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FOREWORD

The joint NASA-AEC program at the Donner
Laboratory was established with the aim of bet-
ter understanding the effects of space radiations
and relating them to the special problems of
NASA- to help insure the safety of astronauts
during space flight, to understand possible in-
teractions between radiation effects and other
factors of space and planetary exploration, and
to understand basic aspects of the relations of
radiations to exobiology

Special facilities of the Laboratory include
two cyclotrons, which allow studies with proton
and helium-1on radiations, and a heavy-ion lin-
ear accelerator, which produces low-range ac-
celerated 1ons up to argon.
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MOLECULAR STUDIES

Introduction

We hope to improve understanding of imitial interactions be-
tween 1onmizing radiations and organic matter and the manner in which
molecules are transformed to cause biological effects.

Special tools available include electron spin resonance equip-
ment, spectroscopy, and special magnets. Exposures are carried
out at a 5-MeV electron accelerator.

Earlier studies 1in the Laboratory have demonstrated free rad-
1cals induced by radiations in enzymes and in 1ce. It was also shown
that even at liquid temperature these are secondary radicals. During
the past year methods were developed to irradiate and measure mo-
lecular samples near liquid helium temperature. This may allow a
quantitative accounting of all initial radical species 1n 1ce, 1n hydrated
inorganic crystals, in enzymes, and 1n amino acids. LET dependence
of various effects was also measured.

We have characterized inactivation of enzymes 1n the dry
states, 1n water suspension as a function of pH, at various LET, at
various temperatures, and in the presence of radiation modifiers.

The relationship between enzyme inactivation and free radicals
induced remains one of the long-term goals.

Another long-term goal 1s to identify and understand the free
radicals induced 1n dried and cooled cellular material (e.g., spores
of B. megaterium) and the relationship of the free radicals to lethal-
1ty and mutations in cells.

Another goal 1s to understand ''annealing’’ of free radicals
when molecules and cells are stored at low temperature, so that radi-
ation damage disappears.

Triplet states induced 1n nucleic acids are of current interest.

The study of magnetic field effects has led to the imitiation of
research on liquid-crystal states of biologically important compounds.
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ELECTRON SPIN RESONANCE STUDIES OF H20 RADIOLYSIS
AND LINEAR ACCELERATOR DEVELOPMENT
DIRECTED TOWARD ESTABLISHMENT
OF PULSE RADIOLYSIS FACILITIES

Thomas E Gunter

Electron spin resonance (ESR) provides an excellent experimen-
tal tool to use 1n radical identification Since free radicals contain an
unpaired orbital electron, they are invariably paramagnetic. ESR,
which 1s sensitive only to paramagnetic species, and 1s almost unaf-
fected by the nonmagnetic molecules 1n the sample, hence allows one to
study free radicals even at low radical abundance

Identification of a free radical through ESR 1s usually made
through a knowledge of the number and relative intensities of spectral
lines predictable through a knowledge of the hyperfine interaction.

Regardless of whether or not the radical can be 1dentified
through 1ts spectrum, 1ts spin concentration may be determined by cal-
culating the area under its absorption curve and comparing it to the
corresponding area under the absorption curve of a standard whose
spin concentration 1s known Hence such parameters as radiation yield
and spin concentration at saturation of the crystal's available sites can
be determined through ESR techniques

OH produced by radiolysis of H,O has been 1nvestigated at this
Laboratory, by use of the ESR technique, 1in single crystals of ice,
CaSO4 2H20, and 113504 + HpO. These studies were carried out at
77°K except for a few preliminary studies made at 4.2°K.

In these studies, the effective spin Hamiltonian was determined
for OH, trapped in each of the above-mentioned crystal lattices For
the 1ce, the experimentally determined spectroscopic splitting tensor
was shown to be 1n agreement with a simple theory based on crystal
field theory. The experimentally determined hyperfine splitting of the
OH radical was shown to be 1n agreement with that predicted by an
LCAO MO calculation (see Fig 1 and Table I).

In the 1rradiated sulfates, magnetic resonance spectra of OH,
H atoms, and some form of trapped electron were observed.

Radiation yield measurements fsr OH 1n 1ce at 77°K are shown
in Fig 2 over the dose range 104 to 107 rads.

The preliminary spectroscopic studies at 4 2°K have indicated
interesting changes 1n the SR spectrim of 1ce (irradiated at 77°K)



OPTIC AXIS ROTATION SPECTRA
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Fig 1. Derivative of resonance absorption vs field for a series of
crystal orientations from OH 1n hexagonal, single-crystal tce. Rotation
1s about the crystal optic axis. The lines show absorption line positions
predicted by the fitted effective spin Hamiltoman. The difference 1n the
spectra shown at 15 and at 45 deg 1s believed to be due to errors in
crystal orientation.
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Fig. 2. Number of trapped OH radicals vs dose for irradiated H,O at
77°K. The radiation yield determined from the low-dose end of this
curve is Goyg = 0.8 radical/100 eV.
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Table I. OH experimental and theoretical spii-Hamiltonian parameters.

Experimental values, Experimental values, Predicted
OH 1n ice OH 1n vapor values

gy = 2 0615+£0.010 - - - 2.0631

g, = 2 0095+0.005 ) - - - 2.0077

A_=70e%50e 50e 0.3 Oe > 5.019 Oe P

A=A = -430e%50e -42.6 Oe £0.3 Oe 2 -38.87 Oe °

A = -26 30e=x50e -26.70e%0.20e? -24.240eb

_isotropic " """ " _ .

a. Ref. 2

b. Ref. 3

with temperature, 1in-the range 77°K to 4.2°K. These observed line-
shape changes cannot be completely explained on the basis of present
data, but they may have to do with the presence of other paramagnetic
species whose spectra are "'washed out'’ because of large line widths
at 77°K.

Improvements 1n the spectrometer system are necessary in
order to complete this work. These improvements are currently being
made.

The technique of low-temperature trapping of reactive species
produced by radiolysis of biologically interesting materials 1s, of
course, only one of the methods by which such species may be studied.

In collaboration with the radiation chemistry group here at
Lawrence Radiation Laboratory, we are seeking to set up an optical
pulse radiolysis system.

Our part of this work consists of improving: the short pulse
capability of our electron linear accelerator so that nanosecond or even
subnanosecond rise and fall times of the beam are obtainable. Dose
rates must also be increased, of course, to allow high doses to be
delivered in the short pulses

The changes are planned to be carried out 1n three steps, each
improving the electron linac and leaving 1t 1n operating condition so
that loss of experiment time i1s minimized. The three steps might be
described as

1. Design and construction of an electron gun and injection

acceleration cavity.

2. Incorporation into the system of the Stanford Accelerating

Guide.
3. Addition of an electron bunching system.
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Step 1 will allow pulse lengths which are continuously variable
from subnanoseconds to 7.5 microseconds. Beam 1intensity will be con-
tinuously variable from zero to the maximum allowed by the acceler-
ating guide design (about 175 mA per pulse). Beam energy will be
variable from 0.5 to 8 MeV.

Step 2 will extend the useful beam energy to from 0.5 to 25
MeV and will increase the beam intensity to the maximum allowed by
the Stanford Accelerating Guide, which should be i1n excess of 300 mA
per pulse.

Step 3 will further shorten the pulse length.

At present, step 1 has reached the test stand stage.

References
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PRODUCTION OF FREE RADICALS AND RADIATION DAMAGE
IN TRYPSIN BY IRRADIATION WITH ELECTRONS AT 4.2°K

W. Barrie Jones *

General Background

Although biophysicists and radiobiologists have sought for many
years to.elucidate the molecular mechanism(s) by which radiation
1nactivates molecules of biological significance, the question of the
relative importance og ionizations versus excitations i1n this process
remains unanswered. -~ With development of the technique of electron
Spin resonance (ESR) analysis, after the work of the Russian scientist,
Zavoisky, © 1t became possible to study the free radicals produced by
irradiation. (A free radical may be defined as a molecule or part of a
molecule 1in which the normal chemical bonding has been modified so
that an unpaired electron 1s left associated with the system. The un-
compensated spin motion of this odd electron causes the free radical to
exhibit a magnetic moment, ESR analysis 1s based upon the measure-
ment of the energy associated with the spin and moment of the unpaired
electron.) It is evident that appearance of free radicals produced by
romzing radiation can be used as an index of molecular damage. Fur-
thermore, the irradiation-induced inactivation of enzymes can also be
taken as evidence of damage to the enzyme molecule. The possible
implication of the irradiation-produced free radical §S5the agent of
molecular damage was suggested by recent studies, *~~ which showed
that there seem to be correlations between the yield of free radicals
induced 1n dry enzymes by 1onizing rad1at10n3and the corresponding
inactivation of the enzyme. Thus Henriksen” has shown that the change
in total yield of free radicals produced by irradiation of trypsin as a
function of temperature exactly parallels the change 1n enzyme 1nact:-
vation over the same temperature range. Similar parallel changes in
radical yield and enzyme 1nactivation were observed™ when the stopping
power ff the radiation was varied over the range fr%zal 2 to 2X10% MeV
g‘icm . In 3 study of the inactivation of RNase by "“Co y rays, Hunt
and Williams~ found a good correlation between 1nactivation of the en-
zyme and the y1eld of the "doublet" type of radical, and, using this
correlation, were able to make accurate predictions for the effect of
postirradiation exposure to O, on the radiosensitivity of the enzyme.
However, Brustad and co-workers~ did not find the same correlation
between 1nactivation of trypsin and the yield of uv-induced free radicals.
In considering this conflict, 1t should be borne 1n mind that free rad:-
cals are very reactive chemical species, that the radicals studied 1n
the works outlined above are NOT the 1nitial spin centers, but are the
relatively more stable "secondary' radicals which may well be among
the last steps in the chain of reactions leading from thé primary

*USAEC Postdoctoral Fellow
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absorption events, and that the injury which leads to 1nactivation of
the enzyme molecule may be related to one of the earlier events 1n
the reaction chain. Thus the question of whether free radicals pro-
duced 1n the enzyme molecule cause enzyme 1nactivation or merely
serve to 1ndicate damage already done cannot be decided until the
first free radicals (1mtial spin centers) have been characterized and
their yields checked for correlation against enzyme 1nactivation. It
was realization of this problem that led to the research described in
this brief paper. Because of the great reactivity of the imtial spin
centers, 1t 1s necessary to go to extremely low temperatures 1n order
to stabilize the radical for a sufficient time to allow ESR spectral
and yield measurements to be made.

Long-Range Goals

Although results presented here are quite preliminary, 1t
would be well to briefly outline the form of the entire project:
(a) Check correlation between yield of 1initial spin centers and in- |
activation of enzyme. o
(b) Determine 1if the radiosensitivity at liquid helium temperature
(4.2°K) 1s the same as at liquid nitrogen temperature (77°K). If the
sensitivities are not the same, then different mechanisms of damage
production are operative at the two different temperatures and the
conclusions drawn from the studies at liquid helium temperature _
would not be valid for explaining radiation effects at higher temper-
atures,
(c) Characterize the ESR spectrum of the enzyme radical (s), 1.e.,
determine the number of lines, the line width, the spectroscopic g
value for each line, etc.
(d) Try to pinpoint the location of the radical(s) in the enzyme mole-
cule by 1irradiating component amino acids and peptides and examin-
1ng their ESR spectra to determine 1f the spectrum of the enzyme can
be ascribed to any of 1ts component parts.
(e) If (d) 1s successful, try to grow single crystals of the amino ac-
1d(s) or peptide(s) exhibiting the same ESR spectrum as the enzyme.
Then

(1) obtain crystallographic parameters from the literature, 1if
available, or try to determine these parameters by use of x-
ray diffraction or small-angle electron scattering i1n an elec-
tron microscope (see Ref. 7), depending on the size of the
single crystal available. .

(11) Once the crystallography i1s known, i1rradiate the single-crys-
tal form of the amino acid or peptide and study the ESR spec-
trum as a function of crystal orientation. From these results,
determine the radical structure.

(f) Qualitatively characterize the reaction pathway(s) from the initial
centers to the stable secondary radicals by irradiating at 4.2°K and
measuring the yield of centers 1n the enzyme, warming slightly and
again measuring the yield and noting any change 1n the spectrum,
warming agaiwn, etc.
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These goals may seem ambaitious, but their achievement requires only
a great deal of time and effort. The requisite techniques for their
accomplishment are all available.

Preliminary Results for Trypsin

Dry, powdered trypsin, twice crystallized, obtained from Sigma
Chemacal Co., St. Lowms, Mo., stored in a desiccator over silica gel at
-20°C, was placed 1n a glass sample tube which was_evacuated with a
mercury diffusion pump to a pressure of 1 to 3X 105 mm Hg, the tube
was then sealed with a torch. The sample tube 1s of a special design
(see Fig. 1) which allows the sample to be irradiated through the irrad:-
ation port of the irradiation cryostat (Fig. 2), after which the '"gate"
inside the sample tube 1s actuated and the sample then falls to the bot-
tom of the tube, which 1s centered inside the ESR resonance cavity. In
this manner 1t 1s possible to both irradiate the sample and measure 1ts
ESR spectrum while keeping the sample always at 4.2°K; and, since the
irradiated portion of the glass sample tube 15 kept outside the ESR cawity,
the F centers formed 1n the glass by the irradiation do not interfere
with the measurement of the spins produced 1n the sample. The ''gate"
inside the sample tube 1s 2 brass disk upon which the sample rests;
after 1rradiation, a sharp blow on the sample support rod causes the
disk to rotate and drop the sample. The cryostat shown in Fig. 2 holds
helium for about 4 hr 1f low doses have been delivered, and i1t has now
been modified with an additional transfer opening on the top to allow
liquid helium to be added while the sample 1s in place.

Using the above equipment and irradiating with 6.5-MeV electrons
from the Berkeley Linac to give doses of 1 to 20 Mrad at a dose rate of
approximately 1 Mrad/min, I found that trypsin displayed the same
radiosensitivity at liquid helium temperature as at liquid nitrogen tem-
perature. The ESR spectrum of trypsinirradiated at 4.2°K 1s seen 1n
Fig. 3; 1t consists of an unresolved doublet with a line width (both lines)
of 24.85 Oe, with spectroscopic g values gpy (both lines) = 2.0021 and
8lesser line = 2-0010. Although one of the simplest processes by which
the normal chemaical binding could be altered to produce a free radical
would be the removal of a hydrogen atom, no hydrogen atoms were
seen. (This may be a problem of sensitivity, and modifications of the
spectrometer to vastly increase its sensitivity are now 1n progress.)

The amino acid sequence in the region of the active site has been
determined for trypsin (for a review, see Ref. 8) by use of the com-
petitive inhibitor, diisopropylphosphofiluorodate (DFP), which reacts
with the active site of trypsin to give trypsin-DIP. Hydrolysis of this
reaction product yields fragments of various lengths with the DIP
attached. From the analysis of these fragments, a sequence of fifteen
amino acids has been determined 1n the region of the active site, as
shown 1n Fig, 4. In addition, 1t is felt that the active site probably has
histidine i1n close proximity to the serine, with the histidine brought
from elsewhere 1n the protein by secondary and tertiary folding. Now
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The dimensions are such that
the correct positioning of the sample for 1rradiation automatically
places the inside bottom of the tube at the center of the ESR cawvity.
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TRYPSIN 4.2°K
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Fig. 3. ESR spectrum of trypsin irradiated and measured at 4.2°K.
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DIP

-Asp-Ser-CyS- Glu- Gly-Gly-Asp-Ser-Gly-Pro-Val-CyS-Ser-Gly-Lys-

TRYPSIN + DFP------- TRYPSIN-DIP
DIP = diisopropylphosphoryl-
DFP = diisopropylphosphofluoridate

Asp = asparagine Gly-Gly = glycyl-glycine
Ser = serine Pro = proline

CyS = cysteine Val = valine

Glu = glutamine Lys = lysine

Gly = glycine

DBL 678-1737

Fig. 4. Amino acid sequence 1n the region of the trypsin active
site. -
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since I am ultimately concerned with the relation of the initial spin
centers to enzyme 1nactivation, 1t seermed very desirable to irradiate
the amino acids in the region of the active site to see 1f any would
give the same (or similar) ESR spectra as observed for trypsin,
Consequently histidine, the dipeptide glycyl-glycine, and all the amino
acids of F1g. 4 except glutamine have been 1irradiated at 4.2°K, and
their ESR spectra have been determined. Absolute yield measure-
ments have not been possible, due to marked i1nstability 1n our inte-
grator; however, relative yield measurements were made upon the
derivative spectra by comparing amplitudes after taking into account
differences i1n line width. The results of these measurements may be
briefly summarized as follows: except for glycine, glycyl-glycine,
and serine, all the amino acids had yields of imitial spins at least one
order of magnitude less than the yield in trypsin, while the yieldsin
glycine, glycyl-glycine,: and serine were of the same order of magni-
tude as the yields in trypsin. Since serine 1s the only member of this
trio which 1s clearly involved in the active site, the serine ESR
spectrum was of prime interest. However, 1t can be seen (Fig. .5)
that the serine spectrum bears no resemblance to the trypsin spectrum;
the total line width of this spectrum 1s approximately 62 Oe. These
factors make 1t unlikely that serine contributes significantly to the
ESR spectrum seen for trypsin.

Glycine and glycyl-glycine give ESR spectra which appear to
be i1dentical to the trypsin spectrum of Fig. 3, the spectroscopic g
values are the same within the accuracy of the measurement. How-
ever, the line width for glycine 1s approximately 42 Oe, compared
with 25 Oe for trypsin. When two glycine moieties are combined 1n
glycyl-glycine, the line width falls to approximately 28 Oe; 1t would
be most interesting to see 1f the addition of a glu- or -asp to a gly-
gly unit brought the total line width still closer to the 25 Oe observed
for trypsin.

On the basis of these results, 1t 1s tempting to conclude that
the 1nitial spin centers i1n trypsin are formed in the gly-gly units or
perhaps 1n a dipeptide unit composed of glycine and one other amino
acid. Further studies are being undertaken with gly-ser, gly-asp,
gly-pro, gly-glu, and ser-gly (see Fig. 4) to evaluate the latter pos-
sibility, and glutamine 1tself will be carefully checked. Growth of
single crystals of glycine, glycyl-glycine, and the other relevant di-
peptides has been started, and the i1dentification of the radical struc-
ture should be in full swing by late fall or early winter. The truly
interesting part of this project has just begun; positive 1dentification
of the 1nitial centers of radiation damage 1n trypsin should be possible
within the next year.

In addition to the obvious need to search out "'knowledge for
knowledge's sake, ' there 1s a practical benefit to be derived from the
basic research described 1n this paper. Intelligent prophylaxis of
radiation lesions at the molecular level can be done more readily
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Fig. 5. ESR spectrum of serine irradiated and measured at 4.2°K.
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when the initial centers of damage have been 1dentified. Thus work
carrying the unlikely title displayed on the first page of this paper may
eventually provide direct benefit to an astronaut exposed to the radia-
tion hazards of space travel.
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EXCITED ELECTRONIC STATES IN NUCLEIC ACID COMPONENTS
AND THEIR RELATION TO RADIATION DAMAGE

Martin D. Shetlar

In the past decade or so, much information has been brought
forth concerning the-identity of the final reaction products and of re-
active chemical intermediates involved in pathways leading to radiation
damage. In many cases, non-free-radical species 1n excited states
are thought to be intermediates. However, relatively little defimte
information has been forthcoming on questions such as (a) are singlet
or triplet states (or both) involved in the production of damage products,
or (b) are excited singlet or triplet states immediate precursors of
observed free radicals? An understanding of the processes occurring
at the ‘excited-state level is vital for eventual delineation of the com-
plete reaction pathway leading to radiation damage.

Of the excited states which may be involved in radiation damage
processes, those most likely to participate in pathways leading to dam-
age are the lowest singlet and triplet states of the original molecule or
of chemical intermediates. This 1s because of the very fast rate
processes leading to deactivation of higher electronic states, in con-
trast to considerably slower rates for chemical 'reaction with other
chemical species (dissociation processes, of course, can take place
during the time required for a molecular vibration). In nondissociative
processes, 1t should be sufficient to study the reactive properties of the
lowest triplet and singlet excited states in the reactions of interest.

The specific goals of the present research are:
1. To find which radiation damage processes are attributable to
processes leading through the lowest triplet states and which must be
assigned to singlet-state reactions.
2, To try to find, on the basis of the results of the above research,
an experimental understanding of the sensitization of nucleic acids to
radiation damage by substitution of halogenated base analogs.

Two approaches are being used to help solve these problems:
A. The use of triplet-triplet (T-T) absorption to help probe the energy-
level manifold of nucleic acid components.
B. The use of triplet quenchers to help determine the relative impor-
tance of the triplet state and singlet states in processes leading to re-
active damage.

A, Triplet-Triplet Absorption

To understand the rationale behind the use of T-T absorption as
a tool for the achievement of the above goals, consider Fig. 1. In this
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figure: Case A and Case B represent the energy-level structure of two
pyrimidine bases.. In Case A, an excited molecule decays in approxi-
mately 10-12 second to the lowest excited singlet state. There, within
10-8 sec 1t will either return to the ground state or cross over 1nto the
triplet manifold or react with an available chemical species. A similar
situation holds 1n Case B except that intersystem crossing 1s much en-
hanced because

* 3 2 %

ra.te[1'S(n2‘rf'lT ) - T1(n )]

; 1 % 2 3 2_*,
<<rate[ S (nmm) - T1(n1r 7 )]

Since an excited nonbonding electron is involved in the second
excited triplet state of the molecules in Fig. 1, environmental con-
ditions have a large effect on the energy of this level. Similarly halo-
genation may shift this level from Case A to Case B. If the triplet
state 1s a reactive intermediate in radiation damage, any effect which
shifts a pyrimidine base from Case A to Case B will enhance its sensi-
tivity to radiation damage. Indeed, inwuracil the radiation sensitivity

to ultraviolet radiation has been observed to vary as a function of pH
and of solvent. - - -

By examiming the T-T absorption spectrum of the various nucleo-
tides, nucleosides, and bases, especially as a function of pH, and like-
wise 1nvestigating the spectra of the halogenated analogs, one 'may
gain insight 1nto the reasons for the varied radiation-damage behavior
of the nucleic acid components. -

Results

A Dewar and light source have been constructed which allow
steady-state illumination at 2536 A ofthe sample 1n a long optical path-
way at liquid nitrogen temperatures. The molecules under study are
placed in solvents which form noncracking glasses at liqud nitrogen
temperatures. The apparatus was tested by observing the previously
reported T-T spectra of naphthalene, anthracene, and bromonaphthalene.
The apparatus was also found suitable for phosphorescence and fluores-
cence studies.

Preliminary studies on thymine and uracil were carried out and
the results of the phosphorescence and fluorescence studies of previous
workers were confirmed. Faint absorption regions in the near-infra-
red region were observed, but the regions were not of sufficient intensity
to allow definite conclusions to be drawn.

A high-intensity dc ultraviolet source has been acquired which
will allow much higher concentrations of triplet-state molecules to be
produced., This in turn will produce -higher absorption intensities., A
Dewar has been constructed for use with the Cary 14 Spectrophotometer
that will allow greater sensitivity in scanning the infrared region for
these transitions,
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Fig. 1. Effect of environment on molecular energy levels. (See text.)
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B. Triplet Quenching Studies

¢

The use of triplet quenchers allows one to make detailed studies
of the excited-state processes which occur during radiation-induced
chemical damage, - - :

By measurement of quantum yields of radiation-damage reaction
product as a function of triplet quencher concentration, one can often
derive such useful information as the lifetime of the triplet state under
the environmiental conditions of the reaction and the relative quantum
yields of competing pathways passing through both the singlet state and
the triplet state if such should exist.

A further use of triplet quenchers, 1in particular trans- and cis-
piperylenes, 1s in the technique known as chemical spectroscopy. This
technique allows one to determine the intersystem crossing quantum
yields for an excited molecule 1n a given environment. Using this
technique, one can gain information which 1s directly correlatable to the -
information gained through T-T absorption. In environments in which
the previously described Case A holds, small intersystem crossing
quantum yields should be observed. In Case B, larger intersystem
crossing quantum yields should be observed. If one should find fortu-
nate cases in which a change from Case A to Case B occurs as one
changes the environment, one might be able to provide dramatic evi-
dence of involvement of triplet states i1n reactions by measuring quan-
tum yields of product as one moved from Case A to Case B.

'

Results

Thus far four reactions have been studied by use of triplet
quenching methods,
1. Uracil in methanol: The photoreaction of uracil with methanol
leads to the addition of methanol across the 5,6 double bond as well as
other reactions leading to unidentified products. It has been found that
at least part of the damage occurs through triplet-state pathways. The
lifetime of the uracil triplet state has been determaned,
2. N, N-Dimenthyluracil in methanol: Triplet quenching studies of this
system support the conclusion that all reaction proceeds through the
lowest excited singlet state.
3. Uridylic acid 1n methanol: In this case, triplet quenching studies
produced anomalous results. The quantum yield of photoproduct, in-
stead of being decreased, was increased. A preliminary model ex-
plaining these results 1s being considered, but further experimental re-
sults are needed before definite conclusions can be drawn,
4. The interaction of uridine 1n ethanol has been studied in the greatest
detail. It has been found that this molecule goes through both the triplet
state and singlet state in the 5,6 addition reaction of ethanol. A very
large oxygen effect has been noted., The lifetime of the triplet state has
been measured and assigned a value of 10-6 sec. The effects of oxygen
on the singlet-triplet crossing rate are being studied.
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It 1s planned to extend the above studies to

® Triplet quencher effects on reaction yields to cytidylic acid radia-
tion-induced reactions.

® Dimerization reactions of thymidylic acid and orotic acid to deter-
mine excited-state pathways.

® Use of the method of chemical spectroscopy to determine inter-
system crossing yields for important nucleic acid components and
analogs and correlate these data in the manner mentioned above with
T-T absorption data.
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EFFECTS OF HOMOGENEOUS MAGNETIC FIELDS
UPON BIOLOGICAL SYSTEMS

Nabil M. Amer

Ameri described the effects of homogeneous magnetic fields
upon the development of Tribolium confusum incubated at constant
ambient temperature as qualitatively equivalent to an 'intrinsic cooling
effect' of the order of 1°C/6000 gauss. One possible explanation for
the relatively large magnetic field effect 1s the assumption that the
field affects the structure and possibly the transport properties of
biological membranes and macromolecules, altering their molecular
arrangements and intermolecular forces.

We tested the '"intrinsic cooling' hypothesis with substances
with mesomorphic states which, when cooled, have the characteristic
of changing their light-scattering properties as a function of tempera-
ture. The change 1s expressed in a shift in the wavelength of scat-
tered light. When a mesomorphic state wath a range of coloration be-
tween 34° and 37° was maintained at an ambient temperature of .’
37°C % 0.1 and an external magnetic field of 6.3 kG was applied to the
preparation, a gradual change in the wavelength of the scattered light
was obtained (a shift from 4600 to 62Q0 A)

Currently we are in the process of attempting to extend this
analogy to hormones, particularly those governing the development of
Tribolium.

1. Nabil M. Amer, Radiation Res. 19, 215, (1963) and Ph. D. Thesus,
University of Califormia, 1965,
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CELLULAR STUDIES

Introduction

The effects of light and heavy accelerated nuclei on cell sys-
tems have been under study in the Laboratory for a number of years.
Of current interest are:

Kinetics of cell survival and relative biological effectiveness.

Mutational and _genetic effects and their molecular aspects.

Environmental modification of radiation injury.

Repalr processes.

Molecular mechanisms of hormonal effects in relation to cellular
control processes.

Search for synergistic effects (vibration, gravity, magnetic fields).

Relationship of cellular injury to radiation syndrome in multi-
cellular organisms. Because of the availability of extensive recent
publications, this section of the report was kept brief:

Examples of Recent Publications

Paul W. Todd, Reversible and Irreversible Effects of Ionmizing Radi-
ations on the Reproductive Integrity of Mammalian Cells
Cultured in vaitro (Thesis), UCRL-11614, Aug. 1964.

John T. Lyman, Dark Recovery of Yeast Following Ionizing Radiations
(Thesis), UCRL-16030, March 1965,

Edward Siegel, The Effects of Thyroid Hormones on Cultured Mam-
malian Cells, UCRL-16776, March 1966.

R. K. Mortimer, T. Brustad,and D. V Cormack, Influence of Linear
Energy Transfer and Oxygen Tension on the Effectiveness of
Ionizing Radiation for Induction of Mutations and Lethality in
S cerevisiag, Radiation Res. 25, 465-482 (1965).

E. L. Powers, J. T. Lyman, and C. A. Tobias, Some Effects of
Accelerated Charged Particles on Bacterial Spores, submatted
to Intern. J. Radiation Biol.

E. Siegel and C. A. Tobias, End-Organ Effects of Thyroid Hormones:
Subcellular Interactions in Cultured Celdls, Science 153, 763-
765 (1966).

E. Siegel and C. A. Tobias, Actions of Thyroid Hormones on Cultured
Human Cells, Nature 212, 1318-1321(1966).
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C. A. Tobias and P. W. Todd, Heavy Charged Particles in Cancer
Therapy, U. S. National Cancer Monograph No. 24, Radio- -
biology and Radiotherapy, National Cancer Institute, Bethesda,
Maryland, pp. 1-21, 1967.

C. A. Tobias, N. M. Amer, J. K. Ashikawa, J. T. Lyman, L. W.
McDonald, J. V. Slater, C. A. Sondhaus, and P. W. Todd, in
Proceedings of Second International Symposium on Basic
Environmental Problems of Man i1n Space, Paris 1965, (Springer-
Verlag, 1967), pp. 141-159. x ’

Collaborative studies are being carried out with workers in a
number of other laboratories. Examples are F. de Serres, G. Staple-
ton, R. McGrath, and F. Oakberg, Oak Ridge National Laboratories;
S. Nakai, Japan; D. V. Cormack and Roger Inch, Toronto; L. Powers,
University of Texas; and Harold Smith, Brookhaven National Labora-
tory. - '
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THE EFFECT OF VARIOUS LET RADIATIONS ON "STEM CELLS"
AS MEASURED BY THE SPLEEN COLONY-FORMING TECHNIQUE

Jose M. Feola and John C. Schooley

The effects of heavy 1ons on mammalian cells have been
determined with a high degree of precision by using the colony-
forming ability as end point. *»© Irradiation of monolayers of cells
attached to the bottoms of plastic dishes allows accurate dosimetry,
easy quantitation, and good control over environmental conditions for
the study of the oxygen effect as_well as other variables of interest for
basic radiobiological research. 2

Results obtained with i1n vitro techniques are not directly appli-
cable to radiotherapy unless the same effects can be demonstrated with
in vivo techniques. It 1s also desirable to establish differential radio-
sensitivities of normal and tumor cells i1f possible.

The, transplantation technique developed by Hew:1tt® and Hew:tt
and Wilson® has been used 1n this Laboratory'?' 8 to study the effects of
heavy 1ons on tumor cells i1rradiated 1n vitro and grown 1n vivo. A
number of technical problems, the main one being the impossibility of
determining the distribution of the dose delivered to the cells, left
these experiments 1n a qualitative stage.

The high degree of precision obtainable with the spleen colony-
forming technique developed by Till and McCulloch? and McCulloch and
T11l, 10 ang the possibility of 1rradiating cells 1n suspension 1n i1rradia-
tion chambers of the type designed by Tor Brustad, 11 moved us to
undertake a new series of experiments. These experiments were de-
signed to yield information on the effects of heavy 1ons on normal and
tumor cells, i1rradiated in vitro under normal, hypoxic, and hyperoxic
conditions. -

This first series of experiments deals with irradiations of bone
marrow cells 1n suspension and assay 1n vivo by the spleen colony-
forming method.

Materials and Methods

LAF, female mice were chosen for these experiments because
of the possibility of further work \ivitl'astumor cells which also produce
spleen colonies in these amimals. =™’ The LD50/30 for 60Co Yy rays
was determined to be 900+ 50 rads.

The bone marrow of the mouse contains cells which, upon
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transplantation into lethally irradiated hosts, settle down, proliferate,
and form discrete nodules i1n the spleen which can be easily counted.

Mice were irradiated at 1,22 meters from a ©0Co source at a
dose rate of 12.5 R/min in air. A dose of 1150 rads was given to all
recipient mice. After irradiation, groups of five mice were housed 1n
sterilized cages and allowed to drink chlorinated water containing 0.5
to 4% Terramycin. Control mice which received no bone marrow cells
were 1ncluded 1n all experiments, and the endogenous spleen colony
level was less than 0.4 colony per spleen 1n most cases.

. Bone marrow cells were obtained from the femurs and tibias of
1sologous donor mice and, after they had (}J:»een counted with hemocy--
tometers, a suspension containing 20X10” bone marrow cells per ml
was prepared with minimum essential medium (MEM).

An 1rradiation chamber as shown 1n Fig, 1 was used. The beam
entered the chamber through a 0.25-mi1l Mylar window over which area
the particle fluence was constant., The thickness of the chamber 1s
about 5.0 mm 1n the direction of the beam, so that the helium and car-
bon 10ns were stopped i1n the suspension in the chamber. The useful
volume 1s 4.2 cc. No gas was flushed through the chamber 1n this
series of experiments.

The suspension was stirred with a small magnet while it was
irradiated, and the same was done with cell suspensions used for con-
trol groups. No differences 1n the spleen colony-forming ability were
detected 1n control experiments done with suspensions stirréd for up to
10 minutes and with suspensions not stirred.

Bone marrow cells (BMC) have been irradiated with x rays from
a 250-kV x-ray machine (Philips) working at 230 kV (HVL = 1.6 mm
Cu), TSD = 25 cm, and a dose rate of 110 R/min. Helium 1ons accel-
erated by the 88-inch synchrocyclotron have been used at two drfferent
LET's, namely, 175 and 555 MeV-cm?/g (estimated track average
LET); the energies before entering the chamber were 86 and 20 MeV,
respectively. Finally, helium and carbon 1ons from the heavy-ion
linear accelerator (Hilac) have been used to i1rradiate the cells at 330
and 3300 MeV—cmz/g, respectively.

At full energy 1n vacuum the 10ns from the accelerator have an
energy of 10.4 MeV/nucleon. This energy 1s slightly degraded before
the beam enters the irradiation chamber. The energies at the entrance
have been estimated to be 38.8 MeV for the %He 10ns and 99.6 MeV for
the 12C 1oms.

After the cell suspensions had been i1rradiated at different doses,
two groups of 12 to 15 mice per dose were 1njected 1v with two differ-
ent concentrations of BMC (usually a factor of 2) in 0.5 ml of suspend-
ing medium. Two control groups (nonirradiated BMC) were 1njected
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Fig. 1. Exposure chamber used for irradiation of BMC
suspensions.
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with 0.5 and 1.0X10° cells, respectively. Normally, 5X 104 BMC pro-
duced 10+2 colonies per spleen.

Mice were sacrificed after 10 days, and the spleens were re-
moved and placed i1n vials containing Bouin's fixative. After 24 hours
the number of colonies i1n each spleen was counted, and the averages
and surwviving fractions were calculated by comparison with control
groups, Surwvival curves were obtained by visual fitting, and the mean
lethal dose, Dy, was determined 1n each case.

Results

Table I. Preliminary results on the Effect of Various LET Radiations
on ""Stem Cells'" as Measured by the Spleen Colony-Forming Technique

LET D
av

0 Extrapolation '

Radiation MeV-cmz/g (rads) number, n RBE
x Rays, e - -
230 kv 45 855 2-3 1.000
4He 1ons,
88 -inch
cyclotron 175 75+10 2 1.1+£0.2
4He ions,
88-1inch
cyclotron . 555 90£5 1 0.9+0.1
4He 1ons,. . -
Hilac 330 75+ 15 1 1.1+£0.3

2C 1ons,
Hilac 3300 65+ 15 1.8 1.3+0.4

Table I summarizes preliminary results obtained. Dg 1s the
mean lethal dose. It 1is the dose required to reduce the proportion
of surviving cells from 1 to 0.37 on the straight exponential part of the
semilogarithmic cell-survival curve. The mean lethal dose has been
used to estimate the relative biological effectiveness (RBE) of the
heavy 1ons studied so far. The extrapolation number, n, 1s also
shown. This 1s the intercept of the straight tail produced back to the
zero-dose axis (see Fig. 2). Table II shows results of a typical
expeériment with x rays, and Fig. 2 shows the survival curve and extrap-
olation number obtained.”
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Fig. 2. Surwvival curve for bone marrow cells assayed
by the spleen-colony techmque.
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Table II. Radiation Sensitivity of Colony-Forming Cells Irradiated
In Vitro and Assayed in Heavily Irradiated Recipients

x-Ray: Average Standard™ Standard Surviving
doses Cells number of colonies dewviation, error, fraction %
(rads) injected per spleen S. D. S.E. S.E.
o s5x410* 8.9 2.8 0.7 1.000
180  2x10° 9.8 2.9 0.8  0.275£0.050
320 1)(106 12.3 2.6 0.7 0.069+0.010
480 5X 106 10.3 2.8 0.7 0.012 £0.002
0 1x10° 12.9 2.1 0.5  1.000
180 '4x10° 14.6 2.1 0.6 - —0.283%0.025
320 2X 106 17.3 2.9 0.8 0.067+0.006
480 -1x10’ 13.2 2.4 0.7  0.010£0.001
Discussion

Results reported here are from a series of preliminary exper-
iments. Survival curves obtained by irradiation of the bone marrow
cells with x rays are 1n good agreement with published reports.
Results obtained by irradiation with “He 1ons are 1n good agreement
with our work with tumor cells. 12> The values reported for ““C 10ons
are a rough estimate made out of only one experiment. In two other
experiments with-these 1ons we have observed two slopes in the sur-
vival curves. The ""resistant tail" with a higher Dy than the 1mtial
portion of the curve 1s not due to a resistant component of the cell
population. It i1s due to a deficient stirring of the cells %lhlle they are
being 1rradiated. It shows up 1n the experiments with 12¢C 1ons because
of the shorter range of these 1ons in the cell suspension. It would be
worse with heavier ions. We are 1n the process of solving this prob-
lem.

Flushing a gas through the chamber produces foaming even 1f
the cells are washed three times. For this reason we have used only
the magnetic stirrer in the experiments reported here. However,
flushing 1s necessary if one wants to investigate the oxygen effect, and
this problem, linking the concentration of cells and the pressure
necessary to get the gas through the sintered glass filter, 1s now being
worked out. )
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Future work will jnclude the effects of heavier 1ons on normal
as well as tumor cells, 16 the oxygen effect, and the effect of heavy
ions on cells of different ploidy.
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SYNERGISTIC ACTION OF X RAYS AND ULTRASONIC WAVES
ON MAMMALIAN CELLS CULTURED IN VITRO

Bambino I. Martins

The action of radiations and of ultrasonic waves on living mat-
ter 1s complex and diverse It 1s the purpose of this study to elucidate
the nature and mechanism of the action of ultrasound and the relation-
ship of such action to that of 1onizing radiations The work was done
with mammalian cells from a Chinese hamster bone-marrow cell line
(M3-1) cultured 1n vitro.

At the outset of the investigation, problems were encountered
1n the quantitative characterization of the physical parameters,
especlally frequency and intensity, of the ultrasomic waves. A com-
mercially available 1-MHz quartz -crystal ultrasonic generator was
used, but it was found that the instrument gave different energy outputs
according to the setting of the frequency tuner Also there was no
measurement of either the plate voltage or the plate current

The instrument was modified to provide 1ndependent control of
the frequency and plate voltage. It i1s now possible to read the frequency
on a digital frequency meter, as an experiment 1s going on, and also
measure both the plate voltage and the plate current in order to obtain
the power that drives the crystal, which 1s enclosed 1n a metallic
casing. However, as neither the efficiency of the crystal nor the loss
of energy due to coupling and other factors 1s known, the amount of
ultrasonic energy absorbed 1n the medium in which the cells are cul-
tured and sonicated 1s not known precisely. It 1s hoped to accomplish .
this 1n the near future by use of the thermocouple probe technique as
described by Fry and Fry.

The experiments 1nvolve plating a known number of cells (102
to 107) into a petr: dish and treating with ultrasound, using glycerine
for coupling. After somfication the dishes are incubated at 36°C for
a week and the number of colonies counted, after staining with methylene
blue. From this the fraction of surviving cells as compared with
controls 1s calculated.

Two series of experiments were done. The first series was
concerned with the study of the relationship between lethality and sound
intensity for different frequencies ranging from 0.92 to 1.05 MHz. The
second series was designed to study the synergistic effect between ultra-
sound and x rays. For this purpose cells were sonicated at a given
frequency and i1ntensity, preceded or followed in 30 min by irradiation
with 50-kVp x rays at 50, 200, 600, and 900 rads. For a given fre-
quency the intensity of ultrasound was so chosen, on the basis of the
results of the first series of experiments, as to have little effect by 1tself.
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The experimental data lead to the following conclusions:

1. There 1s a threshold intensity of ultrasound which 1s re-
quired for cell death. Above this threshold intensity the number of
surviving cells falls off very rapidly with increasing intensity. See
Fig. 1.

2. The threshold intensity, as measured in terms of power
input to the crystal, depends on the frequency. Measurements of the
absorbed energy are 1n progress.

3. Even at intensities below threshold there 1s sublethal
damage, as indicated by the observation that such cells are affected
differently from nonsonicated cells when 1rradiated later with 50-kVp
X rays.

4. A synergistic effect between ultrasound and x rays 1s
demonstrated (Fig. 2). The degree of synergism depends on the 1n-
tensity and frequency of ultrasound and the x ray dose. The syner-
gistic effect 1s much more evident if the ultrasound follows rather
than precedes x rays; in this case a subthreshold dose of ultrasound
causes markedly more lethality than x rays alone.

The lethal effect observed 1n these experiments 1s apparently -
not due to the mechanical forces associated with the formation and
collapse of cavitation bubbles, because the intensities used are far
below the cavitation threshold potentials for the frequencies employed.
A probable mechanism may lie 1n the displacement amplitude or
oscillation of subcellular particles. This seems especially likely
from the observation of the synergistic effect, particularly when
ultrasound follows x rays,'because this may occur in connection with
the mechanism of chromosome breakage and rejoining.
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RADIATION EFFECTS IN SPACE FLIGHT

Introduction

The pupal form of the flour beetle, Tribolium confusum,
offers opportunmity for convenient experiments--both in the labora-
tory, where expected flight conditions can be simulated, and on
actual flights--on the effects of radiation.

Irradiation of pupae leads to wing abnormalities; the inci-
dence of abnormality 15 affected by the age of irradiation and by
such factors as temperature, oxygen tension, and magnetic field.

Studies of the interrelationship of various parameters is
continuing.,
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EFFECT OF RADIATION ON THE DEVELOPING FLOUR BEETLE,
TRIBOLIUM CONFUSUM

Brenda M. Buckhold and John V. Slater

For several years, an interesting developmental abnormality
has been studied in the flour beetle, Tribolium confusum. When
irradiated with 2000 R of x rays or y rays, young pupae develop into
adults having a wing abnormality which consists of a median elytral
split, elytral blistering, and protrusion of the underlying membranous
wings. One or more of these effects are observed with varying de-
grees of severity as the dose 1s lowered from this severe damage
response level. For pupae between the ages of 16 and 24 hr, a dose-
response curve to 180-keV x rays may be obtained which shows an ex-
treme shoulder, a very sharp response above 1200 R, and an EDgg of
1430 R (F1g. 1).

Various physical and chemical parameters, such as tempera-
ture, O, tension, and magnetic fields, have been shown to alter this
response to radiation. One of the parameters studied in detail has
been temperature, with which a synergistic effect has been found in
terms of percentage of wing abnormalities obtained with radiation.

Another point of interest 1s the variation 1in sensitivity to x rays
(measured by percent wing abnormality) according to the age of the
beetles. Larvae are somewhat sensitive to x rays as far back as 50
hr prepupation, but the sensitivity more than doubles at about 24 hr
prepupation (Fig. 2). Pupae have two periods of maximum sensitivity
at about 10 and 24 hr postpupation, and sensitivity drops to control
values (=2%) at about 30 hr postpupation (Fig. 3).

In the same dose range, another effect has become apparent
in pupae 1 to 24 hr old, 1.e., a delay 1n eclosion, so that the pupal
period 1s longer as a result of irradiation (Fig. 4). This delay aver-
ages 3.1 hr over the normal pupal period of 6.45 days. When the fre-
quency distribution curves for the irradiated pupae are broken down
into distribution curves for visibly normal and visibly abnormal adults
(Fig. 5), 1t 1s seen that the visibly abnormal adults had an eclosion
delay of 4.6 hr compared with only 2.2 hr for those which were visibly
normal. It 1s seen from the distributions that the visibly abnormal
adults were essentially all delayed, but that some of the visibly normal
adults were delayed also. In other words, eclosion delay appears to
be a necessary but not sufficient condition for a wing abnormalaty.
Eclosion delay may thus be a more general phenomenon reflecting
various kinds of metabolic damage which may or may not be involved
1n wing formation.
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Fig. 1. Dose-response curve for Tribolium confusum pupae
between 16 and 24 hr old exposed to 180-keV X rays.
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Gravity has been considered to play-an integral part in the
development of organisms. Thus, 1t would be of interest to study both
the effect of weightlessness alone and the effect of combined weight-
lessness and radiation during the sensitive period of beetle develop-
ment. Such an experiment can be done effectively in a space-flight
environment, and several properties of Tribolium confusum make 1t
1deally suited for such an investigation, viz: 1ts ease of maintenance
prior to flight, including nonsterile conditions, and the freedom from
a nutritive medium requirement for pupae during flight.

In the laboratory, some studies have been done on the effect on
developing pupae of increased gravity through centrifugation combined
with radiation. Since there was visible vibration of the centrifuge, an
additional control was provided by placing irradiated pupae on top of
‘the centrifuge, so that they were vibrated, but not centrifuged. In
comparison with this vibration control, there was a marked increase
in response (wing abnormalities) 1n pupae centrifuged for 3 days post-
.1rradiation in the 30°C incubator. On the assumption of a typical log-
arithmic ""dose''-response curve for gravity superposed on irradiation,
one can look at the response to increased gravitational acceleration
following 1rradiation in terms of the difference between the logarithms
of the percent unaffected for the centrifuged pupae, log C, and the
vibration control pupae, log V, 1. e.,

Effect of centrifugation = E = log v/C, | (1)
or E = log V/C. (2)

V/C plotted on a log scale against the acceleration due to gravity in
g's (Fig. 6) shows that, although there 1s considerable scatter in the
-data, there is a definite increase in the response, which 1s consider-
-ably greater than the increase due to the centrifugation alone in un-
irradiated controls (a maximum of 8% wing abnormalities at 36 g's,
compared with 1 to 3%-control values). There 1s some concern over
whether this synergistic effect of increased gravitational acceleration
might really be due to a temperature difference, since the inside of
the centrifuge 1s about 1.3 warmer than the outside top of the centri-
fuge where the vibration controls were kept. This possibility 1s cur-
rently being tested.

The plan for the space-flight-radiation experiment 1s essen-
tially to orbit for 3 days a large number (=600) of 16- to 24-hr- old
pupae, a portion of them 1in the presence of a y-emitter, T, and a
portion shielded from the 'source. An identical ground control, in-
cluding a matched radiation source, will be maintained. Due to the
low source strength on board, the pupae are preirradiated with 1350
R of 180-keV x rays to bring them into their sensitive dose range so
that the additional 100 R received during flight will contribute to the
majority of the wing damage.

There has been one flight, which was launched Dec. 14, 1966.
Since the capsule did not deorbit on schedule, all flight data were lost.
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Ground control data (Table I) showed that the preirradiation and
capsule i1rradiation doses were as expected, according to the
wing abnormality response. Measurements of the pupal period
demonstrated also the expected eclosion delay due to irradiation,
the unexpected delay 1n the preirradiated incubator control being
due probably to a transfer of this control to an old module which
had had an old culture growing in i1t. This was done to preserve
the first module for the next flight. Thus, since conditions were
not 1identical to the other controls, it 1s difficult to attribute this
difference to any one parameter. No transfer need be done on
the next flight, so this problem will be avoided. The nextlaunch
1s scheduled for Aug. 23, 1967.

Table I. Ground control results.

Package Percent Calculated® Apparentb Pupal
wing dose deliv- dose de- period
abnormality ered (R) livered(R) (days)

Sourcetpreirradiation  70.6 1640° 1500(?[ 6.54

Source alone 9.7 230 1140 6.42

Shielded+preirradiation 37.1 1410 1390 6.56

Shielded, no preirrad. 3.1 -—--- ---- 6.40

Incubator+preirradiation 39.4 1410 1400 6.71

Incubator, no preirrad. 6.3 -—— _———— 6.47

o e e e e e e e em e e e e = n Ym e e R e e . R T e e G wm em e T e e e e e e o e =

a. Calculated from amount of dose delivered during sensitive
portion of pupal period.

b. Interpolated from dose-response curve.

c. An additional 230 R was expected, but about 100 R was de-
livered 1n effect; consistent with previous ground controls
for simulated flight.

d. Apparently spurious, not found on previous ground controls.
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RADIOLOGICAL PHYSICS

Introduction

Recent developments in instrumentation, particularly the
emergence of fast ''solid state'' counters, pulse.height analysis, and
computation, allow new experimental approaches to a number of prob-
lems.

Exact measurements on the rate of energy transfer and 1its
fluctuations were performed. Experimental approaches are being made
to the problem of energy distribution of 6 rays.

For the purpose of solar-flare simulation, methods were de-
veloped for automated 1sodose surface measurements For accurate
area dose control 1n skin irradiation studies, a beam sweeper was de-
signed and built at the 88-inch cyclotron

Collaborative studies were carried out with Nabuo Oda (Japan)
on 6-ray studies; with Norman Baily, UCRL, on the use of propor-
tional counters and tissue-equivalent chambers; and with the USNDRL
San Francisco Laboratory on calorimetric dosimetry

Calculations carried out under the Omnitron study program on
important beam parameters helped this program.

Further progress in radiological physics 1s essential for the
success of the mammalian and cellular research programs.

Examples of Recent Publications

Howard D Maccabee, Fluctuations of Energy Loss by Heavy Charged
Particles in Matter (Thesis), UCRL-16931, July 1965,

Palmer G. Steward and Roger Wallace, Calculation of Stopping Power
and Range-Energy Values for Any Heavy lon in Nongaseous
Media, UCRL-17314, Dec. 1966

Gerald M Latton, Penetration of High Energy Heavy Ions, Including
Multiple Scattering, Nuclear and Other Stochastic Effects,
UCRL-17392, Aug. 1967.
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SEMICONDUCTOR DEVICES AND THEIR APPLICATIONS
TO DOSIMETRY OF HEAVY-CHARGED-PARTICLE BEAMS

Mudund: R. Raju

In biomedical studies using heavy-charged-particle beams, 1t
1s important to know the dose and also the distribution of linear energy
transfer of the individual particles in the region of interest.

The semiconductor detectors have revolutionized radiation de-
tection The use of solid as a detector 1s very attractive because of its
high stopping power Another advantage 1s the low energy required to
produce a hole-electron pair (3.6 eV for silicon) nearly ten times as
much charge 1s liberated for a given energy loss 1n silicon as 1n gas,
which leads to small statistical fluctuations i1n the number of charge
pairs and to improved energy resolution over gas-filled counters.
Another attractive feature of these detectors, besides their excellent
energy resolution and fast response, 1s that their response 1s linear
with energy deposited in the detector, regardless of the type of par-
ticle. This linear response 1s of paramount importance for their use
with heavy 1ons

The optimum performance of semiconductor detectors can be
realized only if the detector and preamplifier and other associated
electronics are designed to match one another In this respect, the
semiconductor detector and associated electronics development group
headed by Fred S. Goulding at the Lawrence Radiation Laboratory,
Berkeley, has been of great help for our heavX-charged-parucle
measurements with semiconductor detectors. © In addition special
detectors are being designed to suit various specific applications.

The most probable energy-loss measurements of protons of
energies up to a maximum of 730 MeV and helium 1ons up to a max1-
mum of 910 MeV, using lithium-drifted silicon detectors of different
thicknesses up to 5 mm, agreed well with the values predicted by
theory. 3 Theories of fluctuations of energy loss of high-.-and interme-
diate -energy protons and of helium 1ons have been thoroughly inves-
tigated by using semiconductor detector devices of various thicknesses,
and the results are found to be i1n good agreement with theory.

Depending on the energy of the particles and the thickness of the
detector, a given detector may be used to measure either specific
energy-loss distribution or energy distribution. If the detector 1s thin,
so that the energy deposited by the particle 1n 1t 1s very small com-
pared with the energy of the particles, the detector can be used to
measure the specific energy-loss distribution. On the other hand, 1if
the detector 1s thick enough to stop all the particles in the beam, then
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1t can be used to measure the energy distribution of the particles.

The Bragg peak of heavy charged particles 1s used for
various radiobiological investigations. In order to evaluate the
LET distribution of heavy charged particles at the Bragg peak
position, the energy distribution of these particles was measured
by use of lithium-drifted silicon detectors thick enough to stop
the beam, and was found to be much higher than one would nor- .
mally expect. From these measurements 1t seems that the mod-
al energy of the heavy charged particles at the Brag:g -peak
position 1s roughly 10% of the primary beam energy

) Semiconductor detectors are being used at the heavy-ion
linear accelerator (Hilac) routinely by the Biomedical group to
measure the energy of the heavy-ion beam

Semiconductor detectors have been extremely useful for
energy and energy-loss measurements of heavy-charged-particle
beams. The use of these detectors to measure doses of intense
beams 1s rather limited due to radiation damage in them.

However, some of the commercial signal silicon diodes
made for general circuit applications can profitably be used for
measuring doses of intense heavy-charged-particle beams. The
radiation damage need not be a limiting factor for their use as
radiation dosemeters. ° 6If the diode 1s preexposed to radiation
doses of the order of 10~ rads, the sensitivity of the diode 1s re-
duced by a factor of the order of 3, but the sensitivity does not
change significantly thereafter with further radiation exposures
involved in dose measurement. The short-circuit current of
such a preexposed diode 1s found to be proportional to the dose
for dose rates from 25 rad/min to 5000 rad/min, and has been
used successfully at the Bragg peaks of 50-MeV protons and
910-MeV helium i1on beams.® Because of their small physical
size (of the order of a cubic millimeter), these diodes are
found to be very useful for dose measurements and for measur-
ing beam profiles of small collimated beams, and these diodes
are being routinely used at the biomedical facilities of the cy-
clotrons here.

The techniques of heavy-charged-particle measurements
are extensively discussed elsewhere by Raju et al.
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ENERGY-LOSS FLUCTUATIONS

Howard D. Maccabee

When man ventures into the space environment, he exposes
himself to a veritable '"bath' of charged particulate radiation, including
solar and galactic cosmic-ray protons, mesons, electrons, and heavy
1ons. The biological effects of this radiation depend on the quantity and
quality. of 1oni1zation energy deposited in strategic molecules, cells, tis-
sues, and organs. The laws which determine the average amount of
energy lost by particles in a given thickness of material are, i1n general,
well known and verified.

The 10omzing collision process 1s a random statistical process,
however, and therefore we expect large variations of energy loss (from
the average) to occur in traversals by different particles through an ab-

sorber,

We have been investigating the phenomenon of energy-loss fluc-
tuations (often called energy-loss straggling) from several different
viewpoints, including experimental, theoretical, and possible radiobio-
logical applications.

A body of theory predicts the energy-loss probability distribution,
depending on the number of collisions 1n the highest (and therefore, least
frequent) collision energy group. The parameter k 1s a measure of the
number of high-energy collisions, and we can write

0.150 s Z z° (1-%)/Ap?,

K =

where s = absorber "thickness' in g/cm®,
Z = absorber atomic number,
z = particle charge number,

B = particle velocity/speed of light,

A= absorber atomic weaght.
The theory has been verified conclusively only at its end points, however--
1.e., for large k (slower particles in thicker absorbers) and for small k
(faster particles in thinner absorbers). When k >> 1, Bohr's theory 1s
valid, and the energy-loss distribution is a narrow symmetric Gaussian,
with the most probable energy loss equal to the average.* When
kK § 0.04, Landau's theory 1is valid, yielding a broad asymmetric distri-
bution with a peak around the most probable energy loss (which i1s signifi-
cantly less than the average) and a long high-energy-loss ''tail'.

In the important intermediate region of 0.01 gk €1, Vavilov's
theory 1s believed valid, but the experimental evidence has been sparse.
We have measured the energy-loss distributions for cases of k from
0.003 to 2.23, using 45-MeV and 730-MeV protons, 370-MeV 7 mesons,

3
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and 910-MeV He+Z 1ons 1n silicon semiconductor detectors of various
thicknesses., We have found very good agreement with the Vavilov theo-
retical distributions, and good agreement on the values of the most
probable energy loss, and have published our results. 4

These theories, however, may break down under certain ex-
treme conditions, namely when resonance collisions with atomic elec-
trons distort the assumed collision spectrum and when the total number
of collisions 1s too small for application of continuum statistics, i.e.,
in the limit of absorber thinness. Another investigator has raised the
question of possible deviations at ultrahigh particle velocities, 1. e.,
when the kinetic energy is much greater than the particle rest energy.
The quéstion has also been raised of the disparity between energy loss
and energy deposition 1n the absorber, owing to escape of the most
energetic 6 rays (secondary electrons) from the absorber. We are
continuing our experimental investigation of these effects, using the
semiconductor detector system and gas proportional counters, and
using computers for a theoretical study, including Monte Carlo and
stochastic calculations.

Rossi has shown that the spectrum of local energy density in
small volumes (e.g., that of a cell) 1s an important factor influencing
radiobiological effects, and has developed the art of microdosimetry.

It 1s clear that fluctuations of energy loss in cell-lhike thicknesses wall
affect the local energy deposition. Indeed, Kellerer has recently
pointed out that in many cases, energy-loss straggling 1s the dominant
factor determining the variance of the spectrum of local ener%y gy density,
especially for sparsely 1omzing radiation and small volumes.® We are
currently considering the radiobiological implications of these effects.
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SIMULATED SOLAR-FLARE IRRADIATION IN THE LABORATORY

John T Lyman

Perhaps the major radiation hazard on a lunar mission 1s
presented by the large solar flares that eject high fluxes of protons
and helium 1ons capable of penstratmg the walls of a laghtly shielded
space vehicle or space suit 1,2 In order to assess the effects of this
type of irradiation so that reasonable tolerance levels may be set, 1t
would be desirable to in some manner simulate the solar flare radia-
tion 1n the laboratory.

Modisette and co—workers3 have carried out a statistical anal-
ysis of solar proton events for the purpose of making dose estimations.
They have represented the time-integrated omnidirectional integral
proton spectrum as

Jp(>E) = J, exp[-P(EVP,],

where Jp(>E) fluence of protons having kinetic energy greater than E,

P(E) = rigidity = pc/Ze,

p = particle momentum,

c = velocity of light,

Ze = charge of particle,

J., P, = parameters characterizing a particular flare, they

find that PO varies between 50 and 200 MV

Scott4 has calculated the dose per incident particle greater than
30 MeV behind varying thicknesses of shields for protons normally in-
cident on slabs of shielding material. The incident spectra were with-
in the range of given by Modisette.

The ratio of the dose at 10 g/cm2 depth to the dose at the sur-
face varied from about 0 0005 to 0 4, depending primarily upon the P,
value chosen and slightly upon the shielding material.

We have chosen to use the 910-MeV helium 1on beam from the
184-1nch synchrocyclotron for this study In order to produce a total-
body i1rradiation of the experimental test animal 1t 1s_necessary to
either enlarge the beam by magnetic scannming or by scattering, so that
the beam diameter 1s greater than the major dimensions of the animal,
or to mechanically scan the animal across a small beam Mechanical
difficulties and stress to the anmimal make this latter procedure im-
practical.

Because of the relative simplicity of the method, scattering
the beam to obtain the required diameter was chosen The primary
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absorber for this scattering 1s 3.82 cm of copper located about 1 m
downstream from the vacuum window and about 7 3 m upstream from
the chosen irradiation area. This absorber also reduces the beam
energy to about 400 MeV, this degraded beam has a residual range of
about 9 cm of water. The next problem 1s to transform the depth-dose
distribution of the monoenergetic heavy-charged-particle beam, which
1s characterized by a Bragg peak, into an exponentially decreasing
depth-dose distribution. This can be accomplished by appropriately
modulating the energy of the residual beam by further degrading the
beam through use of a variable-thickness absorber. The addition of
this variable absorber also reduces the beam intensity due to inelastic
nuclear collhisions. The additional absorber also increases the rms
scattering angle, resulting in a broader beam diameter, and also the
profile of the beam is flatter for the lower-energy beam than for the
higher-energy beam. These changes reduce the height of the Bragg
peak i1n addation to shifting the peak to a shallower depth within an ab-
sorber.

The resulting depth-dose drstributions in a water tank for beams
of faive different residual energies were determined. These data were
obtained with an ionmization-chamber probe which was submerged 1n the
water tank. The probe could be remotely positioned within the tank.
All measurements were made relative to the particle fluence entering
the cave. With the use of these five curves as input to a computer
program, an attempt was made to obtain an exponential depth-dose
distribution by appropriately weighting the individual curves. It was
found that the desired conditions (a factor-of-100 decrease 1n dose
within 9 cm of water) the resultant distribution was not sufficiently
smooth, so the input data were augmented by the use of five more
curves, which were derived from the original data by interpolation or
extrapolation; see Fig. 1. With the use of ten residual energybeams
the computer program calculated the relative fluence incident upon
each of the 10 different absorbers, so that when the resulting 1onization
was summed, the depth-dose distribution closely approximated the de-
sired distribution (Fig. 2).

For experimental verification of the resultant distribution, and
for irradiation of animals, 1t would be more desirable to> perform only
one i1rradiation instead of 10 separate irradiations. This can be ac-
complished by the use of a composite absorber, called a ''ridge filter!'d
This filter 1s composed of a number of repeating umits which are placed
side by side so as to form a large absorber through which the whole
beam must pass. Each unit 1s essentially a step-wise variable-thick-
ness copper absorber. The width of the individual step determines the
relative intensity, and the total thickness of the step determines the re-
sidual energy (Fig. 3). The entire filter 1s oscillated on a line perpend:-
cular both to the beam axis and to the length of the individual units of the
ridge filter
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Measurements of the depth-dose distribution resulting from the
use of a ridge filter were made by use of an 1onization chamber mounted
on a two-dimensional scanning platform, and a water tank. Figure 4
shows the transformed depth-dose distribution as well as the distribu-
tion that 1s characteristic of the beam that has not passed through the
ridge filter. Figure 5 shows the experimental isodose distribution with-
1n the water tank for the transformed beam

The exponentially decreasing depth-dose curve has two compo-
nents; the first 1s due to the degraded helium 10ons, the second--which
1s evident beyond the maximum range of the helium 1ons (about 9 cm)--
is due to the production of secondary particles, primarily in the copper
scattering absorber and the ridge filter but also in the water tank.
Placing the imtial copper absorber before a steering magnet so that the
degraded helium 1ons are deflected away from the secondary particles
generated in the 3.82 cm of copper reduces the intensity of this second
component. This 1s 1llustrated in Fig. 6. This figure 1s of integral-
range curves of the beam with the copper absorber in the two different
locations. These data were obtained with two plastic scintillators con-
nected in coincidence to momitor the beam.- A third plastic scintillator
measures the beam after the particles pass through a variable absorber.
Coincident pulses from the first two scintillators (AB) were interpreted
to indicate that a particle was incident upon the surface of the absorber.
A pulse from the third scintillator that was also coincident with pulses
from the first two scintillators (ABC) was interpreted to indicate that
the particle had passed through the absorber. The integral-rangecurve
1s a plot of the ratio of ABC coincidences to the AB coincidences as a
function of the absorber thickness. It can also be seen in this figure
that the particle fluence falls off 1n essentially the same manner as does
the dose. This indicates that the average LET along the depth-dose
curve 1s relatively constant. From a practical point of view, 1t 1s not
possible to place the imitial absorber before the steering magnet because
of the large reduction in beam intensity due to the poor efficiency of the
beam transport system for such a scattered beam, collimation by the
beam transport pipes prevents the beam from being sufficiently en-
larged i1n diameter.

The energy=loss dlstr61but10n was measured by use of a thin sili-
con semiconductor detector.® Pulse-height distributions were obtained
at various depths within the water tank. These are shown in Fig. 7.
These curves show that there 1s a broad LET distribution. The relative
importance of the different groups of helium 1ons depends upon their
relative abundance. The most abundant group 1s that with the lowest re-
sidual energy remaining at that thickness, the group with the next lowest
residual energy 1s the next most abundant, and so on. The major peak
1n the energy-loss distribution seems to be mainly the result of the two
lowest-energy groups. There 18 a portion of the distribution to the left
of this major peak which increases in height relative to the helium 1on
peak with increasing absorber thickness, and also shifts toward higher
energy losses. At the position near the maximum range of the helium
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1ons (Fig. 7d) the peak- of the energy-loss distributions is shifted to
a higher energy, since there is no longer a more penetrating helium
1on component with a lower LET. Therefore the peak due to the
helium 10ns 1s not augmented by a smaller component of a lower-LET
helium ion beam.

In order to more completely simulate a solar flare irradiation,
the test object must be rotated during exposure. A simple omnilateral
irradiation (rotation about a major axis of the object which 1s at a
right angle to the beam) may be sufficient for most purposes. The
depth dose distribution that results from the ommnilateral irradiation
of a right circular cylinder 1s shown in Fig. 8 for cylinders of differ-
ent radi1 as a function of the distance from the surface. At the center
of a cylinder the dose essentially 1s that which would be found at an
equivalent depth 1n a monodirectionally irradiated slab. The dosé€ at
the surface 1s given relative to that of a cylinder with a vamishingly
small radius. For cylinders with increasingly larger radii the rel-
ative surface dose approaches 50%.

The simulation of an omnidirectional 1irradiation results in a
more rapid falloff in dose as a function of distance from the surface
in the transverse planes awdy from the ends of the cylinder, Fig. 9.
The maximum dose occurs at the maximum radius at the ends of the
cylinder, the points with the least self-shielding.

As can be seen from Fig. 8, the depth-dose distribution within
an experimental animal which has been i1rradiated with this simulated
solar flare depends strongly upon the dimensions of the animal.

Large amumals have a lower ratio of the midline to the surface dose
than smaller amimals. This ratio 1n a man exposed to a solar flare
similar to Bailey's ''typical" solar flare’ depends upon the amount of
shielding surrounding the astronaut A thick shield will lower the
surface dose but, when compared with a thinner shield, will increase
the ratio of the midline dose to the surface dose.®
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BEAM SCANNING AND MICROBEAM AT THE 88-INCH CYCLOTRON

Graeme P. Welch

Scanning

The a-particle beam of maximum energy 120 MeV and proton
beam of maximum energy 55 MeV from the 88-inch sector-focused
cyclotron covers approximately 0 5 cmm diameter at the target position
but 1s quite inhomogeneous 1n intensity over 1ts cross section For
small targets, scattering by a thin aluminum or graphite foil has been
used to obtain approximate uniformity and to increase the area covered,
but the useful field 1s limited, a great deal of intensity 1s lost, the
background 1s increased, and the energy spread and rate of energy loss
spread are increased

For whole-skin 1irradiation of animals, scattering to increase
beam size 1s impractical; a practical experimental technique 1s repet-
itive deflection of the beam 1n two perpendicular directions at different
frequencies to cover a large surface (up to 12 inches square 1n our
design) together with a slow rotation of the animal about a longitudinal
axis. Once this scannmng system 1s available, 1t 1s useful for small-
amimal 1rradiations, too, and the limitations of the scattering method
are removed

The scanning equipment consists of two C-shaped hypersil
electromagnets with 4-1n gap and 4X6-1n. pole faces surrounding a
Pyrex beam tube 34 ft upstream from the target position. This 1s
shown 1n F1g. 1, the arrangement of equipment i1n the biomedical cave
at the 88-inch cyclotron, where the beam enters at the right and passes
successively:

a quadrupole focusing magnet, marked 1 on the drawing,
the beam scanner, 2,
a 10-deg deflecting magnet, 3,
30 ft of vacuum pipe which increases 1n diameter from 4 to
16 1n., 4,
and emerges through an aluminum foil window,
the 1irradiation bench, 5, on the-bench are
a monitor 1onization chamber, 6 ,
an absorber wheel, 7,
a quadrant 1onization chamber, 8,
a remote-controlled mouse positioner, 9, and
a Faraday cup dosimeter, 10.

Prowvisionally the scanning magnets are supplied with dc limited
to a maximum of 64 A at 44 V, and the switching 1s done with silicon-
controlled rectifiers. The intention 1s to supply square waves of
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voltage to the magnets, which will respond with triangular waves of
current and magnetic flux, and thus sweep the beam linearly with time.
Due to physical limitations of real magnets, the triangular current wave
1s rounded so that the beam spends more time at the periphery of the
field. As a result only the approximately central 60% of the field 1s
uniform within 5%, and the remainder must be discarded. Figure 2
shows a profile of a scanned 110-MeV alpha beam after the peripheral
radiation had been dumped on a 2.5-1n. -diameter graphite aperture

just inside the end of the vacuum pipe, about 2.25 1n. diameter 1s usable.
To overcome this limitation and realize the full potential of the magnets
a transistor feedback circuit has been designed which takes a signal
from a pickup loop 1n the magnetic field and compares 1t with a tri-
angular wave from a signal generator. The transistor amplifier
driving the magnet then supplies a modified square wave such that the
magnetic flux wave 1s as triangular as that of the signal generator. A
small model of this circuit was assembled, but proved inadequate for
complete evaluation, a larger model 1s being built.

As currently used the field 1s scanned two times per second, and
no nonuniformity of the field due to overlapping or gaps between suc-
cessive sweeps of the beam has been observed. With larger fields,
however, nonuniformity may be a problem, and the solution may lie
in1ncreasing the time for a complete scan so that successive sweeps
will merge, or, by introducing a thin scattering foil upstream from the
scanner, to broaden the beam.

Development of the scanned beam 1s a part of a continuing study
of skin effects of space irradiation. With the scanned a-particle
beam 50 mice have been 1rradiated with the Bragg peak 0.25 and 075 mm
beneath the skin surface (see the contributidén of H.-Aceto).

Microbeam

Critical alignment has become important in collimation of the
beam to microdimensions, of the order of 25 microns diameter, for
rat and mouse brain irradiations. Normally the beam has small ran-
dom fluctuations about 1ts central position. This 1s not a criticism of
the 88-inch cyclotron but an acknowledgement of physical limitations
probably present 1n all accelerator sources. Compensation for
position fluctuation 1s not possible with the steering magnet because of
i1ts 1nertia, The relatively small beam sweeping magnet, however, 1s
1deally suited, and when supplied by the small model feedback transis-
tor circuit described above gave excellent control. In this case a
feedback control signal was obtained from two electrodes of a quad-
rant 1onization chamber and a differential amplifier. Whatever beam
movement remained was undetectable. In the first run of this system
on 26 July, 92 shots of 80-MeV a particles through a 25-p platinum
aperture were given on a 1/3-mm grid to a rat brain.
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MAMMALIAN RADIOBIOLOGY AND NEURORADIOBIOLOGY

Introduction

At the beginning of development of interest in space flight 1t
appeared that all one needs 1s a figure for ''relative biological effec-
tiveness'' of space radiations and that this could be obtained by doing
some acute lethality studies on large mammals.

Such studies were performed in detail on mice in this Labora-
tory with 730-MeV protons and 900-MeV hkelium 1ons, lethality on
primates was also studied first in cooperation with Brooks Air Force
Base and later with Ames Laboratory. Extensive proton data are
available on large mammals from later work done by the Air Force.at
various laboratories and from the USSR. The LDg, 1s about the same,
within 15%, as in a comparable exposure to y rays. However, 1it1s
now realized that we must have more knowledge, for the following
reasons:

1. The development of the lethality syndrome after protons 1s differ-
ent from that after y rays.

2. Solar flares produce peculiar distributions of depth dose and LET.
High-LET radiation is a result of stopping low-energy protons and
helium 10ns.

3. Astronauts must be protected from lethal doses by shielding,
important questions remaining are- What symptoms will sublethal
flare doses cause 1n space-flight environment? Could these impair
the astronaut's efficiency as a pilot and observer? What delayed del-
eterious effects may be caused by medium-level doses in space flight?

4. Astronauts are also subjected to additional environmental stresses
during space flight. Is there a synergism between these and radiation
effects ? '

5. Later space flights are designed to be of several months' oryears'
duration; some solar flare radiation 1s unavoidable. What 1s the rate
of recovery from the effects of space radiation and how can one predict
and control astronaut exposures and keep these at safe levels?

6. A small part of cosmic rays consists of penetrating heavy nucleu.
What are the effects of accumulating injury due to such particles?

7 Under certain conditions--for example, during egress from the
space capsules and in the lunar excursion ''module' (LEM)--high-
intensity radiation may penetrate to the skin. What are the hazards of
such exposures?

The solution of all the above problems would clearly require
research efforts of major scope. It is also clear that simulation of
space conditions for prolonged periods would not only prove very ex-
pensive and time-consuming, but might not furnish adequate answers
soon enough.
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The Laboratory has selected a few fields that appear to be of
special interest and 1s proceeding on studies concerning these. The
emphasis 1s on the understanding of cellulaf and molecular mech -
anisms, since this may allow intelligent estimates for '""permassible
levels'" and for chemaical or biological methods of protection.

Current emphasis 18 on: .

Understanding of the acute intestinal syndrome, since anmimals
exhibit more of this when they are exposed to protons than following
Y-ray exposure. This problem is beingapproached with germ-free
mice.

Relationship of injury to stem cells to hematological effects.

Synergism of radiation effects and anoxia.

Effects of radiation on the labyrinth and on systems responsible
for orientation and equilibrium. These are essential to the astronaut,
and are sometimes severely stressed in space flight.

Effects of radiation on the central nervous system. Because of
the apparent lack of recovery of the nervous system from radiation
effects, and because of the relatively high sensitivity to certain psy-
chological effects of radiation, injury to the nervous system could be
of serious 1impact in long-term flights.

Skin effects. Late development of neoplasm 1s of particular
interest, since high~-LET radiation 1s known to be of high carcinogenic
potency. - ‘

Mathematical models. There appears to be a need for better
correlation and evaluation of diverse radiobiological data to provide
reliable extrapolations for health protection purposes. A model 1s
being developed in the Laboratory that can use dose distribution and
timing data as input. It 1s hoped that the program, by the use of
known radiobiological principles and quantities, will provide predic-
tions for the magnitude of radiation injury sustained.
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SPACE-RELATED MAMMALIAN RADIOBIOLOGY

Henry Aceto

Space radiation represents perhaps one of the more significant
potential hazards of long-term space flight. On the basis of current
radiation environment data it appears that a wide range of radiation
exposure conditions 1s possible from chromc low-level (galactic cos-
mic rays) to acute lethal (solar-flare radiation) doses. A comprehen-
sive radiobiologic evaluation of this potential hazard should encompass
the biologic effects under space-simulating conditions over this entire
range. Unfortunately, presently available data are mainly limited to
a small portion of this range under conditions whose direct relevance
to the anticipated space environment 1s questionable. :

Information relating the biological effects of tens of rads or
less per hour, which 1s the domain most relevant to the projected
radiation environment, 1s indeed meagre compared with the copious
acute exposure data available. It can of course be argued that since
the major fraction of the radiation damage (1f we exclude that portion
resulting from heavy cosmic rays) can be recovered from, application
of the relatively high dose-rate data to an assessment of the hazard
involved provides a convenient safety factor. Moreover, since there
1s such a wide variety of equally valid time patterns of dose delivery,
no one of these 1s of substantial value to the exclusion of all others,
and the most limiting case 1s therefore acceptable. With this pre-
supposition 1n mind let us examine the applicability of the available
radiobiologic data to the space-radiation problem.

In the main, the data relate: the effect of radiations of different
type and quality (as a single stress factor) on various biologic param-
eters. However, the space environment 1s not characterized by the
existence of radiation as a single stress factor. The astronaut will be
subjected during space flight to an entire range of associated factors
(vibration, acceleration, weightlessness, changes in gas composition
and barometric pressure, numerous emotional psychic effects, etc )
which will act on him 1n a variety of combinations and sequences.
Therefore, for our data to have their most reliable application to
future long-term manned space flights, they must relate the radiobio-
logic response of living systems to the multiple physical and environ-
mental stress factors associated with such flights. Selye's concept of
the General Adaptation Syndrome 1s useful in this connection, indicating
that whereas the body 1s capable of mobilizing effective defense against
any single stressor which 1s not immediately lethal, it cannot so readily
do so in the face of two simultaneously or sequentially applied dissimai-
lar stressors Because multiple stressors are to be anticipated i1n
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space, although they may not necessarily be combined simultaneously,
adaptability 1s likely to be reduced. 1 Itis apparent, then, that any
attempt to accurately determine a practical level of ""acceptable radi-
ation stress'' (or tolerable dose) for space flight must include multiple
stress studies. '

This 1s not to say that studies involving radiation as a simple
stressor are of no value to the problem. Indeed, the data that have
been accumulated so far should be very useful in interpreting the
mechanisms involved in combined-stress investigations. Moreover,
further selected studies may be useful in elucidation of certain hitherto
unexplained mechanisms of radiobiological action.

The mammalian radiobiology studies at this Laboratory have
been designed on the basis of the foregoing discussion. A part of this
program 18 represented by three relatively diverse studies:

(a) ,combined effect of proton irradiation and hypoxia on beagles,

(b) heavy 1on whole-body skin irradiation of mice,

(c) germ-free research in mice.

It 1s conceivable that radiation hypoxia could represent a real
and serious problem to a'long-term space flight. Because of the ve-
locities reached, a meteor weighing several hundred grams could
penetrate the aluminum hull of the spaceship or some component of
equipment controlling the environment. Data from the micrometeorite
experiment gathered by Explorer I indicate that particles of 1077 g
mass and larger would collide with a spaceship at the rate of 6/man,
which increases 100-fold during a shower. From this Newell estimates
that a_spherical ship of 3 meters diameter might be punctured once a
year.“ Still other possible accidental causes of spaceship decompres-
sion that must be considered include loss of atmospheric pressure
through equipment malfunction or cabin leakage due to hull imperfec-
tions. An entire space mission may be jeopardized if this contingency
1s realized in combination with a solar event; or, in the case of trans-
lunar flights, combined with the chronic galactic radiation hazards in
space.

Konecci has demonstrated a decreased tolerance to hypoxic
stress imposed during the postirradiation period in guinea pigs. The
time of useful consciousness 24 hr after irradiation decreased signif-
icantly in animals exposed to 500 roentgens and then subjected to a
simulated altitude of 30 000 ft. 3 Lethality studies indicate a decrease
1n the LD§8 from approximately 600 to 500 R. For rats maintained at
a simulated altitude of 15000 ft during the postirradiation period the
hematologic time pattern at this altitude following 450 R--as revealed
by red blood cell volume, hemoglobin, hematocrit, and red blood cell
counts--suggests that the increased mortality 1s due to an 1nadequate
erythropoietic response.® The radiation-induced impairment of the
hemopoietic system was sufficient to preclude an adaptive response to
the hypoxic stress. ' Indeed, the additional stress served to aggravate
the radiation-induced physiologic stress. The hypoxic animal, because
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of 1ts lower-than-normal partial pressure of alveolar oxygen, exhibits
a decreased efficiency of hemoglobin-oxygen association, The oxygen
capacity deficiency resulting from the radiation-caused cellular hypo-
plasia was thus compounded by that from hypoxia, and increased mor-
tality ensued.

However, suppose the animal was subjected to hypoxia before
radiation exposure? In this case would an adaptation to hypoxic stress
1n the absence of radiation modify the subsequent response to radiation?
Konecci has shown, using radiation response as an indicator, that 6-
month-acclimatized rats (2 months at 16000 ft and 4 months at 18000
ft) irradiated at ground level and immediately returned to 18 000 ft are
1n a distinctly superior physiologic state compared with controls. At
thirty days 94% of the acclimatized animals survived an 800-R x-ray
dose, compared with 12% of the ground-level controls.” It seems rea-
sonable to assume that the vastly improved adaptive response to radi-
ation 1n the polycythemic altitude-acclimatized animals may be 1n part
attributed to a considerable alleviation of the radiation-induced tissue
hypoxia. Others have shown that hyperplasia of bone marrow produced
by exposure to low oxygen tension enhanced the resistance of erythroid
elemegts of animals subsequently egposed to high levels of x 1rradi.-
ation. © 7 In contrast, Smith et al® have reported that erythroid hyper-
plasia at the time of x 1irradiation 1s associated with a decreased toler-
ance to radiation stress. Absence of anemia was of no apparent value
to the 1rradiated rats.

Perhaps at this point the role of tissue hypoxia and its modifi-
cation of tissue respiratory process should be considered further.
Several authors have shown that the rate of respiration (or oxygen con-
sumption) progressively decreases after radiation, 9-11" Other 1nvesti-
gators indicate an increased oxygen consumption, 12 while some con-
clude there 1s no change. 1 According to Manoilov, during irradiation
of a biologic system, a state of tissue hypoxia results from a specific
suppression of the aerobic phase of tissue respiration that takes place
due to damage of iron-containing enzyme systems which participate in
electron transfer from hydrogen to oxygen. 14 A concomitant effect of
this suppression 1s blockage of the oxidative phosphorylative step of the
tricarboxylic acid cycle in the system, Creasey and Stocken found that
oxidative phosphorylation in nuclei 1solated from spleen, thymus, bone
marrow, and lymph nodes of 1rrad1atedi§ats exhibited considerable
depression by doses as small as 25 R.

Oxidation of organic substances may then proceed by a different
pathway (oxidation by direct combination with oxygen from the air),
which 1s not accompanied by the processes of phosphorylation and is
energetically relatively inefficient. Oxygen consumption may even in-
crease under these conditions. However, this apparent increased oxy-
gen consumption may be misleading, since in reality the physiologic
state of the biologic system 1s highly abnormal and 1s functionally hy-
poxic.
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In the event of an accidental hypoxic episode 1n space accom-
panied by radiation exposure, the astronaut will not likely have had
sufficient time to develop acclimatization to the hypoxic stress. The
resultant dual stress will of course be accompanied by the other space
flight stress factors. These factors have already been shown to pro-
duce an "adaptive' red cell volume loss of 20%1n one of the astronauts
of the Gemini1 V mission.

St1ll another factor that might contribute to the tissue respira-
tory deficiency 1s represented by the increased cafnllary fragility and
resultant hemorrhage following radiation damage. 6 This factor may
have particular significance to space flight, since the hemorrhagic
response of primates to Pggton irradiation has been observec&_l['o be
more pronounced than to = Co y radiation or 2-MeV x rays. The
mechanism for this effect 18 not yet clear.

When one considers all these factors, 1t becomes apparent that
there 18 a need for further evaluation of the homeostatic defect induced
by different levels of proton radiation in the biologic response to hy-
poxic stress. T i

Female beagle dogs received a 270-MeV whole~body proton ex-
posure of 200 rad and were then subjected to a prolonged altitude ex-
posure at 18 000 ft during the postirradiation period., A part of the iron
kinetics studies performed on these animals includes serial measure-
ments of radioiron content in the plasma after intravenous injection of
transferrin-bound tracer °7Fe. Figure 1 1llustrates a portion of these
results as expressed by the plasma clearance rate (PCR). The base-
line data for each animal were averaged and the results subsequent to
the base-line period were normalized to this average value. Since the
total plasma 1ron content appeared to stay relatively constant in any
given animal before and after radiation, we may assume that the PCR
1s a reasonable indicator of erythropoiesis in the same animal, as-
suming no significant changes in pool kinetics. Examaination of the ex-
ternal counting rates over the sacrum and liver seems to justify this
last assumption.

The clearance rate of the irradiated control animals appears to
reach its nadir at about 4 days (+ a few days) postirradiation. It rises
again to approach its preirradiation base-line value at about 23 days,
followed by an overshoot, and returns to base line at 74 days. The
nadir value appears to be compatible with the transit time of the sur-
viving nucleated erythrocytic precursor pool in the marrow, assuming
interruption of the stem cell input to this pool at the time of radiation.

This ""overshoot'" may be due to the response of returning erythl-
ropoiesis to 1increased erythropoietic stimulation seen following radi-
ation (e. g., increased erythropoietin titre following radiation).
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Fig. 1. Plasma clearance rate of beagles following radiation
(200-rad) or hypoxia (18 000-ft altitude simulation) or both.
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The hypoxic-control animals exhibit an increase 1n plasma
radioiron clearance rate to almost three times its base-line values by
the sixth day (+ a few days) after entering the chamber, at which time
the PCR appears to approach a plateau which 1t maintains until perma-
nent recompression at 56 days. The cellular kinetics of the bone mar-
row suggest that this behavior may be explained by assuming hypoxic
stimulation of the stem-cell pool. This stimulation and resultant pro-
liferation results 1n a rapid rise to a maximum at approximately 6 days,
which agrees well with the transit time of erythrocytic precursors
originating in the stem-cell pool. '

The 1rradiated-hypoxic animals exhibit the same 1nitial response
as the hypoxic-control amimals. However, 1in this case, the rapid rise
of the plasma radioiron clearance rate to almost three times the base-
line value at 6 days 1s followed by a rapid decrease to a nadir- at. about
20 days. The recovery phase then follows, and the clearance rate
reaches that of the hypoxic-control animal by 40 days. It i1s interesting
to note that in the recovery phase the hypoxic-irradiated animal appears
to reach values greater than those of the hypoxic-control animal, .which
may be due in part to the '""overshoot' phenomenon observed in the irra-
diated-control animals.. The response pattern of the irradiated-hypoxic
animals suggests that despite severe damage, the stem cells and per-
haps some of the very early pronormoblasts could still be stimulated by
the hypoxia. However, after exhaustion of céells capable of hypoxic stim-
ulationdespite radiationdamagé, the proliferation of red cell precursors
rapidly decreased until after recovery.from.radiation damage.’

Another interesting observation is that the nadir of the irradi-
ated-control curve 18 considerably lower than that of the irradiated-
hypoxic curve. This result suggests that at no time 1s the response of
the irradiated-hypoxic animal so severe as that of the hypoxic-control
animals.

Hemoglobin content was determined by the cyanomethamoglobin
method. The results of this test as indicated in Fig. 2 reveal a response
simalar to that of the clearance rate. The 1rradiated control animal ex-
hibited a gradual decline 1n its hemoglobin content at a rate characteris-
tic of the red cell lifetime. This behavior suggests complete cessation
of 1nput from the precursor stem cell pool.

The hypoxic-control and 1rradiated-hypoxic animals show an
early rise in hemoglobin content. However, at about 8 to 10 days the 1r-
radiated hypoxic animal appears to exhaust its ability to be stimulated
by the hypoxia, and the radiation damage begins to be expressed as the
hemoglobin content follows a roughly linear rate of fall again character-
1stic of the red cell lifetime. A cursory examination of supplementary
data suggests that this result 1s not attributable to either hemoconcen-
tration or hemodailution.

Additional information that tends to give credence to the abortive
rise and subsequent fall of erythropoiesis in the irradiated hypoxic
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(200 rad) or hypoxia (18 000-ft altitude simulation) or both,



90 Aceto

animals 1s represented by the radioiron appearance curve in the periph-
eral erythrocytes (Fig.,3). The control curve represents the average
of several determinations of the erythrocyte uptake and includes the 68%
confidence limits of these results. A qualitative examaination of the ap-
pearance curve taken at 7 days postirradiation suggests that there 1s in-
deed an elevation in the erythropoietic activity of the irradiated hypoxic
animals comparable to that observed i1n the hypoxic controls.

The work of Newsom and Kimeldorf suggested that the blood pic-
ture of the i1rradiated rat during the first 20 days at altitude (15000 ft)
more closely resembled 1irradiated animals maintained at sea level than
the altitude controls.* Our results do not support this cenclusion, but
suggest that during the first week postirradiation the animal at altitude
has behavior more like that of the altitude controls than the irradiated
control. It would then appear that the mechanism. of’ homeostasis 1s
functional and useful during this time. At times greater than 1 week a
homeostatic defect1s operative and the cellular respiratory processes
are diminished until recovery occurs.

Our discussion thus far has mainly limited the stréess response
to that resulting from ''systemic stressors'' only. However, the ob-
served physiological sequelae may also be the result of "neurotropic
stressors'' that affect primarily the central nervous systién, such as
fear, anxiety, apprehension, frustration, and irritation. As a result
of this neurogenic action there 1s an alteration in pituitary-adrenal func-
fion that may ultimately lead to increased levels of adrenal cortical ac-
tivity and enhancement of cortical steroidogenesis A simailar enhance-
ment of adrenocortical output has also been observed i1n skin injuries.
Since corticosterone 1s an inhibitor of protein synthesis and mitotic ac-
tivity there 1s a rationale for expecting the normal stress mechanism to
enhance’'the effect of radiation damage to the skin, where both the major
fraction of the solar flare radiation dose and the highest average LET
will be delivered. A resultant metabolic deficiency and impairment of
repair may partly explain Fox's findings, which indicate that thermal
burns and skin disruptions push a dose of radiation that would normally
cause a hemopoiletic mode of injury into a gastrointestinal’ mode.

The degree of effect on the skin 1s dependent on the depth-dose
distribution in relation to the critical cells and structures comprising
the organ. Radiations that do not penetrate the thickness of cornified
layer of the skin would have no effect, regardless of the magnitude of
the exposure dose. More energetic radiations penetrating through the
epidermis would result in epidermal necrosis. Deeper penetration into
the dermis would result in progressively severe effects, including
damage to the dermal capillaries and other structures. In addition to
the acute effects, late or delayed manifestations of somatic radiation
damage may ultimately lead to the inductien of skin tumors.

It 1s clear that a great deal of work remains to be done 1n this
area with respect to both acute and chronic charged-particle irradiation
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of the skan.

Progress 18 being made 1n the development of a helium-10on
beam whose physical characteristicis are appropriate for skin irradi-
ations. The variable-energy capability of the 88-inch cyclotron has
been combined with energy degradation by aluminum foils to produce a
beam of helium 1ons whose residual range corresponds to a specific
depth 1n mouse skin. The depth of penetration 1s verified through his-
tologic sections taken from irradiated anmimals. On the basas of these
sections the entire integument of these animals 1s in the range 400 to
500 microns. A magnetic scanning device has been developed which
will permit one to scan the beam of 1ons over a region corresponding
to the geometrical dimensions of the animal (3 in.), thus providing a
uniform distribution suitable for whole-body skin irradiation. Minia-
ture semiconductor diode measurements of this distribution indicate a
uniform beam intensity to within 10% .over the entire distance corre-
sponding to the longitudinal axis of the animal. Present efforts utilizing
a silicon lithium-drifted detector are directed towards defining the LET
distribution at various depths i1n the skin for the different mean re-
sidual ranges. - - - ° o

During the course of development of this beam and the verifica-
tion of penetration depth for different foil thicknesses, an ancillary
study was conducted that revealed a decrease i1n survival time with 1n-
creasing depth of penetration in the skin of mice for graded peak doses
ranging from 5000 to 30 000 rads.

Work 15 expected to commence soon relating the combined effect
of various depths of penetration for helium-1on skin irradiations fol-
lowed by a second-exposure installment from high-energy protons to the
whole body. This study 1s designed primarily to verify the findings of
Fox (discussed earlier) and to appraise the effects of heavy-ion 1rradi-
ation on the skin. Included in this study will be observations of the car-
cinogenic properties of the helium i1on beam.

Stressors, through their action on adrenal cortical activity, have
also been implicated as a causative factor in decreased resistance to
infections. Since an overdosage of ACTH and cortisone does in fact
diminish resistance in experimental anmimals, this action may be partly
explained by an increase in adrenocortical glucocorticoids (e. g., during
stress), presumably chiefly by virtue of their antiinflammatory, lym-
pholytic, and suppressive effects on antibody synthesis,

Radiation 1s a particularly potent stressor in this context. Not
only does it make animals susceptible to infection by their own nor-
mally nonpathogenic intestinal flora, but it so lowers resistance that
avirulent or even dead organisms may become lethal. 20 A frequent
sequela of this impairment of the defense mechanism 1s widespread
bacterial invasion of the blood stream (bacteremaia). Bacteremaia 1s
commonly found in the heavily irradiated rodent. " Eighty-five
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percent of cultures from mice receiving 600 R were positive, and
every animal showing bacteremia died. The organisms that were
recovered were all members of the normal intestinal flora of mace.

A relevant study of the response of this mechanism to exoge-
nous microorganisms was performed by Burke. Guinea pigs receiving
102-MeV proton exposures in the range of 22 to 170 rad over a 10-day
period showed no difference from control i1n their ability to handle nor-
mal host flora. However, amimals irradiated in the same way but
challenged with nonresident bacteria revealed an increase in lesion
size of 30 to 40% over those receiving no radiation.

It 1s evident from the foregoing discussion that radiation-induced
infection and the role 1t plays in the radiation syndrome can be of signif-
icance,, particularly for long-term space flights. In order to more
fully understand these processes a germ-free research program has
been i1nitiated. It is clear that germ-free and conventional animals ex-
hibit anatomical, physiological, and immunological differences which
may be used i1n the elucidation of fundamental mechanisms of action of
1onizing radiation. Infection plays a major role in the gastrointestinal
syndrome and the resulting mortality. The time of onset of the G. I.
syndrome 1in axenic mice, as with conventional mice, 1s intimately
connected to the time of mucosal denudation. The renewal rate of
bowel epithelium 1n axenic mice 1s considerably lower than in the con-
ventional mouse, indicating that bacteria, in some way, may normally
contribute to the renewal of villus cells. Indeed, the time for loss of
cells, and the time of denudation i1n axenic vs conventional mice, 1s
twice as long in axenic (or germ-free) mice. In order to obtain a
clearer understanding of this phenomenon, the influence of commensal
bacteria as monocontaminants, and in combination, on the turnover
rate of the intestinal epithelia will be one of the items investigated in
the program.

St1ll another area i1n need of study 1s the mechanism of bile
action with respect to the physiology of the intestinal epithelium 1in
whole-body-irradiated animals. The absorption of bile salts by the
small intestine following radiation decreases markedly and the salts
are thus transported to the lower bowel, where they are converted to
free acids by bacterial action. The bile acids exhibit a high degree of
detergent activity in the bowel, resulting 1n diarrhea and excessive
mucous secretion. Bile-duct cannulation has been shown to remove
the diarrhea that 1s a characteristic part of the intestinal radiation
syndrome. It seems reasonable to assume that the germ-free state
would do the same.

Our 1mit1al application of this relatively new research technique
1s designed to elucidate the repeated observation indicating that proton
irradiated animals 1n the region of the LDgg show a tendency toward
gastroenteric death even when the dose distribution in the body 1s rel-
atively uniform. The more prominent gastrointestinal signs after
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23,24
proton irradiation have been observed in both primates and rodents.
"On the basis of our previous discussion, it appears likely that infection
should play a significant role in the observed difference. Proton 1ir-
radiation of germ-free mice should then modify this difference of re-
sponse and thereby serve as a useful tool in the elucidation of this
phenomenon. Germ-free and conventional animals will be exposed to
whole-body proton irradiation and their relative dose-response curves
and time course of mortality will be evaluated. These data will be
supplemented with a quantitative evaluation of cellular proliferation
changes 1n the intestinal epithelium as determined by use of tritiated
thymidine label. -

Pilot éxperiments have been performed to ensure the adequacy
of techniques and procedures for this work. In these experiments,
Charles R_lver()%D-i germ-free mice demonstrated an increased radio-
resistance to Co y rays as expressed by a higher median lethal dose
than that for conventional animals. These results indicate a general-
agreement with earlier studies from other laboratories.
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VESTIBULAR ORGANS:

The Structure and Function of the Vestibular Organs
As They Relate to the Manned Exploration of Space

Larry W. McDonald and Robert G. Plantz

Linear and angular accelerations and the direction of gravita-
tional fields are sensed in all vertebrate species by the vestibular
organs. These are the only sensory organs devoted exclusively to
these functions. In manned space flight extremes in accelerations
and variations in gravitational fields are encountered. Thus one
would expect to find stress of the vestibular organs under space-
flight conditions. It is surprising that there have been only minor
problems relating to vestibular function in American astronauts.
This is probably due to the long training of the American astronaut
under conditions that impose a stress on vestibular function.

In all earth-orbital manned space flights to date, radiation ex-
posure has been slight, i.e., less than 1 rad. It is expected, how-
ever, that in prolonged space flights beyond the earth's geomagnetic
field the radiation exposure may become significant, especially if a
solar flare is encountered. What effects whole-body space radiation
will have on man is not known and will probably remain unknown until
man is exposed to significant amounts of such radiation in space.

By simulating the proton and @-particle radiation of space with
the synchrocyclotron, animals may be irradiated and the effects
studied. The results of such animal studies help to anticipate and pro-
vide for the control of effects of such space radiation on man when it
does occur. The purpose of our studies is to evaluate the effect of
space radiation on vestibular structure and function in the experimental
animal. To do this it is first necessary to define what is known of nor-
mal vestibular structure and function.

The inner ear is located deep within the petrous portion of the
temporal bone. The more anterior part of the inner ear is the coch-
lea and the more posterior part, which is the subject of our interest,
is the vestibular organ. The membranous labyrinth is contained with-
in the bony labyrinth and these together make up the vestibular organ.
The fluid within the membranous labyrinth is referred to as the endo-
lymph, and that outside the membranous labyrinth between the petrous
temporal bone and the membranous labyrinth is the perilymph. There
are three semicircular canals in each of the three planes of space,
and these are made up of membranous portions of the labyrinth -
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contained within the bony labyrinth. Each semicircular canal has one
of its ends opening into the utricle. One end of each canal has a dila-
tation called the ampulla in which projects a crest containing sensory
nerve endings. This crest (the crista) has a gelatinous cap, the cupula,
into which cilia project from an underlying sensory epithelium. These
structural features are shown in Fig. 1. The membranous utricle con-
nects to the membranous saccule. Within areas of the membranous
wall of the utricle and the membranous wall of the saccule there are
thickenings in which sensory nerves terminate. These thickenings of
the wall of the membranous labyrinth are made up of a strong epithe-
lium from which cilia project inward into a gelatinous mass containing
calcite crystals. These sensory areas of the utricle and saccule are
referred to as the maculae.

The sensory epithelia of the cristae and the maculae have the
general structural features diagrammed in Figs. 2 and 3. The struc-
tural features are very similar in the two receptors, the only distinct
difference being the calcite crystals present in the gelatinous mass of
the maculae and not in the gelatinous cupula of the cristae. These
structural similarities extend to the ultrastructural level where one
finds the sensory receptor cells possessing about 35 stereocilia which
increase progressively in length as one progresses from one edge of
the cell to the other. These stereocilia have very little internal struc-
ture. Where the stereocilia are the longest, there is one edge of the
cell with an equally long kinocilium possessing the typical nine-and-two
microtubular structure. These general structural features are shown
in Figs. 4 through 6. Interestingly the molluscs are found to have
similar ultrastructural features of the sensory epithelium of the stato-
cyst which is the gravity-sensing organ of these animals (Fig. 7).

The vessels, mostly capillaries, often lie close to the base-
ment membrane of the sensory epithelia, as shown in Fig. 8. These
vessels are lined by a continuous layer of endothelial cells and often
shown surrounding perivascular cells. Nerve fibers and supporting
cells may be closely applied so that there is little remaining extra-
cellular space, a condition similar to what is found in the central
nervous system. These structural features are shown in Fig. 9.

The displacement of the cilia of the sensory cells toward the
side of the cell with the long kinocilium causes a stimulation of the re-
ceptor cell, i.e., a depolarization. A displacement in the opposite
direction away from the kinocilium causes an inhibition of the receptor
cell, i.e., a hyperpolarization.“ In the semicircular canals, this dis-
placement is produced by angular acceleration moving the endolymph
and the gelatinous cupula in which the cilia are embedded. In the mac-
ulae, the mass of the calcite crystals in the gelatinous covering of the
cilia is moved by linear acceleration or change in direction of the grav-
itational field. This movement of the gelatinous covering of the cilia
displaces the cilia and thus produces inhibition or stimulation of the
receptor cell.
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Fig. 1. Section of normal vestibule showing ampulla (a), with
crista (c), vestibular ganglion (g), utricle (u) perilymphatic
space (p), nerve to ampulla (n), and petrous portion of tempo-
ral bone (b). Cupula of crista has been lost in this preparation.
Stubs of cilia appear as irregular serrations on crista. Semi-
circular canal joins ampulla at left margin of photomicrograph.
Hematoxylin and eosin stain, X148.
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Fig. 2. Diagram of crista of semicircular canal. The gelat-
inous cupula projects to the upper right of center and the cilia
are seen to project into the cupula to the right of center.
Myelin sheaths are seen to terminate at the basement mem-
brane of the sensory epithelium. Blood vessels are shown in
the supporting tissue beneath the sensory epithelium.
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Fig. 4. Electron micrograph showing surface cilia of sensory
epithelium of crista. The stereocilia are seen increasing in
length from right to left and the kinocilium from the leftborder
of the centrally located cell is shown cut at a point near its base
and at another point near the tip. The base plate and mitochon-
dria can also be seen. About X 15 800.
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Fig. 5. Electron micrograph of section parallel to surface of
macula showing sensory cell surrounded by clear cytoplasm of
nerve ending, so-called Type I nerve ending. About X 18200.
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Fig. 6. Electron micrograph of surface of sensory epithelium
of macula showing calcite crystals above, and centrally, conden-
sations of the gelatinous material and groups of cilia projecting
from the surface of sensory receptor cells. Kinocilia are not
readily identified in this micrograph. About X9250.
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Fig. 7. Electron micrograph of surface of sensory epithelium of
statocyst of the mollusc Ariolimax sp. showing both kinocilia with
the classical internal structure and the shorter cilia without internal
~structure. About X 11 100.
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Fig. 8. Electron micrograph showing base of sensory epithelium

of macula. The basement membrane passes across the micrograph
at the level of the upper edge of the lower fourth of the micrograph.
At the right a sensory nerve penetrates the basement membrane
where it loses its myelin sheath and passes obliquely upward and to
the left above center. At the upper center of the nerve endings sur-
round the lower part of a receptor cell, Part of a wall of a capillary
is shown at the center of the bottom of the micrograph. About X13 900.
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Fig. 9. Electron micrograph showing capillary beneath sensory
epithelium of macula. The endothelial cell cytoplasm completely
covers the thin basement membrane. Nerve fibers and other cyto-
plasmic processes are closely applied about the capillary. Part
of the cytoplasm of a perivascular cell can be seen enclosed in a
thin layer of basement membrane at the lower and slightly to the
left part of the capillary wall, About X9 900.
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From the receptor cell the nerve impulses pass to the central
nervous system via the vestibular nerve. The distribution of the
primary afferents is mostly to the vestibular nuclei. The secondary
vestibular fibers from the vestibular nuclei have a very wide and, com-
plex distribution which exceeds that of any other sensory nerve.” In
addition to the vestibular afferent nerve fibers there are small efferent
fibers which have synaptic relations with the afferent endings in the
vestibular sensory epithelia.
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VESTIBULAR ORGANS:

Testing the Function of Vestibular Receptors

Robert G. Plantz and Larry W. McDonald

In some physical systems we can write the equations describing
the system from a morphological study and a knowledge of how the
components work. But many systems, including biological systems,
are too complex for such an analysis. Thus we consider the vestibular
system as a ''black box'"' and attempt to describe its function from
input-output data.

According to Lee, 1 only that part of the system which is both
controllable and observable can be identified by using this technique.
Roughly, controllability implies that we can find some input that will
drive the system to any of its states; observability implies that any
change in the state of the system is reflected in the output. These two
concepts dictate which quantities may be suitable inputs or outputs.

A morphological study of the vestibular system suggests that
the sensors are spring-mass systems with considerable friction. " The
natural input for such:a:system is acceleration (angular for the semi-
circular canals and linear for the otoliths); the system dynamics are
described by a second-order differential equation, if it is a linear sys-
tem. Van Egmond2 wrote the equation for the horizontal canal with
zero input acceleration:

Ll 1
6t +mE+ AE =0, (1)
where 6 = moment of inertia of endolymph,
m = moment of friction at unit angular velocity,
A = directional restoring force at unit angle of the cupula,
€ = angular deviation of endolymph in relation to the skull,
}; = 1st derivative of § with respect to time, i.e., angular
e velocity of the endolymph, and
€ = 2nd derivative of £ with respect to time, i.e., angular

acceleration of the endolymph.

In Van Egmond's experiments, the endolymph was given an
initial displacement by supplying an impulse of angular acceleration,
i.e., time was allowed for the cupula to return to its neutral position
during constant angular velocity in the horizontal plane, and the rota-
tion was stopped suddenly. Under such conditions, the angular devia-
tion of the endolymph with respect to the skull is approximately given
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by
E(D) =y — (exp (-at/m) - exp (-t/0)), (2)

where vy = initial angular velocity, and it is assumed that 'rr/A>>6/1T.
The parameters in this equation (6/m and T/A) could be evaluated by
repeating the experiment with many different values of y if we could
measure £ (t). Unfortunately, the physical dimensions of the semi-
circular canals preclude such a measurement. Thus we must find
some indirect measurement of endolymph displacement to use as our
output.

The simplest solution is to assume that the frequency of neural
discharge of the vestibular afferents is linearly proportional to the
endolymph displacement. This assumption seems to be justified in the
experiments by Groen et al. 3 on the ray (Raja clavata). They imparted
a sinusoidal angular acceleration to the isolated vestibular system in
the plane of the horizontal canal. The frequency of neural discharge
from some of the fibers was seen to vary sinusoidally at the same fre-
quency as the acceleration.

However, the isolated vestibular system is not very useful in
pathology studies, and direct nerve recording is very difficult in the
intact vertebrate due to the bony structure encasing the vestibular
organ. The existence of nerve fibers running from the vestibular nuclei
to the oculomotor nuclei™ 2 guggests that eye reflexes may be a suit-
able output. Eye motions can be easily measured by taking advantage of
the corneo-retinal potential difference. Small dermal electrodes are
placed at each corner of the eye, and the potential difference is ampli-
fied electronically and continuously recorded. Unfortunately, the ves-
tibular nuclei also received proprioceptive signals and cerebellar
signals, and the ocglomotor nuclei receive signals from the eyes and
from the cerebrum®® But it appears that very precise compensatory
eye movements depend upon vestibular signals. 6

It is possible to remove visual cues as an input to the oculo-
motor nuclei. We have constructed a frosted dome to fit over the
animal's head which admits diffuse light but offers no fixation points.
(The animal is kept in an illuminated environment to eliminate the
change in corneo-retinal potential difference which occurs when it is
placed in a dark environment. ‘’

The proprioceptive inputs are another story. They are probably
reduced by wrapping the animal in a corset. But their elimination
would require a spinal preparation, which is not practical in pathology
studies over a reasonable length of time. Perhaps moving the axis of
rotation to different points along the animal's body would allow the
cross-correlation of the results and make it possible to subtract the
proprioceptive effects. Presently we are assuming that the effects of
proprioceptive inputs are negligible compared with the vestibular inputs.
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Nystagmus is the most striking eye reflex resulting from ves-
tibular stimulation. Assuming that nystagmus occurs whenever the
endolymph is displaced beyond a threshold position, the slow time
constant in Eq. 2 (m/A) could be evaluated by noting the duration of
nystagmus when stopping the rotation from several initial angular
velocities. The problem is that the time between nystagmus sweeps
increases as the cupula returns to its neutral position and can actually
become of the same order as the time constant we are trying to mea-
sure (several seconds). Thus, it is not possible to determine when
the endolymph has reached the threshold position with any reasonable
accuracy. The minimum time between nystagmus sweeps is about 0.2
second, which is much too long to evaluate the fast time constant in
Eq. 2 (6/w, about 0.1 sec).

Since postrotational nystagmus is not an adequate measurement
of vestibular function, we have developed equipment to oscillate the
animal sinusoidally in the horizontal plane. This approach was used
by Niven et al. ;9 their experiments at peak accelerations of 60 degper
sec” and frequencies from 0.02 to 0.20 Hz show nystagmus sweeps
superimposed on a general sinusoidal motion of the eyes. But these
data are difficult to interpret. First, any measure of amplitude could
only be a guess. Secondly, at frequencies approaching 1 Hz the nys-
tagmus sweeps distort the waveform enough to make phase measure-
ments very difficult.

We repeated their experiments using rabbits, and were able to
approximately measure the phase difference between the input (angular
acceleration) and the output (eye motion). Under these conditions the
eyes tend to move horizontally in the direction opposite that of the ac-
celeration direction. This is shown in Fig. 1.

In Fig. 2, we have plotted the phase-shift data from four tests
along with the phase shift that would result from a system having the
transfer function

e-O.ip

Glp) = K =5 79)p 7 0.3) (3)

where K = undetermined constant depending on amplitude measure-
ments,
and p = the Laplace operator.

This corresponds to a second-order differential equation with a pure
time delay of 0.1 sec in series. It is impossbile to distinguishthis
from a higher-order system with (possibly) no time delay by using
only phase-shift data; we must also be able to measure the relative
amplitude change as a function of frequency.

The most interesting feature of the recordings is that the eye
follows a partial sinusoid between the nystagmus sweeps. By
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Fig. 1, Eye motion during sinusoidal oscillation in horizontal
plane showing phase difference¢ at 0.1 Hz. Note that the
angular acceleration is zero when the angular velocity is max-
imum. In this case ¢ = 92 deg. (The curves were traced from
an experimental recording.)



Phase difference, degrees

113

g | T T T | I T

“ )

A
s
\o
—90 |- Ao\
<o
o D\
(g (m]
—120 {— —
O
p'
® Data computed from equation 3 o
—150 I~ Experimental data: ® o o
O 14 October 1966 \
O 18 October 1966 SN
—180 |- & 21 October 1966 \Q -
O 22 October 1966 \
°
210 L1111 I 1 bttt L 1 1 1111148
0.01 01 1.0

Frequency, hertz
DBL 678-1741

Fig. 2. Phase shift of the vestibular system in the rabbit when
subjected to sinusoidal motion in the horizontal plane. Peak
angular velocity is 60 deg/sec, which corresponds to 37.6 deg/sec
at 0.10 Hz. An ideal linear system with pure time delay is shown
for comparison.
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decreasing the peak acceleration values to about 10 deg/sec:2 at0.1 Hz,
we have found that the eyes describe a sinusoidal motion of the same
frequency as the input without the nystagmus sweeps. Since a linear
system with a sinusoidal input can only give a sinusoidal output of the
same frequency (with possibly different phase and magnitude), we can
now try to fit a linear model to the data without having to resort to
trickery in an attempt to measure the sinusoidal component of the eye
motion, which is necessary when nystagmus is present.

Using input accelerations below the nystagmus level also paves
the way for other experiments. For example, it is possible to digitize
the input-output data for an arbitrary input and construct a sampled-
data transfer function from it. = Then it is a simple matter to convert
this to a continuous transfer function.

Until now we have been describing the measurement of semi-
circular canal function, but equally important to manned space flight
is the otolith organ,which senses linear accelerations and the gravity
field. The only measurable reflex available for evaluating the func-
tion of this receptor is ocular counterrolling. This reflex consists of
a rotation of the globe of the eye so as to partially compensate for any
rotation of the head about a horizontal axis. Since there is no feasible
method of measuring this rotation electrically, photographic methods
are being used. We are using a dynamic system with continuous mo-
tion pictures similar to the method used by Kellogg” on human subjects.
The motion picture frames are then analyzed for rotation of the eye
with reference to rotation of the head. The apparatus usedfor-this is.
shown in Fig. 3.
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Fig. 3. Apparatus for measuring ocular counterrolling. The
animal is placed in the cylinder occupying the left and central
part of the picture. The top half of the cylinder has been re-
moved. The animal is held in place with suitable holders.
Through an optical system the rotation of the animal's eye with
reference to the animal's head is recorded by the stationary
motion picture camera at the right while the cylinder rotates

at 6 rpm.
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VESTIBULAR ORGANS:

Radiation Effects on Structure and Function

Larry W. McDonald and Robert G. Plantz

The function of the semicircular canals depends upon the dis-
placement of the fluid endolymph within the canal and the displacement
of the gelatinous mucopolysaccharide cupula of the crista. Fluid shifts
and alterations in capillary permeability are among the changes oc-
curring acutely in many tissues following irradiation. Alterations of
tissue mucopolysaccharides have been recognized as a late effect of
irradiation. Thus we have a receptor organ which we would expect
would show both early and late effects of irradiation. Our studies up
to the present have shown the late effects, but acute functional altera-
tions, except with very high doses, have been difficult to demonstrate.
We believe that, with the slow sinusoidal oscillations described in
Part II of this presentation, acute functional changes may be demon-

strable. Ultrastructural studies of the acute effects are inconclusive
at present.

It is necessary to distinguish between the effects of local irra-
diation limited primarily to the vestibular organ and whole-body irra-
diation. Both may affect vestibular reflexes, but local irradiation is
acting only on the vestibular receptor organ, whereas whole-body
irradiation may be acting at various sites in the vestibular reflex chain
or may be producing abscopal (indirect) effects through the alteration
in the blood which occurs with whole-body irradiation.

In our studies using postrotational nystagmus, whole-body
60¢co gamma irradiation of rabbits was associated with an increase in
the variability of the test results as radiation sickness progressed.
A group of eight animals was irradiated in this way and those receiving
250 to 500 rad showed definite effects as evidenced by increased statis-
tical variation in the postrotational nystagmus response. Further
studies of the effects of whole-body radiation are in progress, utilizing
a simulated solar-flare helium-ion beam. The squirrel monkey
(Samiri sciurea) is being used in these studies in collaboration with
the Naval Aerospace Medical Institute at Pensacola, Florida. Vestibu-
lar testing consists of measurement of ataxia shown by an animal try-
ing to balance on a rotating rod, and induction of motion sickness in a
slow rotating room, and a caloric test. It is planned to add ocular
counter-rolling to the tests being used. All vestibular testing is being
done at Pensacola, and irradiations and histological and electron mi-
croscopic studies are being done at Berkeley.
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In order to localize the cyclotron-produced particle-beam ra-
diation to the vestibule of the rabbit, it has been necessary to make
radiographic studies of the animal's head. This was accomplished by
serially sectioning a frozen head in a bandsaw and, after thawing and
formalin fixation, locating the vestibules in the sections. The sections
were then taped together and radiographs taken.

Lateral and dorsal radiographs of an intact living rabbit's
head are shown in Fig. 1, with the cross hairs in position for the aim-
ing of the 3/8-in.-diameter beam of the cyclotron.

When either whole -head or localized vestibular irradiation is
used in the rabbit, fairly high doses are required to regularly pro-
duce alterations in postrotational nystagmus. Control animals often
show periods of several days when they have an increased postrota-
tional response. Our results using local irradiation are summarized
in Table I. Although some of our early irradiations seemed to alter
postrotational nystagmus at doses of 0.5 to 1.5 krad (first row of
table), a subsequent larger group of irradiated animals did not con-
firm this. Radiation doses greater than 4.0 krad are required to pro-
duce a reliable alteration in postrotation nystagmus (last row of Table
I). This alteration consists of a complete loss of postrotational nys-
tagmus, often preceded by a period of a few days of increased postro-
tational nystagmus response. With doses of 5 to 8 krad, 3 to 7 days
is required before the effects on postrotational nystagmus appear.

Morphological alterations are regularly found within 2 weeks
following doses greater than 4 krad to the vestibule. At the light-
microscopy level these alterations consist of edema and often hemor-
rhage in the tissue underlying the sensory epithelia of the maculae and
cristae. These changes appear most marked in the maculae. There
often appears to be some disarray of the otoliths and clumping of the
cilia, but there is a great deal of variation of these features in con-
trol tissue sections.

In electron micrographs, no definite abnormalities in cilia have
been detected. The most marked finding has been the increase in
capillary basement membrane thickness, often more than 150 myp,
and the presence of increased amounts of interstitial space. These
features are shown in Fig. 2.

Russian literature reports vestibular effects produced by
radiation doses less than 500 rad. 1 These have been both x-ray and
particle irradiation of dogs and rabbits with whole-body exposure.
Conditioned reflexes involving the vestibular "analyzer' were regu-
larly used, but postrotational nystagmus was also used to detect al-
teration in vestibular function. Our limited studies with whole -body
irradiation suggest an increased variability of vestibular response in
the whole-body exposure.
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Fig. 1. Radiographs of rabbit's head, showing landmarks used in
aiming the cyclotron beam at the vestibule. In the lateral view at

the left the radioluscent circular area above and slightly to the left

of the intersection of the cross hairs is the recess of the parafloccular
lobe of the cerebellum. The tympanic bulla is in the left lower quad-
rant of the cross hairs (anterior and ventral). In the dorsal view on
the right, the tympanic bulla is to the left of the intersection of the
cross hairs. In both views the intersection of the cross hairs is on
the vestibule.



Table I.

Animals receiving whole-head or vestibular irradiation.

Type of §
radiation Postrotational
and Number of Days post- nystagmus Time for
number of control Dose Testing irrad. of following functional
animals animals (krad) Field method 1st test . irradiation return
Plateau
Alpha's
0.50 BL 7-12 Equivocal 7-10 wks
7
3 0.50 UL v 2 Nystagmus present NC
to 1.50 at 60 days
Plateau
Alpha's
11 5 0.20 BL E 1 Nystagmus present NC
to 0.50 at 30 days
250-kVp
x-ray
5 4 0.50 WH E 1 Nystagmus present NC
at 30 days
Plateau
Alpha's
5 ) 1.00 BL E 1 Nystagmus present NC
to 4.00 at 30 days
1 5.00 BL 1 Equivocal at 3 days Nystagmus remained <
5 Nystagmus abolished at 30 days %
P abolished at 23 when animal was ]
days sacrificed B
1 8.00 BL E 1 Nystagmus Nystagmus remained @,
abolished at 7 abolished at 11 days o
days when animal was 2
sacrificed g
BL, = bilateral vestibular irradiation V = tested for postrotational nystagmus by visual observation
UL = unilateral vestibular irradiation E = tested for postrotational nystagmus by electronystag- =4
WH = whole-head irradiation a

NC = no change,

mography

nystagmus is still present
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Fig. 2. Electron micrograph of capillary wall underlying the macula
of the utricle of an animal receiving 7 krad of a particles to the ves-
tibule. The capillary lumen is at the upper left and myelinated
nerves are seen at the right. There are increased amounts of inter-
stitial space about this vessel. The basement membrane is increased
to 160 mp in thickness versus the normal of less than 100 mp.
Compare this micrograph with the figure on page 119. About X15200.
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Our findings at the light-microscopy level have bEen similar
to those reported by several others, including Kelemen.” The thick-
ening of capillary basement membrane and increase in interstitial
space had not been previously described.
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THE RIGHTING REFLEX OF THE FROG
AS INFLUENCED BY IRRADIATION

Cornelius T. Gaffey and Victor J. Montoya

The primary gravireceptor in the frog is the otoliths in the
utricle. A frog placed on its dorsal surface will orient itself in an
upright position in about 0.8 sec. This stereotropism is initiated by
the otoliths* change in position upon the hair cells of the sensory
epithelium of the utricle. Stressed hair cells initiate neural impulses
that are transmitted by the vestibular nerve to the vestibular nucleus
in the hindbrain. Removal of the otoliths or destruction of the utricle
abolishes the frog's righting reflex. The otolith organ also responds
to tilting and linear acceleration. In the frog the semicircular canals
are concerned with equilibrium disrupted by angular acceleration. It
was our purpose to test the utricle's stereotropic sensitivity to irra-
diation. Alpha particles (910-MeV) and deuterons (455-MeV) generated
by the Lawrence Radiation Laboratory (LRL) 184-inch cyclotron were
used in whole-body irradiations. Protons (48-MeV) accelerated by the
LRL 88-inch cyclotron were employed in localized hindbrain irradia-
tions.

Previous studies on frogs' isolated sciatic nerve demonstrated
that 300 krad of 910-MeV « particles immediately block conduction of
the nerve impulse. This same species of frog (Rana pipiens) had
its righting reflex activity inhibited by irradiation at doses only 1/15
of the nerve-block dose. Specifically, it was found that 18 to 22 krad
(whole body) of 910-MeV « particles immediately removed the frog's
righting reflex response. A desensitization and gradual loss of reflex
ability followed 15 to 18 krad of high-energy irradiation. With 410 to
15 krads of a particles there was a reduced level of reflex activity
indicated by a protracted latency period. However, these lower doses
did not eliminate the righting reflex. The effect of whole-body irra-
diation with 455-MeV deuterons gave changes comparable to those
induced by 910-MeV « particles.

Local head irradiations with a 3/8-in. circular beam of 48-
MeV protons are being performed. The field of irradiation is re-
stricted to the hindbrain of the frog and is aligned to irradiate the pro-
otic bones of the skull, which house the inner ear. High-energy pro-
tons seem to produce a loss of the righting reflex at 20 krad, but
unlike whole-body irradiation, this discrete head irradiation requires
a postirradiation interval to manifest its destructive effect. Clear
effects of hindbrain irradiation on the frog's righting reflex remain to
be determined.



Page intentionally left blank

Page intentionally left blank



125

THE VESTIBULAR APPARATUS
AS INFLUENCED BY LOCALIZED HIGH-ENERGY IRRADIATION

Cornelius T. Gaffey and Victor J. Montoya

The vestibular apparatus of adult male cats was locally irra-
diated by 910-MeV « particles generated by the Lawrence Radiation
Laboratory's 184-inch cyclotron. Irradiation was restricted to a 1/4-
in.-diameter alpha beam. The a-particle beam was used to irradiate
one and then the other vestibular apparatus. Three reflexes were
tested to evaluate the radiosensitivity of the vestibular apparatus: (a)
the labyrinthine righting reflex (an otolith function), (b) the static head
reflex (an otolith function), and (c) vestibular placing reflex (semi-
circular canal linear acceleration function).

The labyrinthine righting reflex is described as the ability to
assume a reference position in a gravitational field. In this project
the righting reflex was evaluated as the capacity of an inverted animal
to change to the upright position during free fall. A blindfolded cat
was dropped with its legs pointed upward. Normal cats turn with
amazing speed and deftly land on all fours. The head initiates the
turn, and this rotation is referred to as the labyrinthine righting re-
flex. After the head became aligned during free fall, the upper body
followed (neck righting reflex), and then the lower body completed the
turn. Bilateral irradiation of the vestibular apparatus caused the loss
of this righting reflex provided the animal was tested without visual
cues.

A blindfolded cat demonstrated head orientation irrespective of
the space position of the remainder of the cat's body. This reaction
disappeared if the otoliths were surgically destroyed. This static
head reflex stems primarily from gravitational stimuli, and is inde-
pendent of movement or acceleration. Irradiation can influence this
postural reflex.

If a blindfolded cat is suddenly tilted or lowered through the air
with its head down, its forelegs become extended and its toes spread
(vestibular placing reflex). This is the normal feline response to
linear acceleration and is controlled by the semicircular canals. The
vestibular placing reflex can be inhibited immediately by 50 000 rads
of 910-MeV « particles. A dose of 8000 can produce the same de-
structive effect but requires 8 days.
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BRAIN IMPEDANCE STUDIES AND THEIR RELATION TO
RADIATION EFFECTS IN SPACE FLIGHT

Richard L. Schoenbrun

The critical demands of the manned space mission have chal-
lenged the neurophysiologist to develop precise and sensitive measures
of radiobiological effects in neural tissue. Development of a novel
technique for measurement of electrical impedance changes in small
volumes of cerebral tissue by use of implanted electrzodes has per-
mitted study of a new parameter of brain function. This technique
has been used in our Laboratory to study the effects of high-energy
particle irradiation on the functional integrity of the central nervous
system in the cat.

Historical Review

The theoretical basis for electr1ca1 impedance measurements
in tissue can be traced back to Maxw ff”‘; but the first experimental
measurements we g made by Fricke usmg red blood cell suspen-
sions, and by Cole on sea urchin eggs in sea water. An important
conclusion of these studies was that the impedance of a tissue is main-
ly a function of the extracellular electrolytes. The first physiological
expenments using 1mpedanc<§ measurement of cerebral tissue were
those of Le3do and Ferreira, ® who observed with a bridge method an
increase in resistance of rabbit cortex during asphyxiation and other
conditions. Asphyxial changes have been extensively studied by Van
Harreveld and others. 2-11 "Cerebral impedance measured between
electrodes placed on the cortical surface was seen to increase sharply
(30-50%) within a few minutes after circulatory embarrassment. It
was suggested that the mechanism underlying the impedance increase
involved the movement of extracellular electrolytes (Na and Cl) and
fluid into the intracellular compartment, with a consequent decrease
in extracellular conductance. This was substantiated by histochemical
studies which showed the movement of Cl~ into swollen dendrites dur-
ing asphyxiation.

It was assumed that most of the current flow during impedance
measurement occurred through extracellular compartments, since
resistance was low compared with that of the neuronal membranes.

Adey and his co-workers have extensively studied localized
impedance changes in the brain during changing physiological states of
consciousness, aqg il'xsresponse to somatic, olfactory, visual, and
auditory stimuli. Impedance was seen to rise during states of
decreased consciousness, such as with sleep or barbiturate anesthesia.
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By contrast, impedance decreased during states of emotional arousal
and goal-directed discriminative performance.

Adey theorozes that the significant pathway for the impedance-
measuring current may involve both neuroglial elements and an inter-
cellular substance containing large quantities of mucoproteins and
mucopolysaccharides. He also suggests that modulation of conductivity
in this substance by adjacent neuronal and neuroglial elements may be
involved in information transaction and storage. These studies serve
to illustrate the point that electrical impedance is a sensitive measure
of physiologic and pathologic processes in the central nervous system.

Measurement of specific impedance h%s een used to estimate
the size of the extracellular space in brain. 16,17 1¢ experience with
cell suspensions is applicable to tissues, an appreciable extracellular
space (more than 20% of the tissue volume) would have to be present
in the cortex to account for the low specific resistance values found in
these experiments. However, electron microscopy studies, using
conventional fixation methods, have generally indicated a very small
(less than 5%) extracellular space. Harreveld, on the other hand,
using an ultrarapid cryogenic technique, has clearly demonstrated a
consideraé;lX larger extracellular space of about 20% of the tissue
volume. 18 9

An excellent study by Nevis and Collins has demonstrated that
tissue dehydration during fixation may account for the minimal extra-
cellulaE space seen in electron micrographs of perfusion-fixed ma-
terial, <0 They tested a variety of fixatives and buffers and various
combinations of their constituents for effect on brain impedance ultra-
structural appearance. The results showed marked changes in imped-
ance during fixation which correlated generally with the size of extra-
cellular space as determined by electron microscopy.

Current Research

The purpose of our study is to correlate changes in brain im-
pedance with structural damage consequent to high-energy particulate
irradiation. The major sources of potentially hazardous radiation to
man in space appear to be heavy primary cosmic particles, geomag-
netically trapped corpuscular radiations, and solar-flare protons and
a particles. Analysis of the Apollo radiation environment shows that
the solar-flare particle events are the primary hazard. 21 The 184-
inch cyclotron has been modified by means of variable ridge filtration
to produce a defocused beam simulating the LET spectrum of a typical
solar flare event. Experimentation is under way with simulated solar
flare irradiation of primates.

In our study, cats and monkeys are stereotaxically implanted
with stainless steel concentric electrodes placed in deep brain
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structures. The animals are allowed 2 menths' recovery, during
which time impedance is monitored several times daily. Sham irra-
diations are performed until all measures are stable. Focal irradia-
tion at the electrode tip is accomplished by using a multiple-exposure
narrow-beam cross-fire technique with the electrode positioned at the
point of beam intersection. Whole-body exposures can be performed
with the beam appropriately defocused. Following irradiation the
animals are sacrificed at varying intervals up to 30 days. The brains
are prepared for electron microscopy by two methods, both of which
are designed to insure adequate preservation of extracellular spaces.
One involves glutaraldehyde fixation perfusion with postfixation osmi-
cation. The other technique is ultrarapid freeze-substitution fixation.
With the latter method the tissue is rapidly frozen by bringing it into
contact with a heavy copper plug, electrolytically polished, that has
been cooled to liquid nitrogen temperature (about -207 C, under re-
duced pressure. Figure 1 shows the rapid-freezing apparatus, which
consists of a Dewar flask placed inside a protective steel cylinder
with vacuum hose attached to the lid, and tissue holder with controlling
microswitches and pneumatic piston. Figure 2 shows the inner cylin-
der with the heavy copper base plug unscrewed. This inner cylinder
is placed inside the Dewar flask and immersed in liquid nitrogen, and
the tissue is dropped at a controlled rate onto the surface of the cold
copper plug. The tissue is next subjected to substitution fixation in
acetone containing 2% OsO4 at -85°C for 2 days, and then embedded,
sectioned, and stained for electron microscopy.

Results

Results to date have revealed tissue conductance changes in
response to focal brain irradiation with 940-MeV helium nuclei at
dose levels in excess of 10 kilorad. Work is in progress to investigate
lower dose levels. Impedance changes following a typical exposure
are presented in Fig. 3, where resistance and capacitance recorded
from the same electrode are graphed over the 5 days preceding and
the 10 days following a 20-kilorad irradiation. Resistance is equiva-
lent to the total impedance, since the capacitive component accounts
for less than 1/1000 of the total impedance. Immediately following
exposure, as soon as recordings could be made (within 30 min), the
resistance decreased and the capacitance increased at the site of ex-
posure. Impedance was unchanged at recording sites outside the ra-
diation field. Values returned to the base-line levels until Day 4,
when resistance sharply increased and capacitance decreased. This
situation remained to time of sacrifice at Day 10. Brain-wave ac-
tivity recorded from the same electrodes was highly abnormal at the
radiation site; there appeared, shortly after exposure, epileptiform
seizure bursts and high-amplitude spikes. Electron microscopy is
incomplete at present.

To explain these results we envisage a compartment model for
neural tissue, with intraneuronal, intraglial, extracellular, and



130

XBB 672-1036

Fig. 1. Rapid-freezing apparatus.
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Fig. 2. Inner cylinder with base plug removed
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intravascular compartments. It is reasonable to expect the measuring
currents to follow paths of greatest conductivity. It seems well estab-
lished that under physiologic conditions impedance measures reflect
primarily the conductivity of the extracellular spaces. The contribu-
tion of the intravascular channels is considered minimal (less than 5%
of the total current flow). The glial components may contribute sig-
nificantly, but a quantitative estimate must await accurate determina-
tion of the glial membrane resistance in situ. The contribution of the
intraneuronal compartment is probably small, since the membrane
resistance of neurons is relatively high compared with the resistance
of the extracellular space. Thus, the great bulk of the measuring
current is thought to be carried by extracellular electrolytes.

Increases in impedance reflect decreased conductivity of the
extracellular spaces produced by a loss of electrolyte and fluid.
Electrolytes, principally Na and Cl, appear to move into the neuronal
compartment. This movement can under certain conditions be visual-
izedby special stains for chloride and by the ultrarapid cryogenic
methods for electron microscopy. Conversely, decreased impedance
probably reflects increased conductivity of the extracellular spaces.
Electrolytes may move into this compartment from several sources,
including the intraneuronal and, under certain conditions, the intra-
vascular compartments.

At present tég ionic hypothesis of Bernstein22 modified by
Hodgkin and Huxley™~ offers the best explanation of the ionic shifts
underlying changes in cerebral impedance. Briefly stated, this
hypothesis assumes that the resting membrane is readily permeable
to potassium and chloride ions, which are distributed according to a
Donnan equilibrium. This membrane is only slightly permeable to
sodium ions, and an energy-requiring "'pump' removes them from
inside the cell. The distribution of ions across membranes, and
hence in the various compartments, depends upon certain "passive"
and "active' permeability characteristics of those membranes. Other
hypotheses are available but are less well substantiated.

The effects of ionizing radiation on cerebral impedance may be
explained on the basis of permeability changes in membranes. The
initial, immediate drop seen in impedance may signal a permeability
increase in the blood brain barrier with an outpouring of fluid and
electrolytes from the intravascular compartment into the extracellular
compartment. Such an effect after brain irradiation has been demon-
strated histologically in several studies. 24- The subsequent in-
crease in cerebral impedance occurring around Day 4 may correlate
with movement of electrolyte into compartments enclosed by high-
resistance membranes, such as the intraneuronal compartment.

Dose levels of solar flare radiations expected on the Apollo
mission are potentially hazardous to brain function, as judged by
studies on experimental animals. Recently published maximum
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permissible emergency doses for the Apollo mission are 700 rem for
the skin of the whole body, 200 rem for the eyes and hlood-forming
organs, and 980 rem for the feet, ankles, and hands. 27 The proba-
bility of receiving doses like these is 1 in 1000 in the command module
and 1 in 100 on the lunar surface. By use of data from a recent large
solar flare event, total doses (both protons and « particles) in the
command module are estimated at 20 to 50 rem for the skin of the chest,
15 to 30 rem for the eye, and 3 to 9 rem for the blood-forming organs.
In the lunar excursion module doses are expected to be considerably
higher, with 350 to 800 rem at the chest, 100 to 180 rem at the eye,
and 3 to 12 rem at the blood-forming organs. The expected dose for
the brain is unspecified, and our assumption is that it will approximate
the dose for the eye.

There is ample evidence to show that doses in the range of from
50 to 500 rad are capable of %rossly altering central nervous function
and behavioral performance. 9-31" The Russians claim changes in
conditioned reflexes with doses as low as 0.5 to 20 rads, and changes
in brain wave activity at only 0.05 to 1.3 rads. 32 Nervous activity in
animals is certainly altered by dose levels likely to be encountered
during space flight,

The practical significance of the impedance studies is the con-
clusion that ionizing radiation similar to that encountered in space can
produce alterations in fluid and electrolyte distribution in the central
nervous system and abnormalities in brain electrical activity. The
rigors of space flight produce a variety of physiological stresses which
may act synergistically with radiation by virtue of disturbances in the
homeostatic control of the bodily fluids. For example, data from the
Gemini mission reveal cardiovascular and renal compensatory changes
resulting in significant diuresis, and other changes in fluid and electro-
lyte distributions in the various body compartments. 33,34 Cerebral
impedance serves as a sensitive parameter with which to monitor subtle
fluctuations in brain-tissue electrolytes and fluids.
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MATHEMATICAL MODELING OF SPACE RADIATION HAZARDS

Palmer G. Steward and Cornelius A. Tobias

The ability of an astronaut to effectively perform tasks while in
space is a function of his response to the physiological and psychologi-
cal stresses posed by his unnatural environment. Since one may as-
sume that the adaptability of homeostatic responses is a function of the
aging process, it is important to consider the acceleration of the aging
process due to radiation in space as well as due to other unusual as-
pects of the astronaut's space environment.

It is realized that the complexities of man's responses are such
that complete understanding of the aging process cannot be hoped for at
this time. Nevertheless, it may be possible, through mathematical
modeling of the injury due to radiation and other environmental stresses,
to arrive at estimates of changes in mortality rate due to various
stresses. Such a model, when incorporated into a computer program,
can be of aid in planning crucial experiments, and in addition may fur-
nish valuable estimates of the magnitude of injury sustained due to
space radiation and other environmental factors.

At this time we are not aiming at a refined model to account for
minute details of experimental results (as was done, for example, by
Sacher and Grahn). The aim is instead to have a simplified model,
responding to constants measurable in radiobiological experiments,
that could state overall results from animals to man, and eventually
yield an index for the magnitude of injury following a known dose
schedule.

A fundamental relationship of the aging process, propose%ﬁy
Gompertz over a hundred years ago, relates to the rate of death I
of a population of N living individuals of age t,

R = %Iti / N = Aeﬁt = Age-specific death rate, (1)

where A and B are constant, representative of the particular population
considered, and of the hazards of the environment. This relationship
applies surprisingly well to animal and human populations. In humans,

the relationship holds for adults. In various countries and subpopula-
tions, the '"doubling time' of age-specific death rate, log2/p, is 8.5

years. According to Jones” the magnitude of A reflects mortality due
todiseases of early childhood and that of early disease experiences. In Jones's
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model a single stressful episode may shift expression (1) toward larg-
er A, but the slope p remains constant. A chronic environmental
hazard (e.g., continuous radiation) may also alter the slope B toward
decreasing doubling time of R.

A useful model proposed by Strehler and Mildvan? gives
plausibility to Eq. (1) and relates physiological and environmental
conditions to aging. Strehler makes two postulates. First, he as-
sumes that death occurs when the maximum response of the organism
as directed by its homeostatic system is less than that required to
overcome a given environmental challenge. The second postulate is
that the magnitudes of environmental challenges are distributed as a
Maxwell-Boltzmann energy distribution. Strehler replaces the Boltz-
mann ratio that usually occurs in potential barrier problems of phys-
ics, E/RT, by the hypothetical ratio V/eD. Here E is the energy, RT
the most probable energy; V is a quantity that represents the potential
of an organism to overcome challenges of the environment and is called
"vitality," D is called ''deleteriousness' of an environment, and € is
a constant chosen so that the ratio V/eD is unitless. With these pos-
tulates and definitions, Strehler derives a mortality rate of

R -k (VAD)!/2 o"V/€D, (2)

For the case of V>>¢D we have the expression

R=Ke V/€D (3)

If now we equate V/eD to relative aging injury, Eq. (3) is the familiar
Gompertz transformation (1) between injury and mortality rate as
described by Sacher.” The mortality is great when the vitality is
small, or when the deleteriousness is large.

Strehler assumes that the vitality is a function of age: it is
greatest at the beginning of the period of validity of the equation
(young adults), then monotonically decreases with age, thus causing
an increase in mortality, Strehler proposes use of an "attrition
coefficient" B, defined as the fractional loss of original vitality per
unit time. Thus

V=V, (t-Bt),

where t represents age or time and Vy is the vitality of the individual
att = 0. Strehler views the attrition coefficient as the sum of a
constant term b representing the attrition coefficient due to normal
aging and a term {(D) which is the attrition coefficient due to the
environmental factors, Since several other factors may affect vi-
tality, we represent the ratio V/eD by
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A%
v _ Y0 ,

T : }, (4)

% 41l 4

where I is irreversible radiation injury weighted so as to be propor-
tional to the aging injury, a4 is the relative contribution of this injury
towards the total aging injury, and the Ij'g and ;14 similarly are
various other injuries and their relative importances respectively.
Included in the summation may be such factors as permanent physio-
logical injury caused by environmental temperature, atmospheric
composition, gravitational forces, statecof physical exhaustion, nu-
tritional state, and psychological stress. Many of these factors will
clearly be functions of time, e.g., irreversible radiation injury and
reversible radiation injury following a solar flare, which is repre-
sented by one of the terms of the summation. Of course, at this time
we do not actually know how to quantitate injury from a given environ-
mental stress; neither is it known whether or not the injuries produced
can be subtracted from vitality in the manner suggested above. How-
ever, it is possible to construct an injury function, at least for chronic
radiation exposure at low and intermediate radiation levels. The
simplest assumption one can make for various injuries is that they are
additive. Finally, this formulation allows us to make theoretical pre-
dictions for mortality rate, which can then be verified by experiment,
at least in certain strains of animals.

In the first phase of this effort we assumed that only normal
attrition and radiation stress are present. We also assume that all
individuals are exposed to the same basic environment. Thus we have,
instead of Eq. (4),

v
& = o (1 -pt el (5)

The irreversible injury due to radiation which is effective in
producing aging is represented by I in Eq. (5). It is commonly as=~
sumed that radiation injury per unit mass is proportional to the dose
deposited in that mass. Assuming a constant density for biological
material, we may write I, = Adf, where d is dose and A is the pro-
portionality constant between dose and injury per unit volume, and {
is that fraction of the radiation injury which is irreversible. If the
radiation is delivered at a constant rate d* in time, d = d*t.

If irreversible radiation injury is delivered at a constant time
rate d*, so that d = d*t, then radiation exposure causes a linear de-
crease in vitality with time and correspondingly a higher-than-normal
mortality rate, an accelerated physiological aging, and less resistance
to a milieu of normal deleteriousness,
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Under certain conditions it has been claimed that survival of a
mammal may be determined by the extent of cellular radiation injury.
For example, mice sometimes survive acute radiation injury when
about 1% or more of their stem cells survive.

The Strehler model can be related to cellular lethality, or injury,
in the following way: Assume that the critical '"stem' cells have an
exponential survival curve,

S = e-kd,

where S is the fraction of stem cells remaining alive following dose d:
log S = -kd.

The logarithm of stem cell survival is proportional to the attrition of
vitality caused by dose d. Thus, attrition of vitality may be linked to
cellular survival.

Blair? has found that in mice and rats the threshold of radiation
injury for lethality is independent of the volume fraction irradiated and
also of the position in the body of this volume fraction. It is assumed
that this volume fraction is of sufficient size that its injury can be con-
sidered a general injury and not an injury to a particularly vital or non-
vital location.

In dogs, however, Blair finds that the injury threshold for
lethality is not a constant but inversely proportional to the volume frac-
tion exposed to a uniform dose. If we assume that the threshold for any
given aging effect varies similarly, we have

_ 2
I, =Bfd V., (6)

where I4 is the effective irreversible aging injury, B is the proportion-
ality between whole-body dose and aging radiation injury, and Vg is the

volume fraction of the dog which is uniformly exposed to the single dose
d.

Now let us consider the problem of radiation injury to an astro-
naut in space. We assume that Eq. (6) is valid for man. In the case of
galactic radiation, Vg is unity and d is probably a fairly uniform dose
over the body. The fraction f of total radiation damage which is irrepar-
able is a strong function of LET, which varies for acute doses from
probably less than 0.1 to 1.0 as the LET, represented by €, varies from
about 3 to 200 keV/u. There is some indication that f is also a function
of dose rate. Thus f(€) may be different for protracted doses received
from galactic radiation and the relatively acute doses received from a
solar flare event. In solar flare radiation there is the further com-
plication that the dose is not uniform over the body, since the energy
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spectrum of the solar flare particles is soft (i, e., mostly low-energy).
When the radiation injury is a step function of position in the body it is
not clear how to weight this injury with respect to volume fraction in
order to obtain the effective aging injury. If we assume that the aging
effect of radiation injury is proportional to the volume fraction in
which it is confined, regardless of its distribution of magnitude, then
we can write Eq. (6) in 2 more detailed form as

Ii(t’ Vf) =BV

d? t ' , = - ,
gz Iae T [y at' £(R; (', 7), €(E)) €(E) ¢; (E,7, t'), (7)

where
R, t,7) = [ €.(E) ¢; (E, T, t) dE

is the dose rate at position_f and time t, ¢.(E, T, t)dE is the flux of par-
ticles of the ith type in the energy interval between E and E + dE, and

V, is the total volure of the animal. The integration over the volume
elements dr is carried out over the region of the animal where the in-
jury is considered significant.

Further work is in progress to determine the function f(R, €)
and also how to weight the local injury in order to obtain the effective
aging injury.
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