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Mammalian Nervous Tissue in Culture

Abdel-Megid Mamoon, Werner T. Schlapfer and Cornelius A. Tobias

In vitro cultures frorﬁ nervous tissue can provide an experimental model for investigating
a variety of anatomical, physiological, and pathological problems concerning this tissue. This
model is used in an attempt to relate structure to function at the cellular level or at a level less »
complex than the whole organism. The cultures can be examined micro.scopically at all stages
of growth, a definite advantage over the in vivo situation, Known physiological parameters '
such as pH, temperature, etc. can be maintained within narrow limits in the culture environ-
ment. Direct effects of various factors on neurons and glia can be studied at the structural or
ultrastructural level and correlated with the observed biochemical or electrophysiological data
{or both) without interference or indirect effects from the vascular bed and its hurﬁoral factors,
The culture is, however, an approximation of the real Em situation, even though it is true
that many of the structural and functional characteristics of this tissue are reproduced in vitro.
Murray (1) reviewed the basic cytology and development of nervous tissue in vitro and its appli-
cations to different investigations. Lumsden (2) has provided a more recent survey of the new

developments in this field,

A variety of methods for culturing nervous tissue are currently in use, e. g., the Maximow
double cover slip method (3), the Rose chamber method (4), and the roller tube method (5).
The nutrient medium favored by different investigators varies, but in all cases it has a high
proportion of biological fluids, such as serum, serum ultrafiltrates, chicken embryo extract,
etc. Completely synthetic media were found to be unable to support growth and differentiation

of nerve tissue in vitro.

METHODS

We used a modification of the roller tube technique originally developed by Costero and
Pomerat (5) and described by Hild and Tasaki (6), The cerebellum and midbrain of newborn
rats were quickly dissected out under strictly sterile conditions and washed in several drops
of Gey's balanced salt solution (BSS) to remove adhering blood and body fluids. The meninges
and any visible blood capillaries were removed as much as possible. The tissue was cut into

small pieces or explants about 1 to 1.5 mm in diameter and washed once again with BSS. One

1



2 MAMMALIAN NERVOUS TISSUE IN CULTURE

to three explants were then deposited on a No. 1 12X50-mm glass cover slip coated with a film
of heparinized chicken plasma to which one or two drops of S-day chicken embryo extract was
added and mixed quickly and left to clot, This process as well as the earlier dissection was
done in sterile plastic petri dishes. After the clots had hardened, the cover slips carrying the o
cultures were placed in sterile plastic tissue culture test tubes and fed with 2 ml of nutrient

medium, The tubes were then inserted into the holes of a rotating drum assembly tilted 5 deg ;
with respect to the horizontal axis and rotating at about 10-12 revolutions per hour inside a

36°C ?ncubator having an atmosphere of 5% CO2 in humidified air, The nutrient medium con-

sisted of 25% calf serum (heat-inactivated for 30 min at 56°C) and 75% Gey's balanced salt

solution (BSS), the glucose level in the net medium being raised to 5.5 mg/ml. The pH of the

medium, which was close to 7.0, was maintained at this value by the S%-CO2 -in-air atmo-

sphere. The medium was changed weekly, The high concentration of glucose was found to be

necessary for the differentiation of nerve cells and myelin formation (7). Even with such en-

riched medium healthy cultufes may not be obtained if too many nerve cells have been irrepa-

rably damaged by crushing or tearing the explant during the cutting process. It is also impor-

tant to keep the explant size down to approximately 1 mm3 to ensure the accessibility of oxygen

and nutrients by diffusion to the central part of the explant as well as efficient removal of toxic;

waste products elaborated by the cells, All glassware, dissecting instruments, and anything

that comes directly or indirectly in contact with the cultures should be scrupulously clean,

since even the smallest amount of toxic impurities is detrimental to the differentiation and sur-

vival of the cultures. Since no antibiotics are used in the BSS or nutrient media, the danger of

bacterial contamination is always present at all phases of the culturing process,

The cover slips carrying the cultures can be removed from the culture tubes and examined
on a bridge mount filled with BSS by phase-contrast or polarization microscopy. If the exami-
nation has been done under sterile conditions, the culture can be returned to the original test
tube, either directly or after being subjected to some experimental factor, and incubated fur-
ther if so desired. At the start or at various times during growth the explant can be exposed
to irradiation (results to be published elsewhere) or radioactive tracers, or tested for bidelec-
tric activities (see companion paper, page 9 )}, and then fixed and stained with or without sec-
tioning of the culture, by use of classical staining methods. Whole-mount autoradiography by
the dipping technique (8) was done on a few of our cultures to investigate uptake of uridine-1 C
and synthesis of RNA. Bodian silver staining (9) was done routinely., Sudan Black B was used
as a myelin stain (10). Methylene blue {(1:50,000 in BSS) was used as a supravital stain for

nerve cells to reveal the path of cell processes in the living culture (5).

RESULTS AND DISCUSSION

About 24 hours after explantation glia and mesodermal elements as well as neurites start
emerging from the explant, During the next few days more cells emigrate and neurites and
glial processes (Fig. 1) increase in density, but no neurons are yet evident. This is because
neurons migrate least if at all and so remain inside the explant. Nerve cells (Fig. 2) become
visible under a phase-contrast microscope after about 12 days in culture when the explant has
become thin enough for transillumination, The nerve cells appear embedded in an extensive

network of glial and neuronal processes, They are easily spotted because of their characteristic
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Fig. 1. Explant from newborn rat cerebellum at 4 days in vitro.
Notice small cells (mostly glia) as well as glial processes and neurites

emerging from the explant. Phase.

XBB 695-3451

Fig. 2. Newborn rat cerebellum
culture at 12 days in vitro. Two
visible nerve cells (n]. Notice pe-
ripheral nuclei in both cells, Myelin
(m) is already present at this stage.
Phase. XBB 695-3452
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Fig. 3. Myelin in 55-day newborn rat Fig. 4. Myelinated axon after fixation and
cerebellum culture. Left side shows a staining of a 14-day-old rat midbrain cul-
myelinated axon in phase. Right side ture with Sudan Black B.

shows the same axon in polarized light. XBB 695-3454

XBB 695-3453

shape, their usually large size (about 25 p at this stage) compared with the majority of other
cells in the culture, and their very distinct usually single nucleolus, At this stage the nerve
cell nucleus may occupy a peripheral location and Nissl substance may still be not well formed.
Also about the 12th day in culture many axons acquire a myelin sheath, which is easily visible
due to its high refractivity in ordinary light and its birefringence in polarized light (Fig. 3).
Since the elaboration of a myelin sheath requires the collaboration of both the nerve cell, par-
ticularly its axon, and the glial cell, its occurrence is considered to be a sign of the general
health of culture, particularly when it appears at a time corresponding to that in vivo, i.e., at
about two weeks postnatally., The number of our explants that myelinate is upwards of 90% of
the total number explanted, and myelination is abundant at 15 days in vitro. Staining for
myelin by Sudan Black B (Fig. 4) showed sometimes irregularities which may not be a sign of
abnormalities, since they were also seen in vivo in apparently healthy nervous tissue. About
the beginning of the third week in vitro the outgrowth zone has become more advanced and ex-
tensive glial processes forming networks are apparent, About this time also many of the neu-
rons are more developed (Fig. 5), the nucleus is now centrally located, and Nissl substance is
distinct and uniformly distributed in the soma. Although most nerve cell processes were not
easily delineated in the living state, yet incubating the culture for about 20 min at 36°C in a
very dilute solution of methylene blue in BSS (5) followed by examination by phase-contrast or

ordinary-light microscope reveals clearly many of these processes (Fig. 6). Bodian silver
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Fig. 5. Newborn rat cerebellum culture showing apparently healthy
nerve cells at 21 days in vitro. XBB 695-3455

Fig. 6. Living newborn rat midbrain culture at 14 days in vitro,

stained supravitally with methylene blue (1:50,000 in BSSJ. Notice heavy
uptake of dye by nerve cell body and its processes. Due to very lit-

tle uptake by other cells present in the culture, they were not visible

in ordinary light. XBB 695-3456
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Fig. 7. Newborn rat cerebellum culture Fig. 8. A newborn rat cerebellar culture
at 15 days in vitro, Bodian stained. Notice at 16 days in vitro, after incubation with
neuron at center with axons crisscrossing uridine-1%C, fixation, autoradiography,
all over the area. and staining with Einarson's technique for
XBB 695-3457 nucleic acid (12). Notice nerve cell (n)

with grains mainly over nucleus (ns).
XBB 695-3458

staining applied at this stage reveals extensive network of interlacing axons and nerve cell
bodies (Fig. 7). Frequently some areas in cultures from both midbrain and cerebellum ex-
hibited ciliary activity., The cilia are believed to be of ependymal origin and were observed by
Hild (141). The ciliary beating was greatly slowed when the culture temperature was lowered
to 4°C., The activity resumed, however, when the culture temperature was raised to 37°C.

At about one month in vitro the cultures seem to be stabilized and no major further develop-
ment occurs. Dead cells and debris are phagocytized by macrophages at all stages of the cul-
ture development., The cultures in general can be maintained in an apparently healthy condi-
tion for a period of about two months, a period long enough for investigating the effects of
many factors on the structure and function of this tissue. However, chromatolysis of the neu-
ron perikarya followed by degeneration, as well as degeneration of the myelin sheaths, gen-
erally occurs more frequently in older cultures. In view of the complexity of interconnections
between cells in nerve tissue, even at the earliest postnatal stage, and their interdependence,
which is undoubtedly greatly disrupted during the cutting process, it is amazing that any nerve
cells survive at all, Glial cells proliferate a little but mature neurons do not divide. The
nerve cells, however, have a great capacity for regeneration provided their injury is not too
severe, This plus the presence of some immature nerve cells or neuroblasts in young animals

may explain the success of cultures from nervous tissue.
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Since the regeneration and maintenance of nerve tissue explants involve great synthetic
capacities, the possibility for investigating this in our system was checked. It was found that
nerve cells and glia actively synthesize RNA from uridine-214C {sp. act. 55 mCi/mmol) added
to the culture medium at a final concentration of 1,25 uCi/ml and incubated for 30 min at 36°C,
as revealed by autoradiography and staining (Fig. 8). Most of the grains were over the nucleus,
However, because of the relatively long range of 14C betas, good resolution was not obtained.

Future work in this area is planned with tritiated RNA precursors,

SUMMARY
Our experiences and observations with nerve tissue cultures support earlier reports by
others concerning the successful maintenance in vitro of nerve tissue in an apparently healthy

condition for a period long enough to be useful for important investigations relevant to this

tissue.
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Bioelectric Activity of Neurons in Tissue Culture:

Synaptic Networks and Effects of Divalent Catiohs

Werner T. Schlapfer, Abdel-Megid Mamoon, Paul H. O'Lague and Cornelius A. Tobias

Nervous tissue grown and maintained in vitro represents a model system for the study of
some of the properties of neurons and their interactions under relatively simple and control-
lable conditions, The important physiological properties of nerve cells are well retained in
culture; thus neurons differentiate and mature in vitro (4, 2), their electrical properties corre-
spond well to the in vivo situation (3, 4), and sympathetic ganglion nerve cells take up catechol-
amines (5). Organotypic cellular interactions such as the formation of myelin sheaths around
axons (6, 7) and the establishment of synaptic structures as seen with the electron microscope
(8,9) are very similar to their in vivo counterparts. In thick cultures obtained By the Maximow
technique (10) complex bioelectric activities--e, g., long-lasting oscillatory afterdischarges in
response to electrical stimulation and spontaneous complex potentials--are found (11, 12), pro-
viding ample evidence for the existence of functional synaptic connections. In similarly cul-

" tured fetal material the onset of this complex electrical activity corresponds to the morpholog- ‘
ical development of clear-cut synaptic profiles as seen in the electron micrographs (13, 14).
However, these thick cultures exhibiting complex bioelectric activities do not seem to allow
good visualization of individual neurons and their processes at the recording site (15), On the
other hand, the flying cover slip technique used by Hild and Tasaki (5), which favors rapid
flattening of the explant into a thinly spread layer of neurons and glial cells, is accompanied by a
considerable disruption of the normal architecture of the explant, but has the advantage of
making individual neurons, dendrites, a.na axons easily visible under the phase-contrast micro-
scope and accessible to exploration with microelectrodes, An additional advantage of this
technique is the relative ease of preparation and maintenance of the cultures, Although Hild

and Tasaki (5) have found no evidence for the presence of functional synapses in areas of the
explant with low cellular density where dendrites could be .clearly seen, slightly denser areas

of similar cultures showed morphological evidence for synaptic structures (2, 9.). These seem
to be functional (16), and the investigation presented here attempts to further establish and
examine the properties of synaptic interactions of neuronal nets in thin nerve-tissue

cultures,



10 BIOELECTRIC ACTIVITY OF NEURONS IN TISSUE CULTURE

[
MICROSCOPE
LENS

PERFUSION OUT GLASS COVER SLIP
~

Fig. 1. Microscope stage for elec- /CUL.TUHE

trophysiological experiments on
cultured nerve tissue. TEFLON BLOCK
. DBL 694-4639

MATERIALS AND METHODS

Cultures of cerebellum and midbrain of new-born rats were prepared in plasma clots on
flying cover slips in roller tubes (5, 17). They were fed weekly with a medium containing 75%
Gey's balanced salt solution (BSS) and 25% calf serum, with glucose increased to 550 mg%.
They. were incubated at 36.5°C., By 14'to 16 days in vitro (DIV) the cultures had usually spread
into a two-dimensional matrix of nerve and associated cells, A modified Bausch and Lomb
microscope with Zeiss phase-contrast optics was used to view the cultures during electrophys-
iological experiments. The cover slip bearing the culture was mounted on a bridge (Fig. 1)
which allowed the positioning of microelectrodes under visual control through the open sides.
Ports for perfusion and exchange of the bathing solution (usually Gey's BSS enriched with glu-
cose, or modifications thereof) were provided through the bridge mounts, A syringe pump
facilitated the exchange of the bathing solution during electrophysiological experiments., All
experiments were carried out at room temperature, For extracellular recordings glass capil-
lary microelectrodes with tips of 3—-6 p filled with 0.9% NaCl were connected through low-noise
ac preamplifiers (Applied Cybernetics Model 4 UAH) to a storage oscilloscope and a tape re-
corder., Ultrafine glass microelectrodes (tip diameter < 1 ) filled with 3 M KC1 and connected
via Ag-AgCl electrodes to a high-input impedance amplifier were used to record intracellular

signals.

RESULTS

The growth patterns of the cultures used in these experiments are discussed in the com-

panion paper beginning on p, 1 of this report,

SPONTANEOUS BIOELECTRIC ACTIVITY FROM SINGLE CELLS By positioning the
tip of a microelectrode under visual control within a few micra of the soma of a neuron, spon-
taneous extracellular action potentials were recorded from most of the nerve cells tested, The
spikes were usually negative (Fig. 2A), sometimes biphasic negative-positive (Fig. 2B), often
with an inflection in the leading edge similar to in vivo recordings from cerebellar Purkinje

cells (18), but at times large positive-negative spikesiwere seen (Fig, 2C) resembling the
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Fig, 2, Extracellular action poten-
tials, A: Midbrain, 27 days El vitro
(DIV); B: cerebellum, 20 DIV; C: mid-

brain, 27-DIV.
XBB 696-3544

extracellular potentials found by Woodward et al. (49) in the Purkinje cell layer of rat cere-
bellum, The average spike frequency ranged from a few spikes per minute to about 10 spikes
per second, with interval distributions that were quite often nonrandom (Fig. 3A). Spikes often
occurred in trains, with silent periods of sometimes several seconds between bursts (Fig. 3B).
Frequencies as high as 100 impulses per second were observed during such bursts, The inter-
val distribution is at present being analyzed in a more formal fashion. This spontaneous activ-
ity was found in cultures of 14 to 30 days in vitro and persisted for up to 5 hours at room tem-
perature in balanced salt solution, No spontaneous extracellular spikes have been detected as
yet in neurons located in very thin areas of the explant, where the density of cells and cellular
processes is very low, Although the relationship of cellular density (neuron-glial interaction)
to electrical activity warrants further study, it appears that a certain critical cellular density

favors spontaneous activity, or assists in the maintenance of functional neuronal nets, or both,
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0.2 mVI

5 ms

Fig. 3. Spontaneous spike activity. A: Doublet spikes from cerebellum, 30 DIV;

B: bursting activity from midbrain culture, 17 DIV,
XBB 696-3545

Fig., 4. Typical arrangement of elec-
trodes for recording of extracellular

bioelectric potentials.
XBB 696-3543

EXTRACELLULAR RECORDS FROM TWO NEURONS WITHIN THE SAME MICROSCOPIC
FIELD When unit activity was simultaneously recorded with two microelectrodes from two
randomly selected neurons separated from 20 p to 200 p (Fig. 4) their spike activities were
very often correlated, Figure 5A shows correlated bursting, while detailed examination of
the spikes within each burst (Fig. 5B) reveals a certain independence of individual spikes.
Figure 6 is the oscilloscope record of another culture in which the two neurons tested fired
very often within very short times. Here again, the correlation was not perfect, since there
was no fixed temporal relation between the two firings. The degree of correlation is presently

under study with the aid of a computer,
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Fig. 5. A: Correlated bursting activity simul-
taneously recorded with two extracellular micro-
electrodes from two neurons approximately 50 u
apart. Upper trace is recording from first
neuron, lower trace from the second. Cerebel-
lum, 25 DIV. B: Similar sample record from
the beginning of a burst. C: From within the
burst. (Note the good correlation of the bursts

and of some of the individual spikes. )
XBB 696-3546

Fig. 6. Correlated spike activity from two
neurons (simultaneous recording with 2 extra-
cellular microelectrodes; upper and lower trace);
midbrain culture, 22 DIV,

XBB 696-3547
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Fig. 7. Effect of injection of 10 pg/ml strychnine in bal-
anced salt solution. A: Control with single spikes of low

frequency. B and C: After injection of strychnine.
XBB 696-3542

EFFECTS OF STRYCHNINE The addition of 10 pg/ml strychnine to the bathing medium
increased and altered the pattern of spike activity of single neurons in cultures. Unit spike
activity of low frequency changed to a bursting pattern within less than a minute after injection
of the drug. The pattern was rather stereotyped (Fig., 7B), consisting of a single spike fol-
lowed by a slow positive wave and a series of 6~12 spikes. Such spontaneous bursts occurred

at intervals of 4-8 sec (Fig. 7C).

INTRACELLULAR RECORDINGS FROM SINGLE NEURONS Microelectrode penetra-
tions were made on histologically identifiable neurons. Membrane potentials ranged from -40
to -77 mV (inside negative), which, in a few cases, could be held for as long as 30 min, Fig-
ure 8 shows a group of living neurons from a 19-DIV cerebellar culture. A stable membrane
potential of -77 mV was recorded for 22 min from one neuron (arrow), During the penetration,
signals, presumably EPSP's, were recorded, suggesting the presence of functioning synapses

in these cultures. No suprathreshold signals were observed.

EFFECTS OF VARYING THE CONCENTRATION OF MAGNESIUM AND CALCIUM The
spontaneous spike activity of our cultures is very sensitive to changes in the concentration of
magnesium and calcium in the bathing medium. Lowering the calcium concentration from 2.55
mM (normal amount of cattin Gey's balanced salt solution) to 1.2 mM reversibly increased
the unit spike frequency by a factor of 3-5, A reduction to 0.5 mM resulted in a large transi-
tory increase of the firing rate lasting about a minute, followed by a depression to a level
lower than the control value (Fig. 9). The effect was reversible: a return to balanced salt
solution with 2.55 mM Ge®" restored the spike frequency more or less to control level. In-
jecting bathing medium lacking ca’™ caused a short burst of activity of even higher frequency,
with a subsequent cessation of the spontaneous activity. The activity could be restored by re-
turning to the control Ca’" level within a few minutes. No change in spike activity was noted

after an increase of the calcium concentration from 2.55 to 3.55 rn_I\_/I_
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Fig. 8. Group of living neurons
(phase contrast) from cerebellum,
19 DIV, showing position of intra-
cellular microelectrode. Inset:
Intracellular record from one
neuron (arrow) showing membrane
potential of -77 mV and subthresh-
old signals (presumably EPSP!s),
XBB 696-3548

1000

800

Fig. 9. Effect of lowering the cal-
cium concentration of the balanced
salt solution (BSS) from 2.55 mM

to 1.2 mM (midbrain culture,
20 DIV). DBL 694-4638
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Varying the concentration of magnesium in the presence of Ca-l-+ had a much less pro-
nounced effect. Reduction of the magnesium concentration from its normal level (1.07 mM in
Gey's BSS) resulted in a reversible increase of the unit spike frequency, while an increase
from 1.07 to 2.414 mM caused a reversible decrease of the spontaneous bioelectric activity by

a factor of about 2.

DISCUSSION

The in vitro culture of small explants of nervous tissue is an attempt to isolate, simplify,
and control the environment of an otherwise hopelessly complex biological structure, Extreme
care must be taken to ensure the retention of the essential structural and functional aspects of
the tissue, otherwise its simplification would be a vain and useless exercise. Most investiga-
tions of cultured nervous tissue are still concerned with demonstrating the integrity of its cru-
cial cellular and organotypic parameters, The initial concern was with the cytology and mor-
phology of neurons and glial cells in vitro (see reviews 20, 21), later with ultrastructure (4, 8,
9, 13). Electrophysiological investigations show that individual neurons retain their character-
istic bioelectrical properties, such as membrane potentials, all-or-none action potentials,
postspike soma refractoriness, and temporal summation of subliminal stimuli (3,4). Recently
some of the biochemical parameters of cultured nervous tissue have been measured and com-

pared to in situ tissue (5, 22, 23).
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Proper communication within the nervous system depends upon synaptic organization, The
maintenance of functional synapses in culture is therefore of utmost importance if they are to
be used to investigate nervous tissue function, In thick culturés, there is no doubt about the ]
maintenance and even about the de novo formation of functional connections (12, 14). In thin
cultures as prepared in this Laboratory, on the other hand, the degree of disruption of func-

tional synapses has been highly controversial (24), .

The rhythmic bursting activity, the existence of well-correlated spike activities among
individual neurons, the presence of apparent intracellular EPSP's, and the action of strych-
nine and magnesium all strongly suggest the presence of functional synapses forming nets of
nerve cells in densely packed areas of our cultures, The bursting activity of many of our cul-
tures is similar to the spontaneous activity found by others (16), and is likely to correspond to
the complex spontaneous bioelectric activity found with larger electrodes in thick nervous-
tissue cultures (11, 12, 25). It seems probable that this rhythmic bursting activity is due to a
neuronal network of multiple excitatory and inhibitory synapses (12, 26). Alternatively, local
fluctuations of the molecular or ionic composition (or both) of the environment could possibly
account for the rhythmic bursting activity, The strong correlation found between the extra-
cellular spike activities of two different neurons is also good evidence for functional synaptic
connections. The well related silent periods (Fig. 4A) suggest common inhibitory inputs,
whereas the correlated individual impulses of the two simultaneous spike trains (Fig. 5) indi-
cate excitatory connections to a network, Intracellular recordings are a powerful tool for the
further investigation of the characteristics of individual neurons and their connections, The
preliminary results obtained with intracellular electrodes in these investigations need more
elaboration, especially to ascertain the origin of the "EPSP's, "' Variation of the external ionic
environment, control of the membrane potential with a second intracellular electrode, or selec-
tive stimulation of the presynaptic neuron should be attempted in future .experiments. Due to
the delicate nature of cultured neurons, intracellular recordings are technically still very diffi-

cult to perform at present.

The action of strychnine points to the presence of inhibitory synapses, since it is thought
that strychnine selectively inhibits these synapses (27), The effect of strychnine on the bio-
electric activity of thicker cultures has been described by Crain (41), and is essentially simi-
lar to our findings, Further experimentation is needed in this kind of investigation, Finally,
the action of magnesium is compatible with the presence of neuronal nets in our cultures,
Although magnesium affects the excitability of the neuronal membi‘ane, its main action is pre-
sumably on the synaptic transmission (28, 29). Again, more work is required, but the electro-
physiological experiments with strychnine, magnesium, and calcium demonstrate the feasibility

of using nerve tissue cultures for pharmacological studies on mammalian central nervous tissue,

SUMMARY )

These experiments show that neurons in densely packed areas of thin cultures as prepared
in our Laboratory exhibit bioelectric activities similar to the in vivo situation, and that these
cultures contain functional synapses forrhing nets of interconnected neurons even though some

of their normal architecture has been destroyed, Perfusion with bathing solutions of varying
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concentration of Mg++ and Ca’t causes large changes in the average spike frequency. These

cultures therefore represent a simplified system well suited for the study of some of the func-
tions of the central nervous system. Since the environment can be controlled, effects on these
neuronal nets of various chemical compounds, ions, and drugs, as well as of physical param-

eters such as temperature and radiation, can be studied.
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Isolation of Disomics in Saccharomyces cerevisiae

Patric Tauro, Ubaldo S. Rodarte-y-Ramon, Tommy J. McKey and Robert K. Mortimer

In synchronous cultures of yeast, the syntheses of DNA and several enzymes are periodic
(1-3). The number of periods of synthesis of a given enzyme is equal to the number of struc-
tural genes present (4). The synthesis of two other primary gene products--namely, ribosomal
and transfer RNA (t-RNA)--is, however, continuous during the cell cycle (5). By DNA-RNA
hybridization, it has been shéwn that there are large numbers of cistrons for both ribosomal
and t-RNA in S. cerevisiae (6, 7). The continuous synthesis of stable RNA during the cell cycle
of yeast may be due to either (i) scattering of these cistrons on the 16 chromosomes of yeast,
with each of these cistrons being periodically transcribed, or (ii) a different type of control for

these cistrons than for the structural genes for enzymes,

Lack of techniques to isolate large-molecular-weight DNA from yeast rr;a'kes it difficult to
estimate the number. of cistrons for stable RNA on any given chromosome., Although determi-
nation of the genetic locations of these cistrons may be difficult, by the use of yeast strains
having known extra chromosomes (disomics) it should be possible to estimate the number of
cistrons for each of the RNA species on the different chromosomes of yeast. The disomic
strains are also suitable for genetic mapping (8) and for the isolation of mutants defective in
recombination (9). A technique for the construction of disomic strains with the extra chromo-
some identified was suggested by the findings of Pittenger (10) and Case and Giles (11) on
pseudowilds in Neurospora. Some wild~type spores from heterokaryons that carried two com-
plementing alleles at a locus were found to be disofnic for the chromosome carrying these
alleles. - The wild-type response in these cases was due to complementation and not to intra-
genic recombination or conversion, This paper summarizes our initial studies concerning the
construction of disomics (n+1) in S, cerevisiae using this approach. A similar procedure has

been used by Fink (412) for construction of other disomics in this yeast.

MATERIALS AND METHODS ,
The stocks were maintained on YEPD agar slants by regular transfers. The media and
the procedures for mating, isolation of zygotes, and sporulation of hybrids are described by

Manney (13) and Hawthorne and Mortimer (14).
19
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For this experiment a diploid D1 with the following genotype was constructed:

a trp5-1 leu1-19 = ade6-121 + . ural-1
a + leu1-5 ade6-23 can + .

The genes trp5, leud, and adeé are located on chromosome VII (8). The centromere of this

chromosome is located between leui and ade6. The alleles leu41-19 and leui-5 complement,

whereas ade6-121 and ade6-23 are noncomplementing alleles that are widely separated in the

a_.<_:1_e_6 gene (15); ﬁ is a recessive mutation that confers resistance to canavanine, Its incor-
poration in this diploid allowed selection of spores in the presence of unsporulated diploids (16).
The leui allele pair provided a means for selection of spore clones with chromosome VII in
diploid condition, However, conversion and recombination between these alleles also would
yield wild-type spores. The adeé allele pair was included to confirm the presumed disomics,
Only leucine-independent spore clones that exhibited a high frequency of reversion to adenine
independence were selected for further characterization as presumed disomics. The high fre-
quency of adenine reversion is characteristic of a heteroallelic condition and would not be ex-
pected if chromosome VII were in haploid condition, Additional characterization of the pre-
sumptive disomics depended on tetrad analysis, Hybrids carrying three instead of two chro-

mosomes are expected to exhibit irregular segregation ratios for genes on this chromosome,

RESULTS

ISOLATION OF DISOMICS FROM DIPLOID D1 Cells of diploid D1 were sporulated,
The sporulated sample, which contained approximately 30% asci, was treated with glusulase
(Endo Labs) and then sonicated to yield a suspension of single spores (*60%), unsporulated
cells, and cell debris, This suspension was plated on a synthetic medium that contained ade-
nine, tryptophan, uracil, and canavanine (i.e., leucine-deficient)., This medium permits the
growth of (i) unsporulated diploids that are homozygous for S_E_I_Er, for example, as a result of
a previous mitotic segregation event, (ii) spores that are disomic for chromosome VII and
also carry the c_a._rlr gene, and (iii) haploid spores that are leucine-independent as a result of
conversion or recombination within the leul gene, and also carry the E_Ilr gene. The colonies
that developed on this medium were replica-plated to adenine -deficient medium and the repli-
cas exposed to X rays (4 krads) to induce heteroallelic reversion, Only unsporulated diploids
and disomics are expected to yield revertants on this medium. Of 1.4% 108 cells plated origi-
nally, 50 leucine-independent canavanine-resistant clones were obtained that showed reversion
on adenineless medium. These were tested for mating response, with both a and o mating-
type testers, as well as for uracil requirement. Onlyr disomics are expected to exhibit a
mating response, In addition some disomics express the uracil mutation. Of the 50 clones

tested 16 were tentatively identified as disomics by use of these criteria.

GENETIC ANALYSIS OF A PRESUMPTIVE DISOMIC One of the presumptive disomics
DS-542-VII, was crossed to X2180-4A (a mating type, wild), The resulting hybrid D2 was

sporulated and the spores analyzed for segregation of the trp5, leui, adeb, and mating-type

genes, If Ds-542-VII is disomic, the expected genotype of the cross D2 is
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~trp5  leui-19 + . adeb-21 + r
a + + Teui-5 + ade6-23 can .
@ -7 T T T — 7

The expected frequencies of segregation ratios (nonrequirement: requirement) of a gene in

duplex condition in a trisome, such as for trp5, are
P(4:0) = (1/3)(2-x), P(3:4) = 2/3 x, P(2:2) = (1/3)(1-x), (1)

where P(4:0), P(3:4), P(2:2) are the probabilities of the corresponding segregation ratios and
x is the second-division segregation frequency; for trp5, x = 0.33 (8). At the leul locus there
is one dominant allele (simplex) and two complementing mutant alleles, It can be shown that

the segregation ratios for leucine independence: leucine dependence are described by
P(4:0) = (1/3)(1-x), P(3:1) = 2/3 x, P(2:2) = (1/3)(2-x). (2)

The second-division segregation frequency, x, for leui is 0,05 (8)., For the calculation of
Eqs. 1 and 2 it has been assumed that crossing-over occurs randomly among two of the tri-
somic chromosomes. For adeb only 2:2 segregation is expected because only one dominant
allele is segregating., Mating type is expected to segregate 2a, 2a in each ascus if only two
copies of the chromosome are present. Deviations from these expected ratios can result from
gene conversion (47). The segregation ratios for the different genes for a sample of 28 asci
are presented in Table 1. Included in this table are the expected numbers of asci for each of
the ratios, It can be seen that the data agree quite well with the predictions based on the
assumption that DS-542-VII is disomic for chromosome VII. The spore viability of D2 was
high (greater than 90%). This in addition excludes the possibility that DS-542-VII was diploid,
If this were the case, D2 would be triploid, and very low spore viability would have been en-

countered (18).

Table 1, Segregation ratios of markers in D2,

Number Number
- of asci of asci

Marker +:- observed expected
4:0 7 9
leu 3:1 4 1
2:2 17 18
4:0 11 16
trp 3:1 13 6
2:2 4 6
4:0 0 0
ade 3:1 3 0
2:2 25 28
Mating ‘312 8 8
type 2:2 28 28
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RADIATION SENSITIVITY Radiation sensitivity in yeast is ploidy-dependent (19). This
property is therefore useful in distinguishing haploids from strains of higher ploidy. Genetic
analysis described before indicates that the strain DS-542-VII is disomic for chromosome VIL
and the rest of the genome is expected to be in haploid configuration, If this is the case the
radiation sensitivity of the disomic strain should be similar to that of the haploids, Figure 1
illustrates the results of an experiment in which the radiation sensitivity of the disomic strain
was compared with that of its parental haploid and diploid strains, It is seen that the radiation
sensitivity of the two haploid parental strains is identical and, as expected, the diploid strain
is considerably more resistant to X-ray irradiation than the haploids, The disomic strain is
slightly more resistant to X-ray inactivation than the parental haploids and still has exponential (

survival,

INDUCTION OF PROTOTROPHS It has been observed that X-ray induction of proto-
trophs in heteroallelic disomics follow a linear kinetics for low X-ray doses (9). Induction of
adenine prototrophs was tested in the strain DS-542-VII and found to follow a linear relationship
for a dose range of 0 to 3 krads. The slope of the line is 55 prototrophs/io8 survivors/rad,
The corresponding frequency for this allele pair in diploids is 120 prototrophs/iO8 survivors

per rad, This result also supports the conclusion that the strain is disomic.
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STABILITY OF THE DISOMIC DS-542-VII If disomics are used to determine the num-
ber of cistrons for stable RNA on each of the yeast chromosomes, éome estimate of stability
is required, DNA-RNA experiments require large number of cells and prolonged periods of
growth in liquid medium, Nondisjunction could lead to reversion of a fraction of the populafion
of cells to a haploid state. Haploidization of chromosome VII on DS-542-VII leads to cells that
are leucine-dependent. Some of those also may be tryptophan-dependent, A sample of 241
clones grown for 10 generations in liquid medium were tested and not one showed a tryptophan
or leucine requirement. In addition, all still reverted to adenine independence at a high fre-

quency, This suggests that, at least for this case, the disomic condition is quite stable.

DISCUSSION

Qur knowledée of aneuploids and in particular disomics is to a large extent based on inves-
tigations carried out in plants., In yeast, a few disomics accidentally observed have been re-
ported (14). The method described herein to isolate disomics in yeasts is simple and allows
easy construction and detection of disomics for any given chromosome. The data obtained
from the genetic analysis, radiation sensitivity, and prototroph induction with DS-542-VII con-~

firm that the strain is disomic for chromosome VII,

In plants, aneuploids have been observed to possess lower vigor than the normal diploids
(20). However, different aneuploids behave differently, depending on which of the chromosomes
is in triplicate, The disomic DS-542-VII described in this study displays normal growth com-
pared to the parental haploids and displays a relatively high degree of stability during prolonged

periods of culture, The complementing nature of leui-5 and leu1-19 in the disomic, as in the

diploid parent, suggests that both genes are functional, It therefore suggests that the entire
chromosome VII is also functional, Furthermore, the segregation of several markers inves-
tigated indicates normal replication of the extra chromosome during meiosis, The high degree
of stability and the fact that the extra chromosome is functional makes this strain extremely
useful for biochemical studies, In addition to being useful in determination of stable RNA cis-
trons in yeast, disomics are also useful in determining genetic linkage (8) and detection of

translocations,

SUMMARY

A method for the isolation of disomics in yeast by the use of a system containing a set of
noncomplementing alleles is described. The disomic isolated by this procedure has been in-
vestigated for its disomic status. The data suggest that the extra chromosome present in

DS-542-VII is functional and that the strain is stable,
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Fluorescence of Serum High-Density Lipoprotein

Norman K. Freeman and Alex V. Nichols

Fluorescence has in recent years assumed increasing importance as a property of proteins
which can provide evidence regarding their structural and conformational changes in a variety
of circumstances, The use of fluorescence in the study of proteins has many aspects, which
have been discussed in considerable detail by Konev (1) and by Chen (2)., Wavelength shifts and
intensity changes of the native protein fluorescence can be observed; it is also possible to
attach fluorescent dye molecules to proteins in various ways., If noncovalently bound, such
complexes may be used to investigate binding properties, If they are covalently bound, polar-
ization measurements permit certain inferences regarding the rotational properties of protein

molecules.

Very little has been reported on the fluorescence of lipoproteins, Margolis and Langdon
(3) presented fluorescence emission curves for low-density lipoproteins (from human serum)
in 0.15 M NaCl and in 8 M urea. Only small differences were noted in peak wavelengths (2-3
nm) and in fluorescence intensity (~ 5%). It was suggested on the basis of this observation that
whatever structural alteration resulted from urea denaturation did not radically change the
polar character of the immediate environment of the aromatic amino acids; i. e,, they were not

originally buried in a lipid matrix,

.We have set out to study the fluorescence properties of lipoproteins more extensively.
Our primary interest is the set of human serum lipoproteins that are customarily isolated by
ultracentrifugal procedures. It is contemplated that a variety of techniques involving fluores-
cence will be used, and that the information obtained will be pertinent to such structural fea-
tures as molecular size and shape, arrangement of lipid and protein components, and nature of
lipid-protein binding., The data presented in this paper, however, are limited to measurements
of the intrinsic fluorescence spectra and quantum yields of serum high-density lipoprotein

(HDL) and its delipidized apoprotein counterpart {apo-HDL),

EXPERIMENTAL PROCEDURE
MATERIALS High-density lipoprotein (d 1.063=1,21 g/ml) was prepared from human
serum by the standard ultracentrifugal techniques employed in this Laboratory (4). Apo-HDL
25
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was obtained by a delipidization procedure which consisted of extraction by alcohol and ether
at low temperature as described by Scanu (5). Bovine plasma albumin (Armour, crystallized)

was used without further purification,

APPARATUS Fluorescence measurements were made with an Aminco-Bowman Spectro-
pl(lotofluorometer, Model 4-8106. Its emission wavelength scale was calibrated with a mercury
lamp and appropriate corrections were applied, Fluorescence emission curves were recorded
on a Sanborn X-Y Recorder, Model 670 A, Ultraviolet absorption measurements were made

on a Cary Model 14 Spectrophotometer,

RESULTS AND DISCUSSION

The principal observations are essentially those shown in Figs. 1, 2, and 3, These are
fluorescence emission spectra of HDIL, apo-HDIL, and albumin (BSA) respectively, both in
water and in 8 M urea. In all cases the excitation wavelength was 280 nm. Wavelengths of

fluorescence maxima and estimated quantum yields are given in Table {.

The calculations of quantum yield (¢, fluorescence efficiency) were made relative to BSA,
which was assumed to have the value 0,152 determined by Teale (6). No.corrections of the
spectra were made, but since the positions of both absorption and fluorescence maxima are
nearly the same for the different proteins the equation given by Parker {7) should be valid:

FupL _ AupL®uDL

Fasa “Bsa®msa

’

where A and F are measured absorbance and fluorescence (at their respective maxima) for the
two protein solutions at suitable concentrations. Areas of the fluorescence curves would be
preferable to peak heights, but since only ratios are involved and the band shapes are similar,

peak heights may be used,
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Fig. 2. Fluorescence emission spectra
of delipidized high-density lipoprotein,
0.2 mg/ml. Excitation at 280 nm.
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Fig. 3. Fluorescence emission spectra
of bovine serum albumin, 0.066 mg/ml.
Excitation at 280 nm.
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The interpretation of these data hinges on the postulate--discussed by Konev (1)--that the
tryptophan residues in a protein can be either on the surface where they are exposed to an
aqueous environment, or buried in the hydrophobic interior of the molecule. Since the fluores-
cence peak of tryptophan itself has been observed to shift from about 350 nm in water to 329 nm
in dioxane, it is inferred that the dielectric constant of the medium has a significant effect on
the wavelength of maximum fluorescence, When tryptophan is incorporated into a protein, its
quantum yield is also determined to a considerable extent by the degree of polarity of the
microenvironment. The yield tends to be lower in hydrophobic regions, higher in hydrophilic

regions,

In a lipoprotein there is an obvious additional hydrophobic milieu that is available for
interaction with the protein, Still it may not be possible to distinguish the lipid hydrophobic
region from the interior of the protein itself as a microenvironment. Our data for the effects

of 8 M urea on HDL are consistent with most proteins, i.e., there is a shift of about 15 nm
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Table 1. Fluorescence of high-density lipoprotein,

Mnax
absorption fluorescence Quantum
(nm) (nm) yield
HDL (in water) 280 - 340 0.12
HDL (in 8 M urea) 355 0.15
apo~-HDL (in water) 278 340 0.18
apo-HDL (in 8 M urea) 355 - 0.23
BSA (in water) 278 345 0.15%
BSA (in 8 M urea) 365 0.13

a. From Teale, Ref. 6.

toward longer wavelengths, and there is an increase in quantum yield. (For a number of pro-
teins the wavelength shift is fairly uniform, whereas the change in quantum yield is irregular,
and in a few cases negative--BSA, for example.) Thus this observation gives no indication of
any special effect of lipids on the tryptophan fluorescence, Neither does the position of the
fluorescence maximum, which is if anything slightly higher than the range (328-339 nm) of
several simple proteins, The effect of 8 M urea seems to be essentially the same in apo-HDL

as it is in HDL,

The 50% increase in quantum yield as a consequence of delipidization must have some sig-
nificance, although it is not accompanied by a wavelength shift. Konev suggests that a trypto-
phan residue in a hydrophilic environment has a quantum yield of 0.20-0.25, which is close to
that of free tryptophan, In a hydrophobic environment the value drops to about 0,08, Inter-
mediate values represent a distribution of tryptophans between the two states, In many pro-
teins in which such intermediate values occur they can be raised to the free tryptophan range
by exposure to 8 M urea. However, as pointed out by Konev, the quantum yield of a particular
protein probably reflects some mean value of the yields of all the tryptophan residues as they
are influenced by various kinds of constant or induced dipole-dipole or ion-dipole effects of the
surrounding groupings. The quantum yields of HDL (0.412) and apo-HDL (0.18) are both in the
intermediate range, and the higher value of the latter suggests that delipidization does indeed
transfer some tryptophan residues from less polar to more polar environments, There is no
wavelength shift, however, so the process must differ from that resulting from the action of
urea, Since there is a further effect of urea on apo-HDIL, it is tempting to speculate that intact
HDL has three classes of tryptophans: (i) at a protein-water interface; (ii) at a protein-lipid
interface; (iii) in the interior of the protein., Although the present evidence is consistent with

this hypothesis, it is still inconclusive,

SUMMARY |
Measurements have been made of the intrinsic fluorescence of high-density lipoprotein

and delipidized high-density lipoprotein. Spectra of both substances in water and in 8 M urea
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were compared, and quantum yields were estimated, The data have been interpreted in terms

of a hypothesis that the tryptophan residues are distributed among three distinct kinds of local

environment in the lipoprotein macromolecule,
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Ultracentrifuge Data Acquisition from a
Central Control System

Alfred A. Windsor, Lin C. Jensen, David A. Hoopes and Frank T. Lindgren

In an earlier study (1) automatic acceleration to full speed was provided for an analytic
ultracentrifuge using a modified electronic speed-control system. However, during an ultra-~
centrifuge run it is useful and frequently necessary to obtain accurate information about the
acceleration phase, full-speed stability, and rotor temperature, and the exéct time that
schlieren photographs are taken, The present automatic system is designed to provide all

such data from one or more analytic ultracentrifuges.

When data are collected from several devices and channeled into one recorder, a method
of coding and collating is required, We have chosen to use a master clock to synchronize the
start of each machine and to code the data by the time at which measurements are taken. A
time sequencer strobes the measurements by switching from machine to machine in a one-two-
three sequence. This data-collecting system is available for any one or all three ultracentri-

fuges, which may run on totally independent operation schedules.

A digital clock (Parabam Model DA 24, Hawthorne, California) reading hours, minutes,
and seconds on a 24-hour basis controls the timing, An interface coupler (Dymec Model 2526,
Hewlett-Packard, Palo Alto, California) operates with an IBM summary punch machine to
store and record 12 input characters, The IBM patchboard determines the card format con-
taining the time, machine number, rpm, and rotor temperature. Each card also has the date

punched from a master card.

Figure 41 shows the progression of data from the centrifuges to the summary punch machine,

Mercury reed relays select signals from gear-tooth counters (Electro Model 3010-A, Chicago,
111, ) for rotor speed information and from radiometers for rotor temperature information, A
gear attached to the drive motor has teeth which are counted to give impulses proportional to
rotor speed. The radiometer (Beckman Instruments, Palo Alto, California) is the total radia-
tion heat-balance type used in the Model L2-65B preparative ultracentrifuge. A 0.5-in. -diam-
eter aluminum disk receives the energy, and thermocouple wires support and measui'e the

temperature of the disk., The outer structure defines the area from which the receiving ele-

30
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ment or disk receives the infrared radiation,

Fig. 1. Overall block diagram.
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This structure or shield also has a thermo-

couple for comparison with the disk thermocouple; a thermoelectric module heats or cools the

shield to the same temperature as the disk in a closed-loop system,

Reed relays select radiometer outputs to channel the corresponding ultracentrifuge tem-

perature analog voltage to a digital voltmeter (Model 3460B, Hewlett-Packard, Palo Alto,

California),

The bottom of the analytic rotor is recessed 40 thousandths and painted flat black

to optimize radiation exchange between the rotor and the radiometer; the latter is offset 3/4 in,

from the axis of the rotor and spaced 1/4 in, from the rotor bottom. Five digits of binary

coded decimal (BCD) temperature information are available at the digital voltmeter output.

A

counter (Model 5246L, Hewlett-Packard, Palo Alto, California) with a preset unit converts

rotor speed pulses to BCD revolutions per minute,

Six digits are available at the output, and

reed relays select between speed and temperature digital output for the interface coupler,

The sequencer chassis converts timing signals from the master clock to instructions to

the system.

sponding to the static condition are recorded by the printing summary punch machine.

All ultracentrifuges are scanned; if one is not in operation the numbers corre-

Each

time a picture is taken an indicator is punched just before the temperature as shown in the

card format (Fig., 1).

Machines are coded by punching a 1, 2, or 4,

If pictures are taken by

one or by two or three machines simultaneously, it is still possible to know which machines

took pictures because the coupler decodes these numbers as the sum,
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Eaéh ultracentrifuge is designed to operate wholly independently of the system (if desired)
when the connector leading to the central system is replaced by an appropriate jumper plug.
A timed cycle of acceleration and photography is determined by a program card in each centri-
fuge, and the cycle is initiated by a push button on each centrifuge whether controlled locally
or by the central system, The Beckman commutator timer has been replaced by an integrated
circt-lit, giving flexibility of 99 possible picture times, Pictures may be taken at any 2-minute
interval over a period of 200 minutes, Figure 2 shows the present program card, which con-
sists of three integrated circuit NAND gates providing permissive gates for ten pictures fol-

lowed by an end-of-run gate,

Each machine is started at a coded time, with machine number 1 beginning 10 or 40 sec
after the minute, number 2 at 20 or 50 sec after the minute, and machine 3 at zero and 30 sec
after the minute., After starting, temperature and speed are measured every half minute for
the first 5 min during acceleration and every 2 min during the run, . Detailed measurements of
rotor speed are required during 5 min of acceleration to full speed, because within this period
two schlieren pictures are taken, A Fortran IV computer program processes the punched
data, yielding graphs of rotor speed and temperature versus time and the accumulated value of

“"FS_Z / wz(t)dt for the mean time of each schlieren photograph,
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A typical computer evaluation 6f a successful ultracentrifugal run is shown in Fig, 3. Had
there been any failure, an error message or messages would describe the difficulty. An addi-
tional feature of the computer analysis is shown in Fig, 4. Here a cathode ray tube (CRT) plot
gives a visual profile of acceleration and rotor temperature, as well as showing at what time

schlieren photographs were taken,

DISCUSSION

The automatic control and data-acquisition system as described here is a useful applica-
tion of computer techniques to simple electromechanical devices, Data obtained directly in
the form of IBM punched cards allow convenient and direct submission of data for computer
analysis, Such data permit quick ¢omputer evaluation of each day's runs, machine perfor- -
mance, and error-detection capability, Where needed, the equivalent up-to-speed centrifuga-
tion during the acceleration phase of each run is available with great accuracy. Such informa-
tion is essential in very-low-density lipoprotein analysis, where significant migration of mole-
cules occurs during the acceleration phase of the run. Also, the system permits great flexi-
bility in the actual ultracentrifugal run itself, for example, nonlinear acceleration or a run
consisting entirely of programed acceleration, The latter capability may be useful in mini-
mizing the effects of adiabatic temperature changes during acceleration to full speed. Finaily,
such a system should potentially increase the accuracy of sedimentation and flotation rates,

particularly at low rotor speeds,

SUMMARY

Three analytic ultracentrifuges are controlled and useful operating measurements recorded
by a central control and data-acquisition system, Rotor speed, temperature, picture number
of each schlieren photograph, and the time of each measurement are recorded on punched
cards and processed by a computer program, These data permit error detection as well as

more accurate schlieren analysis of lipoprotein-distributions and flotation rates.
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The Scanning Electron Microscope: |
A High-Information-Content Image of Biological Systems

Thomas L. Hayes

The principal value of the scanning electron microscope (SEM) lies in the instrument's
ability to produce high-information-content images. It is not, in general, an instrument of
higher resolving power than the conventional transmission electron microscope, but the SEM
can add useful information that is not available in the transmission electron microscope image.

The resolving power of current scanning electron microscopes is about 100 A,

The information-rich image of the SEM is made poésible by an imaging technique that
allows uncoupling of the two functions of a microscope: localization and information transfer.
The light microscope and the conventional transmission electron microscope utilize a lens
system for image formation. Such a system makes use of the same radiation both to localize
the points of the specimen and to carry information about each point, As a result, the param-
eters of resolution and image information are linked together by the type of radiation used,

For example, the light microscope produces an image that is rich in information (spatial,
chemical, physiological) but low in resolution, whereas the conventional transmission electron
microscope produces-an image that is high in resolution but low in information (chemical bonds

do not influence the image, the image is two-dimensional, the specimen is not living).

The SEM, on the other hand, uses a nonfocused system of image formation, which allows
the uncoupling of resolving power and information content, One kind of radiation (electrons)
can be used to localize the specimen points at high resolution, and another kind of radiation
(visible light, secondary electron, etc.) can be used to transfer the information about these
points to the image, By utilizing a time sequence of points (TV) as the imaging system,
rather than a lens-focusing system, the SEM permits a great increase in the information

transfer from specimen to image,

This information-rich image allows an investigation of the second transfer step: informa-
tion transfer from image to observer. The usual mode of transfer in scientific studies makes
use of a reduction of the image to ideas expressed in words or numbers. In this mode the

information is transferred by objective, abstract means, The SEM can provide images that

35
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Fig. 1. Human red blood cells in blood clot.
L. W. McDonald and T. L. Hayes, Exptl.
Mol. Pathol., in press, 1969. X5800

XBB 686-3441

Fig. 2. Living flour beetle. R. F. W,

Pease, T. L. Hayes, A. S. Camp, and N,

M. Amer, Science 154, 1185 (1966). x170
JHL-6424

Fig. 3. Eosinophil from peripheral
blood of leukemic patient. L. W.
McDonald and T. L. Hayes, Exptl.
Mol. Pathol., in press, 1969.
X2000. XBB 681-483

Fig. 4, Trabecular meshwork of

human eye. W, H. Spencer,

J. Alvarado, and T. L. Hayes,

Investigative Ophthalmology 7:651-

662 (1968). X4300. -
XBB 688-5137
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are suitable for this type of transfer, as illustrated by computer analysis of images, pattern
recognition, or chemical analysis by cathodoluminescence or characteristic X rays. The SEM
can also provide images that can help us to investigate another mode of information transfer
from image to observer: the subjective, experiential mode., In particular, the secondary
electron mode of SEM operation produces an image with the important experiential factor of
three-dimensional space (Fig, 1). We are often aware that the four -dimensional world is not
suited to our experiential understanding, but we sometimes forget that a two-dimensional world
is equally foreign, A three-dimensional image provides one important parameter that permits

the image to approximate experienced vision (Figs. 2, 3).

The value of experiential information transfer depends somewhat on the definition of reality
that we prefer, Many may not agree with Soren Kierkegaard when he suggests that existence
precedes essence, but the influence of his thoughts is an existential fact, It would seem that
at least we should investigate the possible value of adding subjective information transfer to
the analytic, objective modes already familiar to us, It is possible that in addition to writing
the analytic program notes, we should try to listen to the symphony, Particularly in dealing
with the very complex systems found in biology {Fig. 4), subjective, experiential information

transfer may add significantly to our understanding of the system,

SUMMARY

We would suggest that high information as well as high resolution should be considered in
the evaluation of a microscope's image, and that the scanning electron microscope is a valu-
able instrument for the production of such high-information-content images of biological sys-
tems. We would also like to suggest that subjective as well as objective criteria be considered ,

when we evaluate the transfer of this information from image to observer.
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Distribution of Spleen Colony Forming Units
in Bone and Marrow

Donald C. Van Dyke

In spite of 100 years of intense investigation of marrow physiology and pathology since
Neumann's discovery (in 1868) that blood cells develop in the red bone marrow (1), little light
has been shed on the possible importance of the surrounding bone in the process, The fact that
under normal and pathological circumstances hematopoiesis may occur in extramedullary sites
probably explains why bone has not been attributed great importance in the maintenance of mar-
row function. On the other hand, in most adult mammals it is within a surrounding of bone
that marrow thrives, The question as to what a surrounding of bone may contribute to the wel-
fare of its contained marrow has been the subject of recent investigations in this Laboratory
(2, 3). Rohlich's original studies on this question (4) led him to conclude that the bone was
important in modifying the blood supply of the medullary cavity and that regeneration of marrow
following mechanical removal occurred in tissue which apparently had its origin in the Haversian
canals. The study presented here was undertaken to test the possibility that the marrow colony-

forming units (CFU) have their origin in the surrounding bone,

MATERIALS AND METHODS
The spleen CFU assay technique of McCulloch .and Till {(5) was employed, using female

LAF, mice and 1100 rad 60

the femur, which in the adult mouse contains rich red marrow and a smooth endosteal surface,

Co, Bone and marrow cells were obtained from the mid-shaft of

allowing a clean separation of marrow and bone. The proximal and distal thirds of the femur
were removed by using a small electric saw, Marrow was washed from the mid-shaft by
attaching a syringe and vigorously flushing with Eagle's medium (6), In some experiments a
small pledget of cotton attached to a wire drill was then forced through the medullary cavity
with rotation to insure that no fragment of marrow remained. The dense cortical bone was
ground, using 100 strokes of a pestle in a mortar with a small amount of Eagle's medium,
Bone fragments were removed by decanting and the cell content determined by counting in a
standard hemacytometer after 41:1 dilution with white cell diluting fluid, The cell suspension
derived from bone (usually 10-20 bones) was diluted to 6 ml with Eagle's medium, and 0.5 ‘ml

was given by tail vein to each of 10 radiated recipients.
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Fig. 1. Spleen colonies from
equal numbers (35,000) nucle-
ated cells from marrow (cen-
ter) and bone plus endosteum
(right). The spleen of the con-
trol given no exogenous cells is

shown on the left.
XBB 692-914

Marrow was dispersed, analyzed for cell content, diluted to the same concentration as the

final bone-cell suspension, and 0.5 ml injected.

Eosin staining demonstrated 8.5% nonviable cells whether derived from grinding bone or
by suspending marrow, To demonstrate that viable cells rather than nonspecific materials
were responsible for colony formation when bone was the source, one group of recipients was

given cells derived from grinding bone from radiated (14100 rad) donors,

Gross evaluation of the erythropoietic competence of the spleen colonies formed was made

59

by ~ "Fe uptake. Five hours prior to autopsy (10 days after radiation and inoculation) the re-

59

cipients were given ~ "Fe IV, and at autopsy the mice were carefully perfused with saline

through the inferior vena cava while the heart was still beating. Spleens were removed and
59

weighed, and ~ “Fe content was determined by use of a standard well counter,
RESULTS

Marrow flushed from each mid-femoral shaft yielded approximately 8X 106 nucleated cells,
When bone was ground after the marrow was washed out but the endosteal surface was not
scrubbed, each mid-femoral shaft yielded approximately 60,000 nucleated cells, of which one
in 3000 formed a spleen colony, Fig. 1. When bone was washed free of marrow and the endos-
teal surface scrubbed with cotton before being ground, each shaft yielded an average of 20,000
nucleated cells of which again one in 3,000 formed a colony. Under the experimental conditions
used the number of colonies formed from suspensions of marrow cells was one per 6,500
nucleated cells injected, Fig. 2. Thus the cells derived from grinding bone were more than
twice as rich in stem cells as marrow itself. Scrubbing the endosteal surface reduced the
number of nucleated cells recovered after grinding to 30% without reducing the ratio of nucle-

ated cells to CFU,
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Fig, 2. Comparison of the number
of colonies produced after injection
of cells derived from grinding bone
or suspending marrow.
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8 BONE - ENDOSTEUM INTACT o MARROW
A BONE - ENDOSTEUM REMOVED & ENDOSTEUM ALONE

Fig, 3. A: Segment of mid-femoral shaft after flush-
ing out of marrow. Most of the endosteum remains
with the bone and a thin layer of hematopoietic cells
remains adherent to the endosteum, The space between
endosteurn and bone is an artifact of preparation.

B: Similar segment after scrubbing endosteal
surface with cotton. Endosteum with attached hemato-
poietic cells is completely removed. Cellular material
remains only in the Haversian canals,

XBB 695-3460
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Figure 3 shows the appearance of the bone after flushing out the marrow (top) and after
scrubbing the endosteal surface with cotton (bottom). After flushing, most of the endosteum
remains with the bone, with a thin layer of marrow cells attached. After scrubbing with cot-
ton, the endosteum and adherent marrow are completely gone, cells remaining only in the
Haversian canals, In all cases the periosteum has been removed by scrubbing with cotton in

the process of isolating the bone,

Material derived from grinding irradiated bone produced no colonies, nor did it enhance

the colony formation when added to viable marrow suspensions,

Microscopic examination of spleens and femurs of the recipients showed a similar variety
of colony types in the spleen and the presence of colonies in the marrow whether the inoculum

59

was from marrow or bone. Spleen uptake of ““Fe was similar for both groups.

DISCUSSION

Carsten and Bond {6) have stated that thorough grinding of the entire bone with its contained
marrow gave a higher yield of CFU's than did the aspiration technique, which did not recover
marrow from trabecular portions of the bone. These authors did not indicate that bone itself
contributed significantly, and the results of these experiment; show that the contribution from

bone and endosteum would be 1/60 of the total CFU's recovered.

Jacob et al, (7) state that they were unable to effect marrow growth in the dog spleen by
direct‘ insertion of marrow without bone or bone alone without periosteum or endosteum, but
when bone with its contained marrow was implanted proliferation of marrow occurred, In con-
trast, Tavassoli and Crosby (8) have found that autologous fragments of marrow have survived
in various extramedullary sites in the rat, rabbit, and dog, The process originates from a
network of surviving reticular cells which proliferate and differentiate into osteoblasts and
give rise to trabecular bone followed by repopulation of the marrow, Tavassoli states ''we
have never been able to achieve the growth of ectopic marrow without bone despite many efforts

in this line of work!' (personal communication),

In studying regeneration of marrow following mechanical removal, Rohlich (4) found:
After removal of the bone marrow the medullary cavity was first filled with blood, Granula-
tion tissue from the connective tissue in the environment and from the Haversian canals in the
compacta proliferated into this coagulated blood. Not only did the proliferating connective
tissue from the Haversian canals grow into the medullary cavity, but in addition, bone tissue
had been resorbed from the Haversian canals, causing the latter to become markedly dilated,

Fig. 4.

The ingenious series of experiments by Friedenstein et al, (9) appears to give direct proof
that bone provides the microenvironment attractive to hematopoietic marrow independent of
any hematopoietic stem-cell contribution, Transplants of bone marrow from partially inbred

(semisyngenetic) donors formed bone of donor origin harboring marrow of recipient origin.
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Fig. 4. Transverse section through dia-
physis from which the red bone marrow
had been removed 14 days earlier: (1)
front of the granulation tissue; (2) blood
vessesl; (3) bone trabeculae; (4) abnor-
mally dilated Haversian canals; (5) peri-
osteal formation of new bone tissue;

(6) border line. (Reproduced from
Rohlich--Ref. 4.) XBB 6812-7645

CONCLUSIONS

Spleen colony-forming cells have been shown to be found in bone. The total number is
small, but the ratio of CFU to nucleated cells is greater than in marrow. The results would

seem to indicate that bone either collects or generates marrow colony-forming cells,
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Clinically Applicable Fluoro-Kinetic Method for
Bone Blood Flow Determination

Donald C. Van Dyke and Jean-Pierre Naets

Intravenously administered fluoride rapidly leaves the blood, approximately half being
excreted by the kidneys and half being taken up by bone (1-3). The short-lived isotope of
fluorine, 18F, is routinely prepared carrier- and contamination-free (4) and provides an ideal

isotope for clinical application of the kinetic determination of blood flow to the total skeleton,

Because blood clearance of fluoride is dominated by urinary excretion and uptake by bone,
uptake by bone can be computed from information on blood clearance and urinary appearance
during the first hour after intravenous administration, Bone uptake in the initial period can be

converted to total skeletal blood flow, since the extraction of fluoride by bone is virtually com-

plete on a single passage (3).

! 8F is relatively

Because of its 1141-min half-life, the radiation dose to the patient from
small (3), and if desired the study could be repeated after an interval of a few hours, Except
for currently limited availability of the isotope, the method is simple and requ1res no special
equipment., Growing interest in the use of 8F as a bone-scanning agent suggests that ways of
increasing its availability to departments of nuclear medicine will be found in the near future.
Multiple -head in vivo continuous recording counting equipment or a positron scintillation cam-

era can be used to simplify the determination, but is not essential to the method,

This report demonstrates the fluoro-kinetic method for bone blood flow measurement in

dog, rat, and man,

MATERIALS AND METHODS

Analysis of the fluoro-kinetics data depends on accurately determining the initial blood
clearance rate and the amount of isotope appearing in the urine during the initial period. The
blood disappearance rate may be obtained graphically, using the values after equilibration in
the 1817‘ gpace' and before reentry from bone becomes significant, A simple method for de-
termining when equilibration in the 18]:7‘ space is complete is to place a counter over some

fleshy portion of the patient's body and record the counts at 60-sec intervals until no increase

43
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in counting rate occurs. This will normally take from 5-25 minutes. Maximum counting

18]:7‘ equilibration in the body fluids is complete, and the time determined in

occurs at the time
this way indicates when to start plotting the rate of loss of label from blood due to bone uptake

and urinary excretion,

The minimum number of blood samples should be at 5, 10, 20, 30, 40, 50, 60, 80, and
100 minutes., After mixing (5~25 min) the values should fall exponentially during the first hour.
Points between 20 and 60 minutes usually provide the t1/2 of the initial blood curve after mix-

ing, but the timing must be determined for each patient.

Adequate hydration of the patient is necessary to insure a urine collection at the time
desired, Urine should be collected at a time as close to the t1/2 of the initial blood curve

(30-60 min for most patients) as possible,

If an Anger positron scintillation camera is available, the initial tissue-mixing curve and
the buildup curve in the urine can be obtained by splitting the camera field just lateral to the
bladder (at the line of the inguinal crease) and recording count rate from each half, Subtrac-
tion of the lateral half (tissue background) from the medial half (tissue plus bladder) should
give the bladder buildup curve, This curve can be used to correct the urine value if voiding

is delayed well beyond the time when blood disappearance is exponential,

The number of counts per ml obtained by extrapolation of the first blood exponential to
zero time divided into the counts injected gives the initial mixing '"'volume. ' The rate of clear-
ance after mixing times the mixing volume gives the volume of blood cleared (by bone and kid-
ney) per minute. This figure divided by the cardiac output (measured or estimated) gives the

fraction of the cardiac output cleared (by bone and kidney) of 18F per minute,

Since the ty/2 of clearance from blood equals the ti/Z of appearance in bone and urine,
urine collected at a time similar to the blood t1/2 can be used to determine the theoretical
total that would be excreted if these initial rates prevailed to infinity (no feedback from bone).

This value (urine at infinity) can be determined graphically or by the formula

U

- u(t)
o - T1- exp(-693/t1/2)Tf

1- U equals the theoretical {no secondary loss from bone) fraction of the injected dose accu-
mulating in the skeleton, This number times the fraction of the cardiac output cleared per
minute gives fraction of cardiac output to bone (assuming 100%) clearance in a single passage

through bone).

In experimental animals, on which serial autopsies can be done, the bone accumulation
curve and fraction of injected dose in the skeleton may be used in the calculations rather than

the values obtained from urine.
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Fig. 1. Composite positron scintillation camera
pictures of 18F distribution in the female radium-
burdened beagle of Table 4, The bladder had been
irrigated with saline just prior to taking pictures over
the pelvis, High uptake in an osteosarcoma of the
right femur as well as unusually high uptake in the
region of the jaws can be seen, A second bone lesion
in the right wrist is suspected. Visualization of both
kidney pelvises is due to continued excretion of the
isotope. The picture is compatible with the 3-com-
partment model presented (extracellular fluid, urinary
excretion, and rapid initial skeletal uptake with slow
release) in Fig. 3 2 hr after injection.

XBB 691-526

PROCEDURE
DOG A 10.9-kg female beagle dog was anesthetized with 5 ml Diabutal given intrave-

nously. An intravenous infusion {40 ml/hour) of normal saline containing 4000 units heparin
was started and an intravenous plastic cannula was inserted at another site for ease of blood
sampling. A catheter was placed in the bladder and 1000 units of heparin was given intrave-

nously, Three millicuries 18

F was given IV at the start of the experiment, One-ml samples
of blood were taken at frequent intervals over a 10-hr period, and the hematocrit was deter-
mined at beginning, middle, and end of the experiment, The bladder was irrigated at frequent

intervals and the 18

F content of each sample and of the accumulated sample was determined.
Previous determinations had shown the blood volume of the adult female beagle to be 98.4
ml/kg {1070 ml for this dog). According to Dukes (5} cardiac output would be 1450 ml/10 kg

(1580 ml/min for this dog).

Positron scintillation camera pictures showing distribution of 1SF carried by the blood to
various parts of the skeleton were routinely taken 2 hours after injection, when blood levels
were low, skeletal uptake was neaf maximum, and physical decay had not reduced the isotope
below efficient recording levels, An example of the pictures obtained from a dog having a high
radium burden over a 5-year period is shown in Fig, 1. Abnormally high uptake in the jaws
and in an osteosarcoma in the right femur is apparent., A lesion in the right wrist is suspected,
and both kidney pelvises can be seen as a result of continuing excretion of the isotope. The
bladder had been irrigated just prior to taking of the pictures. The dog had been given 300 pCi
of 18,

RATS Analysis of fluoro-kinetics in rats was based on measurement of blood disappear -

ance and bone uptake rather than on blood disappearance and urine excretion, as in the dog.
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The data used are from the same animals from which previously published data were obtained
(3). Rats of the Long-Evans strain with an average weight of 277 g were given 18}:" via the tail
vein and then at intervals killed so as to obtain measurements of blood content, uptake by one
tibia, and uptake by the entire skeleton (cleaned of as much soft tissue as possible). The pub-
lished value of 24 ml of blood per 100 g per min (6) was used for cardiac output (58 ml/min of
blood or 31 ml/min of plasma for the rats in this study). Plasma volume was assumed to be

2.8% of body weight or 7.8 ml.

MAN Patients referred to the Donner Laboratory Clinic for investigation of abnormali-
ties involving bone were studied by this technique. Mark II whole-body scans and positron

f 18F to parts of the skeleton were

scintillation camera pictures to demonstrate distribution o
done at completion of the fluoro-kinetic studies, Patient B, W,, studied because of a parathy-
roid adenoma without associated bone disease, will serve as an example of application of the

method,

This 65-year-old, 77-kg man had a pulse of 72 and blood pressure of 150/90. (Cardiac
output was calculated to be 5600--Ref, 5), For greater accuracy, and especially where abnor-
malities in blood volume and cardiac output are suspected, direct measurement by the RISA
method should be done (7), as follows.

1. Hydrate patient adequately and advise not to urinate,

2. When patient feels he could urinate at any time, place under camera with bladder in
one half of the field and hip in the other. Start continuous recording from both halves. (Check
accuracy of bladder positioning by a picture during procedure,)

3. Place plastic needle (for sampling) in one arm and inject 181“ in other,

4, Collect blood samples at approximately 5, 10, 20, 30, 40, 60, 80, 100, and 120 min.

5. Have patient void completely at 30 minutes,
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RESULTS : _ :
DOG In the dog the 18F content of the blood decreased exponentially during the period
of 5-60 min, with a half-time of 34 min (Fig. 2). The initial rate of appearance in the urine

was compatible with a 34-min t and by-3.5 hours 48,6% of the injected dose was excreted

(Fig. 3). Slowing of the rate of11/c?ss of label from the blood after the first hour, associated
with a slow but continuing appearance in the urine, was indicative of 'feedback' from bone to
blood. Loss from bone with concomitant appearance in urine between 4 and 9 hours has been
reported by Durbin (4). The half-time of 34 min (before feedback becomes significant) can be
used to calculate what the final value for 18]:? in urine would be if no feedback occurred. (‘The
amount appearing in urine at the blood half-time (45.5%) would be half the final theoretical
value of 31%--Fig. 3). The difference between this theoretical value of 31% and the observed
value of 48.6% is due to feedback of fluoride from bone, Fig. 3. Since that 18F, which is not
as the

2

excreted goes to bone, the theoretical final value must be 69%, having the same t1{
8F in bone

initial blood and urine curves, 34 min (Fig, 3). The actual rate of appearance of
would be the difference between the sum of the observed values for extracellular fluid and the

observed values for urine,

The sustained extracellular fluid (blood) level and the continually rising. total urinary
excretion are both presumed to be functions of loss from bone. The actual skeletal content of
18F must therefore be the difference between the sum of the observed e);tracellular Vfluid con-
tent plus the observed urine content and 100% (Fig.. .3). The slope of the later portion of this

curve, between 4 and 8 hr, indicates an elution rate from bone of 0.75% per hr (Fig. 3).
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The zero-time extrapolate of the blood curve indicates an 1817‘ "space' of 2957 ml, ‘As the

initial rate constant for the blood and extracellular fluid is 2.04%, then 60.3 ml per min is
cleared by bone plus kidney. (Clearance is from blood, so 60,3 ml blood cleared per minute.)
Assuming the cardiac output to be 1580 ml per min, then 3,8% of cardiac output is cleared
per minute, Assuming a bone extraction efficiency of 100% and having found a 69/31 distribu-
tion between bone and kidney (Fig. 3), one knows that bone blood flow is 69% of 3.8, or 2.6%
of cardiac output,

18F in excised rat tibia was exponential, with a half-time of 10

RAT Accumulation of
min, Initial loss from plasma was compatible with a 10-min half-time if the high first point is
assumed to be due to incomplete mixing at 0.5 min (Fig. 4). These data are very similar to
the blood disappearance curve presented by Durbin, Although the blood curve was a composite
of rapid early and slower late components, suggesting re-entry from bone, uptake by bone was
a single exponential 10-min doubling time, with no apparent loss during the following 7 hr,
Thus, fluoro-kinetics in the normal rat was dominated by a 410-min half-time or a rate constant
of 6.93% per min, Extrapolation of this portion of the plasma curve to time zero showed 9% of
the injected dose in plasma (7.8 ml) giving an 181“ "space' equal to 86 ml or 31% of body weight;
6.93% of this ''space' or 5.9 ml is cleared per minute, Cardiac output is calculated to be 58
ml per min, giving 10% of cardiac output cleared of 18]:7‘ per minute, Measured uptake by the
skeleton was 30% without evidence of significant feedback, indicating a 30/70 distribution of
18F between bone and urine, or 3% of cardiac output to bone. This value is somewhat smaller

than that previously obtained (4.4%) by graphic analysis,
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In patient B, W. (hyperparathyroid) the blood curve showed mixing to be complete

by 15 min, with decline following a single exponential with a 48-min half-time during the sub-

sequent 45 min,

"tyvolume" of (

cpm injected v 4
cpm/ml blood at t, ) 1.53% 10" ml,

Extrapolation of that portion of the curve to zero time indicated a mixing

The rate of clearance from this volume

(0.693/t1/2) was 1,44% per min, or 220 ml. This value divided by.the estimated cardiac out-

put (5600 ml) gives the fraction of the cardiac output cleared by bone.and kidneys per minute

3,7%.

Table 1. Fluoro-kinetic determinations of fraction of

cardiac output going to bone in different species

and diseases in man,

Species, disease

Fraction of
cardiac output
going to bone

(%)
Normal rat 3.0
Normal beagle (female) 2.6
2.9
Normal beagle (male) 2.7
2.7
3.5
3.7
Radium-burdened beagle (fernale)a
with osteosarcoma 1.
Radium-burdened beagle (male)a 2.2
Normal men 7.6
7.2
7.8
Normal woman 6.0
Acromegaly 1.9
Hyperparathyroid without bone disease 3.3
Aplastic anemia 3.4
Severe diabetes 5.9
Acromegaly with hyperparathyroid 6.7
Chronic blood-loss anemia - 7.5
Fracture, nonunion 8.0
Acromegaly + limited Paget's 8.2
Severe diabetes 8.5

a. From Radiobiology Laboratory, University of
California~Davis (USAEC [AT 04-3]472);

" Ref, 8. : :
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The example is simplified by the fact that the patient voided at 50 min, which is approxi-
mately the half-time of the initial blood compongnt. At that time (the ti/?_)’ 8.4% of the in-
jected dose appeared in the urine, indicating that if that rate prevailed to infinity (no feedback
from bone) 16% of the injected dose would be excreted by the kidneys and the remaining 84%
would be deposited in bone. Thus 84% of 3.9% (the fraction of the cardiac output cleared per

min), or 3,3% of cardiac output goes to the skeleton.

DISCUSSION

Measurement of bone blood flow in the living animal or patient has not previously been
possible. Availability of a simple and reliable technique should provide better insight into the
relationship of bone blood flow to a variety of disturbances involving the skeleton, and should
be a valuable aid in differential diagnosis once the characteristic findings in different disease
conditions have been established, Table I gives the values found for adult rats, adult beagle

dogs, and 9 human patients with diseases known to affect the skeleton,

SUMMARY

Because the rapid initial clearance of fluoride from blood is dominated by urinary excre-
tion and uptake by bone, uptake by bone can be computed from information on blood clearance
and urinary appearance during the first hour after intravenous administration. Since the ex-
traction of fluoride by bone is virtually complete on a single passage, bone uptake in the initial

18F,

is ideal for clinical application to the kinetic determination of blood flow to the skeleton, Study

. period can be converted to total skeletal blood flow, The short-lived isotope of fluorine,

of normal rats and dogs by this method indicates that the effective circulation to the skeleton
is approximately 3%. of cardiac output, Values from 1.9 to 8.5% of cardiac output going to
bone have been found in nine patients with different diseases associated with vascular or
skeletal abnormalities, Application of this technique should provide better insight into the
relationship of bone blood flow to a variety of disturbances involving the skeleton, and should
be a valuable aid in differential diagnosis once the characteristic findings in different disease

conditions have been established,
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Urinary Erythropoietin Assay in the Diagnosis of
Hematologic Disease

Donald C. Van Dyke and Mary Lou Nohr

In the absence of methods for measurement of serum erythropoietin when it is low, nor-
mal, or oniy slightly elevated, the ability to measure daily erythropoietin excretion becomes
important; we assume either that urinary excretion can be relied upon as a reflection of the
concentration of erythropoietin in the body fluids, or that a reliable comparison between eryth-
ropoietin excretion of normal and erythropoietically abnormal human beings can be made. In
testing the validity of this assumption, several practical problems have arisen, The extrac-
tion method previously used by Van Dyke et al. (1) varies in recovery, and Marver and Gurney
have shown (2) that ingestion of sodium bicarbonate may increase excretion 3-10 times. Does
bacterial contamination of the urine lead to significant loss of erythropoietin? Does the level

of urinary erythropoietin depend on fluid intake and urine volume ?

If these problems are resolved satisfactorily, then a stringent examination should be made
of the reliability of the urinary erythropoietin assay in the differential diagnosis of relatively
difficult diagnostic problems. Can this measurement be relied upon to differentiate between an
erythropoietin-producing tumor or cyst (3) and benign cyst in a patient with polycythemia? Can
it distinguish unequivocally between primary polycythemia and polycythemia secondary to car-
diac or pulmonary disease (4), or abnormalities in the hemoglobin molecule which interfere

with oxygen delivery to the tissue (4,5)?

The object of this study was to clarify as many of the practical problems as possible in an
attempt to standardize procedure and evaluate measurement of erythropoietin in the urine as a

meaningful clinical test and research tool,

MATERIALS AND METHODS

COLLECTION AND CONCENTRATION OF URINE Complete 24-hour collections of
urine were made from patients with various hematologic diseases and from normal volunteers.
The urine was frozen immediately after voiding and stored at -18°C until concentrated. All
samples were processed within 2 months after collection and stored after processing at -20°C

until assay.
52
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Two methods of concentration were compared, the collodion-adsorption method (1) and
dialysis against Carbowax (6). The first required concentration of 3 days' urine output by
exposure of the urine to a collodion membrane in a high-pressure filter. The membrane was
dissolved in ether-alcohiol, and the precipitate was washed three times in ether-alcohol and
once in ether and then dried under vacuum, The total solids obtained were diluted in 11 ml for
assay in 10 mice. The second method required a 24-hour urine collection which was dialyzed
against Carbowax overnight in the cold. The following day the cbntents of the bag were washed
out, the bag was washed twice with a small volume of saline, and the contents and wash centri-
fuged in the cold for 20 minutes. The supernatant was redialyzed against Carbowax overnight
in the cold, The next day the volume in the bag was measured and brought to a total of 12 ml,
This was divided into samples equivalent to 60- and 48-hour excretion, which were diluted to
41 ml for assay, Assay of a concentrate of the full 24~hour output frequently resulted in death

of recipient mice.

Dose-response curves were determined by using 3-day collections of urine from an anemic
pregnant woman, from a patient with erythrocytosis, and from a normal male, each dialyzed

against Carbowax.

Recovery of erythropoietin by the collodion adsorption method or by Carbowax dialysis was
compared in two ways. Urine from two patients whose erythropoietin titer was high was pro-
cessed by both methods, and the concentrates were brought to the original volumes and com-
pared directly with a sample of the unmodified urine, When erythropoietin was too low to be
measured in unmodified urine, a 4-day collection was pooled; 3/4 was concentrated by collodion

adsorption, 1/4 was concentrated by Carbowax dialysis,

In further studies of the Carbowax method, a known amount of erythropoietin was added to
half of a 24-hour collection, Both 12-hour equivalents were then carried through the concen-
tration procedure. For control the same amount of erythropoietin was diluted in saline, left

in the refrigerator for 2 days, and frozen when the urine was frozen,

METHOD OF ASSAY Female mice of the Balb/c strain rendered polycythemic by hyper-
transfusion according to the method of DeGowin et al. (7) were used routinely for all assays.
This assay was compared directly with the method described by Adamson et al. (6), which

utilizes posthypoxic protein-depleted mice injected with test material every 412 hours for 4 days.

SPECIAL STUDIES  The effect of fluid intake on erythropoietin excretion was studied in
a normal male volunteer, Urine was collected on consecutive days for one day of ad lib, water
intake, two days of severe fluid restriction, and a fourth day of increased water intake, At the

time of processing, erythropoietin was added to half the base-line sample to determine re‘covery.‘

The effect of alkalinization on excretion'of erythropoietin was studied, using the alkalin-
ization procedure described by Marver and Gurney (3). Base-line studies were made of 1-4-
day urine collections. Six grams NaHCO; were taken orally t,i.d. for 2—4 days. At the time

of processing, erythropoietin was added to half of one day's préalkalinization urine, Acetazol-
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amide (Diamox®) was tested as an alkalinizing agent in one@{gatient whose urine after alkalin-
ization with NaHCO3 had previously been assayed., Diamox did not cause the degree of
alkalinization obtained with NaHCO3, and erythropoietin excretion increased less with Diamox®

than with NaHCO3, so NaHCO, was retained as the standard alkalinizing agent,

3

RESULTS

TECHNIQUES The hypertransfused mouse assay of DeGowin et al. showed a steeper
slope than the method described by Adamson, but an equal minimum effective dose (Fig. 1).
Also shown in Fig. 1 is a comparison of dose divided into eight injections employing either
hypertransfused or posthypoxic, protein-depleted recipient mice (Adamson's method). There

was no advantage in dividing the dose,

With the hypertransfused mouse assay it was possible with increasing amounts of urine

dialyzed against Carbowax to obtain a dose-response relationship that was parallel to that
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obtained with standard efythropoietin (8). Figure 2 illustrates this with urine from three sub-

jects, y

Dialysis against Carbowax was selected as the most convenient and reliable method of
.concentration of urine, providing virtually 100% recovery of erythropoietin, This was demon-
strated with urines of high erythropoietic activity processed by the two methods, In this study
less than 50% of erythropoietin measured in unmodified urine was recovered by collodion
adsorption, whereas virtually 100% (80-100%) was recovered by Carbowax diaiysis. When
erythropoietin was too low to be measurable in unmodified urine, concentrates of urine pre-
pared by Carbowax dialysis showed a higher level of erythropoietin than collodion-adsorbed
urine concentrates in 9 of 410 patients. The exception was a case in which a 24-hr collection
" concentrated by dialysis was negative and the 3-day concentrate by collodion showed a minimal

erythropoietin level,

In another study a known amount of erythropoietin was added to-half of a 24-hour urine
collection prior to dialysis against Carbowax, In 17 cases in which there was no detectable
erythropoietin in half the urine concentrate, there was 100% recovery of added erythropdietin
from the second half, In eight cases with no detectable erythropoietin there was no recovery
of added erythropoietin, Subsequently one of the eight patients was reassayed and iOO% of

. added erythropoietin was recovered from the urine,. .

To determine if bacterial contamination was deleterious fo urinary erythropoietin or a
factor in failure to recover added erythropoietin, bacterial cultures were made of most urine
samples studied, The results of the assay were plotted against the numbers of colonies of
bacteria, and no correlation was found. From three urine samples which showed massive
bacterial contamination, 100% of added erythropoietin was recovered, Bacteria, obtained
from a culture of urine from which added erythropoietin was not recovered, were added to
standard erythropoietin and incubated at 37°C for 2 hours, This resulted in no loss of activity
of the standard, Occasionally we have found normal or high levels of urinary erythropoietin

when there was massive bacterial contamination,

SPECIAL STUDIES In the one subject studied for this effect, dehydration resulted in

decreased erythropoietin excretion to levels not measurable on the first day of dehydration,

Table 1. Effect of fluid intake on urine volume

and excretion of erythropoietin,

Volume of urine IRP units of
Procedure excreted erythropoietin
{(ml) excreted/day
Normal (base-line) 1280 1.32
Day 1 of dehydration 700 not detectable
Day 2 of dehydration - 480 0.77

Excessive fluid intake 4040 2.52
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Fig. 3. Effect of alkalinization
on daily excretion of erythro-
poietin by normal, adult male
volunteers.
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and low but measurable values on the second day (Table 4). On the third day, when fluid intake
‘was greatly increased, the urinary excretion of erythropoietin rose slightly., Adamson et al.
(6) report no correlation between erythropoietin excretion and urine volume, determined in a
.single individual as a function of normal urine volume variation, However, Van Dyke (9) re-
ported that when one patient with a high level of urinary erythropoietin developed unexplained
polyuria, erythropoietin content per ml of urine was essentially unchanged, resulting in an

increase in erythropoietin excretion with increasing urinary volume in this (isolated) case.

Four normal subjects and 10 patients with various hematologic diseases were given 6 g
NaHCO3 orally t,i,d. for 2 or more days. The results of assays of each day's urine output

are shown in Fig, 3 for normals and Fig, 4 for patients. ,The pH is shown next to the bar for
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Fig. 5. Erythropoietin excretion of nor-
mal human beings or patients with pri-
mary or secondary polycythemia. In-
cluded in the figure are data presented by
Adamson (10). -+ DBL 689-5442.
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each day, There was no correlation between urine volume and erythropoietin excretion, and
added erythropoietin was quantitatively recovered from all but one base-line collection, In
normal subjects erythropoietin excretion may remain unchanged following alkalinization, as in
subjects C and D, or it may increase with duration of alkalinization. It can be seen that pH of
subject A did not continue to rise during alkalinization although erythropoietin.excretion was

progressively increased.

Excretion of erythropoietin during alkalinization by patients with a variety of hematologic
disorders is presented in Fig, 4. Urinary erythropoietin excretion in patients E, I, and L was
unchanged. The remaining patients had moderate to marked increése in erythropoietin excre-
tion, Serum eryfhropoietin of patient J was measured one week before alkalinization and on the
second day of alkalinization. The serum level rose from 'not detectable! to 0.044 unit/ml in
spite of continuing polycythemia, Added erythropoietin was not recovered from the base-line
sample of patient I, and it was not surprising to find no measurable erythropoietin in alkalin-

ized samples,

Each of the topics discussed above was a practical problem arising from work done in this
Laboratory or by others in attempting to use the urinary erythropoietin assay in clinical studies.
With no manipulation of the patient the results are sometimes equivocal, as shown in Fig, 5.

No data are included in the figure where it is known that added erythropoietin was not recov-
ered. As can be seen, 28% of patients diagnosed as secondary po.lycythernia (hypoxia, cyst or
- tumor, or idiopathic) had no detectable erythropoietin in urine concentrates, and occasionally
only slight or no erythropoietin was found in normal urine concentrafes. All patients diagnosed
as having polycythemia vera had a low erythropoietin level, Hence, a normal or high level of

erythropoietin established the diagnosis of secondary polycythemia and appeared to negate a



58 URINARY ERYTHROPOIETIN ASSAY

diagnosis of polycythemia vera. Values obtained from results described by Adamson (10) were

included in the figure for comparison,

In a study of a series of pregnant women, normal or anemic from iron deficiency or from
causes unknown, it was found that 4 of 14 anemic women had no detectable erythropoietin,
There was no recovery of added erythropoietin in the one case tested. Results from those
anemic women with measurable erythropoietin are included in Fig., 6. Erythropoietin excre-
tion in three normal pregnant women was in the range for normal females (0.5-1.6 IRP units
per day), and one normal pregnant woman had slightly elevated excretion (Fig. 6). An abstract

of these data has been presented elsewhere (11).

DISCUSSION

Erythropoietin is normally excreted in the urine and can be measured by using simple
concentration procedures and standard biocassay techniques, The method of concentration by
dialysis against Carbowax employed by Adamson et al, (6) and Alexanian (12) was found to
result in complete recovery of erythropoietin from the urine, The hypertransfused mouse
assay provided a sensitive assay method, with increased response to increased dose in a man-
ner parallel to the dose-response curve obtained with human urinary erythropoietin, It was

found that bacterial contamination did not significantly affect erythropoietin recovery,

Resolution of technical problems in assaying urine for erythropoietin content has focused
attention on the usefulness of the method in diagnosis of hematologic disorders. When erythro-
poietin is measurable there are féw problems in interpretation, Normal or elevated urinary
erythropoietin in polycythemic patients indicates secondary polycythemia without implicating
the etiologic factors., Work done by Adamson suggests that tumor-~induced erythrocytosis may
be diagnosed by phlebotomizing the subject and measuring erythropoietin excretion (410), In his
series those patients with polycythemia secondary to tumor failed to show any increases in
excretion after bleeding, whereas other secondary polycythemics mark‘edly increased their
erythropoietin excretion; patients with polycythemia vera phlebotomized showed measurable
but not greatly elevated er:ythropoietin excretion, Adamson's results are in agreement with
those previously presented by Nixon et al, (43), who obtained a rise in serum erythropoietin
after phlebotomy of secondary polycythemics, but observed only very slight increase in serum

erythropoietin in patients with polycythemia vera,

The difficulty in interpreting the meaning of the urinary erythropoietin assay arises pri-
marily when erythropoietin excretion is not measurable, In the presence of elevated blood
counts it is possible that the patient has polycythemia vera. In Adamson's studies (see com-
parison in Fig, 5) patients with polycythemia vera were clearly different from secondary poly-
cythemics on the basis of urinary erythropoietin excretion without phlebotomy. In our series,
however, five patients classified as secondary polycythemics had nondetectable erythropoietin
levels. Two of them had renal cysts containing erythropoietically active fluid, The patients

with typical polycythemia vera had slight or nonmeasurable erythropoietin.
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Fig. 6. Range of values obtained for ex-
cretion of erythropoietin by normal and
anemic subjects. Points between 12-hr
and 18-hr collection limits are values ob-
tained from assay of 18-hr collections.
DBL 680-5480

Fig. 7. Range of values obtained from
serum erythropoietin of anemic patients.
Included are data from Movassaghi et al.
(19) estimated from erythropoietin curve
(slope 21. 6) presented by Shore et al.
(25), and data from Gordon et al. (21).
The high point just beneath the legend is
very atypical. Points below the line of
limit of sensitivity were negative in the

assay.
DBL 680-5479
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During the evolution of the assay procedure, we began to add a known amount of erythro-
poietin to half of a 24-hour urine collection prior to concentration. In 17 cases with nonmea-
surable erythropoietin, recovery after concentration was virtually 100%, and quantitative re-
covery by this method has been obtained in other laboratories (6, 12). In eight of our cases
added erythropoietin was not recovered after concentration, and the urine itself had no erythro-
poietic activity, This suggested a factor in urine inimical to erythropoietin, Bacterial con-
tamination either was not present or was minimal, and in one case incubation of erythropoietin
with bacteria from culture of such a urine resulted in no loss of activity of erythropoietin.

Characterization of this factor (inhibitor, antibody?) was not undertaken, but no definitive

A,.w——/‘/

correlation with the hematologic state could be made, Seven of the eight patients had primary
or secondary polycythemia, and the eighth was a woman with slight anemia (hgb 10.4 g%) of

pregnancy. (None of these is included in Fig. 6.) Several investigators (14-17) have reported
an erythropoietin-inhibitory substance in plasma of polycythemic animals or posthypoxic man,
or in thymoma (18), and although our studies do not corroborate this concept, they do not rule

out the possibility of the existence of such a substance,

At the least, the studies presented here have led to the conclusion that to begin to evaluate
the meaning of a nondetectable erythropoietin level, one must first test for the recoverability
of erythropoietin from that urine, If there is no recovery of added erythropoietin, the assay

is uninterpretable at present.

Another condition resulting in diminution and possibly loss of erythropoietin in urine was
dehydration by severe restriction of fluid intake, It is unlikely that dehydration is a factor in
most cases in which urinary erythropoietin is undetectable, but this is easily controlled and
should be noted. Normal fluctuation of urine volume did not affect the amount of erythropoietin

excreted (6).

Occasionally no erythropoietin was found in urine concentrates from anemic subjects, for
example, for four pregnant women suffering moderate anemia of unknown etiology. Erythro-
poietin was added to the urine of only one of the four and it was not recovered, Moreover,
assay of a postpartum urine sample from another of these women, whose hematocrit was 38.5%
and hemoglobin concentration 12.2 g%, showed no detectable erythropoietin and very poor
recovery (30%) of added erythropoietin. Though the cause of the anemia of these women re-

mains in doubt, a reasonable explanation is insufficient erythropoietin,

Erythropoietin deficiency could feasibly be an etiologic factor in a case of anemia (Alport's
syndrome; no uremia) in which erythropoietin was not detectable in a 12-hour urine concentrate
(patient M in Fig. 4). In this instance it was determined that added erythropoietin could be
recovered, Following alkalinization small amounts of erythropoietin were present, although

these amounts were much lower than would be expected judging by the severity of anemia.

Marver and Gurney reported that administration of Na,HCO3 to anemic subjects increased
the concentration of erythropoietin excreted into the resulting alkaline urine. Our studies uti-

lizing this observation have shown that frequently this is the case (Figs. 3 and 4). Alkaliniza-
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tion may serve as a valuable adjunct to the urinary erythropoietin assay, as in the case of
anemia described above (patient M) in which erythropoietin became measurable; preliminary
studies suggest that this procedure may assist in establishing a differential diagnosis in some
cases of polycythemia. However, the essentiality of alkalinization has not been established.
Eryfhr'opoietin excretion may or may not continue to rise, as shown by the studies of normal
volunteers, so that duration of alkalinization necessary to produce maximum erythropoietin

excretion may be different for each subject.

Of primary importance in interpretation of all results from serum or urine is the degree
of anemia or polycythemia at the time of sampling, Mové,ssaghi et al, (19) have shown a high
degree of correlation between serum and urinary concentration of erythropoietin and hemo-
globin in iron-deficient children, and Hammond et al. (20) showed a similar relationship in
patients with sickle-cell anemia, Other investigators (21-23), measuring serum levels pri-
marily in adult patients, found a rough correlation between hemoglobin and serum erythro-
poietin levels, and Van Dyke et al, (24) stated that in anemia serum erythropoietin is consis-
tently measurable only when hemoglobin concentration is below 5 g%, and erythropéietin is
measurable in unmodified urine only at hemoglobin concentrations of 4 g% or less. These
determinations were made in the fasted-rat assay, but utilization of the more sensitive pletho-
ric mouse assay has permitted detection of erythropoietin at only slightly higher hemoglobin
concentration, When the hemoglobin concentration is 7 g% or less, erythropoietin can always
be detected in the serum, Fig. 7. (Movassaghi's data show that in their assay system erythro-
poietin can be defected in serum of children with iron-deficiency anemia with hemoglobin con-
centrations of 9 g% or less.) When hemoglobin concentration is greater than 7 g%, the serum
level may not be sufficiently elevated to be assayed, in which case a urine concentrate should
be assayed (Figs. 6 and 7). Urine concentrates from patients with hemoglobin above 7 g%

showed little correlation between urinary erythropoietin content and hemoglobin concentration.

The patient with polycythemia vera who has been phlebotomized to normal hemoglobin
levels shows a normal concentration of erythropoietin in the urine (10). The patient with a
measurable level of erythropoietin and secondary polycythemia shows a still higher concentra-
tion after' phlebotomy unless an erythropoietin-producing tumor is the cause of the polycy-

themia (10).

Assay of urinary content of erythropoietin will be useful only until assay methods suffi-
ciently sensitive to measure subnormal levels in the serum are developed. Recent progress
in purification of erythropoietin (26) provides hope for a sensitive radioimmunoassay in the

foreseeable future,

SUMMARY

In the absence of methods for measurement of serum erythropoietin when it is low, nor-
mal, or only slightly elevated, the ability to measure daily erythropoietin excretion becomes
important, When a patient's hemoglobin is 7 g% or less, the concentration of erythropoietin
in the serum is usually sufficiently high so that serum can be assayed. However, if the hemo-

globin concentration is above 7 g%, the serum erythropoietin may not be sufficiently elevated
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to be measured by present methods, Although erythropoietin concentration in urine is lower
than that in serum, the hormone can be quantitatively and conveniently concentrated from urine.
The urinary level probably reflects the plasma level, though proof that the urine level accu-

rately reflects plasma level under all circumstances has not been obtained,

Concentrating urine by dialysis against Carbowax provides quantitative recovery and is the
method of choice. When erythropoietin is not detectable in urine concentrates, no interpreta-
tion is possible unless quantitative recovery of added erythropoietin has been demonstrated,
When erythropoietin cannot be demonstrated in concentrates of urine in spite of recovery of
added erythropoietin, the patient can be assumed to have a subnormal level., Why added eryth-
ropoietin cannot be recovered from some urines has not been determined, but destruction by

bacterial contamination has been ruled out as the cause,

Measurable erythropoietin in the urine in the presence of untreated polycythemia is strong
evidence in favor of a diagnosis of secondary polyc’yfhemia. Adamson has shown that polycy-
themia secondary to tumor can be further distinguished by failure to increase erythropoietin

excretion after phlebotomy.
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Localization of °®Co and ®°Zn Hematoporphyrin Complexes
in Canine Lymph Nodes

Rashid A. Fawwaz, H. Saul Winchell, Frederick Frye, William P. Hemphill and
John H. Lawrence

Hematoporphyrins and metallo-hematoporphyrins have been found to localize in lymph
nodes (1, 2), However, no attempt has hitherto been made to quantitate the fraction of the ad-

ministered hematoporphyrin or metallo-hematoporphyrin which does so,

In this report we present results obtained with two metallo-hematoporphyrins, 5800- and
65

Zn-hematoporphyrin complexes, A quantitative study has been made of the tissue distribu-

tion of these metallo-hematoporphyrins in a series of dogs and in one human subject,

It appears possible to use radioactively labeled metallo-hematoporphyrins in selective

lymphatic irradiation.

METHODS

Hematoporphyrin-free base was obtained from K and K Laboratories (Plainview, New
York), Carrier-free radiocactive cobaltous acetate [58C0(C2H302)2] and radioactive zinc
65
[

acetate Zn(C2H3OZ)2] (5 Ci per g) were obtained from New England Nuclear Corporation

(Boston, Massachusetts).
58Co- and 65
Taylor (3).

Zn-hematoporphyrin complexes were prepared according to the method of

In one series of studies carrier-free 58Co-a,cetate was added to an acetate buffer, pH 6,
and administered intravenously to two normal dogs. In a second series of studies 58Co-hema.-
toporphyrin was dissolved in 0,05 N sodium hydroxide and administered intravenously to seven

65 Zn-hemato-

normal dogs and to one human patient with carcinoma of the colon, In addition
porphyrin was dissolved in 0,05 N sodium hydroxide and administered intravenously to one
normal dog, The amount of hematoporphyrin administered varied from 10 to 50 mg, but the
amount of metallo-hematoporphyrin was negligible, since carrier-free 58Co and high-specific-

activity 6SZn were used in the preparation of the metallo-hematoporphyrins.

64
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In each experiment plasma samples were obtained every 10 min for the first hour of the
study, and daily thereafter for 5 days. Radioactivity of samples was determined by utilizing
a well-type scintillation counter. The initial distribution volume of the intravenously admin-
istered metallé-hematoporphyrin was calculated by dividing the activity administered by the
zero-time extrapolate of the single exponential function fitted to the plasma radioactivity clear-

ance curve during the first hour of the study,

In two dogs, plasma samples were obtained on Day 1 following the intravenous administra-
tion of the 58Co-hema.toporphyrin. In the same dogs, plasma samples were obtained prior to

58Co—acetate and the -

the administration of radioactivity; part of this plasma was incubated with
other part with 58Co-hemat0porphyrin. A 16-hr paper electrophoresis was performed on all
these plasma samples, using B-2 Veronal buffer, pH 8.6 (Spinco), Following the electropho-
resis the distribution of the radioactivity in the paper was determined by dividing the paper

into sections and counting each section in a well-type scintillation counter.

The loss of radioactivity from the entire body of two dogs and of one human subject given

58Co-hema.toporphy:rin was determined by use of the whole-body counter,

At the ends of periods varying from 4 to 18 days the dogs were killed, the tissue samples
weighed, and the concentration of radiocactivity determined. In one human patient specimens of
mesenteric lymph node, fat, and muscle were obtained during an exploratory laparotomy 5 days
following the intravenous administration of 58Co-heh‘latoporphyrin. On the day prior to sur-
gery a needle bone-marrow biopsy was obtained from the iliac area. The human tissue sam-

ples were weighed and the radioactivity counted by using' a well-type scintillation counter.

RESULTS

Figure 1 shows the disappearénce of radioactivity from the plasma in a dog (#1) given 58Co

acetate intravenously, The abscissa represents time after IV administration of 5 8Co acetate

'
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and the ordinate the counts per minute per ml of plasma. There is an initial rapid disappear-

ance of 5800 from the plasma (t1/2 %~ 4 min), Thereafter, there is a change in the slope of the

curve, with the appearance of a slower second exponential component (t1/2 = 200 min),

Table 4 shows the tissue distribution of 58Co in the same dog (#1) and in another normal
dog (#2). Both dogs were killed on the third day following the IV administration of 58¢o acetate,
In Table 41, the radioactivity is expressed as the fraction of the administered dose X 10"6 per
gram wet weight, and as the ratio of activity per unit weight of the given organ to the activity
‘per unit weight of muscle. The organ containing the highest concentration of radioactivity in
these studies is the renal cortex; the organ with the next highest concentration of radioactivity
The radioisotopic concentration in lymph nodes is low, and comparable to that

In these animals little of the administered radio-

is the liver,
found in tissues other than kidneys and liver,

activity is retained in the body, the major portion having been excreted in the urine,.

Table 1.
FRACTION OF ADMINISTERED °%Co ACETATE x 108
PER GRAM OF WET WEIGHT OF TISSUE
{3 DAYS AFTER ADMINISTRATION) RATIO OF AVERAGE
CONCENTRATION
IN TISSUE
7O AVERAGE
CONCENTRATION
DOG #1 DOG #2  AVERAGE IN MUSCLE
MUSCLE 11 3.2 2.1 1.0
PANCREAS 3 4.4 3.8 1.8
LUNG 5 8 6.5 3.1
DUODENAL MUCOSA 2.5 6.0 4.2 2.0
SPLEEN 2 3 2.5 1.2
KIDNEY CORTEX 12 40 26 12.4
LIVER 7 22 14.5 6.9
FEMORAL BONE MARROW 1.3 4 2.6 1.2
MESENTERIC LYMPH NODE 2 3 2.5 1.2
ADRENAL 4 4 4 1.9

Figure 2 shows the disappearance of radioactivity from the plasma in a dog (#3) given

5 8C o-hematoporphyrin,

of 58Co—hematoporphyrin (with only the first hour of the study shown in this figure), and the

ordinate represents counts/min per ml of plasma. The plasma disappearance of radioactivity

during the first hour is slow, and has a single exponential clearance rate (t
initial distribution volume of the intravenously administered ~“Co-hematoporphyrin is 1450 ml,

which agrees closely with the expected plasma volume of 1200 ml (plasma volume = 5% of body

weight),

58

The abscissa represents time after the intravenous administration

Figure 2 is representative of the pattern of clearance of radioactivity from plasma

in the seven normal dogs and the one human patient given 58Co-hematoporphyrin.

1/2 = 85 min), The
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Figure 3 presents the pattern of radioactivity clearance from the plasma in a dog ( #3)
during a 5-day period following the IV injection of 58Co-hema.toporphyrin. After about 2 hr

there is a diminution in the slope of the curve, which eventually corresponds to a t of about

1/2
52 hr, This study is also representative of three dogs and one human subject followed for 5

days.

Table 2 represents the tissue distribution in seven dogs and one human patient given 58Co-
hematoporphyrin intravenously, The radioiscotopic concentration in tissue is expressed as a
fraction of the &dministered dose X 10_6 per gram of wet weight and as the ratio of activity per
unit weight of the given organ to the activity per unit weight of muscle, The dogs were killed
at intervals ranging from 1 to 418 days after administration of the isotope. The dogs varied in
body weight from 32 to 40 1b, and the human subject weighed 160 1b, The results reported
under mesenteric lymph nodes are not representative of other nodes obtained from the cervical,
inguinal, and paratracheal areas. In the same animal some nonmesenteric lymph nodes
attained the same radioisotopic concentration as mesenteric lymph nodes; other nonmesenferic
lymph nodes showed much less concentration of 58C0-hematoporphyrin than mesenteric lymph
nodes, Whereas some of the nonmesenteric lymph nodes proved to be fibrotic on microscopy,
in others the decreased uptake of radioactivify was not commensurate with the degree of fibro-
sis, Although the absolute concentration of radioactivity in a given tissue varied widely from
dog to dog, there appeared to be little change in relative distribution of radiocactivity in the

5 8C o-hematoporphyrin,

various tissues from the 1st to 18th day following IV administration of
From the averaged relative distribution of radicactivity in different tissues for all dogs studied,
expressed as the ratio of averaged activify per gram of the tissue in question to the activity

per gram of muscle (last column Table 2), it can be readily appreciated that the highest aver-
age relative concentration of activity occurred in the mesenteric lymph nodes, followed by
kidney and liver. Additionally, the ratio of activity in lymph node is, on the average, 7.5

times as great as in bone marrow and 16.7 times as great as in duodenal mucosa.

In the human subject the relative distribution of radioactivity in bone marrow, lymph node,
muscle, and fat is similar to that exhibited by the dogs. The concentration of radioactivity per

gram of lymph node is approximately 6 times as great as in'bone marrow.
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Table 2.
FRACTION OF ADMINISTERED %%Co-HEMATOPORPHYRIN x 10~ PER GRAM OF WET WEIGHT RATIO
OF TISSUE OF AVERAGE
CONCENTRATION
IN TISSUE
TO AVERAGE
DOG AVERAGE CONCENTRATION

3 4 5 6 7 8 9  HUMAN | FOR ALL DOGS IN MUSCLE
TIME 1d 3d 3d 4d 4d 6d 18 d 5d
MUSCLE 5 20 13 2 6 13 6 1 9.2 1
PANCREAS 12 32 40 15 16 15 20 - 21.4 2.3
LUNG 33 70 80 40 60 40 60 — 54.7 5.9
DUODENAL MUCOSA 40 90 110 50 45 60 120 - 73.5 8.0
SPLEEN 60 130 200 80 80 72 360 - 140 15.2
KIDNEY CORTEX 340 1800 1900 900 570 800 600 - 987 107.3
LIVER 850 760 1000 320 330 1600 1500 - 908 98.6
FEMORAL BONE MARROW 60 220 250 85 48 300 180 11" 163 17.7
MESENTERIC LYMPH NODE | 250 2220 1200 500 600 1900 2000 62 1230 133.6
ADRENAL 170 400 40 160 140 - 480 - 290 31
KIDNEY MEDULLA 30 - - - - - 54 - 42 4.6
BRAIN 6 - - -~ — - 3 - 4.5 0.5
BONE 6 — - - — - -7 - 6.5 0.7
FAT 12 — — — — - 20 2 16 1.9

* Bone marrow obtained from iliac crest

Figure 4 presents the relationship of plasma radioactivity to migration zones corresponding

to various electrophoretically determined plasma protein constituents,

The top figure presents

results obtained when plasma is incubated with 58Co-hematoporphyrin for 2 hr at 37°C; the

lower figure shows results obtained when plasma is similarly incubated with 58Co acetate,
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The middle figure presents results obtained from dog plasma 1 day after IV administration of
58Co-hematoporphyrin. It can be seen that a different distribution pattern results with the use
of 58Co-hematoporphyrin and with 58Co acetate, and that following in vivo administration of
58Co—hematopo}rphyrin the distribution of radioactivity in the plasma is similar to the pattern
obtained when plasma is incubated in vitro with 58Co—hematoporphyrin.

Figure 5 shows the disappearance of radioactivity from the plasma in a dog (#3) given

65Zn-hema.toporphyrin IV, During the first hour of the study the disappearance of radioactivity

from the plasma is slow, and follows a single exponential function (t1/2 = 87 min), similar to

that obtained with 58

Co-hematoporphyrin,

Table 3 presents the relative distribution of radioactivity in the tissues of this dog (#3)
: 65 ‘

. 3 days after administration of Zn-hematoporphyfin. The concentration of radioactivity in
this animal's lymph nodes is 8.6 times as great as in the duodenal mucosa and 5 times as

great as in bone marrow,
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Table 3., Fraction of administered 65Zn-hema_toporphyrin X 10-6 per
gram of wet weight of tissue (3 days after administration).

RATIO OF
CONCENTRATION
IN TISSUE TO
CONCENTRATION
DOG #3 IN MUSCLE
MUSCLE 16 1.0
PANCREAS 32 2.0
LUNG 30 1.8
DUODENAL MUCOSA 96 6.0
SPLEEN 160 10.0
KIDNEY CORTEX 800 50.0
KIDNEY MEDULLA 16 1.0
LIVER 1600 100.0
FEMORAL BONE MARROW 160 10.0
MESENTERIC LYMPH NODE 830 51.9
ADRENAL 600 37.5

58

65

Figure 6 shows the disappearance of radioactivity from the entire body of a human subject
(J.D.) given 58Co-hemat:oporphyrin. The abscissa represents time in days, the ordinate the
per cent of activity remaining in the body. For the first 4 weeks the disappearance of radio-
activity follows a single exponential with a ti/Z of 36 days. The results of this study are simi-
lar to those obtained in two normal dogs. The loss of activity occurs both in the urine and in

stools, in a ratio of 3:2 urine to stools.

DISCUSSION

Cobalt chelated with porphyrins in vitro appears to be very stable; the metal dissociates
from the porphyrin only in the presence of concentrated sulfuric acid (4), The work presented
here further suggests that the 58Co-hema.toporphyrin complex is stable in vivo, as evidenced
by the kinetic studies and tissue-distribution studies,

h °8¢co-

The clearance of radioactivity from the plasma in dogs injected intravenously wit
hematoporphyrin is described by at least two exponential terms, an initial one with a t1/2 of
approximately 85 min, and a second one, appearing about the second hour of the study, having

.a t1/2 of approximately 52 hr, The presence of the second exponential component raises two
possibilities:

(a) that the 58Co is bound to more than one form of porphyrin;

(b) that there is a feedback of 58Co-herna.'coporphyrin from tissues into the plasma.

These two possibilities cannot be resolved from the experiments reported here.

The loss of radioactivity from the body of the human and dogs given 58Co-hematoporphyrin,
as determined by the whole-body counter, showed a loss of about 2% per day (ti/Z = 36 days).
In man, this loss during the 1st seven days occurred via the urine and fecal routes in a ratio

of 3:2.
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Following the intravenous administration of 58Co-hema.toporphyrin to dogs, the lymph
.nodes, kidney, and liver showed the highest uptake of radioactivity, However, two of the most
radiosensitive organs, the duodenal mucosal cells and the bone marrow cells, showed much
less concentration of radioactivity, with an average ratio in dogs of lymph node to duodenal
mucosal cell of 46:7 and an averaged ratio of lymph node to bone marrow of 7.5:.1. These find-
ings, coupled with the marked vulnerability of the lymph cells to irradiation, suggest the pos-
sibility of selective 1ymph'-node irradiation, using appropriate radioisotopic metallo-hemato- .
porphyrins. The feasibility of such a procedure would depend on

(a) use of a radioactive metal which is strongly chelated by hematoporphyrin;

(b) use of radioactive metal which decays predominantly by B~ or weak y emission, since
strong y-emitting isotopes deposit a significant amount of their energy far from the site of

their localization,

We are at present engaged in the study of various radioisotopic metallo-hematoporphyrins
as possible agents for selective lymphatic irradiation for therapy of lymphatic neoplasma and

in suppression of the homograft rejection response.

SUMMARY

Following the intravenous admipistration of 58C0V-hematoporphyrin to a series of dogs the
lymph nodes, kidneys, and liver showed the highest uptake of radioactivity. Radiosensitive
tissues such as the duodenal mucosa and the bone marrow showed much less concentration‘ of
radioactivity, These findings, coupled with the marked vulnerability of the lymph cells to
irradiation, suggest the possibility of selective lymph-node irradiation, using appropriate

radioisotopic metallo-hematoporphyrins,
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Evaluation of 111Ag, 113Sn, Yt and P4 Hematoporphyrin

Complexes for Selective Lymphatic Irradiation

Rashid A. Fawwaz, H. Saul Wincheli, Meldrum B. Winsteéd, Gery C. Armaly,
“William P. Hemphill and John H. Lawrence

Following the intravenous administration of 58Co-hematoporphyrin to a series of dogs,
the mesenteric lymph nodes, kidneys, and liver showed the highest uptake of radioactivity,
whereas the duodenal mucosal cells and the bone marrow showed much less concentration of
radioactivity (1), These findings coupled with the marked vulnerability of lymph cells to irra-
diation suggest the possibility of selective lymph-node irradiation using appropriately labeled

metallo-hematoporphyrins,

The feasibility of such a procedure would depend upon the use of
(i) a radioactive metal strongly chelated by hematoporphyrin,
(ii) a radioactive metal which decays predominantly by B~ or weak y emission, as ener-

getic y's deposit a significant amount of their energy away from the site of localization,

90Yt, 113Sn, 111Ag, and 109

Pd satisfies both requirements,

In this report we show that whereas Pd satisfy the second

requirement only 109

METHODS
Hematoporphyrin-free base was obtained from K and K Laboratories (Plainview, N, J.).

Cobaltous acetate (58Co) (carrier-free), yittrium acetate (89Y) (carrier-free), and stannous

113

acetate ( Sn) (0.2 Ci/g) were obtained from the New England Nuclear Corporation (Boston,

1144

Massachusetts). Silver(I) acetate ( Ag) (carrier -free) was obtained from Amersham

(England). Palladous chloride (109Pd) (6 Ci/g) was obtained from Nuclear Science Corporation
(Pittsburg).

Cobalt-, tin-, silver-, and palladium-hematoporphyrin complexes were prepared accord-
ing to the methods summarized by Falk (2). An attempt to prepare an 89Yt-hematoporphyrin

89

complex by heating ~’Yt acetate with hematoporphyrin dissolved in acetic acid failed,

The radioactively labeled metallo-hematoporphyrins were dissolved in 0,05 N sodium

5 8Co -hematoporphyrin was

hydroxide and administered intravenously to a series of dogs. The
also administered to a human patient with carcinoma of the colon,

73
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The amount of hematoporphyrin administered varied from 10 to 50 mg, but the amount of
metallo-hematoporphyrin was negligible, since high-specific-activity radiocactive metals were

used in the preparation of the metallo-hematoporphyrins,

In each experiment plasma samples were obtained every 10 min for the first hour of the
study. Radioactivity of samples was determined by utilizing a well-type scintillation counter.
The initial distribution volume of the intravenously administered metallo-hematoporphyrin was
calculated by dividing the activity administered by the zero-time extrapolate of the single expo-
nential function fitted to the plasma radioactivity clearance curve during the first hour of the
study. At the ends of periods varying from 1 to 18 days the dogs were killed, the tissue sam-
ples weighed, and water added to bring each sample to a total weight of 2 g. The tissues were
then digested with sodium hydroxide and the radioactivity counted., In one human patient, spec-
imens of mesenteric lymph node, fat, and muscle were obtained during an exploratory laparot-
omy 5 days after the intravenous administration of 58Co--hema.toporphyrin. A biopsy was per-
formed on a needle bone-marrow sample from the iliac area on the day before surgery. Tissue

preparation for radioisotopic counting was identical to that used in dogs.

RESULTS

The results obtained with 58Co-hernatoporphyrin are reported in the preceding paper.
During the first hour the plasma disappearance of 58Co-hematoporphyrin injected IV is slow,
and has a single exponential clearance rate, t1/2 = 85 min, In these experiments, the mesen-
teric lymph nodes achieve the highest concentration of activity, followed closely by renal cor-
tex and liver, Additionally the ratio of activity in mesenteric lymph node is on the average
7.5 times as great as in bone marrow and 16.7 times as great as in duodenal mucosa. In the
human subject the relative distribution of radioactivity in bone marrow mesenteric lymph
nodes, muscle, and fat is similar to that exhibited by dogs. The concentration of radioactivity

per gram of lymph node is approximately 6 times that obtained in bone marrow.

Figure 41 shows the disappearance of radioactivity from the plasma in a dog (#1) given

1‘j'iAg-hema,toporphyrin intravenously, There is an initial rapid disappearance of 111Ag-hema-

toporphyrin from the plasma (ti/Z = 3 min)., Thereafter there is a change in the slope of the
curve, with the appearance of a slower second exponential component (1:1/2 = 60 min),

111Ag-hematoporphyrin in the same dog (#1) and

1,

Table 4 shows the tissue concentration of
in another dog (#2). Both dogs were killed 1 day after the intravenous administration of
hematoporphyrin, The organ containing the highest concentration is the liver. The radioiso-
topic concentration in lymph nodes is low and more or less comparable to that found in organs

other than the liver,

Figure 2 shows the disappearance of radioactivity from the plasma in a dog (#3) given

113Sn-hema,i:oporphyrin intravenously, There is an initial rapid disappearance of 113Sn-hema.-

toporphyrin from the plasma (t4 /2 3 min), Thereafter there is a change in the slope of the

curve, with the appearance of a slower exponential component (ti/Z = 51 min),
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Fig. 1. The disappearance of radioactivity
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Table 1. Fraction of administered 111Ag—hema.toporphyrin*)( 10-6 per gram of

wet weight of tissue (1 day after administration).

Ratio of
concentration in tissue to

Tissue Dog #1 Dog #2 Average concentration in muscle
Lymph node 54.6 16 35.3 9.8
Adrenal 52 39 45.5 12.6
Pancreas 8.6 6.9 7.7 2.1
Duodenal mucosa 25.2 48 36.1 10
Kidney cortex 210 195 202.5 56
Spleen 54.6 195 124.8 34.7
Liver 3480 6000 4740 1317
Muscle 4.2 3 3.6 1
Lung _ 21 69 45 12.5
Salivary gland -—- 30 30 8.3
Bone marrow 67 54 60.5 17
Table 2. Fraction of administered 113Sn-hema,toporphyrin X 10-6 per gram of
wet weight (1 day after administration).
Ratio of
concentration in tissue to
Tissue Dog #3 Dog #4 Average concentration in muscle
Lymph node 98.6 66 82.3 7.1
Spleen 76.5 52 64.2 5.6
Liver 340 258 299 26
Kidney cortex 340 312 326 28.3
Adrenal 136 90 113 10
Pancreas 14 10 12 1.04
Muscle 17 6 11.5 1
Lung 93 140 101.5 2
Bone marrow 34 66 50 4.3
Bone 1054 498 776 67.4
Table 2 shows the tissue distribution of 113Sn-hematoporphyrin in the same dog (#3) and
in another dog (#4). Both dogs were killed 41 day after the intravenous administration of 113Sn-

hematoporphyrin,

with the next highest concentration are the liver and renal cortex,

The organ containing the highest concentration is the bone, and the organs

The radioisotopic concen-

tration in lymph nodes is low and comparable to organs other than bone, liver, and renal cortex.
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Figure 3 shows the disappearance of radioactivity from the plasma in a dog (#5) given
109Pd-hema.toporphyrin intravenously. The plasma disappearance of radioactivity is slow and
has a single exponential clearance rate (ti/Z = 72 mim.:ttes), similar to the plasma clearance of
58Co—hema.toporphy'rin. The initial distribution volume of the intravenously administered
109Pd—hematoporphyvrin is 536 ml, which agrees closely with the expected plasma volume of

620 ml1(P.V. =5% of body weight).

Table 3.shows the tissue concentration of radioactivity in eight dogs injected intravenously

1ogPd-her.natoporphy:rin. The first two dogs (#5, #6) were less than 1 year old, and all the

with
dogs used in this study were less than 2 years. The weights of the dogs ranged between 25 and
30 Ib, The results reported under mesenteric lymph nodes are not representative of nodes ob-
tained from the inguiﬁal, cervical, and paratracheal areas. The uptake of radiocactivity by
nonmesenteric lymph nodes varied widely, and was consistently lower than that attained by

mesenteric lymph nodes,

09

Table 3. Fraction of administered 1 Pd-hematoporphyrin X 10_6 per gram of

wet weight (1 day after administration),

Ratio of
" concentration
Dog number Average in tissue to

for all concentration
Tissue ’ 5 6 7 8 9 10 11 12 dogs in muscle
Muscle ST o7 2 10 3 9 9 7 6.6 1.0
Pancreas 14 - 18 -2 8 22 20 - 17.5 2.6
Lung ! 81 28 - - - 59 43 - 53.0 8.0
Duodenal mucosa 51 28 100 .48 1141 60 108 - 72.0 11.0
Spleen 231 141 - - - 435 414 - 305.0 46.2
Kidney cortex 990 878 274 256 309 534 405 - 520.0 80.0
Liver 1656 14108 1481 1018 2067 1980 2304 1260 1609.0 244.,0
Bone marrow 297 165 289 242 298 132 150 200 221.0 - 33,5

Mesenteric :

lymph node 482 475 696 483 1428 528 41530 1400 877.0 133.0
Adrenal 151 99 - - - - 360 - 203.0. ©.30.0

From the averaged relative distribution of radioactivity in different tissues for all the dogs
studied, it can be seen that the liver attains the highest concentration, followed by lymph node
and then renal cortex. THQ ratio of activity in mesenteric lymph node is on the average four
times as great as in bone marrow and 12 times asbgreat as in.duodenal mucosa (last column of
Table 4). '

109Pd--he matoporphyrin compared with

, 109

Table 4 represents the averaged tissue uptake of -
the averaged tissue uptake of 58Co—hematoporphyrin. Althdligh with

Pd-hematoporphyrin
the relative uptake by the liver and bone marrow is greater, and the relative uptake by the

/
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lymph node and kidney is lower, than that observed with 58Co-hemat:oporphyrin, the '"t" test
for small numbers (4) (last column of Table 5) indicates that these differences are not statis -

tically significant,

Table 4. Average tissue uptake of 58Co- and 109Pd-hematoporphyrin complexes.
Hematoporphyrin complex Probability of
occurring by chance
Tissue 109Pd 8¢, ("t test)
Muscle 6.6 9.2 0.50
Pancreas 17.5 21.4 0.50
Lung 53.0 54,7 >0.50
Duodenal mucosa 72.0 73.5 >0.50
Spleen 305.0 140.0 0.20
Kidney cortex ' 520.0 987.0 0.10
Liver 1609.0 908.0 0.02
Bone marrow 221.0 163.0 0.20
Mesenteric lymph node 877.0 1230.0 0.20
Adrenal 203.0 290.0 0.60
DISCUSSION

The metallo-hematoporphyrins have the following order of stability in vitro: Pd >Co »
Sn >Ag. The Ag and Sn dissociate from the hematoporphyrin in the presence of water, whereas
the Co and Pd dissociate from the hematoporphyrin only in the presence of concentrated sul-

furic acid (3). The work presented here suggests that in vivo in dogs 10‘;Pd- and °8Co-hema-

113 111

toporphyrin complexes are much more stable than the Sn- and Ag-hematoporphyrin com-

plexes, as evidenced by the kinetic and tissue-distribution studies,

09Pd—hematoporphyrin in the bone marrow was greater than that ob-

109

The accumulation of 1
served with 58Co-hematoporphyrin, and the uptake of Pd-hematoporphyrin by the mesen-
teric lymph nodes was lower than that observed with 58Co-hema,toporphyrin. These differ-

109

ences, '_however, are not statistically significant. The concentration of Pd in lymph nodes

was four times as great as in bone marrow and 12 times as great as in duodenal mucosal cells.

109Pd- and 58Co-hematoporphyrin is greater in mesen-

"The observation that the uptake of
teric ly}mph nodes than in nonmesenteric lymph nodes raises an interesting possibility. Mes-
enteric lymph nodes are antigenically stimulated continuously, whereas other lymph nodes are
so stimulated sporadically (5, 6). Thus it is conceivable that the degree of uptake of metallo-
hematoporphyrins by lymph nodes may be a function of antigenic stimulation of the lymph node.

09

At present we are conducting experiments in which the uptake of 1 Pd-hematoporphyrin

by antigenically stimulated lymph nodes (foreign protein injected intracutaneously) is being
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compared with uptake by nonstimulated lymph nodes in the same animal. We are also testing

109

the usefulness of Pd-hematoporphyrin as an agent for selective lymphatic ablation.

SUMMARY
Although 11 1Ag - and

accumulation in lymph nodes,

113Sn-hematopor-phyrin complexes failed to show any significant

109Pd (a pure B~ emitter with a 13-hour half-life) complexed
with hematoporphyrin showed four times as much accumulation in mesenteric lymph nodes as
in bone marrow and 12 times as much accumulation in mesenteric lymph nodes as in duodenal

mucosal cells, Compared with 58 109

Co-hematoporphyrin, Pd-hematoporphyrin showed less
uptake by mesenteric lymph nodes and greater uptake by bone marrow., These differences,
however, are not statistically significant. The mesenteric lymph nodes showed greater uptake
of 109Pd- and 5'E;Co-hematoporphyrin than did nonmesenteric lymph nodes, This may be a

function of antigenic stimulation.
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The Synthesis of Sodium 11C-Benzoate and
Its Use in Renal Visualization

Meldrum B. Winstead, H. Saul Winchell and Rashid A. Fawwaz

The potential usefulness of 11C -labeled compounds in clinical medicine has been previously

discussed by Myers and Hunter (1). This positron-emitting radioisotope with a t of 20.4 min

is readily produced in large quantities by a variety of nuclear reactions, Althoug11{211c -labeled
compounds, including sodium ¢ -benzoate, have been synthesized in the past, the only com-
pounds of 11C which have been utilized in vivo for imaging have been 11CO, 11COZ, and inor-
ganic 11C carbonates (2, 3). The replacement of 12C in an organic compound by 116 should not
alter the biochemistry of the compound, 116 distribution in the body can be accurately delin-
eated by using positronium imaging devices, and large quantities of activity can be administered
with little tissue radiation exposure, It is clear that if methods were available for the rapid
synthesis of 11C -containing compounds having useful distributions within the body and the logis-
tics of their subsequent distribution to clinical centers were solved, such compounds could be-
come the most useful materials in the armamentarium of the physician practicing nuclear medi-

cine.

In this report we discuss the potential use of sodium 11C -benzoate in renal visualization,
Sodium benzoate is a commonly used preservative added to canned foods, soft drinks, bread,
etc, It is rapidly detoxified in the human liver by conjugation with a variety of materials,
notably glycine. Such conjugation of benzoic acid with glycine yields hippuric acid, which is
rapidly excreted by the kidneys. Indeed, excretion of hippuric acid in the urine following oral
administration of 6.0 grams or intravenous administration of 1.77 g of sodium benzoate has
been used in the past as a measure of hepatic function (4). Labeled benzoic acid can be made
in a single-step synthesis by passing labeled carbon dioxide through an ether solution of the
Grignard reagent, phenylmagnesium halide, Such reactions have been used for the production
of 14C—la.beled benzoic acid (5), and similar reactions have been used for the production of

16 labeled carboxylic acids (6).

MATERIALS AND METHODS

11C was produced as a mixture of 11CO and 11COZ, by deuteron bombardment of a fused

11

BZO3 target, by the reaction 10B(d, n) C, BZO3 was obtained from 20th Century Electronics

80
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. 8(d.n)"c :
N, + CO

==  +CO,
T COLD H,0
8,0, Fig. 1. Deuteron bombardment of a fused

B203 target 10B(d, n) 11C yields 11CO and
11c0O; liberated frorfx the target by recoil. The
11C0O is oxidized to 1COZ in the gpp phase by
passage over CuO at 700°C. The “"COp is then
reacted with appropriate Grignard reagents or
organolithium compounds to form, after acid
hydrolysis and extraction with NaHCOs3, C-
~—ADD REAGENT labeled sodium carboxylates. Yields are gen-
erally in the range of 60-80% of 11C produced
and preparation time is approximately 30 min-
utes. Millicurie quantities of 11C-ca,rboxylic
acids have been prepared.

GRIGNARD
REAGENT

DBL 6810-5512A

COLLECTING FLASK

Ltd., New Addington, Surrey, England, 90% enriched in the 10B isotov"‘,_.'""/'k 15-MeV deuteron
beam from the 88-inch cyclotron at the Lawrence Radiation La.'boral",.;--‘y/at Berkeley was de-
focused to cover an area approximately 1 in, in diameter at the point at which it hit the target,
Beam currents used varied from § to 25 pA. Preparation of the target and extraction of 11CO
and its oxidation to 11COZ by passage over hot CuO were similar to those previously described
by Kamen (6). The nitrogen gas stream containing 11COZ' was passed through a cold solution
containing 3 ml of 3 M phenylmagnesium bromide in 20 ml of ether { Arapahoe Chemicals,
Boulder, Colorado) (see Fig. 1). The above-noted reaction was cooled by use of an ic_e-wa.ter‘

bath, and carbonation of the Grignard reagent occurred according to the reaction
C¢HMgBr + CO, -~ C,H,COOMgBr. | (1)

When deuteron bombardment pf the BZO3 target had been completed, reaction 1 was quenched
by the addition of 10 ml of 6 N HCl. Nitrogen gas was passed through the reaction mixture
during the acid hydrolysis as well as in the subsequent bicarbonate extraction step in order to’
provide adequate mixing of the reagents, The acid hydrolyzed the excess Grignard reagent to
benzene and the product of reaction 1 to benzoic acid, according to the reaction

2C H

H,COOMgBr + 2HCI » 2C COOH + MgBr, + MgCl,. ' (2)

6 65

The resulting two-layer system contained small amounts of benzene and benzoic acid dissolved
in the ether layer, and the lower hydrochloric acid layer contained acid aqueous soluble im-
purities, The acid layer was removed and the ether solution was then extracted by the addition

of 20 ml of 6% sodium bicarbonate solution, which again formed a two-layer system, with the
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lighter ether solution containing the benzene, and the heavier sodium bicarbonate aqueous

layer containing the ¢ 1abeled sodium benzoate. The lower layer was drawn off, and this
solution was collected in an Erlenmeyer flask containing a boiling chip. The solution was
heated to boiling in order to remove small amountsrof ether or benzene which might be dis-
solved in the aqueous solution. The remaining solution, containing the sodium benzoate and
sodium bicarbonate, was then passed into a serum bottle and sterilized prior to its administra-

tion by passing through a Millipore ®_fi1ter.,

1 20

311 Iodohippurate (0.16 mCi/mg) and 3Hg Chlormerodrin (203Hg—Neohydrin) (1.18
mCi/mg) were obtained from E. R. Squibb and Sons, New York, New York. Radioisotope dis-
tribution in vivo was determined by using the positron-scintillation camera described pre-

viously (7).

RESULTS

Preliminary experiments using 14¢ _labeled carbon dioxide demonstrated that 60-80% of
the 14002 introduced into the system was converted to benzoic acid. It was also determined
that negligible quantities of 14CO2 escaped the Grignard reagent solution, and thus essentially
all the 14CO2 that passed through the solution was trapped by the Grignard reagent, This was
determined by placing a 2-methoxyethanol-ethanolamine trap in series with the apparatus in
such a way that all gas escaping from the reaction flask passed through the trap. Negligible
quantities of radioactivity were recovered in the trap. The percentage recovery of ~'C as
sodium benzoate was determined by adding carrier benzoic acid to the final bicarbonate solu-
tion, 'acidifying with 6 N hydrochloric acid, separating and recrystallizing from water the ben-
zoic acid crystals thus formed, and measuring the fraction of 14C trapped by the Grignard re-
agent which was recovered as benzoic acid, Since essentially 100% of the’ 14COZ was trapped
by the Grignard reagent, we conclude that of the radiocactivity introduced into the reaction

flask, up to 80% could definitely be recovered in the system as benzoic acid.

In preliminary runs we have produced approximately 20—-40 mCi of sodium 11C benzoate
by the above-noted methods. We expect that this can be readily optimized to produce curie
quantities of 11C—la.beled sodium benzoate. In the present process, it is possible to produce
carrier-free 11C--labele:d benzoic acid, but we found it convenient to pass approximately 1
millimole carrier CO2 through the Grignard reagent to produce a total of approximately 1

millimole of sodium benzoate,

Total elapsed time from addition of acid to the Grignard reagent to preparation of material

for administration is 10-20 minutes.

In preliminary experiments with normal dogs it was found that renal visualization began
as early as a minute after the intravenous administration of sodium 11C -benzoate. No signif-
icant visualization of the liver occurred, suggesting that if hepatic conjugation of the benzoic
acid with glucuronic acid occurred, it was very rapid and possibly was accomplished in a sin-
gle pass of this material through the liver, No localization in tissues other than the kidney

was noted, During the initial 40 minutes following the administration of ¢ -1abeled sodium
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Fig. 2. Photographs, scintiphotos and positron camera pictures of dog kidneys:
lesion anterior inferior aspect right kidney. Three days prior to study an electro-
cautery lesion was produced in the anterior inferior aspect of the right kidney
leaving the posterior inferior aspect of the kidney intact. The lesion is shown in
the photographs of the kidneys removed subsequent to the in vivo study during
post-mortem examination. The sodium 11C-benzoate study was performed 9-10
minufgi (parenchyma) and 12-18 minutes (pelvis) after I. V. injection of 500 uCi.
The I Iodohippurate study was performed 1-5 minutes (parenchyma) and 12-18
minutes (pelvis) after 1. V. injection of 100 nCi. The 203Hg chlormerodrin study
was performed 20 minutes after [. V. injection of 120 uCi. Each of the scintiphotos
or positron camera pictures represent accumulations of 20,000 to 25,000 total
counts in the camera field. XBB 691-567

benzoate, positron camera tomograms of the kidneys revealed what appeared to be renal

203

parenchymal visualization, similar to that seen following administration of Hg-chlormer -

11

odrin, Between 10 and 40 minutes following administration of the' *“C-labeled sodium benzoate,

positron camera pictures appeared to primarily visualize the renal pelvis area, similar to that

131

seen following the administration of I-iodohippurate. Generally, by 40 minutes most of the

radioactivity was cleared from the body by the kidneys and was found in the bladder.
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Figure 2 demonstrates the results obtained in a dog in whom a lesion was created in the
lower pole of the right kidney by use of electrocautery 3 days prior to the administration of
sodium 11C-benzoa.te. As can be noted in Fig, 2, the lesion was anterior and inferior in the
lower pole of the right kidney. The lesion, which measured 3/4 in. in its longest dimension,
was produced in such a manner that a layer of functioning renal cortex remained along the

203

posterior-inferior border of the right kidney. The Hg renal scintillation photo shown in

Fig., 2 was obtained approximately 20 min after administration of 120 uCi of 203Hg-chlormer-
203
Hg-

chlormerodrin in the right kidney than in the left the general outline of the right kidney is sim-

odrin, It can be seen on this scintiphoto that although there appears to be less uptake of

ilar to that on the left and is generally within normal limits, A lesion cannot be defined in the

lower pole of the right kidney. The scintiphotos of the kidney during the parenchymal and pel-

131I-iodohippura,te excretion by the kidney shown in Fig. 2 were obtained subse-

13

vic phases of
quent to administration of 100 pCi of 1I-iodohippurate to the same dog, It is clear that
neither during the parenchymal nor the pelvic phase of 131I-iodohippurate excretion was the
lesion in the lower pole of the right kidney identified, The positron camera tomograms of the
renal parenchyma and pelvis were obtained subsequent to administration of approximately 500
pCi of 11C -benzoate to this same dog. It is clear in the parenchymal phase picture that there
is a well-defined defect in the lower pole of the right kidney corresponding to the lesion shown
in the photographs in the upper portion of Fig, 2. It can also be noted that the morphology of
the renal pelvis is much better defined during the pelvic phase of excretion of the 11C com-

131

pounds than of the I-iodohippurate,

DISCUSSION

This paper reports the first use of 11C incorporated into an organic compound for organ
visualization in vivo and the first demonstration of possible usefulness in renal visualization,
The short physical half-life of 11C results in delivery of only a small radiation dose to the
body tissues in contact with this isotope. In the case of sodium 11C -benzoate its rapid excre-
tion by the kidney further reduces the radiation dose received by the body because of the short
biological clearance time. The positron emission of 11C allows for better resolution than that

131 203Hg in chlormerodrin. The positron emission also

obtained with I in iodohippurate or
allows for tomographic evaluation of the organ of concentration, In the present example of an
electrocautery-induced renal lesion in a dog kidney, we note that tomograms of the kidney using
sodium 11C-benzoa.te resulted in clear delineation of the renal lesion, though this was not the

203

case with the use of Hg-chlormerodrin or 131I-iodohippura.te. In addition, the 11C positron

tomograms provided much better morphologic detail of the renal pelvis than that obtained by

using a large dose of 131

I-iodohippurate,

These results in dogs may differ appreciably from those which may be obtained in humans,
In dogs 75% of administered benzoic acid is conjugated with glucuronic acid. Virtually all of
the conjugation with glycine to form hippuric acid occurs in the kidneys (8). In man most of
the conjugation of benzoic acid is with glycine to form hippuric acid and occurs predominantly
in the liver (8). If such hepatic hippuric acid synthesis in man is sufficiently slow 11C -ben-
zoate may be useful for hepatic parenchymal scanning as well as in renal visualization when

this material is administered to man,
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SUMMARY

11

C is a positron-emitting radioisotope with a t of 20.4 min, This short ":1/2 allows

for administration of large quantities of 11C -la.beled1éimpounds with minimal radiation dose

to the patient, and the positron emission provides for great discrimination in determining its
localization in the body., To utilize these virtues, we are developing methods for rapid synthe-
ses of medically useful 1'1C-1a’tv)eled compounds, .In the present communication we report the
use of sodium 11C -benzoate in renal visualization, Deuteron bombardment of a Bv203 target
10B(d, n)“‘C yields 1100 and 11CO2 liberated from the target by recoil, The 1'j‘CO is. oxidized
to 11CO2 in the gas phase and is reacted with phenylmagnesium bromide to form, after acid
hydrolysis and extraction with NaHCO,, sodium ¢ benzoate. Yield is 60-80% of ¢ pro-
duced and trapped by the Grignard reagent, and preparation time is 10-20 minutes, When in-
jected IV in dogs the e s rapidly excreted by the kidneys, Positron camera pictures of the
kidneys, using this material, demonstrate a sufficiently long parenchymal filling phase (during
first 10 min after injection) to allow for tomographic visualization of renal parenchyma, which

203

appears to have advantages for lesion detection over Hg-chlormerodrin, Positron camera

tomograms taken during the filling phase of the renal pelvis also appear to show greater detail

131

than obtained with I-iodohippurate.
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Synthesis of 11C-Carboxylic Acids and Their Use
in Organ Visualization

Meldrum B. Winstead, H. Saul Winchell, Rashid A. Fawwaz and Gery C. Armaly

110 is a positron-emitting radioisotope with a t of 20,4 minutes. This short t1/2

allows for administration of large quantities of 11C -iégeled compounds with minimal radiation
dose, and its positron emission provides for great discrimination in determining its localiza-~
tion in the body. To utilize these virtues, we are developing methods for rapid syntheses of
medically useful ¢ ~-labeled compounds, In this paper we report the synthesis and use of

11C aliphatic, aromatic, and heterocyclic carboxylic acids, Deuteron bombardment of a fused
BZO3 target, 10B(d, n)11C, yields 11CO and 11CO‘2 liberated from the vtarget by recoil, BZO3
was obtained from 20th Century Electronics Ltd., New Addington, Surrey, England, 90% en-
riched in the 1OB isotope. A 20-MeV deuteron beam from the 88-inch cyclotron at the Lawrence
Radiation Laboratory was defocused to cover an area approximately 1 in, in diameter at the
point at which it hit the target. Beam currents used varied from 5-25 pA. Nitrogen gas con-

taining 0.5% each of carrier gases CO and CO, was used to sweep out the mixture of 11CO and

11COZ gases. The 11CO is oxidized to 11COZZin the gas phase by passing the gas stream over
CuO at 700°C. The 11CO‘2 is then reacted with approximately 10 mmoles of the appropriate
Grignard reagent or organolithium compound to form, after acid hydrolysis and extraction
with NaHCO3, the M‘C-labeled sodium carboxylate., Yields are generally in the range of 60—
80% of 11C produced, and preparation time is approximately 30 minutes. Millicurie quantities
of 11C -carboxylic acids have been prepared, and we expect production of curie quantities in the
near future. 11C-la.beled carboxylic acids are being made and evaluated at the rate of approxi-
mately one every 1-2 weeks, Thus far, those carboxylic acids containing a benzene or hetero-
cyclic ring are primarily conjugated in the liver and kidneys and excreted in the kidneys,
allowing for renal visualization, The rate of renal excretion was in the order: 4-napthoic

acid >benzoic acid > p-chlorobenzoic acid >phenylacetic acid and 3, 4-dimethoxybenzoic acid >
2-thiophenecarboxylic acid, A significant amount of 1-naphthoic.acid underwent slow hepatic
conjugation and excretion in the bile, allowing for liver and gall-bladder visualization. Tomo-
grams of renal lesions using 11C -benzoic acid in conjunction with the positron camera appeared

superior to scintophotos obtained with 203Hg-chlormerodrin and 131I—iodohippurate from the
scintillation camera. 1-Naphthoic acid, p-chlorobenzoic acid, and 2-thiophenecarboxylic acid

were excluded from the brain and did not concentrate in salivary glands or mucosa of the nasal
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Table 1. ¢ -carboxylic acids and their temporal distribution in the dog.

Product

Distribution properties

1-Naphthoic acid®

. ..b
Benzoic acid

p-Chlorobenzoic aci.d'b

11coon

COOH

Renal excretion +++++
Bile excretion +

Renal excretion ++++

Renal excretion +++

@

Phenylacetic acidb CH COOH Renal excretion ++

3, 4-Dimethoxybenzoic acid® Renal excretion ++

CH3O D/ COOH

CH3O
2-Thiophenecarboxylic a.cidd E—j_ 1 _ Renal excretion +
s COOH
Butyric acidb CH,CH,CH 11COOH Liver and extracellular
32T .
fluid (slow clearance)
Pentanoic acidb CH3CH2CH2CH211COOH Liver and extracellular
' fluid followed by slow
excretion in urine and bile,
Octanoic acidb CH3(CH2)611COOH Liver and extracellular-

fluid (slow clearance)

a. 1-Naphthoic acid was prepared by carbonating 1-naphthyl lithium, which was prepared
from 1-bromonaphthalene and n-butyl lithium by metal-halogen exchange (H. Gilman and
F., W, Moore, J. Am, Chem. Soc, 6_2, 1843 (1940).

b. The‘“‘C-carboxylic acid was prepared by carbonating the appropriate Grignard reagent,
which was obtained from either Arapahoe Chemicals, Boulder, Colorado, or Alfa Inor-
ganics, Inc,, Beverly, Massachusetts,

c. 3, 4-Dimethoxybenzoic acid was prepared by carbonating 3, 4-dimethoxyphenyl lithium,
which was prepared from 4-bromoveratrole and n-butyl lithium by metal-halogen exchange
reaction. (M, Calvin, C. Heidelberger, J. C. Reid, B. M. Tolbert, and P. F. Yankwich:
Isotopic Carbon, John Wiley and Sons, Inc., New York, 1949. P. 4183-184.)

d. 2-Thiophenecarboxylic acid was prepared by carbonating 2 -thienylmagnesium bromide,
which was prepared from 2-bromothiophene and magnesium turnings in ether solution,
(D. A, Shirley: Preparation of Organic Intermediates, John Wiley and Sons, Inc., New
“ York, 1954. P. 282.)
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sinuses, suggesting their potential usefulness in brain tumor visualization, 11C-a,lipha’ci.c
acids (butyric, pentanoic, and octanoic acids) were in general slowly metabolized and did not
show discrete organ localization. A portion of the 11C -pentanoic acid was excreted in the bile,
allowing for gall bladder visualization. These studies demonstrate the usefulness of 110-
labeled compounds for study of in vivo distribution kinetics as well as for organ and tumor

visualization,

Table 1 lists the 11C-ca.rboxyli.c acids prepared thus far and their temporal distribution in

the dog.
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Radiation Dosimetry Using Miniature Silicon Diodes

Mudundi R. Raju

Use of miniature silicon diodes (MC 170, MC 459, MC 488B, etc., Microsemiconductor
Corporation, 411250 Playa Court, Culver City, California), manufactured for electronic circuit
applications, as dosimeters for heavy charged particles has been reported (4, 2). The diodes
are operated in short-circuit mode because of relative freedom from temperature effects and
no need of bias supply. In addition, the response is proportional to the dose rate over a very
wide range of dose rates. The depth-dose distribution of 50-MeV protons and 910-MeV « par-
ticles measured with these diodes shows no saturation effects at the Bragg peak position. The
depth-dose distribution of 60Co vy rays and 8-MeV electrons as measured by these diodes agrees
well with results from the ionization chamber. The sensitivity of these diodes is limited to
about 10 rads/min because of their small size and their leakage current, However, they can

be used at much lower dose rate if the leakage current of the diodes is balanced.

Trump and Pinkerton3 also have demonstrated use of the diodes for possible application in
an automatic isodose meter, and their results show excellent é.greement with ion chambers for

the depth-dose distribution of 60Co vy rays and 6- and 20-MeV electrons.

This note provides some information of interest in the use of these diodes as radiation

dosimeters,

The input impedance of the current-measuring device should be much lower than that of the
diode for measuring short-circuit current, The impedance of the diodes is.about 108 ohms (1).
The input impedance of the electrometer decreases with feedback, and is inversely proportional
to the gain of the electrometer. The electrometer used in this investigation is a high-gain

(2500) dc amplifier with feedback,

RADIATION DAMAGE The sensitivity of these diodes does not chaﬂge when they are ex-
posed to a total dose of (a) 2 megarads of 50-kVP X rays at a dose rate of 2500 R/min, (b) 0.2
megarad of 250-kVP X rays at a dose rate of 1500 R/min, or (c) 0.5 megarad of 60Co y rays

at a dose rate of 3000 R/min, However, when they are exposed to beams of either heavy
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charged particles or high-energy electrons, the sensitivity is reduced by a factor of about 2
for a dose of a megarad or so, Hence the diode can be used as a dosimeter for conventional
radiation such as 250-kVP X rays and 137Cs and 6

caused by radiation damage. For use with intense beams of high-energy electrons and heavy

oCo y rays without a significant problem

charged particles, however, it can be exposed to a high dose, of the order of a megarad, in
order to saturate radiation damage effects. It can thereafter be used as a dosimeter for these

radiations, since further small exposure does not significantly change its sensitivity.

DOSE-RATE EFFECTS The response had been found to be independent of dose rate up
to an investigated dose rate of 5000 R/min (2). The dose-rate region is extended beyond 1
megarad/min by using 8-MeV electrons from a linac. The diode is first preexposed to a dose
of 10 megarads, in or&er to saturate the damage effects, Its current output as a function of
dose rate is shown in Fig, 1. Saturation effects are seen at 30 000 rad/min, A bias of a few
volts is adequate for charge collection up to a dose rate of 4 megarad/min., Further increase
in voltage does not seem to help any further, The saturation at 1 megarad/min is probabl")r
due to radiation damage. The increase in current at lower dose rates when external bias is
applied is due to the increase in leakage current., At higher dose rates, at which the leakage
current is negligible compared with radiation-induced current, the response of the biased

diode follows that of an unbiased one,

TEMPERATURE EFFECTS The diode is exposed to a constant dose rate and its cur-
rent is measured when the temperature is varied over a range of 5 to 60°C. The average tem-

perature coefficient is found to be +0.4% per 1°C,
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DIRECTIONAL RESPONSE The sensitivity of the diode is found to change with the
angle of its orientation when exposed to 250-kVP X rays., Depending on the type of diode used,
the difference in sensitivity between minimum and maximum response is as muci'l as twofold
or threefold, However, when the diode is exposed to high-energy electrons or high-energy
heavy charged particles, the sensitivity is found to be independent of the angle of orientation
of the diode.

ENERGY RESPONSE The sensitivity of the diode is about the same for 60Co y rays,
8-MeV electrons, and high-energy X rays, and this is in agreement with the results of Trump
and Pinkerton (3), For low-energy X rays, however, the sensitivity is higher because of a
higher absorption coefficient for silicon, For example, the sensitivif_y of the diode is found to

be about 2.5 times as high for 250-kVP X rays as for 6OCo y rays for a given exposure,.

SUMMARY
Miniature silicon diodes are useful as dosimeters, Response is independent of dose rate,
and sensitivity is about the same for 60Co y rays, 8-MeV electrons, and high-energy X rays.
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The Oxygen Effect of T~ Mesons in Vicia faba

Mudundi R. Raju, Nabil M. Amer, Madvanath Gnanapurani and Chaim Richman

The oxygen enhancement ratio (OER) for stopping m~ mesons by use of Vicia faba is mea-
sured, The dose rate of m~ beam is = 30 rads/hr, and the beam has 30% electron and muon
contamination, The OER values are respectively 4,35 and 1.5 when beans are exposed at room
temperature and at 4°C. The OER is dependent on dose rate when bean roots are exposed at
room temperature, The OER of 1.35 for 7 mesons is to be compared with the value of about

2 for conventional radiation such as 60Co y rays,

The OER when bean roots are exposed at a low temperature such as 4°C is relatively inde-
pendent of dose rate, and hence the value of 1,5 may be applicable to acute dose rate of v~
mesons, Thus a significant reduction in OER is observed for stopping m mesons in spite of

the contamination in the beam.

The dose delivered to a medium by a m -meson beam increases very slowly with increasing
depth in the beginning and gives rise to a sharp maximum near the end of the range, as do other
heavy charged particles, In addition, when m mesons stop in a medium, they are captured by
nuclei in the medium, causing the nuclei to explode into short-range and heavily ionizing frag-
ments. Thus the dose delivered near the end of the range is higher than at the entrance. In
addition, these heavily ionizing fragments may overcome some of the radioresistance of the
anoxic tumor cells, Hence in principle therapeutic application of n~ mesons should be very
advantageous, A few workers, including one of the authors (Richman), appreciated this possi-
bility as early as 1952. Detailed calculations by Fowler and Perkins (1) generated heightened
interest in the use of m~ mesons for radiotherapy. Their calculations clearly indicate the use-

fulness of these particles in radiotherapy,

Biophysical experiments have been carried out in this Laboratory for the last 5 years,
The 184-inch synchrocyclotron is the most intense source of low-energy = mesons available
today. Accelerators that will be able to produce intense beams of m mesons (10 to 100 rads
per min) are under construction at Los Alamos (New Mexico), Vancouver (British Columbia),
and Ziurich (Switzerland),
92




MUDUNDI R. RAJU ET AL. 93

Negative m mesons are always associated with muon and electron contamination, It is
quite possible to obtain a pure beam, but at the cost of reducing the w-meson intensity con-
siderably. We therefore used the contaminated beam in our experiments, It has 25% elec-

trons and 40% muons,

Physical measurements indicate that the dose at the peak is about three times as great as

at the entrance, with a full width at half maximum of about 5 cm (2,'4)'

Biological experiments indicate that the RBE at the peak is about 4 for the proliferative
capacity of ascites tumor cells (5), 2.5 for polyploidy induction in ascites tumor cells (6), and

2,5 for anaphase abnormalities in Vicia faba root meristem (7).

This paper describes the measurements of oxygen enhancement ratio (OER) for stopping
7~ mesons by use of Vicia faba, The OER values obtained with this system are about the same
as those obtained with cultured mammalian cells. The Vicia faba system yields OER values of
2.6 and 1.5 for conventional radiations (X rays and y rays) and 15-MeV neutrons respectively

(8, 9).

The depth-dose distribution of the contaminated v~ meson beam used in this experiment is
shown in Fig, 4, This distribution is measured by using a small tissue-equivalent ionization
chamber filled with air (0.75 ml). The dose at the peak is 1.7 times that at the entrance. The
width of this curve is unusually small for this dose ratio. This is probably due to the beam op-
tics in this setup, The biological effect at the entrance is quite similar to that of conventional radia-
tion (6). The region of interest is at the peak, The horizontal and vertical profiles at the peak

position, as measured with a small tissue -equivalent ionization chamber, are shown in Fig, 2,

The beam is monitored by -using an ion chamber, larger than the beam, placed before the
absorber used to obtain the peak, The dose at the peak is measured by using a 6OCo-ca.libra.t:ed
small tissue~equivalent ionization chamber (0.75 ml). The dose at the peak is measured by
this small ionization chamber for a fixed amount of charge liberated in the monitor ion chamber.
The total dose at the peak is then estimated from the measured total charge of the monitor

during a given exposure,

The biological technique we used is quite similar to the one used by previous workers (8,
10). The seeds used are Sutton Longpod obtained from England., They are allowed to germi-
nate for 3 days at a temperature of about 19°C in a water tank with a constant flow of water and
air. Nearly 80% of the seeds sprout. The sprouted seeds are transferred to an enclosed box
filled With moist vermiculite, and are kept for 3 to 4 days. The healthy bean roots are individ-
ually numbered, and their lengths are measured from a reference mark made with india ink on
the hypocotyl. They are then transferred to a water tank kept at about 19°C, . with a constant
flow of water and aeration. After 2 to 3 days in water the roots grow to a total length of about
10 to 13 cm., The bean roots with either subnormal or abnormal growth are discarded. The
number of healthy-looking bean roots with more or less similar growth is about 30 to 40% of

the number of seeds used for germination.
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The beans are packed in a Lucite box in such a way that most of the bean tips are in the
central part of the beam and the variation in dose received by various root tips is no more
than 15%. Sometimes a few tips could not be packed in the central part of the beam. Such
beans are not included in the data. The box is provided with a tube in the bottom through
which cold water can be circulated. Thus bear roots can be maintained at lower temperature
during exposure, if necessary, The box is also provided with another tube with small holes
through which either air or nitrogen is bubled to keep the beans in either an oxygenated or
anoxic state, The box is also provided with a 4-mil (0.0041-in, ) Mylar window, and the beans

are packed very close to it, Two bean boxes with their windows facing each other are placed
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at the peak position obtained by interposing the necessary thickness of the Lucite absorber in
front of the boxes, Figure 3 shows the experimental arrangement during exposure. The beans
in both the boxes are within about 5 mm of one another. Air is bubbled through one box and
nitrogen is bubbled through the other, The nitrogen-bubbled box is sealed on the top. The
amount of oxygen present in the nitrogen-bubbled bean box is analyzed by passing the exit gas
through a Hersch cell, and it is kept lower than 25 parts per million during exposure. Our

6

system was checked by measuring the OER for acute level of %o vy radiation at room temper-

ature as well as at 3°C., Our results agree with those of Hall and Cavanagh (10).

Five pairs of irradiation boxes with 30 beans in each are exposed at the peak to different
doses in the range 50 to 150 rads at room temperature., The longest exposure took about 6 hr.
We also have a few groups of control beans that are treated in the same way as the others but
without radiation exposure. There is no detectable difference in the 10-day growth for the con-
trol beans in oxygen and in nitrogen for a 6-hour period. The length of the roots is measured
and they are transferred to a water tank after the radiation exposure, The water tank is aer-
ated and maintained at 19+ 0.5°C, The length of the bean roots is measured once every 24 hr
for a period of 10 days. There was fungus infection on the cotyledons of some of the beans
during the latter part of the 10-day period, However, such infection did not significantly affect
the growth of the beans. At the end of the 10~day period about 27 roots in each group appeared

to be morphologically normal, and these were used for growth measurements.

The aver.a.ge 10-day growth for each group of bean roots is expressed as percent fraction
of the control group. The percent 10-day growth for the groups of bean roots exposed in air
and in nitrogen is plotted as a function of dose and is shown ianig, 4, Regression lines are
drawn through the experimental points by the method of least squares. The 95% confidence

limits were calculated for both N.2 and air regression lines, The highest OER value was ob-
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tained by taking the ratio of doses at the maximum value for nitrogen to the minimum value for
air at a given percent growth, The minimum value was obtained by taking the ratio of doses
from the lowest nitrogen value to the highest for air, The OER may be calculated to be 1,35,
with 95% confidence limits of 1.1 and 4.8.

The daily growth rate, expressed as percent of normal growth rate, for different groups
of bean roots exposed to different doses in oxygen and nitrogen atmospheres, plotted as a func-
tion of days after exposure, is shown in Fig, 5. As can be seen from the figure, the growth
rate is reduced after the radiation exposure, reaching a minimum about the 6th day, and then
increases again, One can also calculate the OER by constructing a plot of minimum growth
rate versus dose. Such a plot is shown in Fig., 6. The OER calculated in this fashion yields
the same value of 1.35 as obtained from 10-day growth.A The 95% confidence limits are 1.2
and 1,6, It may be noted from the figures that the minimum growth rate is about the same for

120 rads in air and 150 rads in nitrogen, and hence the OER is about 1.3,
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Our preliminary results on OER, using 60Co y rays for acute and chronic‘eXposures,

agree with those of Hall and Cavanagh (410), The RBE for m~ beam at this dose rate of = 0.5
60

rad/min, when compared with our preliminary results of © Co y rays at a dose rate of 1 rad

per min, is 3,

A plot of variation of OER with dose rate for 60

Co, made from the results of Hall and his
collaborators (10-42), is shown in Fig, 7. The OER for 60

m~ experiment is about 1,8, It may be more meaningful to compare the OER of a m~ beam with

60

Co at a dose rate that is used in the

Co at a higher dose rate, such as ®#90 rad/hr, taking the RBE value into consideration, The
OER for =90-rad/hr 6OCo vy radiations is 2.2, The OER of 1,35 for the T beam has to be com-

pared with either 1.8 or 2.2 for 6000 instead of the value of 2.7 for acute irradiation,

It is of interest to extrapolate the OER measured at this available dose rate of =0.5 rad
per min to the OER at acute exposure of m mesons, The aerated dose-response curve varies

with dose rate, whereas the hypoxic dose-response curve is virtually independent of dose rate
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at room temperature. Consequently the OER is reduced for low-dose-rate exposures at room
temperature, However, the results of Hall and Cavanagh (10) indicate that when the beans are

6

exposed at a dose rate of 46 rad/hr of 0Co radiation at 3°C, the dose-rate effect is small in
aerated conditions, prbbably due to slower repair of sublethal damage at this temperature,
Hence the OER measured at 3°C at a dose rate of 46 rad/hr is found to be about the same as
for acute y irradiation at room temperature. The dose rate of 20 to 30 rad/hr of 7~ mesons
is equivalent to about 50 rad/hr of 60C0 radiation if the RBE of v mesons is taken into consid-
eration, Then the OER measured at 3°C for m~ mesons with the presently available dose rate
of 20 to 30 rad/hr may be about the same as OER for acute 7 irradiation, With this in mind,

we also repeated the experiment at lower temperature.

Because of some problems encountered with the cooling units, the temperature could be
maintained at about 4°C instead of 3°C, The procedure adopted is quite similar to that of Hall
and Cavanagh (10). Figure 8 shows the results of the experiment at 4°C for 10-day growth.
Regression lines were fitted for the experimental points. The calculated OER is 1.5, with 95%
confidence limits of 1.4 and 1.6. Figure 9 shows the results for minimum growth rate. The
calculated OER is 1.51, with 95% confidence limits of 4.3 and 1,7, This measured OER value
of 1.5 at this dose rate of 20 to 30 rad/hr may be applicable to the acute ©~ irradiation,

Experiments on 6OCo vy radiation at chronic level, similar to those by Hall and Cavanagh,

are in progress.

We also exposed groups of bean roots to the n~ meson beam at different doses in aerated
and hypoxic conditions. Permanent slides were made at different fixation times to study chro-
matid aberrations., The scoring of the slides is in progress and the results will be reported

later.




MUDUNDI R. RAJU ET AL. _ 99

In conclusion, our findings show a significant reduction in OER for stopping » mesons in

spite of contamination in the beam. The OER should be lower for a pure beam,
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A Method to Determine the Acute Radiation Response
of Human Cells to 7 Mesons

H. John Burki, Gerrit W. Barendsen, Mudundi R. Raju, Nabil M. Amer
and Stanley B. Curtis

It is now widely known that m mesons possess rather unique properties that may be useful
in the future for radiation therapy (4,2). We have recently used human cells in vitro (T-1
cells) to determine the relative biological effectiveness and oxygen-enhancement ratio for =
mesons (3). These experiments were done under unusual radiobiological constraints, since
the dose rate available was low (between 10 and 20 rads/hr) and the beam itself was not a pure
beam of m mesons (25% electrons and 10% muons), Thus, recovery was expected to occur
from the low-LET components of this mixed beam, while recovery from the high-LET compo-
nents would not be expected to take place. In addition, cells were exposed at room tempera-
ture, so that the growth rate during radiation was reduced, thus inducing a parasynchronous
distribution in the culture according to cell age. These difficulties complicate an interpreta-

tion of the biological effects of m mesons in terms of conventional survival curves,

We reasoned that if we could freeze cells, and thus suspend biological function, we could
simulate the survival curve of human cells to an acute exposure of v mesons if the only impor-
tant parameter was the integral dose delivered to the cells, Thus, with the dose rate that was
currently available we might predict some of the results of a n-meson beam with a much higher

dose rate,

MATERIALS AND METHODS
A heteroploid cell line of human kidney origin (4) was used in these experiments, The
media and other characteristics of this cell line have been described extensively (5,6). The

percent survival after treatments was determined as in previous experiments (5, 6).

The cells were frozen slowly {7, 8) in a 3% dimethylsulfoxide media solution (v/v), using

a Linde slow-freeze apparatus equipped with an automatic temperature-recording device.

In frozen-cell control experiments the cells were exposed at -196°C (liquid nitrogen tem-
perature) to y rays from a 137Cs source. The dose rate was determined by using small dosim-

eters in a rubber container submerged in an absolute ethyl alcohol bath in the position of the

100
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samples. Since the density of ethyl alcohol is the same as liquid nitrogen, the dose rate was

measured with the correct allowance for absorption in the liquid surrounding the cells during

exposure,

The experimental setup for exposure of the cells to the m-meson beam is shown in Fig, 4,
The cells were exposed in small glass screw-cap ampoules. The peak in the pion depth-dose
curve was adjusted to correspond to the position of the cells by using a suitable thickness of

absorber, The depth-dose distribution for = mesons in Lucite is given in Fig. 2.
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‘RESULTS

The determination of the optimum freezing conditions in terms of the concentration of
dimethylsulfoxide used is given in Fig, 3. It is expected that there will be little loss of via-
bility with storage time, ‘since this has been found with other mammalian cell lines (7). In

this experiment storage time in liquid nitrogen did not appear to affect cell viability,

In preliminary experiments with 1.5178Y mouse leukemic cells it was found that wheh cells
were frozen a dose-raté effect was not readily appareht (9). The results obtained with T-1
cells are shown in Fig, 4. Our results are not significantly different from the results of Vos
(8). The survival curve of cells irradiated at 52 rads/min and 0,89 rad/min appear to be very

similar, The D, . of the shoulder region of the curve is 1450 rads.

37
Due to limitations on the hours of exposure at the cyclotron and the low dose rate available,
the maximum dose of " mesons was 450 rads, The survival of frozen cells as a function of the

dose received from the w-meson beam is given in Fig, 5,

DISCUSSION _
The results obtained by the technique of exposing the cells at -196°C show that quantitative

results may be obtained by this method. However, the data are not yet sufficiently extensive
to allow derivation of the relative biological effectiveness of the m mesons with reasonable
accuracy, Nevertheless it is clear that there is no dose-rate effect in the responses of cells
exposed to radiation at -196°C, and further experiments with the currently available m-meson
beam may be expected to yield the survival-curve parameters of mammalian cells exposed to
high dose rates. There is at present no other réliable method of obtaining such data for high
doses without dose-rate effects and proliferation of cells, which interfere with interpretation
of the results, It should be pointed out, however, that interpretation of the data obtained with
cells exposed to radiation at -196°C also involves some uncertainties. For example, the
DMSO used as freezing-protection solvent aéts, also, as a protector against the effects of ioniz-
ing radiation, with a dose-modifying factor for X rays equal to 1.6. However, the equivalent

factor for m mesons is not known,

Cqmpar'ing data from Figs, 4 and 5, one might conclude that the RBE for m mesons is
about 1.6, This value is rather low when compared with the results obtained for m mesons on
cells irradiated at room temperature (3), which indicate an RBE of about 2, The value of 1.6,

therefore, must certainly be considered as tentative,

Several improvements may be suggested for future studies in m mésons which frozen cells
are exposed, One may freeze the cells by using a freezing solvent that is not also a radiopro-
tective compound, Such a compound has been found by Vos (10). This compound is pyridine-

N-oxide.

Another improvement is the use of higher doses so that a more complete survival curve

Ihay be determined,
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SUMMARY

Human cells in culture were exposed to y radiation in the frozen state in liquid nitrogen,
The survival curve did not change, although the dose rate varied from 0.89 rad/min to 52.1
rads/min. Since, under these conditions, the effects of dose rate are eliminated, one may
simulate the effects of a m-meson beam acute exposure, using the beam currently available
that has a dose rate of 30 rads/hr, One preliminary experiment indicated a pion RBE of 1.6.
Improved experiments of this type may allow determination of the complete parameters of the

acute exposure survival curve of human cells after T-meson exposure,
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The RBE of Négative Pions in 2-Day-Old Ascites Tumors

Jose M. Feola , Mudundi R. Raju, Chaim Richman and John H. Lawrence

Previous work by Feola et al. (1) and Loughman et al, (2) showed a relative biological
effectiveness (RBE) at the Bragg peak region for negative pions ranging from 2.5 to 5.4 times
as great as biological effects produced by 60Co vy rays. The differences in RBE were probably
due to the different parameters chosen to estimate it, namely, polyploidy induction and prolif-

erative capacity.

The potential importance of negative pions in future cancer therapy motivated us to do as
many experiments as feasible under present conditions of irradiation at the 184-inch synchro-
cyclotron at Berkeley, In thisvseries of experiments we tried to obtain more information about

the oxygen enhancement ratio (OER) as well as the RBE,

MATERIALS AND METHODS )

In our previous experiments we used 5-day-old ascites tumors, which were irradiated for
40 hours; at the end of the experiment these tumors were then almost 7 days old, Measure-
ments of the partial pressures of oxygen (pO ) in vivo had shown us that 5-day-old tumors are
hypoxic, and, in most cases, anoxic; 2- and %-day-old tumors instead have enough oxygen
present to be considered well oxygenated. The inoculum in those experiments was 106 cells,
Also with an inoculum of 107 cells, 2- and 3-day-old tumors still have enough oxygen present
to be considered well oxygenated, We decided to use 2~day-old tumors at the beginning of the
irradiation, with the idea of gaining some information about the OER, and also to have a new
estimate of the RBE., The base line for this purpose was chosen to be 60Co y rays, at a com-
parable dose rate, selected according to our previous de.termina.tion. In order to see the dif-
ferences between survival at these low dose rates and with acute exposures, experiments were

carried out with higher dose rates of 60Co y rays and 4He ions.

The assay and end point were the sazﬁe as previously described (1), namely, the in vivo
irradiation of ascites turmors, and the test for tumor-forming ability of the cells after injection
into normal mice, ' ' ‘
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The dose rate of the T -meson beam was increased by focusing it to give 30 rads/hr over
a useful cylindrical volume of 2.5 cm in diameter by 5.0 cm in height, Only one mouse could
be irradiated at a time, and irradiation time limitations made it possible to obtain experi-

mental points at only three doses, See Fig. 1.

The m~ meson beam had a contamination of 25% electrons and 10% muons. The depth-
dose distribution of this contaminated beam was measured by using a small tissue -equivalent
ionization chamber filled with air (0,75 ml), The dose at peak was 1.7 times that at the plateau,
The cylindrical holder ( Lucite, 1.5 mm thick, with holes for ventilation) was placed at the peak
position after the horizontal and vertical profiles had been determined with a small tissue -
equivalent ionization chamber (3). The variation in dose received by the tumors was estimated

to be no more than 20%. The holder was rotated at 10 rpm during irradiation,

LAF1 fermnale mice (Jackson Laboratory, Bar Harbor, Maine) were injected intraperito-
neally with 107 lymphoma cells (our designation, L-2) 2 days prior to irradiation time; they
were placed in the holder and irradiated, one at a time, for 3, 4, and 6 hours, Neither food
nor water was given during irradiation, Control experiments were carried out similarly, ex-
cept for the 60Co y-ray exposures, for which we used different holders in order to have four

animals per dose; the mice were confined in a similar enclosure, but they were not rotated.

Control and irradiated animals were sacrificed with ether, cells were withdrawn and
counted with the hemocytometer, and fivefold dilutions were prepared for serial injection into
LAF1 female mice, 12 to 16 weeks old, and weighing 20+3 g, Ten animals were used for each
dilution, and five dilutions used for each group. The tumor 'take' was evaluated at the end of
8 weéks, and the TD50 (the number of cells necessary to produce tumors in 50% of the mice)
was estimated by Litchfield and Wilcoxon's method (4), This method and the use of the TD50
as an end point have been discussed most recently by Elkind and Whitmore (5), Hewitt et al,
(6), and Kallman (7). The ratios of the TD50 50

each irradiated group gave the surviving fractions with which the survival curve was drawn,

for the control group to the TD, ,'s obtained for
Errors were propagated according to Ku (8). Curve fitting was done by eye, and the asymmet-
rical 95% confidence interval obtained by Litchfield and Wilcoxon's method was divided by 4 on
both sides of the TD50 value (9), and the resulting reduced intervals were used as an estimate
of the standard deviation. The assumption was made that the asymmetry was due to the five-
fold dilutions, and not to a nonnormal distribution of errors (6,9). The mean lethal dose, DO’
the dose required to reduce survival from 1 to 0.37 in the exponential region of survival curves,
was then estimated from the graphs, as well as the standard deviation, The RBE was esti-

mated on the basis of 0.4 survival,

Survival after 60Co y-ray exposure was compared by using a dose rate of 150 rads/hr,
based on a rounded value of 5.0 for the RBE; mice carrying 2-day-old tumors were then irra-
diated for the same length of time as with the pion beam, except for the 1000- and 41500-rad
points, for which we used a dose rate of 500 rads/hr, Inall our control experiments we irra-
diated four mice per dose, pooled the cells after sacrifice, and then proceeded with the dilu-

tions and injections as described before,
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Acute exposures ‘with 60Co y rays were made at a dose rate of 45 rads/min. Roentgens

were converted to rads by use of a factor 0.96 (10, Table IV, 1),

Acute exposures with 910-MeV 4He ions were made at the 184-inch synchrocyclotron; in
this case the mice were enclosed in the same holder as in the pion experiment, and irradiated

one at a time. The average and standard deviation for the dose rate were 274 + 48 rads/min,

The partial pressure of oxygen in vivo was measured with a Beckman Po microelectrode.
The microelectrode was inserted into the peritoneal cavity of mice carrying tumors of the
same age as the irradiated ones, by means of an 18-gauge hollow needle., The microelectrode
was calibrated with mixtures of oxygen and nitrogen, and the calibration was linear from 21%
down to 0.25% oxygen, the minimum concentration we could read on the maximum-sensitivity -
scale of the instrument. This is in the region of interest, since a sharp rise in radiosensitiv'ity
takes place for oxygen concentrations in the range 0.2 to 0.6% (41). To measure lower concen-
trations of oxygen, a macroelectrode mounted on a cuvette with a constant-temperature sample

and electrode holdér was used, Normal mice and mice carrying from 1-day-old to 8-day-old
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lymphoma ascites tumors have been measured; 20 mice per point were used, and all measure-
ments graphically recorded. For the purposes of this report we give only the values obtained

for 2-day-old tumors .(107 cells iné)culum) and for 6-day-old tumors (106 cells inoculum).

RESULTS AND DISCUSSION
Results have been summarized in Table 1, along with the results obtained in our previous

report (1).

Figure 2 shows the survival curve for the negative pions at thé Bragg peak. Although it
may seem redundant, we have indicated the value of the extrapolation number as well as the
value of the quasi-threshold dose, DQ, in all figures. In order to reach 0.1 level of survival
we have prolonged the line beyond experimental values, with the reasonable assumption that
exponential survival would follow the three experimental points that fitted a straight line.

The small shoulder in this survival curve (D, = 44 rads) may be due to the low-LET com-

Q
ponents of the beam. The shoulder is much broader in the 60Co y-ray survival curve (Fig. 3,
DQ = 400 rads); this curve was obtained at a dose rate of 150 rads/hr, except the two highest

doses, f_or which we used 500 rads/hr in order to keep the experiment within the same time
limits as the pion experiment. The extrapolation number {(n = 2.2) is not significantly different
from the value obtained with m mesons (n = 1.8); D., instead, is about 10 times as lérge, indi-

cating faster recovery when irradiation is done with y rays. -
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Table 1.
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Summary of results obtained on the survival of lymphoma ascites

tumor cells after irradiation with different ionizing radiations.

Experiment
No. and date

Radiation source
and dose rate

0.1 Survival
(rads)

RBE

Survival curve
characteristics

Observations

Two-day-old lymphoma ascites tumors

22 n~ Bragg peak 220 5.4%0.6 D, = 76 £4 rads
6-27-68 30 rads/hr (extended m = 1.8
line intercept) DQ = 44 rads
60
25-43 Co y-rays 1180 =1.0 D0 = 350+40 rads Dose rates chosen according
7-18-68 150-500 rads/hr n =2,2 to previously estimated
11-26-68 DQ= 400 rads RBE.
60
30 Co y-rays 600 Dy = 220+30 rads Experiment done to see
8-14-68 45 rads/min n =1.5 difference between acute
DQ= 80 rads irradiation and low
d
ose rate.
24 “He ions; 910 MeV 500 Dy = 210+40 rads  Ibid.
7-15-68 (184-inch n =1.0(?)
synchrocyclotron)
274 %48 rads/min
Five-day-old lymphoma ascites tumors
17 v~ Bragg peak 150 5.4%1.8 Do = 65+15 rads Radiation Res. 34, 70-78"
3-18-66 5.0 rads/hr n =1 (1968) -
35 804 y-rays 806 =1.0 D= 350+50 rads| UoRL-17481, Spring 1967
7-7-66 5.0 and 12.5 rads/hr n°=1 PP -

Po, measurements:

Normal (no tumor): 41.2£9.1 mm Hg

2-day-old ascites L-2: 9.0+ 3.0 mm Hg :
6-day-old ascites L.-2: (a) in vivo (microelectrode): py < 0.25 mm Hg; (b} samples measured
2

in cuvette with macroelectrode: no O,.

Figure 4 shows the survival curve for acute irradiation with 6

0Co y rays, at a dose rate of

45 rads/min; the extrapolation number (n = 1.5) is not significantly different from the previous

two values,

is only 1/5 that for low-dose-rate y rays, but almost twice as great as the

value for m~ mesons,

Figure 5 shows the results obtained with 910-MeV 4He ions,

We have fitted the points to

a straight line, but on the basis of this experiment it would be difficult to say whether or not

the extrapolation number is 1.0.

Consequently, we have written a question mark on Table 1.

Figure 6 summarizes all these experiments, and it shows the limited range of doses cov-

ered in our m -meson experiment,

With. the acute irradiations (Figs, 4 and 5) the shoulders seem to be smaller, although the

fitting is not good enough to make comparisons with Berry's survival curves (12). He found

that shoulders are present in the high-dose-rate curves and not in the low-dose-rate ones.

Our results indicate an RBE for this contaminated beam of about 5.4 for the tumor -forming

ability of L-2 cells irradiated and assayed in vivo, regardless of the conditions of oxygenation
in the ascites tumors. The RBE would be higher for the Bragg peak of a cleaner m° beam, It

is difficult to extrapolate RBE to high dose rates.
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The OER cannot be estimated from survival curves obtained at different tumor ages (5, 7,
13, 14). The cells in a 2-day-old tumor are in the beginning of the log phase, and the 5-day-old
tumors are entering the stationary phase., Although the concentration of oxygen seems to be
the main factor responsible for the survival differences, there are other conditions~-physio-
logical and nonphysiological--that might influence survival, i,e., accumulation of toxins, par-

tial synchronization, and concentration of cells in the ascites fluid (5, 12, 14, 15).

Low dose rates are known to reduce the OER (412). This may be one of the reasons why
the mean lethal dose for our previous experiment (1) with a 5-day-old tumor (plus 40 hours of
irradiation), and the present one with a 2-day-old tumor were almost the same, More data
are required before we can understand the problems related to the oxygen effect, and the rea-

sons why survival-curve parameters and OER's vary from one cell line to another (16).

SUMMARY

In a previous report (Rad, Res, 34: 70-78, 1968) we estimated the relative biological
effectiveness (RBE) of 90-MeV negative pions at the Bragg peak, using the proliferative capac-
ity of 5-day-old lymphoma ascites tumors as the end point, With 0Co y rays as baseline the
RBE was 5.4+ 1.8. In this experiment we used a 2-day-old lymphoma in order to obtain infor-
mation on the survival of a well-oxygenated tumor, Partial pressure of oxygen (pO ) was mea-
sured with a microelectrode; the 5-day-old tumors were hypoxic, and the Z-day—oldzturnors

well-oxygenated.
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Only one mouse at a time could be irradiated at a dose rate of 30 rads/hour. Doses ranged
from 60 to 150 rads. After irradiation, mice were sacrificed, cells withdrawn, counted, and
serial dilutions prepared from each irradiated mouse and from nonirradiated controls. Each
concentration was injected intraperitoneally into a group of 10 female LAF1 mice; at the end of
8 weeks the TD50 (the number of tumor cells needed to produce 50% takes) for each group was

evaluated, The ratios of the TD_ , for the control group to the TDSO's of each irradiated group

50 i
gave the surviving fractions, with which the survival curve was drawn. A curve with a small

shoulder was obtained: D, = 76 rads, and D, = 44 rads,

0 Q

Two replicate experiments were done with 6OCo y rays (150 rads/hr). The 0.1 level of
survival was used to estimate the RBE, which was found to be 5.4+ 0,6, in good agreement |,

with our previous results,

We thank Mr, James Vale and the 184-inch cyclotron crew for their assistance in the

irradiations with heavy particles,

Miss Alice Beckmann, Miss Henriette Cozza, Mr. Jerry Howard, and Mr, David Love

gave their skilled technical cooperation.

REFERENCES AND NOTE
4. Feola, J. M.; C, Richman; M, R, Raju; S. B. Curtis; and J. H. Lawrence: Effect of
‘ negative pions on the proliferative capacity of ascites tumor cells (lymphoma) in vivo.

Radiation Res. 34: 70-78 (1968).



112

10.

11.

12.

13,

14,

15.

16.

RBE OF NEGATIVE PIONS

Loughman, W, D,; J. M. Feola; M. R, Raju; and H. S, Winchell: RBE of beams in the
Bragg peak regions determined with polyploidy induction in mammalian cells irradiated

in vivo, Radiation Res. 34: 56-69 (1968).

Raju, M, R,; N. M. Amer; M, Gnanapurani; and C. Richman: The oxygen effect of w
mesons in Vicia faba, Radiation Res. _ : ... (1969).

Litchfield, J, T.; and F. Wilcoxon: A simplified method of evaluating dose-effect experi-
ments, J. Pharmacol, Exptl. Therap. 96: 99-113 (1949).

Elkind, M, M, ; and G. F, Whitmore: The Radiobiology of Cultured Mammalian Cells,
Gordon and Breach, New York, 1967.

Hewitt, H. B.; D, P. S, Chan; and E, R, Blake: Survival curves for clonogenic cells of
a murine keratinizing squamos carcinoma irradiated in vivo or under hypoxic conditions,
Intern, J., Rad. Biol. 42:535-549 (1967).

Kallman, R, F.: Methods for the study of radiation effects on cancer cells. In Methods
in Cancer Research, H. Bush, Editor, Vol, IV, Ch. X. Academic Press, New York,
1968.

Ku, H. H.: Notes on the use of propagation of error formulas. J. Res, NBC-C 70C:
263-273 (1966).

Alper, T,;J. L, Moore; and D, K, Bewley: LET as a determinant of bacterial radio-
sensitivity, and its modification by anoxia and glycerol, Radiation Res. 32: 277-293
(1967).

National Bureau of Standards, Handbook 87, Clinical Dosimetry, 1963,

Deschner, E, E,; and L. H, Gray: Influence of oxygen tension on X-ray-induced chromo-
somal damage in Ehrlich ascites tumor cells irradiated in vitro and in vivo. Radiation
Res, 11: 115-146 (1959).

Berry, R. J.: Hypoxic protection and recovery in tumor cells irradiated at low dose-
rates and assessed in vivo. Br., J. Radiol. 41: 921-926 (1968).

Patt, H. M.; and R. L, Straube: Measurement and nature of ascites tumor growth, Ann,
N. Y. Acad. Sci. 63: 728-737 (1956).

Belli, J. A.; and J. R. Andrews: Relationship between tumor growth and radiosensitivity.
J. Natl, Cancer Inst. 31: 689-703 (1963).

Evans, T. C.; R, F. Hagemann; and D, B. Leeper: Effect of cell concentration during
irradiation at low oxygen tension on survival of mouse ascites tumor cells, Radiation Res,
35: 123-431(1968).

Alper, T.: The oxygen effect: pertinent or irrelevant to clinical radiotherapy. Br, J.

Radiol, 41: 73 (1968).

Mudundi R, Raju and Chaim Richman are at the Southwest Center for Advanced Studies,

Dallas, Texas 75230,




The Determination of Testosterone and Epitestosterone
in Urine Samples by Gas Liquid Chromatography

Gerald M. Connell and John A. Linfoot

The measurement of excreted urinary steroids and their metabolites can be a useful aid in
patient evaluation. As more sensitive and specific methods evolve, the determination of spe-
cific steroids will be of greater diagnostic value than the conventional gross examination of

hormone levels,

Many steroids are excreted in a conjugated sulfate or glucuronide form, and therefore, it
is necessary to cleave these sugar or sulfate linkages in order to measure the total excreted
steroid. This cleavage can be accomplished by enzyme hydrolysis, solvolysis, or acid hydrol-
ysis at low pH. Due to the possibility of steroid artifact formation during harsh acid hydrolysis,
many methods substitute the mild enzymatic hydrolysis of urine for several days prior to ste-
roid extraction and quantitation, These methods are reliable, but an extremely high concentra-
tion of enzyme relative to urine volume is necessary in order to insure complete hydrolysis of
the steroid conjugates present in the urine sample. This significantly increases the cost per

analysis, in addition to the loss of 48 to 72 hours necessary for the hydrolysis,

A recent report (1) has suggested that a mild periodic oxidation of the glucuronide conju-
gates of testosterone and epitestosterone present in urine was adequate to convert these steroids
to their "free' unconjugated forms and thus allow their subsequent separation and quantitation
by gas liquid chromatography., Because of the potential value of this new method, a preliminary

examination of this technique's applicability to our clinical needs was undertaken,

METHODS :
The method, as originally proposed, has been modified slightly, and is outlined below:
1. To 200 ml of urine add
a, 80 ml 10% aqueous sodium metaperiodate,
b. 20 ml N sodium hydroxide,
Check pH at this \point and adjust to 6.8 if necessary.
2. Incubate at 37°C for 60 min,
3. After this 60-min incubation, add 25 ml 2 N sodium hydroxide and stir thoroughly.
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Incubate at 37°C for an additional 30 min,
At the termination of this incubation period, all glucuronides of testosterone and epitestoster-
one should be oxidized to their unconjugated forms,

4, Approximately 25,000 cpm 3H-1, 2-testosterone are added to each sample in order to
correct for steroid losses which occur during the extraction and purification procedures,

5. The oxidized urine samples are extracted with 250 ml ether three times; the combined
ether extracts are washed with 50 ml 2 N sodium hydroxide and twice with 50 ml distilled
water. The ether extract is filtered through anhydrous sodium sulfate and then evaporated to
dryness in a flash evaporator under reduced pressure,

6. The extract is quantitatively applied to a 2-g alumina column (410 mm i. d.) with 10 ml
benzene (5 times 2 ml) and is eluted from the column with 75 ml 0.25% ethanol in benzene (v/v).
The first 15 ml of eluate is discarded and the next 60 ml contains the testosterone and epites-
tosterone. Flow rate is approximately 4 drop per 2 to 3 sec.

7. This 60-ml fraction is dried and quantitatively applied to a thin-layer chromatographic
plate coated with silica gel-G (approximately 0,250 mm thickness). The thin-layer plates are
divided into lanes and each sample is applied to a separate lane. Reference standards of
authentic testosterone and epitestosterone are applied to the two outside lanes, and the plate is
developed in the solvent system, chloroform-ethyl acetate (80:20, v/v), until the solvent front
reaches the edge of the plate. The areas of the sample lanes, corresponding in chromato-
graphic mobility to the authentic testosterone and epitestosterone standards, are removed
from the plate and eluted with ether (3 times 5 ml), This ether extract is dried under nitrogen
at 37°C and then placed in a desiccator overnight.

8. The trimethylsilyl ether derivatives (TMS) of testosterone and epitestosterone are formed
by the addition of 0.2 ml Regisil-TMCS and 3 drops anhydrous pyridine per sample. The sam-
ples are mixed well, tightly sealed in screw-cap reaction tubes, and allowed to react overnight
at room temperatire, The reaction mixture then is dried under nitrogen at 37°C.

9. The residue, which contains the TMS derivatives of testosterone and epitestosterone, are
chromatographed on a second thin-layer plate in the same solvent system (chloroform-ethyl
acetate, 80:20, v/v). Authentic testosterone-TMS and epitestosterone-TMS are chromato-
graphed as reference compounds, The areas of the sample lanes, which correspond in chro-
matographic mobility to the reference compounds, are removed from the plate and eluted with
ether (3 times 5 ml), The extracts are dried under nitrogen and then are ready for gas liquid

chromatography (GLC).

To this point, the purification procedure has separated many compounds from the steroids
of interest, but it was unable to separate the 17 alpha and 17 beta isomeric forms of testoster-
one. The selection of the proper column for GLC effectively separates these isomers and
allows their quantitation,

10, The residue is diluted with 50 X\ hexane, and an aliquot is removed for liquid scintilla-
tion counting in order to correct for recovery losses, Aliquots are injected into a Varian
Aerograph 2100 gas chromatograph, and eluted peaks for testosterone-TMS and epitestoster-
one-TMS are quantitated by triangulation, Dose-response curves for standard testosterone-
TMS and epitestosterone-TMS are determined before and after each chromatographic run,

Separation is obtained with a 6-ft U-shaped glass column (4 mm i.d.) packed with Supercoport,
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Fig. 1. GLC traces obtained under conditions outlined in step 10 of methods sec-
tion, Attenuator settings for full-scale deflection (afs) are noted for each trace.
(a). 1X 10-9 afs; 0.20 pg epitestosterone-TMS and 0.20 pg testosterone-TMS.
(b). tX 10-? afs; 200-ml water blank processed through the entire procedure;
40% of sample chromatographed, and no peaks observed in the epitestosterone-
TMS and testosterone-TMS areas.
(c). 32X 10-9 afs; 200-ml urine sample, showing a large epitestosterone-TMS

peak and a small testosterone-TMS peak; 20% of sample chromatographed.
DBL 695-4683

100/120 mesh, which is coated with a 1% OV-17 stationary phase. Injector temperature,
257°C; column temperature, 225°C; detecvto‘r temperature, 275°C. Detection is by flame
ionization, and gas flow rates are: oxygen, 120 ml/min; nitrogen, 33 ml/min; hydrogen 33
ml/min, Under these conditions testosterorie-TMS and epitestosterone-TMS show retention

times of 6.5 and 5.4 min respectively,

RESULTS AND DISCUSSION

Results illustrated by the GLC traces in Fig. 1 show that these two steroids can be ana-
lyzed successfully by this method proposed by McRoberts et al, (1). The OV-17 column effec-
tively separates these isomeric forms of testosterone and allows their quantitation. This col-
umn should prove to be a better column because of the greater thermal stability of OV-17 than
of the XE-60 column originally suggested, The tracing (Fig, 1a) is obtained from testosterone-
TMS and epitestosterone-TMS standard solutions, Since flame-ionization detection depends
upon an ionization current formed from the combustion of carbon atoms, both testosterot;e and
epitestosterone theoretically can be quantitated from a single dose-response curve of either
testosterone or epitestosterone, However, it is advisable to include both TMS derivatives for

retention-time data,
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Recovery for testosterone and epitestosterone were corrected by the inclusion of a tracer
amount of tritiated testosterone. Because separation of these two isomers occurs only during
the final quantitation step, it is thought that the labeled testosterone marker should be an ade-
quate precaution; however, this step should be more thoroughly examined with a labeled isotope
of epitestosterone in order to be absolutely confident that both compounds behave similarly
throughout the entire purification procedure. Figure 1b shows a tracing obtained from 200 ml
distilled water carried through the entire analysis, and indicates that no extraneous peaks are
introduced which could interfere with the quantitation, Figure 4c is a tracing from a 200-ml
urine sample, and illustrates the epitestosterone-TMS and testosterone-TMS peaks, The addi-
tional peak, which elutes earlier, is probably due to an excess of an unidentified 17 -ketosteroid
not completely removed by the purification procedure, It is well separated from the testoster-

one and epitestosterone peaks and therefore does not interfere with the analysis,

The data in Table 4 show results obtained from urine samples of patients who have under-
gone pituitary irradiation. The testosterone values observed are surprisingly low when com-
pared with normal values reported for this method (male: 61.3 pg/24 hr testosterone and 45.8
pg/24 hr epitestosterone). The relatively high values for epitestosterone were unexpected, and
may reflect an alteration in steroid metabolism. The examination of urine samples from dia-
betic patients (male and female) failed to show detectable quantities of testosterone, and may
reflect a need to use more than a 200-ml urine sample in these patients, This response may
be a true diminution of pituitary gonadal activity due to pituitary irradiation, Further exami-

nation of this point is necessary.

Table 4. Urinary testosterone and epitestosterone values,

Patient Testosterone Epitestosterone
(pg) (ng)
H, male acromegalic 12.4 pg/24 hr
Ce. male acromegalic 1.7 ug/24 hr
Cu. male adrenogenital 2.4 pg/éhr 396 pg/6 hr

Cu. male adrenogenital 8.2 pg/12 hr 306 pg/12 hr

It has been reported that epitestosterone values are consistently elevated in hirsute pa-
tients; however, testosterone values were reported to be in the normal range (2). Also the
rate of formation of epitestosterone from testosterone in the blood has been reported to be
30 times as great in hirsute patients as in normal men and women (3), These data suggest that
examination of epitestosterone in addition to testosterone may have some clinical significance

in the evaluation of certain pathological conditions,

SUMMARY

Gas liquid chromatographic analysis of testosterone and its 17 alpha isomer, epitestoster-
one, can be accomplished by this method with relative ease, These determinations can be a

useful measurement for the evaluation of pituitary and gonadal function, In certain pathological
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conditions, the contribution of the adrenal gland to the total androgen pool can be noted, In
addition, some significance may emerge regarding the importance of epitestosterone--a steroid

whose metabolic significance is not yet understood.
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Whole-Body Marfow Distribution Studies
in Polycythemia Vera

Donald C. Van Dyke, John H. Lawrence and Hal O. Anger

One ~fifth to one-third of all patients with polycythemia vera die in the ''spent' phase of the
disease with myeloid metaplasia (1-3), Since development of methods for obtaining pictures of
the total-body marrow-distribution pattern (4-6), it has become apparent from study of a small
series of patients with polycythemia vera that an increase in immature cells in the peripheral
blood picture is preceded by rapid change in total-body marrow-distribution pattern, This sug-
gested that a deterioration in total marrow-distribution pattern may herald the onset of marrow
failure before other signs appear, and that marrow-distribution studies may be of prognostic

value in management of polycythemia vera,

MATERIALS AND METHODS

The erythropoietic portion of the marrow is labeled radioactively with the short-lived
(ti/Z = 8 hr) positron-emitting isotope, 52Fe. The distribution of activity is recorded with the
positron scintillation camera (4) or with the whole-body scanner, Mark II(6)., Iron-59 may be
used in place of 52Fe with the above-mentioned scanner, which is specially designed for high-
energy y-ray emitters, but the relatively sharp pictures of selected areas provided by the posi-
tron scintillation camera cannot be obtained with 59Fe.

The reticuloendothelial iaortion of the marrow can be labeled with any colloid of the proper
particle size (7, 8). The most satisfactory at present, because of availability, cost, and the
radiation dose to the patient, is the short-lived (t1/2 = 6 hr) technetium-sulfur colloid (9).
After labeling with this colloid, the marrow, liver, and spleen can be visualized with a con-
ventional radioisotope scanner, with the whole-body scanner, or with the y-ray scintillation

camera,

In our Laboratory the whole-body scanner and the positron scintillation camera are located
in the same area, so that a quick whole-body scan can be taken first to be used as a guide in
taking the smaller but more detailed positron camera pictures.

118 ;




DONALD VAN DYKE ET AL. . ) . 119

52 59 929

The radiation dose to the bone marrow in a 70-kg man given ““Fe, Fe, and ’ " Tc has
been estimated to be as follows: 2.5 rads to bone marrow for a 100-uCi dose of 52Fe (4), 1.0
rad for a 20-pCi dose of 59Fe (10), and 0.09 rad for a 3-mCi dose of 99mTc-su1fur colloid (11).

99

The methods of preparation of 52Fe and * "™ Tc-sulfur colloid have been described in the

literature (9, 12).
METHOD OF MARROW LABELING When radioiron is used, pictures of the bone mar-
row must be taken at the time of maximum marrow uptake, after the iron has cleared the
plasma and before it has passed through the marrow to the peripheral blood, For most patients
£52pe (13) or 57

usually injected with 100-450 pCi 52Fe as ferric citrate in the afternoon, and pictures are

this is 10-24 hours after intravenous administration o Fe. The patient is

taken the following morning.

When a colloidal preparation of sulfur labeled with 99m

Tc is used, most of the collpid
localizes in the liver, spleen, and hemopoietic marrow within 5 minutes, Picture-taking can
be begun soon after intravenous administration of the labeled colloid, and the study is com-

+99m

pleted during a single visit. In the studies presented here, 3-5 mCi of Tc-sulfur colloid

were given,

In each study, scintiphotos of 52Fe distribution are made with the positron camera, ex-
posing 5—-10 minutes per picture., At the completion of the 52Fe pictures the technetium colloid
is injected, and 1 hour later the same areas are photographed with the scintillation camera

operating in gamma mode, using 1-5 minute exposures (14).

The 23 patients reported in this series were diagnosed as having polycythemia vera on the
basis of {a) an increased circulating red cell volume exceeding 34 ml/kg body weight; (b) exclu-
sion of disorders associated with secondary erythrocytosis; and (c) presence of associated find-
ings such as splenomegaly, persistent thrombocytosis, or leukocytosis, Tumors associated
with secondary erythrocytosis were excluded on the basis of complete medical evaluation during
clinic visits and subsequent long-term followup of the patient's course, Arterial blood-oxygen
saturation was performed in patients with the possibility of chronic pulmonary disease or right-
to-left cardiac and vascular shunts, In most cases therapy and long-term followup were per-
formed at the Donner Laboratory clinic, Complete records were kept of all pertinent medical
information concerning procedures performed elsewhere throughout the entire course of the

patient's disease,

RESULTS _

Increase in the number of pro- and metamyelocytes in the peripheral blood smear is usu-
ally the first indication of the onset of marrow failure, and occurs before there is any decrease
in phlebotomy or other treatment required. At this time a marrow biopsy will often show se-
rous fat atrophy and fibrous tissue, This stage is followed by rapid onset of anemia, increased

number of immature cells in the peripheral smear, and marrow failure.
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Since the object of this study is to test the hypothesis that characteristic changes occur in
the distribution of erythropoietic marrow before evidence of marrow failure in the peripheral
blood, the patients have been classified as to whether or not they had evidence of marrow fail-
ure as judged by the findings in their peripheral blood at the time of the first whole -body mar-
row distribution study, The marrow distribution patterns as determined by the radioiron and
radiocolloid distribution pictures have been classified on the basis of the five major types pre-

52Fe marrow dis-

viously described (5). Examples of patients with polycythemia vera having
tribution patterns typical of these major categories are shown in Figs. 1-4. The patient shown
in Fig, 5 had myelofibrosis without evidence of previous polycythemia. Figure 1 shows nor-
mal distribution of the erythropoietic marrow (type I) in a patient in the stable, active phase of
polycythemia vera (Case 3 in the table), Figure 2 shows minimal peripheral extension of the
hematopoietic marrow into femur and humerus (type II) of a patient in the stable, active phase
of polycythemia vera (Case 15 in the table), Figure 3 shows peripheral extension beyond the
knee and elbow (type IIl) in a patient in the active phase of polycythemia vera (Case 16 in the
table). Figure 4 shows extension of marrow into the periphery of the extremities, loss of mar-
row from the lumbar spine, and extramedullary erythropoiesis in the spleen (type IV) in a
patient in the active phase of polycythemia (Case 18 in the table) who developed marrow failure
9 months later, Figure 5 shows complete loss of medullary erythropoiesis, with erythropoie-
sis confined to the spleen (type V), in a case of myelofibrosis not known to have been preceded

by polycythemia,

Table I lists studies from 19 patients in the active phase of polycythemia vera with no evi-
dence of impending marrow failure in the peripheral blood smears, and four patients studied

after the appearance of immature cells in the peripheral blood.

From the figures and the table it can be seen that patients in the active phase of polycythe-
mia vera may have a perfectly normal distribution of erythropoietic marrow (marrow distribu-
tion type I) or, more frequently, minimal extension into proximal portions of humerus or femur
or both (marrow distribution type II). Of the four patients in whom a distribution pattern of
type III (abnormal expansion of marrow into the distal bones of the extremities) or degeneration
to type IV was found prior to clinical evidence of failure, one developed marrow failure 9
months later (Case 18), and one 4 months later (Case 19). All patients studied after clinical
evidence of marrow failure was manifest showed marrow distribution patterns of type III or
higher. Direct comparisons of the distribution of erythropoietic marrow (as shown by 52Fe)

and reticuloendothelial marrow (as shown by 99m

Tc -sulfur colloid) in seven patiénts in the
various stages of polycythemia vera demonstrated that the distribution of these two marrow

functions was similar or identical in all but one.

DISCUSSION

The results from the limited number of patients studied so far indicate that although some
peripheral extension of marrow characteristically occurs early in the course of the disease,
the process is not a slowly progressive one, but remains stabilized during most of the active
stage of the disease, Progressive peripheral extension of the marrow pattern precedes the
"spent'' or "burned out" stage of the disease, The assumed time course of these changes is

presented graphically in Fig. 6.
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Table 1, Correlation of marrow-distribution pattern with

clinical stage in patients with polycythemia vera,

. : Patient Type of marrow distribution
Clinical stage - number 52 ]
: Fe Tc-colloid
Active stage of the 1 1
disease, requiring 2 @
phlebotomy or myelo-
suppressive therapy I
37 I I
4 I
5 I
6 I II
7 I
8 II
9 I
10 I
11 I
12 II
13 I I
14 i
I
15 u®
I
16 i
III , o1
17 m® '
18 w? v
19 e
""Spent'' stage .oii the ‘20, I III
oeape, remitiog 4, v
22 v
23 v
a, Two years between first and second study.
b. One year between fifst and second study, )
c. Continued active at time of reporting, 2.5 years after studir.
d. Developed marrow failure within 9 months after marrow

distribution type IV found. ]
e. Developed marrow failure 4 months after marrow distribu-

tion type IV found.
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Fig. 1. Normal distribution of the eryth-
ropoietic marrow (marrow distribution
type I) in a patient in the stable, active
phase of polycythemia vera (Case 3 in the
table). XBB 684-1925

Fig. 2. Minimal peripheral extension of

the hematopoietic marrow into femur and

humerus (marrow distribution type II) in

a patient in the active phase of polycythemia

vera (Case 15 in the table). The majority

of patients showed this distribution pattern,
XBB 683-1334
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Fig., 3., Peripheral extension beyond the
knee and elbow (marrow distribution type
III) in a patient otherwise thought to be in
the stable active phase of polycythemia
vera (Case 16 in the table)., This dis-
tribution pattern is interpreted as hearald-
ing the onset of marrow failure in the

near future. XBB 682-616

Fig. 4, Extension of marrow into the
periphery of the extremities, loss of mar-
row from the lumbar spine, and extra-
medullary erythropoiesis in the spleen
(marrow distribution type IV) in a patient
in the active phase of polycythemia vera
who developed marrow failure 9 months
later (Case 18 in the table).

XBB 683-1267
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Fig. 5. Virtually complete loss of me-
dullary erythropoiesis with erythropoiesis
confined to the spleen {(marrow distribu-
tion type V). . XBB 684-1805
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Similar prognostic information is obtained from iron kinetics studies in patients with poly-
cythemia vera, Pollycove et al, (15) have divided patients with polycythemia vera into four
classes (Class I, Classes Ila and IIb, and Class III) on the basis of iron kinetics studies,
"Patients in Classes I and Ila are in relatively earlier phases of their disease and frequently
are found to develop red-cell kinetics of Class III as their disease progresses. ' Although
simultaneous iron kinetics and marrow-distribution studies have been done on only a few pa-
tients, the results indicate that iron kinetics Classes I and Ila correspond to marrow-distribu-
tion types I and II as given here. Iron kinetics classes IIb and III correspond to marrow-distri-

bution types III, IV, and V. This correspondence has been indicated in Fig. 6.
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Fig. 7. Comparison of the total
erythropoietic marrow mass (esti-
mated from marrow cellularity and
total-body marrow distribution) with
hemoglobin synthesis values given
by Pollycove et al, (15), during the
evolution of polycythemia vera, :
DBIL 685-4747

5 |
TOTAL ERYTHROPOIETIC
. MARROW MASS .

Times normal

Duration from diagnosis
to clinically "burned out’ stage

. Peripheral extension of marrow in the absence of excessive demand for increased red cell
production may indicate that the usual marrow sites are occupied by other elements such as
tumor or fibrous tissue, In the patient with polycythemia vera this is clearly not the case. In
the untreated or inadequately treated case the marrow is markedly hypercellular from the time
of earliest diagnosis to late in the evolution of the disease (16), being in the order of 80% hema-
topoietic tissue with 20% fat in patients in the active phase of polycythemia vera, as compared
with 20% hematopoietic tissue and 80% fat in normal persons, Thus, before peripheral expan-
sion of marrow has occurred, the untreated patient with polycythemia vera has a hematopoietic
marrow mass four times normal., During the active stages of the disease the hematopoietic
mass is estimated to increase from 4 to 5 or 6 times normal, Since the percentage of erythroid
elements is either normal or slightly elevated, the erythropoietic marrow must also increase

from 4 to 6 times normal,

Iron kinetics studies (15) have demonstrated an increase in hemoglobin synthesis from
twice normal to 4.8 times normal as the disease evolves. Increased hemoglobin synthesis is
offset by progressive shortening of red cell life span, which is predominantly the result of
intramedullary hemolysis, in-late stages of the disease, The probable relationship between
total erythropoietic marrow mass and hemoglobin synthesis during evolution of the disease is
shown schematically in Fig. 7. (Figures for hemoglobin syntheAsis are from Pollycove et al., -
Ref. 15.) As indicated in the figure, inefficient hemoglobin synthesis characterizes the disease
from its onset, the erythropoietic marrow mass being increased twice as much as hemdglobin

synthesis in the active stages of the disease,

Only in the most advanced stages of myelofibrosis does proliferation of fibrous and osseous
elements proceed to the extent that it fills the marrow cavity (16). As stated by Nelson and

Knisely (17), '""Rarely did the volume of fibrous tissue approach that of fat normally present in
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marrow, and the extramedullary hemopoiesis of 'myelofibrosis' is not simply compensatory
for a reduction in the volume of cellular marrow, "

Because of its 8-hr half-life and the necessity of cyclotron production, 52

99m

Fe is not gener-

SZFe were

ally available at present. For this reason patterns for Tc~-sulfur colloid and for
compared, In six cases of polycythemia vera in this series in which marrow distribution has
been determined by both techniques, either the distributions were identical or the differences
were not sufficient to indicate a different classification. In only one case {Case 6 in the table,
and previously reported, Ref, 414) was the pattern distinctly different--type I by 52Fe and type
IT by 99m

hematologic disease, the correlation between the distribution of these two marrow components

Tc-sulfur colloid, It has been emphasized previously (14) that in the presence of

has varied from identical to totally dissimilar, However, comparisons to date, in patients in
various stages of polycythemia vera, indicate that both cell types are similarly affected and
that the use of iron or colloid gives essentially the same total body marrow-distribution pattern

in the majority of cases,

SUMMARY AND CONCLUSIONS

One-fifth to 1/3 of all patients with polycythemia die from marrow failure, Total-body
marrow-distribution studies in 23 patients in various stages of polycythemia vera indicate that
although some peripheral extension of marrow characteristically occurs early in the course of
the disease, the process is not a slowly progressive one, but remains stable durihg most of
the active stage of the disease. Progressive degeneration of the marrow pattern probably pre-
cedes the '"burned out" stage, and provides the physician with prognostic information which
may prove helpful in management of the disease, Marrow-distribution patterns in more pa-
tients done in conjunction with marrow biopsy, iron kinetics, etc.,, at intervals throughout the
course of polycythemia vera will be needed to determine the validity of the present speculations

and the value of total-body marrow-distribution studies in prognosis.

REFERENCES
4. Lawrence, J, H.: Polycythemia: Physiology, Diagnosis and Treatment Based on 303
Cases. Grune and Stratton, New York, 1955,

32p, Proc. Roy. Soc. Med. 59 [#11,

2. Ledlie, E. M.: Treatment of polycythemia by
Part 1]: 1095-1400 (1966).

3. Lawrence, J. H.; H. S. Winchell; and W, G. Donald: Leukemia in polycythemia vera:
Relationship to splenic myeloid metaplasia and therapeutic radiation dose. In preparation,

4. Anger, H, O,; and D, C. Van Dyke: Human bone marrow distribution shown in vivo by
iron~52 and the positron scintillation camera, Science ﬂ[.}une 26]: 1587-89 (1964).

5. Van Dyke, D,; and H, O, Anger: Patterns of marrow hypertrophy and atrophy in man,

J. Nucl. Med. 6[2]: 109-1420 (1965).

6. Van Dyke, D.; H. O. Anger; and Y. Yano: Progress in determining bone marrow distri-
bution gll_vg In Progress in Atomic Medicine, Vol, 2, Grune and Stratton, New York,
1968.

7. Edwards, C, L.; G. A. Andrews; B, W. Sitterson; and R, M. Knisely: Clinical bone mar-l
row scanning with radioisotopes. Blood 23 [6]: 741-56 (1964).




DONALD VAN DYKE ET AL. 127

10.

11.
12.

13.

14,

15.

16.

17.

~Harper, P, V,; K, A, Lathrop; and P. Richards:

Miale, A,, Jr.; A. Gagnon; W, DeCesare; and C, Rath: Scintillation camera studies of
bone marrow in blood dyscrasias. J., Nucl. Med. 7[5]: 347 (1966).

gngc as a radiocolloid. J. Nucl,
Med. 5[5]: 382 (1964). _

Bothwell, T, H.; and C, A, Finch: Iron Metabolism. Little, Brown & Co., Boston,
1962. P. 39. ‘ , ' .

Smith, E. M.: Internal dose calculation for Mmq. g, Nucl, Med, 6[4]: 231-51 (1965).
Yano, Y.; and H, O. Anger: Production and chemical processing of iron-52 for medical

use. Intern. J. Appl. Radiation Isotopes 16: 153-56 {1965).

. Pollycove, M,: Ferrokinetics: Techniques, Eisenstoffwechsel: Beitrage zur Forschung

und Klinik, G, T, Verlag, Stuttgart, 1959, P. 20.

Van Dyke, D.; C. Shkurkin; D, Price; Y, Yano; and H, O. Anger: Differences in distribu-
tion of erythropoietic and reticuloendothelial marrow in hematologic disease. Blood 30[3]:
364-74 (1967). '

Pollycove, M, ; H, S. Winchell; and J, H, Lawrence: Classification and evolution of pat-
terns of erythropoiesis in polycythemia vera as studied by iron kinetics. Blood 28[6]:
807-29 (1966).

"Ward, H, P.; and M. H. Block: A reevaluation of the myeloproliferative syndrome,

Symposium.on Myeloproliferative Disorders of Animals and Man, 1968.
Nelson, W.; and R. Knisely: .Marrow fibrosis in myeloproliferative disorders., Sympo-

sium on Myeloproliferative Disorders of Animals and Man, 1968.



Actinide Element Studies with a Si(Li) “Wound Counter”

Howard G. Parker, Stephen R. Wright and Anne deG. Low-Beer

At Lawrence Radiation Laboratory, Berkeley, preparations for handling possible internal
contamination with radioactivity require consideration of a wide variety of nuclides., Much
experimental work is being done with isotopes of the elements beyond plutonium, of particular
interest to the Atomic Energy Commission, Some of these are scheduled for production and
use in large quantities in the near future, with a consequent potential for accidental internal
contamination of humans, A number of these nuclides lack y rays useful for in vivo measure-
ment of their retained burdens, but have significant low~energy L X-ray emission, The classic

239Pu, but others are 244Cm, 242Cm, 2‘38Pu, and 2°3Es,

241

example of this sort of nuclide is
Some of the other actinides such as Am and 252Cf have useful y rays of higher energy, but
also emit significant numbers of L X rays.

239Pu that the strong dependence of absorption on energy

Palmer et al. (1) have shown for
in the low-energy X-ray region permits a measurement of average depth in tissue from the
relative height of the different LL X rays. We wished to extend this depth measurement to prac-
tical use for any actinide. Published work on it has so far been limited to 239Pu and 241Am
(1, 2). Also, the systematic variation of L, X-ray energies with atomic number, together with
various associated low-energy y rays, gives us a potential "fingerprint" for identification of

each nuclide that might be retained in a wound.

These relationships led us to a systematic study of the L X rays and y rays from available
actinides, in order to do as much as possible in identification, quantitation, and depth measure-

ment for contaminated wounds,

Experience has taught us the value of preparing our own catalog of spectra in preparation
for contamination incidents. This permits us to acquire the necessary standards; gain famil-
iarity with the equipment, the nuclides, and their spectra; and to work up the subject for a par-
ticular detector that provides adequate sensitivity for biological work, as well as resolution.
The necessity for these preparations has become doubly evident for us, because difficulty of

measurement and scarcity of useful handbook values are particularly notable in the low-energy

region, 128
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This paper relates some of our initial progress in working with the wound counter, and in
gathering a small reference collection("'library") of actinide sources and their spectra, It
covers some relevant properties of the counter, the depth measurement, and studies in ab-

sorbers commonly used as phantoms,

MATERIALS AND METHODS

A lithium-drifted silicon detector was used to study the low energy photons emitted from
the actinides. The detector, preamplifier, and cryostat were purchased from the Technical
Measurement Corporation of San Mateo, California. A detailed explanation of this type of sys-
tem can be found in a report by Miner (3). Briefly, our system includes a 300-mm2 detector
housed in a vacuum chamber and positioned abéut 6.4 mm behind a 0.25-mm thin beryllium
window, The depletion depth is 3 mm, and at liquid nitrogen temperatures we obtain a resolu-
tion of 1.5 keV FWHM for the 17.7-keV peak of 21
of Am is 0,2 cpm per channel, and decreases to less than 0.1 cpm at 100 keV, A model 5400

Am, The background in the L. X-ray region

Hewlett-Packard 1024-channel analyzer was used in all studies, The analyzer's stability was
excieptionally good, principally due to the automatic internal gain stabilizer,  The analyzer was
calibrated by use of an IAEA standard of 241Am. In 6 months of operation we observed only a
one -channel drift out of 1024 channels. The superior resolution and stability of this system

enable us to separate accurately the 43.9-, 17.7-, 20.8-, 26.9-, and 59.6-keV peaks of 241Am.

239 241

Up to this time the following nuclides have been available for study: Pu, Am,
243Am, 244Cm, 252Cf (associated with varying amounts of other isotopes of californium), and
253Es. 23‘?Pu and 241Am were separated by ion-exchange chromatography, which resulted in

a high degree of purification of both nuclides, All the foregoing nuclides were prepared for
counting as virtually weightless point sources by electrodeposition on stainless steel. These -
We-re counted in a standardized alpha proportional counter, and checked for radiochemical
purity by alpha pulse-height analysis. Additional sources were prepared by plating measured
amounts of the original material on platinum, which was then sealed between two layers of thin
polyethylene, Composition of the sources varies from the particularly high-purity 239Pu and
2'41Am through different degrees of isotopic mixtures, as in 2‘SZCf. Also, some sources have

been prepared of two nuclides in varying relative amounts,

The sources were used on the wound counter in various positidns relative to the detector,
for measurements of counter sensitivity, geometry, effect of sample size and configuration,
and absorption in air, water, Lucite, fiberboard, and a 'tissue-equivalent liquid' described

by Clifford (4).

RESULTS
Unattenuated spectra obtained to date with the ''wound counter'' on our library of sources
are shown in Fig. 1, which illustrates the systematic variation in energy of the L X—ray peaks

with atomic number of the daughter nuclide. The additional y-ray peaks characteristic of some

of the nuclides are also evident. The Np L X rays arising from decay of '243Am are theoreti-
241

cally the same as for Am, and only the y rays are different,. In actuality there was a con-

sistent shift of one channel in the X-ray peaks, The resolution obtained permits identification
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Fig. 1. X- and y-ray spectra obtained with the Si(Li) crystal "wound
counter' from the "library'" of actinides. Counting rate is plotted
semilogarithmically against channel number covering an energy range
from approximately 1 to 70 kev at 0.27 keV per channel. The vertical
scale has been adjusted to display the spectra with minimum overlap,
in order of atomic number, but close enough to show the systematic
changes. It does not indicate abundances of one spectrum relative to
another. DBL 695-4693
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of each nuclide only if it is known to be pure, and identification of mixtures cannot be made
with confidence from the spectra alone. However, preliminary work on standard mixtures of

241Am and 239

Pu in preparation for some double -isotope experiments have shown that quanti-
tation of each is possible with fairly good accuracy, so long as it is known that the spectrum is

due only to these two nuclides,

The curves obtained are calculated and plotted for various comparisons, using computer pro-
grams developed by us for the CDC-6600 computer and CalComp plotter with the assistance of
Mathematics and Computing at LRL, Data are fed to the computer by punched paper tapes
from the teletype output of our analyzer, Figure 4, showing curves at various depths of ab-
sorber, is an example of the computer-drawn curves, -Automated subtraction of spectra, nor-
malization, calculation of counts in any set of regions, etc., are making possible a more ex-
tensive study than we could otherwise manage, and we have a library of spectra that can read-

ily be subjected to reanalysis, if necessary,

A study of counter-source geometry proved especially enlightening, One reason for our

choice of a fairly sizable Si crystal, with sacrifice of some degree of resolul‘.ion, was that we

hoped to count samples a couple of centimeters in diameter reproducibly and with reasonable
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efficiency. Preliminary work showed the necessity for a study of geometry with a small source,
since reproducibility was not good with moderate-sized sources against the window of the de-
tector., An electrodeposited source of 243Am about 4 mm in diameter was used to study the
effects of lateral and perpendicular movement of the source relative to the berylliurn window,
Radial symmetry was good with respect to the central axis of the detector, but, as shown in
Fig. 2, there is rapid decrease in counts with a few millimeters of lateral movement, The
decrease varies a small but significant amount with photopeak energy. Figure 3 shows the
variation of counting rate with distance away from the window along the central axis, This
value was little affected by photopeak energy. Beyond about 15 mm, small sources follow an
inverse-square law, but closer than that they deviate from it by having a lower count rate than
it predicts (rather than higher, as might be expected from a small source and an extended de-
tector), evidently because of the marked fall-off of counting rate as one leaves the central axis
and the fact that none of our sources was sufficiently close to a point source. The result of
these geometry problems is that it is difficult to reproduce counts against the face of the detec-
tor unless samples are thin and very small or very uniformly deposited. This can, of course,
be improved by backing away from the detector, but with a consequent lowering in efficiency.

The net result is something of a disappointment regarding quantitation of radioactivity and the
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Fig. 4. Computer-drawn plots of spectra from a 243 Am source with various
depths of tissue-equivalent liquid between it and the detector. Counts per minute
is plotted semilogarithmically against channel number covering an energy range
from 1 to 139 keV. The difference in absorption for the different X-ray peaks is
clearly illustrated, DBL 695-4694

combination of efficiency and resolution we hoped to have; based on descriptions of this type of

detector, though it does not negate its use for wound studies when resolution is needed,

A series of studies on our library of nuclides measured absorption in air, water, Lucite,
fiberboard, and the tissue-equivalent liquid. Figure 4 shows typical computer-drawn spectra
obtained, and Fig. 5 shows the ratios of the various X-ray peaks or photopeaks taken from
them, plotted semilogarithmically against absorber depth, These curves permit us to make
the measurement of average depth on any of our library of nuclides, and are giving us a basis
for evaluating correction factors necessary for phantoms more convenient than the tissue-
equivalent liquid, which we consider at present our best absorber equiiralent to tissue. The
ratio curve having the steepest slope (usually the ratio of a 14-keV X ray to a 21-keV X ray,
or to a more energetic y ray, if available) gives the most accurate depth measurement, except

in low-activity samples, where another ratio may provide better statistics,

DISCUSSION A
We intend to continue cataloguing nuclides of the actinide elements as they become avail-
238 '
able,

also work with mixtures of any actinide isotopes for which there is a significant exposure haz-
239 241 )
Pu-

Pu is presently being prepared for st\idy. When the opportunity is presented we shall
ard, Further plans. include some double-isotope Am experiments for experience in
monitoring an animal injection site, They may also provide some basic information on separa-
tion of Am and Pu as they leave the site of injection, and will help us improve our L X-ray

method for in vitro counting of 23913u in biological samples.

A comparison with thin~crystal sodium iodide detectors available to us is currently being
made, and some figures of merit developed., It is evident that for some kinds of gross wound

counting and localization, the wound counter is much the least sensitive, and the most subject
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to problems related to the geometry of distributed sources, For those reasons it is also the
least satisfactory as a sample counter when the nuclide is known, Its great value is its high

resolution, -

We are now working to systematize our observations with the wound counter and to com-
pare them with best available theoretical and empirical information. We hope with this effort
to simplify presentation of the subject, to tabulate some useful values, and to simplify prepara-

tions for identification, quantitation, and depth measurement of any of these actinides,

SUMMARY

Preparations have been made for the use of a Si(Li) crystal ''wound counter' to identify and
quantitate X -ray-emitting actinide elements in human wounds, and to measure their depth in
tissue. A small "library" of actinide sources and their spectra has been accumulated for the
purpose. The paper gives preliminary results on some properties of the counter, computer
processing of the data, the actinide X- and gamma-ray spectra obtained, the depth measure-

ment, and some absorber studies related to the depth measurement.
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Heavy-Particle Therapy in Cushing’s Disease:
| - A Progress Report

John A. Linfoot, E_de'ard Ménougian, Norton J. Snyder, Richard A. Carlson,
Claude Y. Chong, James L. Born, Cornelius A. Tobias and John H. Lawrence

. We have recently described the results of our treatment-ofa large nufnber of patients
with acromegaly, this work representing the first successful application of heavy particles
in therapy (1). A later study, an attempt to treat Cushing's disease, is reported in this
paper. In 1932 Cushing described (2) a clinical syndrome associated with hyperplasia or ade-
nomata of the basophilic cells of the anterior pituitary gland, and sometimes associated with
adrenal tumors, One of us, as an Intern and Assistant Resident Physician at about that time,
saw many of these patients (3), and it was Cushing's belief that a basophilic tumor of the ante-
rior lobe of the hypophysis was the usual cause of the syndrome, Subsequently it was also
found that similar clinical pictures were seen with malignant adrenal tumors (usually unilat-
eral) and adrenocortical hyperplasia (always bilateral). " In the intervening years many inves-
tigators began believing that usually the condition was due to primary adrenal hyperfunction,
More recently it has been believed, in line with Cushing's belief, that it is the result of an
altered hypothalamic -pituitary-adrenal axis (i, e., small amounts of ACTH are released in
spite of high circulating levels of hydrocortisone). This condition has also recently been found
to result occasionally from the secretion of ACTH by malignant extrapituitary tumors (4). Be-
tween 15 and 25% of the former cases (5-7) are associated with roentgenologically detectable
pituitary tumors, although the true incidence of these tumors has not been determined. Many -
of these tumors are not detectable until after bilateral (total) surgical removal of the adrenal
glands, a procedure which, of course, corrects the hyperadrenocorticism but would not be
expected to affect the altered hypothalamic or pituitary function. Although total surgical adre-
nalectomy {8), made possible by the availability of adrenocorticosteroid therapy, has been a
successful tréatment for some pa.tients, interest has returned to the pituitary gland as the ini-
tial site for therapy (as originally suggested by Cushing) because of the existence of pituitary
tumors in some cases, the occasional presence of accessory adrenal tissue-in others, plus the

abundant physiological data showing that altered ACTH secretion is the primary disturbance,

Unfortunately, treatment with orthovoltage X ray and more recently with high-voltage X
ray (even when combined with unilateral adrenalectomy) have only irregularly been associated
with adequate and sustained remissions (4, 9, 10). Surgical hypophysectomy is a formidable
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procedure; it will almost invariably necessitate sacrifice of all pituitary trophic hormone func-
tion and probably should be reserved for invasive tumors, Satisfactory results have been re-
ported following the implantation of 90Y into the pituitary fossa (11). Results with such tech-
niques are superior to those using conventional X-ray and y-ray therapy, but these procedures
also have a small but significant morbidity--particularly cerebrospinal fluid rhinorrhea.
Heavy-particle therapy (12-21) is the only form of teletherapy that can accurately and safely
deliver large doses of radiation to the pituitary, and this technique has been shown to be effec-

tive in the treatment of some cases of acquired bilateral adrenocortical hyperplasia (17).

Since 1959, heavy particles have been used to treat five patients with Nelson's syndrome
(6) which developed after total adrenalectomy. All had the characteristic hyperpigmentation,
but only three of these patients had definite enlargement of the sella turcica. The two patients
who had no sellar enlargement resembled the former three cases in other respects, although
the plasma ACTH values {(measured by bioassay) were less elevated in these two patients.
This group was treated with from 5,000 to 10,000 rads delivered in 12 days. Further pigmen-
tation has ceased in all patients, but a gradual regression of pigmentation has been demon-
strated only in the three patients with pituitary tumors. Further sellar enlargement has not

developed, and no patient has required surgical decompression.

Twelve patients were treated primarily to control adrenal hypersecretion. All these pa-
tients were studied extensively to rule out the presence of adrenal tumors as well as of extra-
pituitary ACTH-producing tumors, Two patients had had previous adrenal surgery, but hyper-
adrenocorticism had recurred due to hypertrophy of a small adrenal remnant in one patient
and, presumably, to presence of accessory adrenal tissue in the other, Slight to markedly
elevated urinary 17-hydroxycorticosteroids (17-OHCS) were seen in all patients, but elevated
17-ketosteroids were observed in only three patients, All patients had exaggerated steroid
responses during metyrapone tests (4) (this procedure separates hyperplastic from neoplastic
adrenals, since the latter fail to respond). A marked fall in 17-OHCS after the dexamethasone
{8 mg/d for 3 days) suppression test (4) was also found in all cases, The metyrapone test

proved to be the best means of following the cases after treatment.

A typical hormonal change in one of the patients who responded favorably to treatment is
shown in Fig, 1. Table 41 summarizes the steroid data for all patients. Following heavy-par-
ticle therapy (6,000 to 42,000 rads delivered in 12 days), all patients showed an early effect,
as evidenced by less exaggerated responses in the metyrapone tests (see Figs. 2 and 3), and
subsequent gradual fall in basal urinary steroid excretion, After longer periods of time had
elapsed, less exaggerated (normal) responses to ACTH were often observed. Dexamethasone
suppressibility has been studied in several patients after treatment; in some it returned to
normal, while in others it remained largely unchanged, even when the basal steroid excretion
had returned to normal. Although all patients showed an early effect of treatment on pituitary
function, with a marked fall in steroid secretion within 3 to 6 months after treatment, four of
these patients subsequently relapsed. Relapse was characterized by an increased 17-OHCS
excretion and a return of the exaggerated steroid response to metyrapone, Three of these

patients subsequently underwent bilateral adrenalectomies, at 6, 8, and 40 months after treat-
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Table I. Summarized steroid data for all patients

Patient Sex Age 17 OHCS 17 KS Metyrapone ACTH  Dexamethasone Circadian

rhythm
Pretreatment
RK F 37 t N t t { A
RS F 45 t N t + { A
RC M 17 t N t - { A
DM F 35 1 N t t { A |t =Increased
Jva F 56 r 2 - - - A | 7 = Slightly Increased
jAra M 24 t ' v - 4 A |>=No Change
JD ‘F 38 7 7 t t i A |4 =Decreased
PO F 34 r. 7 t 1 v A | N=Normal
PD F 19 t 7 7 ) { A | A=Abnormal
RD4 M 46 t 4 ) 1 4 A | R =Reversed
MD M- 42 t 7 t 4 {
Posttreatment

Months

post-Rx - _ Comment
RK F 118 N N 4 ¥ — A
RS F 71 N/t N 1 74 — R Relapsed, 24 months
RC M 62 N N ! { { R )
DM F 62 N/t N 1t 1t —_— R Relapsed, 12 months
Jjva  F 44 N N - - i N ’
JAad M 38 - N N - 4 : —— A
JD. F 37 - - X —_— — N
PO .F . 34 N N i e —_— "N
PD F 29 { { - —— —_ N
RD M 25 S —— Relapsed, 8 months
MD M 23 N/t N4 n ¥/t —_— A Relapsed, 16 months

3 Adrenalectomy prior to heavy-particle therapy
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ment, The fourth patient, who has a severe neurological disability resulting from an attack of
encephalomyelitis at 11 months of age, is currently receiving institutional care and is not
thought to be able to tolerate any surgical intervention, The eight remaining patients in this
group appear to be continuing to show gradual improvement, The first patient was treated

almost 10 years ago, and she remains in remission,

Two of the total 417 patients treated have become mildly hypothyroid and require thyroid

replacement therapy. Other trophic hormone functions appear to be intact in the remaining
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patients, While these results are encouraging, further follow-up will be required before final
conclusions can be reached. The first use of heavy particles for adenomata of the pituitary
was in the treatment of acromegaly, where much lower doses are required to control the con-
dition. It is clear, howeVér, that larger doses of radiation are required for treating Cushing's
syndrome than for the satisfactory control of acromegaly. The pituitary gland iﬁ cases of
acromegaly due to eosinophilic adenomata is relatively more radiosensitive, Maﬁy of the
early reported cases of Cushing's disease had basophilic hypopHyseal adenomata (2, 3). Either
these are more radioresistant or many of these patients may have pituitary basophilic hyper-

plasia,
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