
to underlie their clinical manifestations, For
schizophrenia there is evidence that the abnormal-
ity is in methyl metabolism, and an abnormal
oxidation of the methyl carbon of methionine has
been demonstrated by our group in these patients.
This is studied by administering methionine
labeled in the methyl group with carbon-14 and
measuring the expired *CO,. The abnormality
found in schizophrenia is a reduced rate of oxida-



tion of the methyl carbon, with the total quantity
oxidized being reduced to about one-half of normal
at 2 hours, Chromatographic methods have been
developed to separate the metabolic products that
have become labeled with the carbon-14. To detect
and measure these metabolites use of the new
Cyclotrino developed by the Nuclear Science
Division is being investigated, which is expected to
increase the sensitivity for detection of the 'C-
labeled metabolites by a factor of 1000. With such
sensitive methods, it is hoped that the abnormal
biochemical step in metabolism that is associated
with schizophrenia will be identified. Early pre-
liminary data suggest that the methyl carbon is
also oxidized abnormally in depreasion; studies
with such patients have been started to confirm
these findings.

Investigations at other laboratories have
reported abnormalities in glucose metabolism and
blood flow in specific brain areas in schizophrenia
and depression. Our investigators have measured
glucose metabolism in a carefully controlled group
of schizophrenics and did not find the abnormality
reported by others, but did find differences in the
rate, rather than the total amount of glucose
metabolized. With the new radiopharmaceutical
(*2]-HIPDM) for measuring brain blood flow devel-
oped here, our investigators have the capability for
this measurement, and studies may be undertaken
to confirm the findings reported by other laborato-
ries. However, it is felt that these measurements
are not &8 contributory to understanding the basic
cause of schizophrenia as the methionine work,
where our effort is concentrated.

Thornton Sargent 111 and Natalia Kusubov.

CLINICAL AND METABOLIC SIGNIFICANCE
OF CEREBRAL WHITE MATTER LESIONS
SEEN ON NMR IMAGING

Introduction of nuclear magnetic resonance
imaging has revealed the presence of deep white-
matter lesions (WML3) in 30% of elderly subjects.
It has been suggested that these lesions represent
diffuse cerebral vascular disease of the type that
leads to dementia, and that patients with deep
‘WMLs have a higher probability of developing
dementia than age-matched controls. The purpose
of this study is to test these hypotheses.

A five-year study of 120 patients is underway.
Half (60} of the patients will be intellectually
normal on entering the study and 60 will show mild
dementia. Half of each group will have cerebrovas-
cular-disease risk factors, such as hypertension or
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ischemic heart disease, end the other half will not.
All patients are being studied by NMR imaging, to
look for WMLs, and by PET with #F-2-fluoro-2-
deoxyglucose (*F-FDG) to look for cortical areas of
reduced glucose metabolism. Cognitive testing,
NMR imaging, and PET studies will be repeated
three years later.

So far, 38 patients have been studied for the
first time: 37 were intellectually normal subjects
and 1 had mild dementia. Half the patients had
CV risk factors. WMLs have been graded 1 to 4 in
severity. Eleven of the nondemented patients had
grade 1 or 2 lesions and the remainder were nor-
mal. The demented patient had grade 3 lesions,
None of the subjects has so far shown abnormalities
of FDG uptake. NMR itne :cs from a demented
patient and a control pati.nt are shown in Fig. 4.1,

This study is expected to elucidate the patho-
physiological significanc : of deep WMLs and to
determine the relations ip of these lesions to
cerebrovascular diseas :, dementia, and gray-matter
glucose metabolism, as demonstrated by PET.

Peter E. Valk and Thomas F. Budinger (LBL);
Craig Van Dyke and George Fein (VA Medical
Center, San Francis-o).

QUANTITATIVE NMR MEASUREMENTS OF
BRAIN ATROPF Y IN NORMAL AGING AND
ALZHEIMER'S JISEASE

Alzheimer s disease (AD) is a progressive
degenerative dementia of unknown cause with
pathological changes occurring first and most
severely in the grey matter of the temporal and
parietal lobes of the brain, including the hippocam-
pus, as shown by autopsy studies. Positron emis-
sion tomc ;raphy (PET) and single photon emission
computed tomography (SPECT) studies of glucose
metabe’ism and blood flow have shown functional
correlaies of this regional pattern of involvement in
AD with the greatest deficits occurring in the same
regions as one finds the pathological abnormalities.
Anatomic imaging performed to date has shown
general differences between AD patients and
normal controls; however, these procedures do not
specifically evaluate the grey matter regions of the
brain that are most prominently involved in AD
and that can be clearly visualized with NMR
imaging. The purpose of this study was to image
and quantify changes in the temporobasal grey-
matter regions of the brain in AD patients and in
normal aged controls in order to betier understand
changes in these brain structures and their relation
to clinical symptoms and pathophysiology.
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Dementia

Fig. 4.1, Whiis-mailer lasions appear as abnormal

MATTER DISEASE

No Dementia

of high signal, deeply located in sach

hemisphere. They are located in the cersbral while mativr, around the lateral ventricler, where
only low signal is normally seen, The WMLs are not neceisarily accompanied by dementio and
the patient with the more severe lamiona wae cognitively normal in this case. (BBC 870-8736)

Representative images are shown in Fig. 4.2.
There was more than a 40% reduction in mean
normalized hippocampal area of the AD patients
(0.194 + 0.025) compared to controls (0.341 + 0.034,
p < 0.0001, see Fig. 4.3). Severity of hippocampal
atrophy did not correlate with severity of overall
dementia as measured by the mini-mental status
examination (MMSE) in the AD patients (see Fig.
4.4). It also did not correlate with severity of
overall atrophy as measured by percrnt brain
volume, age of onset, or duration of -~ 0.

The percent ventricular size and percent sulcal
size were significantly greater in the AD group
compared to elderly controls (p < 0.02 and p < 0.01,
respectively). The mean values for overa!l atrophy
also differed significantly (p < 0.01), with the AD
patients showing a smaller relative brain size
(75.1% + 6.5%) than elderly controls (81.7% + 2.7%,
see Fig. 4.5). The individual values for the two
groups overlapped considerably for these three
mazasures of atrophv, There was a correlation
between overall atrophy and overall dementia

Fig. 4.8. Representative coronal inversion recovery images showing the hippocampus of o
normal aged control (left) and an Alzheimer’s disease patient (right). H = hippocampus.

(XBB 878-6624A)
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severity as measured by the MMSE (r = 0.89, p <
0.001).

A major finding of this NMR study is that there
is atrophy of the hippocampus that can be
measured ir vivo, and which is greater in AD
patients then in normal aged controls. Hippocamal
atrophy does not correlate with overall brain
atrophy, implying that it reflects an aspect of AD
pathology that differs from that seen in overall
atrophy. While hippocampal size, percent ventricu-
lar size, percent sulcal size, and percent brain size
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Fig, 4.4, Graph of normalired hippocampal area versus mini-
mental status examination score as a measure of dementia
severity, illustrating the lack of correlation between these two
measures in the Alzheimer’s disease group.
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Fig. 4.5, Percent brain volume, a measure of overall a!mphy.
for the control group ard the Alzlmmcn disease group (AD,
Solid symbols indicate individual lues; open sy bol.
indicate group means. P < 0.02 (Student’s v-test).
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were all different between control and AD subjects,
only the hippocampal measurements separated the
twe groups in this study without overlap of individ-
uul velues. A conclusion from these findings is that
hippocampal atrophy occurs early in AD, and may
be more sensitive to the presence of the disease '
than measurements of ventricular size, suleal
enlargement, or overall brain atrophy.

J.P. Seab, W.J. Jagust, S.T.S. Wong, M.S. Roos,
B.R. Reed, T.F. Budinger

INVESTIGATION OF CEREBRAL SEROTONIN
RECEPTOR-SITES WITH RADIOLABELED
AMPHETAMINE ANALOGS

The study of cerebral receptor systems in vitro
and in vivo is 2n area of active research for many
reasons. Receptor systems have been shown to
play an important role in normal and abnormal
cerebral function. Serotonin receptors have been
identified as mediating a number of behavorial and
physiological actions, and the 5-HT, serotonin
receptor subtype has been implicated as playing a
role in depression and psychosis. In addition,
severe reductions in the density of 5-HT, receptors
have been noted in Alzheimer’s disease. Qnantita-
tion of 5-HT, receptor densities could yield informa-



tion on normal receptor densities and abnormal
densities associated with disease states.

Substituted amphetamine analogs have been
studied by this group for many years as potential
brain blood-flow agents. Two of these, the 2,5-
dimethoxyamphetamines substituted in the 4-
position with either iodine (called DOI) or bromine
(called DOB), have recently been identified as 5-
HT, ligands. The compounds were labeled with ra-
dioiodine and radiobromine so that they could be
utilized to identify 5-HT, receptors in vitro and in
vivo. The in vitro work to identify the equilibrium
receptor binding conutents in rat brain was con-
ducted in collaboration with Dr, David Nichols at
Purdue University (DOI) and Dr. Steven Peroutka
at Stanford (DOB); Dr. Dennis McKenna at the
National Institute of Mental Health conducted in
vitro autoradiographic studies to identify the
specific sites of receptor localization in rat biain
slices. The results of these studies are shown in
Table 4.1 and Figuve 4.6.

The values in Table 4.1 indicate that DOI and
DOB are strongly bound tc a receptor system in the
rat brain (low disscciation constant. K,), and that
DOI labeis a greater numbe:: of sites than DOB
Chigher B_). Other data (not shown) indicate that
these two agents specifically label the 7 -HT, sero-
tonin receptors. The reason for the higher B__
values for DOI is currently under study.

DOI and DOB are known to be potent psy-
choactive agents that cause hallucinations in man.
The cerebrel site of action of hallucinogens has not
been determined, but the 5-HT, receptor system
has been implicated as playing a role in the action
of these agents. Figure 4.6 is an autoradiograph of
rat brain slices incubated with '*[-labeled DOJ and
LLSD. One of the areas that shows high receptor
density with DOI and iodo-LSD is the claustrum; it
is kuown to have extensive afferent and efferent
connections to sensory brain regions and is in-

Table 4.1. Binding characteristics of DOI and DOB

in rat brain homogenates.
K B,
(nM) {nM/g protein)
R-[*I]-DOI 1.3 99
S-*])-DOI 23 63
R-["Br}-DOB 0.19 10

81

125,-p o}

Fig. 4.8 Auloradiographs of the binding of R-%1.DOI and -
LSD in rot forebrain sections. Arrows indicase the claustrum,
parielal corfex, and cingulale cortex. The siriatum (central grey
matier region), which is rick in dopamine receplors, shows
significant bincing wiik jodo-LSD, MnotwuhDOI This
indicntes that DOI is more o specific ligand for serolonin
receplors than iodo-LSD. (XBB 8710-9242)

volved in the processing of visual and auditory in-
formation. The high density of DOI and iodo-LSD
binding in the claustrum suggests that the actions
of hallucinogens may involve common receptors in
the claustrum.

The ultimate goal of this research is to quantify
serotonin 5-HT, receptors in vivo in normal and ab-
normal human subjects utilizing noninvasive
imaging techniques such as positron emission
tomography (PET) and single photon emission
computed tomography (SPECT). Studies such as
those described above are necessary to identify and
quantitate the binding characteristics of agents



that someday may be useful as radiopharmaceuti-
cals. Future studies will include mapping of the
distribution of these agents by autoradiography
and evaluation of compounds for use with PET and
SPECT studies ir vivo.

C.A. Mathis, A.T. Shulgin, and T.W. Sargent,
Ill. Collaborators: D. Nichols, S. Peroutka, and D.
McKenna.

DIFFERENTIATION OF ACTIVELY GROWING
TUMOR FROM INACTIVE TUMOR IN VIVO,
USING POSITRON EMISSION TOMOGRAPHY

The purpose of this study is the diagnosis of
tumor activity in brain tumor patients with histol-
ogic evidence of viablz ixxmor,

PET studies using *ubidium-82 (*Rb) and *F-
fluoro-2-deoxyglucoss (*F-FDG) were done in 13
pationts with malignant brain tumors. All patients
had presented with deterioration, following initial
stubilization, 4 months to 2 years after treatment
by interstitial irradiation. Surgery was performed
to relieve intracranial pressure and to obtain tissue
for a histological diagnosis in order to differentiate
tumor regrowth from radiation necrosis. Viable
tumor celli: were seen in all patients, but clinical
follow-up clearly separated the patients into two
groups: 9 who deteriorated without anti-tumor
therapy and 9 who did not. It was apparent that
the tumor tissue was inactive and nonproliferating
in half of the patients, despite histologic appear-
ances that were identical to the other group.
Assessment by PET with FDG showed a relatively
high level of glucose metabolism in 8 of the 9 who
had clinically active tumor and relatively depressed
m:2tabolism in 7 of the 9 who did not,

‘This study was originally undertaken with the
intention of comparing PET results to histologic
diagnosis of tumor recurrence, Initial results,
reported in 1986, showed apparently good correla-
tion between the two. However, subsequent clinical
follow-up has shown that the histologic diagnosis is
unrelated to clinical tumor progression and is of no
value for patient management. On the other hand,
the results of PET with *Rb and *F-FDG do corre-
late with clinical tumor progression and can be
used to determine the need for anti-tumor therapy.
This is the first time that in vivo PET studies have
successfully demonstrated clinical activity or
inactivity of tumors that appear histologically
identical.

Peter E. Valk and Thomas F. Budinger (LBL);
Philip Gutin, Victor A.Levin, and Pamela Silver
(UCSF Medical School).
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QUANTITATION OF HYPOXIA WITH
MISONIDAZOLE DERIVATIVES

Radiolabeled compounds that could be utilized
to determine the hypoxic content of tissues in vivo
would be of considerable benefit. There are a
number of potential uses of these agents in conjunc-
tion with noninvasive imaging modalities such as
positron emission tomograpy (PET); these applica-
tions include quantitation of hypoxic cells in solid
tumors, stroke, and ischemic heart disease. The
ability to quantitate and temporally follow the
extent of hypoxia in diseased tissues before and
after various therapeutic regimes could be of great
clinical value.

Solid tumora in animals and man are known to
consiat of cells that are heterogeneous in prolifera-
tion and oxygenation status. Numerous studies
have provided evidence that oxygen concentration
is an important factor in tumor growth kinetics and
the presence of viable hypoxic cells in tumors has
been inferred histologically or by their radiobiologi-
cal responses since no direct assay or marker for
these cells has been available. Hypoxic cells in solid
tumors can control radiocurability because they are
known to be about 3 times more resistant to ioniz-
ing radiation than are oxygenated cells, Radiation
therapy is directed at the treatment resistance of
hypoxic cells, and their role in tumor responsive-
ness has clinical relevance, The identification of
visble hypoxic cells in stroke and ischemic myocar-
dium to assess potentially recoverable tissue may
also be of great benefit in helping to evaluate
various therapeutic problems such as selecting
patients for cerebral artery and cardiac bypass
operations or determining the efficacy of drug,
enzyme, and hyperbaric oxygen treatments.

A number of compounds, including quinones,
anthracyclines, paraquat, and heterocyelic nitro
compounds such as nitrofurans and nitroimida-
zoles, have been shown to undergo enzyme-cata-
lyzed redox cycles in biological systems. The 2-ni-
troimidazoles (2-NI), originally developed as
antiprotozoal agents, were shown to be effective as
radiosensitizers of hypoxic cells in the early 1970s.
The 2-Nls enter cells and the nitro group is reduced
to the nitro anion free-radical due to the high
electron affinity of the compounds. Formation of
the nitro anion free-radical can occur either
metabolically by enzyme catalyzed redox cycling in
the absence of ionizing radiation, or by the transfer
of an electron from a transient species formed by
ionizing radiation. The nitro radical anion reacts
with dioxygen to form the original nitro compound



and accounts for the selective action of these agents
upon anaerobic or hypoxic cells. The details of the
mechanism of action of these compounds have not
been fully elucidated, but it is believed that the
nitro anion radical is not the primary alkylating
species formed by nitro reduction, but rather that it
is an intermediate in the formation of these species.
Of concern to the development of hypoxic tissue im-
aging agents are the observations that 2-nitroimi-
dazoles covalently bind selectively to hypoxic
mammalian cells both ir vitro and ir vivo. The
details of this binding process are not clear, but it is
evident that binding rates to intracellular biomol-
ecules (including DNA and macroproteins) occur in
inverse proportion to oxygen concentration within
the cells; rate differences of 50-fold have been
reported for binding of 2-NIs to cells under hypoxic
conditions compared to aerobic conditions.

A collaborative research effort was begun with
J. Rasey, K. Krohn, and J. Grierson (University of
Washington School of Medicine) to label a 2-ni-
troimidazole derivative with a positron emitter (*F)
and conduct organ distribution and imaging studies
in normal and tumor-implanted rats. Tumor-
implanted rats were provided by S. Curtis and T.
Tenforde of the Radiation Biophysics Group (myo-
sarcomas) and by J. Rasey’s colleagues at the
University of Washington (gliomas).

Labeling experiments were conducted at the 88-
Inch Cyclotron at LBL to synthesize *F-labeled
fluoromisonidazole (Fig. 4.7). Labeling yields of
1-10% were achieved, which were sufficient for
preliminary studies in small rodents, and animal
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Fig. 4.7. Radiosynthesis of the hypoxic cell marher ®F.labsled
misonidarole, The synthesis involues the formation of *F-epi-
fluorohydrin, its coupling with 2-nitroimidasole to produce '*°F-
labeled fluoromisonidasole, and was performe.. in colloboration
with John Grierson. (XBL 875-9039)
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studies utilizing normal rats and rats in which
glioma and myosarcoma tumors were implanted
were begun. It was found that the *F-fluoromiso-
nidazole distributed rapidly to all organs in the rat
and cleared from all tissue except bladder, large
intestine, and tumor. An Anger positron camera
photograph of a rat with implanted myosarcomas is
shown in Fig. 4.8. The activity in the two tumors
on the animal’s shoulders is evident; activity in the
caecum was found to be contained in its contents,
consistent with the binding of the 2-nitroimidazole
by anaerobic bacteria. A PET image taken with the
Donner 280-Crystal Tomograph through a longitu-
dinal section of a rat with an implanted glioma is
shown in Fig. 4.9; high levels of activity are evident
in the tumor and bladder. Bladder activity is
consistent with clearance of the compound from the
blood via the kidneys,

These preliminary results demonstrate the
feasibility of imaging hypoxic tissue in vivo, The
synthesis and preliminary evaluation of several

Mig. 4.8. Anger positron camera

images of a tumor-bearing rat
at various times ofter the injection of F-fluoromisonidasole. At
1 hour the activity is distributed throughout the ral and the
tumors on the shoulders contain the highest concentration of
activity; at 3 hours and 4 hours only the two tumors on the rat’s
shoulders are visible along with the contents of its large
inlestine. (XBL 8710-9082A)



Fl' u.PETiworu tumorbnmum 1 hour after
ton of NF.fluoromisonidasole. Th view was
uhnonunnomrsao-cw lomw (XBB 874:3970A)

other 2-nitroimidezole derivativ:s that may be
more useful in higher animal syecies inciuding man
are also under investigation. Yvhile the rodentis a

Heart and Atherosclerosis Studies

The studies of cardiovascular diseases encom-
pass investigations of the genetic relations to
lipoprotein patterns in patients, the biochemistry of
normal and abnormal lipoproteins, the develop-
ment of methods to measure the lipoprotein recep-
tor activity in the human using tracers, develop-
ment of methnds for detecting arterial lesions, and
studies of heart muscle blood flow.

IMAGING ATHEROSCLEROSIS

Arteriosclerosis studies using methods of
imaging vessel pathology have focused on human
platelet imaging, affinity of atherosclerosis for
hematoporphyrins, and use of labeled low density
lipoproteins. New findings on porphyrin and LDL
distribution that show promise in the development
of a method for studying the natural history of the
atheromata that block human arteries are pre-
sented below.
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convenient experimental choice, many metabolic
processes are 2-6 times more rapid in the rodent
than in dogs and primates. Misonidazole and
fluoromisonidazole have been shown to clear slowly
from dog blood with a plasma clearance half-time of
9 hours. The eventual application of the 2-nitroim-
idiazoles to quantitating hypoxia in man will
require a plasma clearance time considerably less
than the half-life of *F (110 min). While other
longer-lived positron emitting radio nuclides exist,
considerations regarding patient dosimetry, ease of
radionuclide production, and convenience to even-
tual clinical application make their use in this
application less desirable; fluorine-18 has a rela-
tively low-energy positron and a convenient half-
life for radiochemistry and imaging. We plan to
evaluate fluoromisonicazele as well as other 2-NI
analogs as potential quantitative hypoxic cell
markers,

C.A. Mathis, T.F, Budinger, Y. Yano, J. Gerdes,
and S. Hanrahan. Collaboraturs: S. Curtis, T.
Tenforde (Radiation Biophysics Group), J. Rasey,
K. Krohn, and J. Grierson (University of Washing-
ton).

Evaluation of Radioporphyrins for Uptake in
Vascular Lesions

Investigations were continued on the uptake of
radioporphyrins in balloon-catheter deendothelial-
ized rabbit aorta relative to normal aorta for the
detection of vascular lesions. Whole-body posi-
tron emission tomography (WB-PET) and tissue-
counting experiments were done to determine the
time-course distribution: of *'Ga-porphyrins in
normal and hypercholesterolemic-diet rabbits.

The uptake of *"Ga-tetra(4-sulfonato-
phenyl)porphyrin (*"Ga-TPPS4) in various tissues,
including normal and damaged aorta was deter-
mined from 30-300 minutes postintravenous
injection. The ratios of uptake in damaged to
normal aorta were calculated and plott:d (Fig.
4.10) to show an increase from 2.3 at 30 mlnutes to
a maximum of about 4.7 at 180 minutes and then a
decline to 2.8 at 300 minutes.
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PFig. 4.10. ¥Ga-labeling efficiancy versus porphyrin concenira-
tion (mg/ml). *=%Ga-TPPS4 (XBL 8710-4373)

WB-PET scans with the 280 BGO detector PET
system (7-8 mm resolution) were obtained from
0-30, 30-60, and 60-90 minutes post-intravenous-
injection of balloon-catheter deendothelialized-
aorta rabbits on normal and hypercholesterolemic
diets. Figure 4.11 demonastrates scans done at 0.5
and 1.5 hours showing anteroposterior and lateral
views,

Table 4.2 shows the uptake in various tissues of
norme! and hypercholesterolemic-diet rabbits at
120 minutes postintravenous inje:tion,

The damaged to normal sorta uptake ratio (4.7)
at 150180 minutes is greater than maximum
ratios with ®*Ga-labeled platelets (3.5) at 30-60
minutes. Furthermore, the radiolabeled porphryins
are preferable to platelets, which require separa-
tion from plasma.

Tissue distribution results in normal as com-
pated to hypercholesterolemic-diet rabbits showed
similar uptake at 120 minutes postintravenous
injection, except. for the liver and scraped/deendo-
thelialized aorta, which had about 40% less uptake
in the hypercholesterolemic-diet rabbits.

Yukio Yano, Kathleen M. Brennan, Shirley N.
Ebbe, and Thomas F. Budinger.
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Table 4.2. *Ga-TPPS, distribution in rabbits
(% injected dose/gram tissue 120 minutes post
intravenous injection).

Normal Hypercholesterol
Tissue diet (n = 3) diet (n=1)

Blood 0.278 -
Kidneys 0.109 0.103
Lungs 0.122 0.150
Liver 0.123 0.071
Spleen 0.113 0.118
Normal-proximal .

aorta 0.064' 0.062
Scraped-distal

aorta 0.258 0.163

Average uptake ratio of scrapped-aorta to normal
aorta:
Normal-diet rabbit
Hypercholesterol-diet rabbit

4.03
2.63

Autoradiographic Studies with a Radiolabeled
Analog of Low Density Lipoproteins

Preliminary studies on the development of a
radiolabeled analog of low density lipoprotein
(LDL) for human diagnosis resulted in the success-
ful radioiodination of a tyramine-cellcbiose (TC)
adduct of LDL. The work reported hore extends
those studies to autoradiographic imaging of the
localization of TC-LDL in the rabbit aorta and gives
promise to the possible imaging of the progression
and regression of atherosclerosis in humans.

[*IITC-LDL was injected into male New
Zealand white rabbits with control or hyper-
cholesterolemic diets (1.0% cholesterol + 4% peanut
oil for 8-15 weeks, or 0.5% cholesterol + 2% peanut
oil for 14-21 weeks). The rabbits were sacrificed 4
hours postinjection and the aortas removed, opened
longitudinally, and washed several times with
saline. The clean aortas were wrapped in plastic-
wrap and sandwiched between Kodak diagnostic
film, then stored at -70°C for 3.5 days. The exposed
film was developed with standard Kodak solutions.
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Fig. 4.11. ®Ga-porphyrin activity on the scraped aorta: Normal versus hypercholesterolemic rabbits.

(BBC 875-4195)

The opened aortas are shown in the left half of
Fig. 412, which shows a marked accumulation of
foam cells in an advanced aortic lesion. Autoradi-
ographic images -wre shown in the right half of the
figure, demonstrating the localization of the
['“IITC-LDL in the atherosclerotic areas of the
hypercholesterolemic aorta, while the control aorta
is virtually free of radiolabeled TC-LDL.

Future work will include imaging with radiola-
beled TC-LDL in studies of LDL metabolism in
various patient populations and in studies using
the rabbit model to evaluate the efficacy of pharma-
cological intervention in LDL metsholism.

K. Dalal, S. Ebbe, D. Carpenter, T. Yee, Y.
Yano, K. Brennan, and T. Budinger.

HEART STUDIES

The efforts to perfect a method of evaluating
heart muscle blood flow using radionuclide tracers
are motivated by the need for an alternative to
coronary catheterization. In the past this need was
based on the desire to have a noninvasive diagnos-
tic method. More recently, there has developed a
vital need for performing repeated studies to moni-
tor the effects of chemical therapy for lysing clots in
coronary arteries and to evaluate the efficacy of
intracoronary artery atheromata removal tech-
niques such as laser ablation.

Our radionuclide-tracer method continues to be
validated as a good measure of myocardial perfu-
sion. A typical patient study is shown in Fig. 4.13.



87

Fig. 4.12. At left is a photograph of aortas removed from a control-diet rabbit (left) and a hypercholesterolemic diet
rabbit (right). The hypercholesterolemic aorta shows a great accumulation of foam cells, while the control aorta is
relatively free of lesions. Al right are the autoradiographic images, demonstrating the accumulation of [*]JTC-LDL
in the hypercholesterolemic aorta (right) and the lack of accumulation of the radiolabeled TC-LDL in the control
aoria (feft). (BBC 876-56413A)

° o 2 4 . N
Time {min)
Fig. 4.13. Myocardial perfusion study for a typical patient. Left: during stress (-). Right: 30 min post-
stress (......). Curves show ratio of "Rb accumulation in defect area to that in the anterior septum. (BBC
875-4047)



Therapy with Charged Particle Beams

REVIEW OF HEAVY CHARGED PARTICLE
RESEARCH TRIAL FOR FY 1987

The Heavy Charged Particle Clinical Research
Trial continued to accrue patients in studies of
dose-localization radiotherapy for uveal melanoma,
base-of-skull and para-CNS chondrosarcoma/
chordomas, and other histologies.

A randomized Phase II study in conjunction
with the Department of Radiation Medicine of
Massachusatts General Hospital and the Harvard
Cyclotron was opened through the Radiation
Therapy Oncology Group to study patients with
chordoma/chondrosarcoma in the head and neck, It
has acerued 20 patients.

A phase III randomized trial in uveal mela-
noma has also continued to acerue patients (100
patients to date) in comparing helium-ion therapy
againat iodine-125 plaque therapy. This is the only
randomized study in the world contrasting these
two forms of alternative therapy for uveal mela-
noma,

Other Phase III randomized trials for locally
advanced carcinoma of the prostate (12 patients)
and unresectable carcinoma of the lung (25 pa-
tients) are continuing.

The National Cancer Institute has recently
renewed the Program Project Grant supporting the
treatment of human cancers with heavy charged
particles from October 1, 1987 through February
28,1992, With the closure of the 184-Inch Cyclo-
tron, the entire charged particle therapy program
will be .1oved to the Bevatron, It is anticipated
that it will be possible to carry out the proposed
studies at the Bevatron with an accrual rate of
about 150 patients per year.

Since local control rates in over 400 patients
treated with helium-ion dose-localization therapy
range from 50% (residual soft tissue sarcoma) to
70% and 90% (chordoma-chondrosarcoma and uveal
melanoma, respectively), this has been highly
successful treatment. However it is important that
both biological and technological studies of optimi-
cation techniques for this therapy continue, as well
as the randomized studies in uveal melanoma 2nd
head/neck chordoma-chondrosarcoma.

Our major emphasis in 1988 will be on compar-
ing high-LET charged particles (neon) directly
against low-LET photon irradiation and helium ion
therapy, using randomized protocols in locally
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" advanced tumors of the lung, prostate, brain,

nasopharynx, paranasal sinuses, and sarcomas of
bone and soft tissue. The key aim will he to estab-
lish the role of the high-LET charged particles in
the clinical therapy of human cancers.

TREATMENT PLANNING DEVELOPMENTS IN
RADIOTHERAPY

Developments in three major areas occurred in
treatment planning using charged particles at LBL
during the past year. The firat was the implemen-
tation of PLANS3, a three-dimensional treatment
planning system developed at Massachusetts
General Hospital by Michael Goitein. With this
system it is possible to plan composite treatments
with photons and chargad particles. It is also
possible to plan nonzipianar beams. The program
calculates not only nominal dose distributions but
also the maximum and minimum distributions
that could occur given uncertainties in patient
position, CT number, and calibration, This infor-
mation is extremely useful since it allows one to
quantify the maximum possible dose received by a
critical structure and the minimum dose to the
target volume.

The second major development in treatment
planning at LBL was the clinical implementation
of image correlation. The ability to transfer
volumes of interest from one imaging study to
another has become an incrsasingly valuable
treatment-planning tool in defining both tumor
volumes and critical structures for brain lesions, in
particular chordoma and chondrosarcoma. This
technique, developed at LBL over the past few
years by Kessler, Chen, Petti and Pitluck, has thus
far been used for 11 patients. In il of these rases,
target volumes and/or brainstem or spinal-rord
contours were transferred from MRI to ¢ > scans
(see Fig. 4.14). Two techniques exist for calculat-
ing the transformation between two different
studies, the point-to-point method, which relies on
either external or internal landmarks, and surface-
fitting algorithms, which minimize the difference
between surfaces (e.g., those defined by the skull)
in each study. In general, surface fitting or inter-
nal landmarks were used when the MRI scan came
from an outside institution. Surface fitting was



Fig. 414 . Coniours draum on MRI are transformaed io the reformatied CT scan. (XBC 874-3427)

used in only one of the 11 patients. Of the remain-
ing ten, in three the point-to-point method was
used with external lendmarks only, in another
three only internal landmarks were used, and in
the remaining four, a combination of both internal
and external landmarks was employed. These tach-
niques have been an important advance in plan-
ning treatments for patients when the lesion lies in
close proximity to the spinal cord or brainstem,
and image correlation will continue to be used on a
regular basis for such patients.

The third area is the treatment plan optimiza-
tion for charged-particle-beam therapy. This
optimization is based on the evaluation of a treat-
ment plan by a probabilistic model that was devel-
oped with the support of a National Cancer Insti-
tute cortract for Particle Beam Treatment Plan-

ning Intercomparison. This model estimates the
probability of an uncomplicated local control of a
tumor based on dose-volume histograms of the
thres-dimensional dose distribution of the target
and the critical normal-tissue volumes.

A program has been initiated for the validation
of this model based on both retrospective and
prospective studies of the expected and observed
normal-tissue complication following charged-
partitle therapy. The validation will be based on
dose distributions calculated by the Massachusetts
General Hospital treatment-planning program,
This is believed to be the most accurate program
currently available for calculation of both charged-
particle and photon beams; many of the patients in
the retrospective study received a significant
sortion of their therapy with photon irradiation.



The recent developments in treatment plan
optimization have been directed to the determina-
tion of optimal weighting of the selected beams that
will be used for irradiation of the tumor volume.
These optimal weightings are determined by a
constrained minimization subroutine and the
calculated probability of an uncomplicated local
control,

A new development in the treatment planning
program has been investigation of the improve-
ments that can be expected by development of a
variable beam-modulation delivery systern with a
raster scanner and variable-beam collimator.
These improvements in beam delivery will lead to
improved dose localization with charged-particle
beams.

J.M. Collier, S.D. Henderson, P.L. Pelti, M,
Kessler, S. Pitluck, J.T. Lyman, K. Baken, J.R.
Castro, T. Phillips, and J. Mefferd.

STEREOTACTIC HEAVY CHARGED PARTICLE
RADIOSURGERY

Research in the stereotactic radiosurgical
treatment of intracranial arteriovenous malforma-
tions (AVMs) has continued using the Bragg peak
of accelerated charged-particle beams. Intracranial
AVMs can be debilitating and life-threatening; they
prodvce hemorrhage, seizures, recurrent head-
aches, and neurological deficits. These lesions are
developmental abnormalities of the newborn, and
patients often present with symptoms in youth or
middle-age. Cnce hemorrhage has occurred, the
risk of further hemorrhaging is greater. These
factors make it desirable that the AVM be treated
promptly so that the patient may enjoy a long and
productive life.

Neurosurgical removal of the AVM, occasion-
ally combined with flow-directed or intraoperated
embolization of the AVM, is the treatment of
choice. However, these technicues are not always
possible, or if possible, not always completely
successful, owing to the position of the AVM in a
deep or critical region of the brain, or due to the
complex network of feeding arteries and draining
veins. These surgically-inaccessible intracranial
AVMs have been treated at the LBL 184-Inch
Synchroc;clotron using stereotactically-directed
heavy charged-particle beams,

Building on the experience and techniques
developed at LBL since the use of charged-particle
beams for the treatment of pituitary tumors,
stereotactic imaging techniques are used to direct

the Bragg peak of heavy-charged-particle beams
into the lesion while sparing adjacent brain tissue.
Properties characteristic of fast charged particle
beams that make them very useful in such an
application are the fixed range of the beam with
rapid fall-off of dose beyond the end of the range,
the increased energy loss at the end of the range
compared with the plateau region of the beam
(Bragg peak), and the small amount of lateral beam
scattering,

This clinically applied research focuses on
improving treatment planning techniques and
following the response of patients clinically and
neuroradiologically in order to assess the effects ¢f
the radiosurgical treatment. In the past year, 75
patients have been treated, bringing the total since
1981 to 276 patients. These patients are evaluated
in collaboration with neurosurgical and neuroradi-
ological colleagues at Stanford University Medical
Center and University of California Medical Cen-
ter, San Francisco. A series of stereotactic imaging
procedures (cerebral angiography, computed
tomography, and magnetic resonance imaging) is
performed in the specially-designed patient immo-
bilization mask and stergotactic frame in order to
localize the lesion accurately within the brain.
Treatment plans are calculated on a VAX 11-780
computer, using three to five beams, shaped and
ponitioned in order to maximize the dose to the
AVM volume and minimize the dose to surrounding
normal brain tissue. Treatment occurs over one or
two days, depending on the size and location of the
intracranial AVM.,

This year the use of image correlation tech-
niques with the stereotactic frame and mask have
been extended to include nuclear magnetic reso-
nance (NMR) imaging. NMR imaging is extremely
useful in that it images the anatomical characteris-
tics of the AVM, the large draining veins, and
critical structures in the surrounding brain, It has
proven particularly useful in the treatment of
cryptic, or occult, AVMs. These are AVMs that
cannot be imaged with cerebral angiography but
are seen to some extent on contrast CT images and
very clearly on NMR scanning. Computer tech-
niques allow the accurate transfer of information
between CT and NMR images. Figure 4.15 shows
the charged-particle radiation isodose contours
overlaid on an NMR image of a patient with an
AVM in the brain stem. These contours were
calculated using the AVM target imaged by NMR
and transferred to the CT scan that contains
energy-loss information for the charged-particle
beam. The isodose contours were then transferred



Fig. 4.15. A sagittal NMR image of a patisnt with a cryplic
arleriovenous malformation in the pons: the isodose conlours for
helium charged-particle treatment are overlaid. The AVM was
defined and contoured on the NMR (axial projections) and the
target conlours were transferred do CT images. A treatment plan
was calculated using the CT data. The resulting isodose
contours were than transferred to the NMR sagitial images in

order to define the radiation dose to ad t critical brain
structures. The treatment plan is for three beams of helium
ions; one port is in the sagittal plane shown; the other two poris
are in parasagitial planes at + 30 degrees. (BBC 8712-10668)

back to the NMR image in order to define the dose
delivered and the dose distribution to critical
structures such as the surrounding brainstem.
Follow-up of patients after radiosurgical treat-
ment consists of clinical examinations either here
at Donner Pavilion or by the patients’ own neuro-
surgeons when they do not live in the area. To
date, the clinical results show that 67% of the
patients have remained normal or improved neurol-
ogically, 25% have shown no change neurologically
and have remained stable, #~d the remainder have
worsened neurologically 32 far, therc have been 7
cases of hemorrhage fron. .he AVM prior to 15
months following therapy, well below the expected
rate of occurrence in a similar population of un-
treated patients that follow the natural course of
the disease associated with a high spontaneous rate
of hemorrhage. Three other types of complications
can occur. The first is vazogenic edema in the
cerebral white matter extending outside the radia-
tion field; this appears to occur in about 10% of
patients, with about 5% experiencing clinical
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symptoms. The second is a 2—4% incidence of
stroke (including arterial occlusion, venous throm-
bosis, or embolism), frequently occurring during
the final phase of obliteration of the AVM. The
third is delayed brain injury leading to radiation
necrosis; this may have occurred in two patients
(unconfirmed without tissue diagnosis). Taken
together, the complication rate appears to be low,
and less than the surgical risk or the risk of death
or neurological damage from the natural course of
the disease.

Neuroradiological followup examinations,
performed at the Stanford University Medical
Center, The University of California, San Fran-
cisco, or the patient’s local hospital, consist of
cerebral angiography, CT, and NMR scanning. For
patients followed at least one year post-treatment,
50% of the patients achieve complete obliteration of
the AVM in 1 to 2 years. Partial or complete oblit-
eration occurred in 70% of patients by 2 years, and
no change (less than 50% obliteration) was appar-
ent in 15% of the patients. The data indicate th:
protection against hemorrhaging is achieved in
mont patients even if complete obliteration does
not occur.

Current research with other investigators in
the Research Medicine Group and colleagues in col-
laborating university hospitals is exploring the
uses of NMR imaging and positron emission
tomography (PET) in evaluating radiation-induced
zhanges in the AVM and the surrounding brain
tissues. NMR is proving to be useful as a noninva-
sive procedure for evaluating morphological
changes in the AVM, and thereby indicating the
optimum time for a more complete and detailed
evaluation using cerebral angiography. Vasogenic
edoma, visible in its early stages only by NMR
imaging, can ncw be recognized and followed before
clinical symptoms become apparent. A prospective
study using PET and NMR , and correlating these
with m)rphological alterations in brain tissue, is in
progress to examine physiological changes follow-
ing radiosurgery.

Through the end of 1987, all radiosurgical
treatments have been performed using the 230-
MeV/u helium-ion beam at the 184-Inch Synchrocy-
clotron &t LBL. Beginning in January 1988, the
program will move to the Bevalac accelerator.
‘Work in in progress, in collaboration with the
Acrelerator Division and the radiotherapy physi-
cists to produce and characterize the 165-MeV/u
helium beam at the Bevalac, with plans to eventu-
ally use carbon-ion beams for stereostactic radio-
surgery. Comparative studies are being carried out



to determine the differences between various
species of charged-particle beams and photons in
the treatment of intracranial AVMa,

J.I Fabrikant, KA. Frankel, M.H. Phillips,
R.P. Levy, J.T. Lyman, N. Manley, E.H. Lo, M.L.
Foster, F. Chuang, and P. Valk.

NEUROBIOLOGICAL EFFECTS OF HEAVY
PARTICLE IRRADIATION

In parallel with the heavy-ion radiosurgery
research program, fundamental investigations are
being carried out to understand the basic physical
and biological mechanisms underlying the neurobi-
ological responses to irradiation with focal beams of
heavy charged particles (e.g., helium, carbon,
neon). The objectives of this ressarch program are
to examine cellular and metabolic effects in mam-
malian (including human) brain in relation to
alterations in regulatory control mechanisms, the
sites of DNA damage and repair, cellular prolifera-
tion and differentiation, the process of myelination
and myelin maintenance, and regional cerebral
blood flow dynamics; and to develop and apply
nuclear medicine procedures for investigating
cellular and metabolic events in brain irradiated
with heavy charged particles.

Stud:es of the physical properties of the heavy
charged-particle beams have been focused on
multiple Coulomb scattering and particle produc-
tion in heavy-ion collisions. Multiple scattering of
the charged particle s a limiting factor in deliver-
ing a uniform dose to a target volume, and is one of
the criteria in evaluating the dose-localization
properties of beam: f different ion species. Paral-
lel efforts in computer calculations of the affect of
multiple scattering and experimental measure-
ments have proceeded in collaboration with other
physicists of the Biology and Medicine Diviaion.
Agreement has been found between theory and
experiment for clinically important bearss, such as
protons and carbon ions as well as more exotic ions
such as uranium,

Calculation of neutron production in heavy-ion
collisions provides further information on the
characterization of heavy-ion beams and the
distribution of dose. Excellent agreement has been
achieved between calculations perforined using a
cascade code and experimentui work by Schimmer-
ling and his colleagues in the Radiation Biophysica
Group.

Biological research on the effects of heavy
charged particles has proceeded along several
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directions. In collaboration with Dr. K. Rosander of
Sweden, we are studying the induction and repair
kinetics of DNA damage in single cerebral and
cerebellar oligodendroglial and capillary endothe-
lial cells from rat and mouse brain following
selected dose increments of heavy-ion beams, in
order to characterize dose-response and time-
dependent relationships. The technique involves
measuring fluorescent dye intensity as an index of
DNA single- and double-stranded breaks using a
microscope photometer following DNA unwinding.
The data thus far indicate a general increase in
DNA damage with neon ions relative to helium
ions, and the dose-dependent effect is much greater
for oligodendroglial cells than for cerebral endothe-
lial cells. DNA damage in vivo in repaired rapidly
in both glial and endothelial cells, and the greatest
amount of repair occurs within 30 minutes follow-
ing irradiation with a linear dose-effect relationship
for both low-LET and high-LET radiation (Fig.
4.16). The results suggest different post-repair
behaviors for the two typns of cells; the endothelial
cells may be less radiosensitive.

In order to overcome the difficulties in defining
changes in cells in the highly integrated brain
tissue, tachniques have been developed to isolate
and maintain defined mammalian brain cell
populations in short-term culture, and to identify
potential celi-specific properties for use as indica-
tors of cell damage and altered rell metabolism. Of
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Fig. 4.18, The -lose-response for cersbral endothelial cells 6
minutes ofter heliun. ion irradiation. {Six minutes is the
minimum time available after irradiation.) The ratio of red/
green fluorsscence (single/double atranded DNA) in plotted as
a function of dose for mouse brain endothelial ceils irradiated
in vivo. (XBL 8712-8029)
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particular interest is purifying and maintaining
glial cell populations in order to examine the effects
of heavy-ion irradiation on myelin renewal and the
maintenance of myelin.

Pulse-labeled mitosis is one of the techniques
being used to study the brain cell population
kinetics of the subependymal layer of the mouse
brain. Cell-cycle parameters have been measured
for these cells in unirradiated mice and in mice
irradiated with either helium or neon ions. The
responses of different cell population in the
subependymal layer to different types of radiation
(x rays, helium ions, neon ions) and a range of
doses have been measured. Figure. 4.17 illustrates
the population doubling times of the subependymal
cells following exposure to 230-MeV/u helium ions.
The doubling time is markedly reduced after
irradiation with 45 Gy, from a normal value of
about 140 hours to about 45 hours in the irradiated
cortex, and to about 55 hours in the unirradiated
cortex of irradiated mice. The glial cell kinetic data
in normal and irradiated mouse brain are consis-
tent with the conclusions that in the subependymal
plate the light cells remaining after radiation
represent a resistaiit stem cell population with a
relatively slow rate of renewal. The dark cells
comprise a rapidly proliferating stem cell popula-
tion, which is relatively radiosensitive, and it is
this stem-cell pool that is responsible for recovery
following heavy-charged-particle irradiation.

Imaging, Instrumentation, and Methods

NEW POSITRON EMISSION TOMOGRAPH
INSTRUMENTATION

Imaging studies using a new very high resolu-
ticn medical imaging system, the Donner 600-
Crystal Positron Tomograph, have recently begun.
This system was designed and built at LBL to
1mage positron-emitting tracer isotopes in the
human brain and neck with a spatial resolution a
factor of two finer than any other tomograph. The
instrument consists of a ring of 600 bismuth
germanate (BGO) crystals 3-mm wide coupled indi-
vidually to 14-mm phototubes. When the tracer
isotope decays, it emits a positron (the anti-elec-
tron) that comes to rest in the tissue nearby and
annihilates with an electron. In this process, the

Pulse labelled mitoses curve
in S.E. cells of 4 wk old Mice Brains,
1 wk following irradiation with 10 Gy He
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Fig. 4.17. Percent of labeled mitoses following pulse labeling
with tritiated thymidine in the subependymal cells of 4-week-old
mouse brain, 1 week following irradiation with 10 Gy He (150
MeV/u). The open squares are the measured points, the smooth
curve is a fit to the data using the theory of Takafashi, The
durations for the cell cycle parameters derived from the fit are
listed, Work is currently in progress to extend the curve fitting
to include variations in the cell cycles by means of a Monte Cerlo
approach. (XBL 8712-8030)

J.1, Fabrikant, KA. Frankel, M.H, Phillips,
R.P. Levy, J.T. Lyman, N. Manley, E.H. Lo, M.L.
Foster, and F. Chuang.

positron and electron disappear, and their energy is
immediately converted into two photons that fly off
in opposite directions. Whenever two BGO crystals
detect two photons within 10 billionths of a second,
the event is recorded in high speed memory. The
image of the tracer distribution is reconstructed
from these data using an array processor.

As a test of image charpness, a very small
source of positron emitte: was positioned at the
center of the insirument. The resulting image was
a circle with a diameter (full-width at half-maxi-
mum) of 2.6 mm. Another test of image sharpness
was performed using the object shown in Fig, 4.18,
which consisis of a pattern of hollow channels
drilled into a solid plastic cylinder. The zi:annels
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Fig. 4.18 Skeich of a plastic cylind taining isotope-filled
channels. The finest channels are 1-mm diameter on 4-mm
centers. (XBL 86104032)

were filled with a solution of the positron emitting
isotope “F and imaged (Fig. 4.19). Near the center
of the tomograph, individual channels with 4-mm
center-to-center spacing can be individually re-
solved. Channels with 5-mm center-to-center
spacing can be individually resolved throughout the
field of the tomograph.

The detector configuration and electronic
circuits were designed for high speed, as well as
high spatial resolution. To correct the emission
data for absorption of photor.s ini the tissue, a
positron source of 20 mCi of *Ge runs around the
outside of the patient, and events are collected at a
rate of 800,000 per second. This represents a factor
of 8 speed improvement over previous designs and
reduces the time to acquire the attenustion correc-
tion data from 1.5 minutes to 2 minutes. These
data can be ~cconstructed to produce au image of
the absorpiion of annihilation photons in the
human head [see Fig. 4.20(a)]. This source is with-
drawn into the l2ad shielding for collecting emis-
sion data.

The positron-emitting tracer compound *F-
fluoro-deoxyglucose is used to image metabolic

Fig. 4.19 Image of the isotope *F in the plastic cylinder taken
by the Donner 600-crysial positron tomograph. (XBB 878-7172)

activity in the brain because its accumulation
closely mimics the absorption of glucose, the
primary fuel of the brain. This compound is ad-
ministered with a simple intravenous injection, and
data from the *F are acquired to produce an image
of the uptake of glucose in the human brain [Fig.
4.20(b)].

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

Fig. 420 (Left) Image of a slice through the human head taken
by the new tomograph using an exiernc! positron source,
showing the bones, soft tissues, and nasal passages. (Right)
Image of the tracer ®F-fluoro-deozyglucose in the same slice of
the h brain, showing the uptake of sugar. (XBB 875-4261)




NMR METHODS

Slow Flow Imaging with Steady State Free
Precession

Nuclear magnetic resonance studies of moving
spins began with diffusion experiments and have
evolved to include measurements of bulk flow,
including in vivo angiography. This study concerns
in vivo imaging of tissue perfusion without tra-
cers, that is, detection of flow in the capillary bed.
Each imaged unit-volume or voxel is assumed to
contain capillaries with many different orienta-
tions, so the flow model shares some properties of
both random (diffusive) flow and laminar flow.
Typical flow velocities are on the order of 1 mm/sec.
Conventional flow imaging experiments require
very large magnetic field gradients to detect such
small velocities, with accompanying instrumenta-
tion problems. Steady-state free-precession (SSFP)
imaging is used for improved sensitivity and
shorter acquisition time.

The SSFP experiment consists of a sequence of
identical rf pulses separated by an interpulse
interval ©. For static spins, & steady state is
established that is a function of the relaxation
times T, and T,, the rf tip angle, and the angle
through which the spin precesses during t. In the
presence of an applied gradient G{t), the magneti-
zation is a periodic function of r and has a spatial
wavelength A: A =1/(yG,'). G, is the effective
gradient strength, which is the time average of G(t)
over the interval ¢. 7Yis the gyromagnetic ratio of
the proton.

Since the magnetization is a periodic function
of position, a moving spin will continually try to
approach the local steady state. However, because
a finite time is required for the steady state mag-
netization to be established, moving spins do not
attain the maximum response. The response of
flowing spins is expressed in terms of the dimen-
sionless parameter ¢ defined as ¢ =v1/A=7G,
vt* where v is the speed in the spin in the direction
of the effective gradient.

The response of moving spins was determined
experimentally with a phantom consisting of a tube
packed with 3-mm diameter polystyrene spheres.
Doped water is introduced at one end and removed
at the other, establishing a net flow in the axial
direction. The gradient was oriented perpendicular
to the tube’s axis in order to measure the trans-
verse velocity component. Data were collected
while varying the net flow and gradient strength.
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The response, normalized by the response of static
spins, is plotted versus the dimensionless
parameter ¢ in Fig. 4.21.

The velocity distribution in the phantom was
measured using a spin echo sequence with velocity
encoding gradients. The SSFP response was
calculated by numerical solution of Bloch’s equa-
tions using the measured velocity distribution and
a simple model in which each spin is assumed to
have a constant velocity. This model, shown as a
line in Fig. 4.21, predicts a larger response than
observed. This is probably due to the constant
velocity assumption and niagnetic field inhomo-
geneity near surfaces in the phantom, Work is
underway to refine both the model and the experi-
ment,

For imaging slow flow two experiments con-
ducted at different G, are subtracted (Fig. 4.22).
The response from static spins cancels, and G can
be chosen to yield maximum sensitivity in a desired
velocity range. Subtraction experiments have been
demonatrated on phantoms, and will be tested in
human subjects in early 1988.

S. Wong, M.S. Roos. and S. Patz (Harvard
Medical School).
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Potentials of High Field NMR In Vivo with the
Quadrupolar Nuclei Deuterium, Oxygen-17,
Sodium-23, Chlorine-35, and Rubidium-87.

In addition to the dipolar spin one-haif nuclei,
1H,»2C, ¥F, "P, quadrupolar nuclei have been shown
to have potential for imaging and spectroscopic
studies in vivo. For example*H administered
intravenously may be used for the evaluation of
blood flow and body-water distribution, and deter-
mination of rubidium tissue concentrations is of
particular interest in treatment evaluation studies
for manic-depressive patients treated with rubid-
ium. These and other biologically important nuclei
such as oxygen-17 and lithium-7 have line broaden-
ing associated with the interactions of the quad-
rupole moment with biclogical media. The feasibil-
ity of high magnetic field studies in vivo (e.g., at 5
tesla and greater) using either endogenous signals
or exogenously administered compounds depends
on visibility, which is related to line broadening.
The purpose of this study is to determine the

visibility of these quadrupolar nuclei in aqueous
solution and in biological tissues.

Studies of line shape and broadening in tissues
(blood, heart, liver, and kidney) relative to nonor-
ganic media were made at 4.3 tesla in a Nicolet
vertical bore spectrometer *H, 170, ®Na, *Cl) and at
2.3 tesla in a Bruker 40-cm horizontal-bore imaging
spectrometer ("Rb). The transverse relaxation of
quadrupolar nuclei can be characterized by a bi-
exponential decay with a fast and slow component.
Line broadening associated with tissue interactions
was measured as the width at half height that
approximates the slow-relaxation component of the
broadening. Transverse relaxation mes of sodium
were measured using the CPMG pul - sequence.
The data fit a mono-exponential deca; in the case
of salt solutions and a bi-exponential decay in the
case of tissues, *H, *Na, #C], and 'O me~surements
ware obtained from endogenous signals ‘rom
excised tissue, Recycle delays were between 50
and 100 ms for “Na, *Cl, and !0, and between 400
and 1000 ms for '"H, *Rb measurements were
performed on a White New Zealand Rabbit with a
surface coil in vivo after intravenous inject.on of
150 mg'kg of a sterile Rb solution. Signal vas
acquired at the level of the kidneys for 45 m nutes
to obtain sufficient signal to noise ratio, Sig:al was
then acquired at the level of the heart for 5 n.in-
utes.

Figure 4.23 compares spectra obtained from
aqueocus solutions and tissues for some of the nuclei

died. Non-Lorentzian line shapes due to the two
relaxation components are observed in the spectra
from tissue whereas a single Lorenizian line shape
is observed in the salt solutions where the nuclei
are in the extreme narrowing regime. Figure 4.24
compares the measured line widths and the ratios
of line widths from different media. In the case of
rubidium, the tissue spectrum and line-width data
are for heart tissue in vivo. The overall broader
line width of rubidium, which has the same quad-
rupole moment as sodium, is due o the larger
inhomogeneity of the B, field in the ir vivo study.

The ratio of the salt solution line width to blood
line width or blood to tissue line widths are similar
for all nuclei observed except for the chlorine
nucleus where broadening due to quadrupolar
interactions with tissue is stronger. This is most
likely due to the pariicular outer shell electron
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Heavy-Ion Radicsurgery

Microdosimetry of Particulates

DNA Repair Mechanisms

Human DNA Polymorphisms

Electromagnetic Field Effects

Genetic Study on Yeast

Human Genome Center

Studies of Cell Surface Organization using Monoclonal
Antibodies

Metabolism in Brain Disorders

Hematozoa and Erythropoiesis

Hematopoietic Cell Proliferation

Rapid Transformation Assay

Biological Effects of Magnetic Fields

Molecular Mechanisms of Cell Effects

Experimental Medicine Development
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II. Non-DCE Contracts and Grants Supporting Portions of Work Presented in this Annual Report

INVESTIGATOR
E.J. Ainsworth
E.J. Ainsworth
E.L. Alpen
E.L. Alpen
E.L. Alpen
M.A. Austin
J.C. Bartley
M.J. Bissell
E.A. Blakely
G. Brecher
T.F. Budinger
T.F. Budinger
T.F. Budinger
T.F. Budinger
J.R. Castro

A, Chatterjee
G.K. Clemons
P.K. Cooper
S.B. Curtis

KH. Downing

CONTRACT OR GRANT

NASA P.O. T3516-G
Life-Shortening Effects of HzE Particles on Mice/Heavy Ion Cell
Transformation

AFFRI P.O. N861014
Murine Bone-Marrow Damage Produced by Charged Particles

PHS Grant CA 30236
Advanced Design Research: Heavy Ion Medical Accelerator

PHS Grant RR 05918
Growth & Radiation Reaponse in an In Vitro Tumor Model

PHS Grant CA 44669
Growth & Radiation Response of an In Vitro Tumor Model

PHS Crant HL 38760
Genetics of LDL Subclasses in Hypercholesterolemia

PHS Grant CA 38889
Human Mammary Cells: Modulation of Differentiated States

Monsanto 1856-29
Mechanisms of Extracellular Matrix Influences on Gene Expression

PHS Grant RR 05918
Repair and Misrepair of Irradiated Single Human Chromosomes

PHS Grant AM 27454
Kinetics of Transfused Stem Cells in Normal Mice

PHS Grant HL 25840
Cardiovascular Flow and Metabolism

PHS Grant AG 05890
Cersbral Plood Flow Patterns in Alzheimer's Disease

PHS Grant HL 07367

Quantitative Cardiovascular Research, Training Grant
UCSF Subcontract 8378-01

PET Studier,

PHS Grant CA 19138
Treatment of Cancer with Heavy Charged Particles

PHS Grant CA 27024

Bragg Peak Localization by Radioactive Beams
PHS Grant HL 22469

Radioassay of Erythropoietin

PHS Grant CA 22986

Inducible Responses to Carcinogenic DNA Damage

PHS Grant CA 17411 .
Response of Rat Tumor Cells to Heavy Ion

PHS Grant RR 03637
Macromolecular Surfaces by Scanning Tunneling Microscopy



P.W. Durbin

P.W. Durbin

S.N. Ebbe

S.N. Ebbe

M.S. Esposito
T.M. Forte

T.M. Forte

C.T. Gaffey

R.M. Glaeser

L.S. Gold

R. Goth-Goldstein
R. Goth-Goldstein
T.L. Hayes

J. Hosoda

J. Hosoda

J. Hosoda
L. Hlatky
R.H. Huesman

BX Jap

R.M. Krauss
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NRC IAG 60-85-012
Development of Metabolic Models for Alkaline Earth and Actinide
Radionuclides

PHS Grant ES 02698
Biological Testing of New Actinide-Chelating Agents

PHS Grant AM 21355
Kinetics of Megakaryocyte and Platelet Turnover

PHS Grant RR 05918
Regulation of Megakaryocytes by Bone Marrow Stromal Cells

PHS Grant GM 29002
Comparative Analysis of Mitotic and Meiotic Recombination

PHS Grant HL 07279
Lipoprotein Methodology, Structure and Fuanction Training Grant

PHS Grant HL 38686
Nonhuman Primate: Development of Lipoprotein Subclasses

PHS Grant NS 24997
Nervs Bioslectric Activity in Ultrahigh Magnetic Fields

PHS Grant GM 36884

Membrane Proteins: High Resolution Electron Microscopy

PHS IAG 222-Y01-ES-10066

Quantitative Species Extrapolation in Carcinogenesis

PHS Grant ES 03803

Inducible Resistance to Alkylating Carcinogens

PHES Grant RR 05918

Repair of Alkylation Damage in Yeast

PHS Grant TW 01234

Electron Microscopy of Frozen-Hydrated Biospecimens

PHS Grant GM 16341

Structure and Function of Helix Stabilizing Protein

PHS Grant RR 05918

Purification and Characterization of Yeast Recombination/Repair
Enzymes

PHS Grant RR 05918

Mapping of Protein Conformational Changes by Limited Proteclysis

PHS Grant RR 05918
Chemical Studies Using the Sandwich System

PHS Grant CA 38086
Scatter Compensation i» Emission Tomography

PHS Graat RR 05918

3-D Crystallization of Bacteriorhodopsin for Molecular Structure
Determination

PHS Grant HL 33577

Plasma Lipoproteins in Coronary Artery Disease



R.M. Krauss
R.M. Krauss
S.A. Leadon
H. Lecar

R.F. Liburdy

R.P. Liburdy

R.P. Liburdy

F.T. Lindgren

J. Llacer
J.T. Lyman
J.T. Lyman

J.T. Lyman

M.F. Maestre
M.F. Macstre
M.F. Maestre
C.A. Mathis

C.A. Mathis

M. McCall
R.K Mortimer

T.A. Musliner
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USC Medical Center 8072-22

Lipid and Protein Analysis

Stanford University Contract P.O. #PR 4699-3
D & G Analyses

PHS Gran* CA 40453
DNA Repair in Specific Sequences of Mammalian Cells

PHS Grant RR 05918
Distribution of Ion Channels in Stretch-Receptor Neurons

ONR Contract N00014-84-F-0186
Mechanisms of ““icrowave Interactions with LiposomeMembranes

Liposome Technologies Incorporated 1856-31
Electromagnetic-Field Triggered Drug Delivery via Liposome
Vaeasicles into Target Cells

PHS Grant RR 05918
Electromagnetic Field-Triggered Liposome Drug Delivery
PHS Grant RR 05818

US-USSR Discrepancies Relating HDL Concentrations and
Coronary Heart Discase

PHS Grant CA-38501
Algorithm» and Processing Architectures for Tomography

PHS IAG Y01.-CM-20110
Evaluation of Treatment Planning for Particle Beam Radiotherapy

EHS CA 42940
Treatment Planning Optimization
PHS Grant CA 22286

AAPM B682-19
Charged Particle Beam Deaimetry Task Group: Dosimetry Protecol

PHS Grant Al 08427
Physical Structure of Viruses, Chromosomes & Cell Nuciei

PHS Grant RR 02757
Jasco 500C Circular Dichrograph with FDCD and MCD

PHS Grsnt RR 05918
Duysens Flattening Corrections Technique for Qptical Spectra

PHS Grant NS 22899
2] Blood Flow and Blood Volume Agents for PET Studies

PHS Grant RR 05918

Deavelopment of Radiopharmaceuticals for the Quantitation of
Hypoxia

PHS Grant RR 05918

Multiuser Inverted Microscope with Phase Optica

PHS Grant GM 3990
Yeast RAD Genes in Repair, Recombination and Meiosis

PHS Grant RR 05918
Radioisotopic Tracking of Apclipoprotein Associations with
Lipoprotein Subepecics



A.V. Nichols

A.V. Nichols
S.E. Bicknese

J.C. Owicki
G. Parry

A. Rodriguez

T. Sargent, 111

D. Schild

W. Schimmerling
W. Schimmerling
W. Schimmerling
RI. Schwarz

R.I. Schwarz
P.H. Silverman
B.A. Singer

M.R. Stampfer

M.R. Stampfer

C.A. Tobias
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PHS Grant HL 18574
Lipoprotein Methodology and Biomedical Applications

PHS Grant RR 05918

FDCD Spectral Analysis of Synthetic Peptide Models of
Apolipoprotein Al

PHS Grant Al 19605

Immunological Recognition of Model Membranes

PHS Grant CA 44398
Proteoglycan Influence on Mammary Cell Differentiation

PHS Grant RR 05918
Radiation Effects on Gene Expression in Differentiated Cells: An
In Vitro Model

PHS Grant MH 36801
PET Brain Blood Flow & Metabolism in Alzheimer's Disease

PHS Grant RR 05918
Cloning of Human Genes Using Complementation of Yeast Mutations

PHS Grant CA 23247
Physical Characteristics of Heavy Ion Beams

NASA P.O. L22385A
To Measure the Production of Neutrons by High Energy Heavy Ions

NASA P.O. L9550C

Iron and Oxygen Fragmentation Experiments

PHS Grant CA 37958

Manipulation of the Differentiated State by Oncogenesis
PHS Grant RR 05918

Understanding Celluler Control of Oncogene Expression

PHS Grant GM 39143
Pulse Programmer, Automated Measurement System, NMR Probe

PHS Grant CA 42736

Alkylation of Polynucleotides in vitro and in vivo
PHS Grant CA 24844

Characterization of Human Mammary Cells

FHS Grant CA 30028 (R.Ham, Univ. Colorado)
P.O. 426881
Defined Medium for Human Mammary Epithelial Cells

PHS Grant CA 15184
Heavy Ion Radiobiology Related to Oncology



APPENDIX B: Biology and Medicine Division Staff
September 30, 1987

The accomplishments of the Biology and Medicine Division are due in large measure to the capability
and dedication of its staff. Listed below are those who have participated in the Division’s programs during
fiscal year 1987 as full or part-time employees, consultants, and participating guests. The guest staff
includes visiting scientists, postdoctoral trainees, resident physicians, graduate and undergraduate stu-

dents, and summer research participants.

DIVISION HEAD

Paul H. Silverman
John C. Bartley, Deputy

ADMINISTRATION STAFF

Igor R. Blake

Mary P. Curtis

Janice C, DeMoor
Dianse E. Duhnke
Wendell Hom

Allan W. Long

Vera Martin

Lucy A. Nixon
Georgia A. Peterson®
Louise Ray

Karen S. Ross

Dolores Ruff

Lori E. Ryan

Robert W. Springsteen
Katherine A. Swenson
Frank T. Upham
Christine P. Villaluz
Mary L. Worth

DIVISION SCIENTIFIC STAFF

James R. Abney

S. Javed Afxal

Judith Aggeler
Lavrence P. Aggerbeck
E. John Ainsworth

*Left Biology and Medicine Division prior to
September 30, 1987.

‘Retired during Fiscal Year 1987

iFaculty UC Berkeley

Faculty UC San Francisco

iFaculty UC Davis

Myriam Alhadeff
Julius J. Almasi*
Edward L. Alpen
Bruce N. Ames*

Lynn Anderson’
Melissa A. Austin
Mary H. Barcellos-Hoff
S. Jacob Bastacky
Alan J, Bearden
James C, Beck
Andrew S, Belmont®
Eugene V. Benton
Lesalie Bernatein
Edward A. Berry
Anthony M. Berson®
Guy M. Besson
Stephen E. Bicknese
Mina J. Bissell
Eleanor A. Blakely
William F, Blakely*
Alan R. Brautigan
George Brecher®
Kathleen M. Brennan
Thomas F. Budinger:*
Frederick T. Burkhard
Vincent P. Carabillo®
Joseph R. Castro*
Lorrsine A. Champion®
David Chappell

Aloke Chatteriee
William T. Chu
Gisela K. Clemons

J. Michael Collier
Priscilla K. Cooper
Christopher Cullander
Stanley B. Curtis
Kanu B, Dalal

Maya M. Das’

Mary M, Decker
Richard L. Deming
Stephen E. Derenzo
Danielle Dhouailly*



Martha L. Dixon
Odilon M. DoCanto®
David S. Dolberg
Kenneth H. Downing
Patricia W. Durbin
Shirley N. Ebbe*
Barry L. Engelstad
David E. Erkenbrack®
Michael S. Esposito
Jacob I. Fabrikant?
James A. Fisher'
Wendy L. Fitch*
Paula F. Flicker
James Fontanesi
Trudy M. Forte
Heinz Fraenkel-Conrat!
Kenneth A. Frankel
Michael Freeling'
Cornelius T. Gaffey
John C. Game
Edwin G. Garcia
Grant E, Gauger
Peter S, Geissler
John M. Gerdes
Sandra H. Gianturco®
Robert M. Glaeser!
Michael Goitein

Lois S. Gold

Regine Goth-Goldstein
Martin H. Graham'
Stephen G. Gregg
Thomas L. Hayes
Sheri D. Henderson
Ronald L. Himelman
Lynn R. Hlatky
Libby L. Hoibrook®
‘William R. Holley
Yoshio Hosobuchi®
Junko Hosoda

Jerry Howard
Anthony R. Howlett
Mirko I. Hrovat’
Li-Shar Huang

John P. Huberty
Ronald H. Huesman
William J. Jagust®
Bing K. Jap

John R. Johnston®
Talwinder S. Kahlon
Jonathan A. Kans
Leon N. Kapp®
Parris M. Kidd®
Stevo Knezevic
Ronald M. Krauss®
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Michael La Belle
John H. Lawrence!
Steven A. Leadon
Harold Lecar

Robert M. Leven
Larissa V. Levin®
Richard P. Levy
Ming-Liang Li*
Robert P. Liburdy
Frank T. Lindgren
Jan E. Litton®
Francoise Livolant’
Bernhard A. Ludewigt"
John T, Lyman
Marcos F. Maestre
Andrew C. Magyarosy
Neela B, Manley
Su-Yao Mao

Paul K. Marsden
Manuela Martins-Green
Chester A. Mathis
Mark R. Mc Call
Joyce C. McCann®
Jean M, Mefferd
Howard C. Mel*
Kathleen L. Miiier
Stephen M. Moerlein’
Robert K. Mortimer?
William W. Moses
Brian R. Moyer
Thomas A. Musliner
Nicola T, Neff
Richard Newmark
Alex V. Nichols
Masataka Onizuka’
William G. Owen!
John C. Owickit
Charles S. Parkins®
Gordon Parry
Richard Payne’
Ashot Petrossian®
Paula L. Petti

Mark H. Phillips
Theodore L. Phillips®
Dennis E. Prosen
Gian M. Ratto"
Miguel T. Robinson
Adrian Rodriguez
Mark S. Roos

Ruth J. Roots
Thornton Sargent, III
David Schild

Walter Schimmerling
John C. Schooley’



Richard 1. Schwarz
J. Philip Seab
Alexander T. Shulgin
Bea Singer

Jerome R. Singer
Thomas H. Slone
Sylvia J. Spengler
Martha R. Stampfer
Henry H. Stauffer
Claudio D. Stern®
Andrew W, Stoker
Thomas Swain
Joseph R. Taylor*
Thomas S. Tenforde
Allan Tischler
Cornelius A. Tobias
Peter E. Valk
Karen M. Vranizan
John R, Wetterau®
Paul T. Williams
Mervyn Wong
Tracy C. Yang
Yukio Yano

Michael J. Yezzi’

DIVISION SUPPORT STAFF

Paul Abdul-Malak
Linda D. Abe
Frederick E. Abrams®
Gerald L. Adamgon
Mari Aker

David C. Albarian
Nicholas Alexander’
Charles M. Allison
Sharon L. Amacher’
Georganne M, Backman®
Kari P. Baken

John R. Baker
Ashley J. Barboza'
Josephine L. Barr
Elizabeth D. Beattie®
Maren Bell

Sindy E. Berger
Kathleen A. Bjornstad
Judith M. Blair
Patricia J. Blanche
Nicolas R. Bolo

S. Kay Bristol
Gerald L. Brooks
Mark A. Brown*
Mary L. Cabbage
Veronica G. Cabras
John L. Cahoon
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Mardel M. Carnahan
Dorothy A. Carpenter
Adelle H. Cavanaugh
Rosemarie L. Celli
Polly Y. Chang

Te Ning Chang’
Frank Chavez
Li-How Chen

Marica Chen”

Steve Chi-Long Chen
Cheo-Hstung Cheng
Dennis Chin

Amy L. Chot

Frank Chuang’
Ling-Fong Chung’
Gary M. Cole’

Miguel M, Colina

C. Rebecca Contopoulou
Vincent E. Cook
Douglas Corley*
Benedict J. Costello’
Laurie M. Craise
Freddie L. Crenshaw, Jr.
Betsey L, Cullen
Anne M. Cummings
Maria N. Da Costa®
Massood Darvishzaden
Randy J. De Guzman
Darlene J. De Manincor
Kim Des Rochers’
Ar.drew M. Dienstfrey®
Uyen Nina Dinh*
Luisa I. Disini
Niedra A. Dodson
Neils M., Dua
Michael L. Dunker
Sujay Duita

Maria K. Dybbro
Susan L, Eisenberg
Dennis M. Fantin
Deborah A. Farson
Myrtle L. Foster
Rochelle 1. Frank®
Roscoe Frazier
Samuel W. French
John Frey

Denis L. Fung’
Jennifer C. Fung
Assefa Gebremichael
Sherry L. Gee

Kalle B. Gehring
Christine Giotas
Queen E. Gipson
Brian J. Glassner



Laura A. Glines
Michael A. Glotzer’
Tennessee W.-Y Gock
Elina Golder

Kaarin Keer Goncz
Elaine L. Gong
Edwin H. Goodwin
Sara P. Goolsby
Anders Greenwood
Robert W. Gribben®
Helena B. Hansen®
Steven M. Hanrahan
William A. Hare
Rita Harvey-Turner
Linda J. Harrison*
Anna R. Hashima
Chris A. Haskell’
Carroll Hatier
Virginia C, Havens!
Lilian E, Hawkins
Linda G. Hayashi
Marjaneh Hedavet'
Mark D. Hertle
Christene S. Ho

Lori L. Hollander®
Elizabeth C. Holloway
Christine S. Hong
Sok C. Hong’

Laura J. Horn
Midori M. Hosobuchi
Mildred K. Hughes
Jacquelyn J. Iler
Gayla P. Ivery
Heather M. Jackson®
Nylan M. Jeung

Jay A. Johnson®
Reese M. Jones'
Mary Jordan

Jay S. Joseph®
Julian S, Joseph®
James W, Judnick®
Norbert V. Kang®
Peter M. Kang*
Aaron B. Kantor
Kristina S. Kavanau
Leah A. Kenaga®
Marc L. Kessler
John Kim

Jeffrey S. King
Chris B. Kingsley
Leslie A. Klein®
Brian L. Knittel
Kenneth J. Knudsen®
Seok-Hwan Kong
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Vida W. Kong’

Brian S. Korotzer
Kari L. Koszdin®
Birgetta R. Kullgren
Mary Lou Kurtz
Natalia Kusubov
Mark T. Lasartemay*
Ann Lee®

Charles Y. Lee’
Joong W. Lee
Kyung-Dall Lee
Peter P. Lee

Gerri A, Levine
Lynette L. Levy
Rebecea H. Lichtenberg’
EngH. Lo

Leora Lommel

Janet S. Lowe®

Ryan P, McCormack
Tommy J. McKey
Renae 1. Magaw®

Eva J. Mah'

Lynn J. Mahlmann
Dimitrios T. Maleas®
Marc S. Mendonca'
Peter L. Miller

Roger L. Miller
Barbara Modlinski
Herbert W. Moise, III
Charles W. Moniak
Alyssa M. Morimoto®
Marshall L. Morningstar
Lenny Moss’

Steve S. Neben
Tamlyn K. Neben
Robert W. Nordhausen
Virginia I. Obie
Christene Y. Oh*
Lucinda S. Olney
Joseph R. Orr

Lars G. Osterberg
Laura M. Palanck
Annie C, Pang
Srisawai Pattamakom
Eva A, Penzes

Guy A. Perkins
Denise M. Peterson
Patrick G. Pieper'
Huan N, Phan'
Patricia P. Powers-Risius
John C. Prioleau
Tracy G. Ram

Jose A, Ramirez

Ross A. Ramos
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Monica H. Reimers
David Reisman
Gerardo C. Rios’
Ellen Saegerbarth
Laureen Sasaki
Karen R. Schenk
Janis S, Scherer
James B. Schmidt
Annelie D, Schumann
Janet F. Selmek-Halsey
Mark Shavers
Michael Sieweke
Mohindar Singh
Karen C. Sitney”
Jonathan Slack
Karen L. Smith*
Margaret M. Snowden®
Michael T. Solis*
Marcia E. Somers
Dorothy S. Sprague
Karen A. Springsteen
Uhsa Srinivasan
Audrey D. Stapleton
Daniel Straus

John D, Stubbs
Shirley C. Sutton

Herbert C. Szeto®
Annie Tang

Pat Tittiranonda
Jo Ann Trejo’
Sally P. Tubach
Julia A. Twitchell
Greg Y. Uramoto
Vladimir Vacata
Janice Valmassoi*
Dresden D, Van Dusen
Paul F. Vanek®
Peter J. Walian
Alex K-Y Wang
Karly S. Wang’
David K. Warland
Chiahon Wei*
David C. West
Nancy C. White
Monroe Whitney
Eric D, Wieder'
Scot W, Wigert
Jennifer A, Wong*
Sam T.S. Wong
Marilyn Yee

Alice Yeh'

Karen L. Zettl



DIVISION ADVISORY COMMITTEE

Paul H. Silverman, Chair

John C. Bartley/Priscilla K. Cooper

Mina J. Bissell

Eleanor A. Blakely

Thomas F. Budinger/Thornton Sargent III
Trudy M. Forte/Bing Jap

Robert K. Mortimer

Comelius A. Tobias/Aloke Chatterjec

Igor R. Blake?

Lori E. Ryan*

DIVISION STAFF COMMITTEE

Tony W. Sargent, Chair
Mina J. Bissell

Aloke Chatterjee
Trudy M. Forte

John T. Lyman

Walter Schimmerling

EQUIPMENT COMMITTEE

Shirley N. Ebbe, Chair
Stephen E. Derenzo
Willixm R, Holley
Steven A. Leadon
Marcos F. Maestre
Richard I. Schwarz
Allan W. Longt

SPACE COMMITTEE

Thomas S. Tenforde, Chair
Priscilla K. Cooper
Kennetbh H. Downing
Chester .A. Mathis

Richard I. Schwarz

Allan W. Long

SALARY COMMITTEE

Paul H. Silverman, Chair
John C. Bartley
Thomas F. Budinger
Trudy Forte

Cornelius A. Tobias

Igor R. Blaket
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Committees

DONNER SEMINAR COMMITTEE

Priscilla K. Cooper, Chair
Sheri D. Henderson

Bing Jap

Gordon Parry

HUMAN USE COMMITTEE

Henry H. Stauffer, Chair
J. Michael Collier
Shirley N, Ebbe
Kathleen E, Handron
Mark H. Phillips

Peter E. Valk

Janice C. DeMoort

RADIOACTIVE DRUG RESEARCH COMMITTEE

Henry H. Stauffer, Chair
Aloke Chatterjee
Patricia W. Durbin
Jacob I, Fabrikant

Paola S. Timiras

Peter E. Valk

Janice C. DeMoor

ANIMAL WELFARE AND RESEARCH

COMMITTEE

John C. Bartley, Chair
Hermann Bonasch
Kathleen M, Brennan
Gisela K. Clemons
Janice C. DeMoor
Steve F. Sapontzis
Kent A, Zimmerman
Robert W. Springsteent

DONNER LIBRARY COMMITTEE

Stanley B. Curtis, Chair
James C. Bartholomew (LCB)
Jacob Bastacky

J. Michael Collier

Junko Hosoda

John C. Owicki

Adrian Rodriguez

Dorothy F. Denney*

Hillis L. Griffint



SAFETY COMMITTEE

John T. Lyman, Chair
Eleanor A. Blakely
Kathleen M. Brennan
Deborah A. Farson
Regine Goth-Goldstein

‘Ex officio, nonvoting member
iExecutive Officer
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Jacqueline Iler
Herbert W. Moise
Robert W. Nordhausen
Patricia Powers-Risius
Robert W. Springsteen
Allan W. Long*



