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SERlAL TRANSPLANTATION OF KREBS AND EHRLICH MOUSE 

ASCITES TUMORS TO RATS. II. 

Agnes N. Stroud, Austin M. Brues, Doris H. Chatterley, 

and Mildred M. Summers 

Introduction 

Serial heterologous transplantation of Krebs -2 and Ehrlich mouse 
ascites carcinoma has been successful though many transplant generations 
in producing an ascites along with a rapid proliferation of tumor cells in 
rats. (l ) 

Other investigators have shown that heterologous transplantation of 
Ehrlich mouse ascites carcinoma!2,3) and the solid tumor, (4,5) can be car
ried through several passages in rats or hamsters. 

The present investigation concerns the transplantability of both the 

Krebs-2 and Ehrlich mouse ascites carcinoma in rats, with reference to 
rate of cell growth under various conditions, morphological and cytologi

cal characteristics of the tumor cells after serial passages, and survival 
time and immunity in the recipients. 

Material and Methods 

The Krebs-2 mouse ascites carcinoma was obtained from 
T. S. Hauschka in 1954, and the Ehrlich carcinoma which has been carried 

at G. Klein's Laboratory was obtained from E. L. Simmons during the same 
year. Both are nonspecific, tetraploid tumors and have been carried in 

CF No. 1 female mice in our laboratory. Sprague-Dawley rats were used 
as recipients, and, according to the type of experiment, selection was made 

on the basis of weight and age. Females were used throughout except that 
in two or three cases when females were not available, males were used 
for maintenance of the tumor. Data on these experiments are not used in 
this paper. 

The initial passage of mouse ascites tumor into rats was made from 

mice inoculated 5 to 7 days previously, or during the log phase of tumor 
growth. Intraperitoneal inoculation never exceeded a total of 2 cc of fluid 
and cells. Aseptic techniques were used throughout the series of experi
ments. Transfer of the ascites tumor from donor to recipient rats was 
made every 3 days, and passages from donor rats to mice were also made 
to assure viability of the tumor. A diagrammatic scheme of the experimen
tal approach is presented in Table I. For this procedure all rats were 
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TABLE 1 

Scheme of experimental approach to the transfer of Krebs-2 
and Ehrlich mouse ascites carcinomas to rats and mice 

M Mouse CF No. 1 female; R Rat Sprague-Dawley female; 
T. G. Transplant generation 

Krebs-2 mouse ascites tumor 

M-1 .. 
-R-1 

1st T.G. 
� 

M-2 .. 
-R-2 

2nd T. G. 
+ 

M-48_._-R-48 
'·48th T.G. 

Ehrlich mouse ascites tumor 

I 

II 

III 

M-1__-Ri1 

M-2 __-R�2 

M-8..--R-8 

~ 
M-1__-

R�1 

M-2 ..--
R�2 

M-6 ---
R-6 

M-1 --R�1 

M-2---R�2 

M-48-R-48 

1st T.G. 

2nd T .G. 

8thT. G. 

1stT. G. 

2nd T .G. 

6th T .G. 

1st T.G. 

2nd T .G. 

48th T .G. 

sacrificed by ether, and cells and ascitic fluid were removed from the 
peritoneal cavity with needle and syringe, followed by two washings with 
saline to remove the remaining cells. The fluid volume was calculated 
from the total cell recovery and the cell concentration in the first sample. 

Cell counts were made by collecting ascitic fluid in a white blood cell 

diluting pipette, making a 1:20 dilution with 0.85o/o NaCl, and adding acetocar
mine solution to stain the cells. A Neubauer hemacytometer was used to ob
tain cell counts. At least two determinations were made on each animal. 

Examination of tumor cells for mitotic and chromosome counts was 
made after the cells had been fixed and stained with aqueous acetic acid and 
aceto-orcein. Mitotic index was determined after counting 500 or more cells. 
Camera lucida drawings were made for the estimation of chromosome num
ber. Photomicrographs of the stained cells were made with a 35-mm Leica 
camera. 



Results 

Krebs-2 Mouse Ascites Tumor. The results of inoculating Krebs-2 
mouse ascites tumor into rats ranging in weight between 45 and 200 g are 
given in Table 2, and the data on celJ numbers are presented graphically in 
Figure 1. Each value represents the mean of two or more animals. The 
initial log phase of growth for the population is seen during the first 24- and 
48-hr intervals, after which the curve approaches a plateau and levels off 
until death at from 4 to 8 days or until regression of the tumor. Doubling 
time of the cell population has been calculated to be 14 to 16 hr in rats weigh
ing over 100 g. The doubling time of the tumor during the log phase of growth 
has been estimated to be approximately 16 hr in CF No. 1 mice.(6) 

There is a linear relationship between cell number and the volume of 
ascitic fluid for the first 48 hr, and during this time the relationship is pre
cisely the same as that shown in the mouse by Patt.(7) After this time the 
fluid increases more rapidly than the number of cells. The accumulation of 
ascitic fluid by 4 days was greatest in rats weighing over 100 g; animals 
weighing 150 g or more may acqwre from 60 to 80 ml of asc1tic fluid. 

The relationship between tumor growth and age (or body weight) de
serves some comment. Examination of the mean values for rats ranging 
from 45 to 120 g (Table 2 and Figure 1) 3 days after inoculation reveals an 
almost linear relation, with about 17 ml of fluid containing 5 ml of packed 
cells (1.2 x 109 cells) per 100 g of body we1ght. It can be seen also that 
mortality in the smaller rats (45 to 75 g) is relatively high. 

The possibility must be considered that in younger animals, growth 
of the tumor is in competition with growth demands of the animal that are 
greater than those of larger rats. That such competition can exist between 
normal and neoplastic growth has been shown by Straube et al. (9) in partially 
hepatectomized mice inoculated with ascites tumor, in which the growth rate 
of both liver and tumor was depressed. 

It has been found that over a wide range of inoculum sizes, rate of 
tumor growth is similar with a 15- to 20-fold 1ncrease at 3 days. Table 3 
gives a summary of the increases observed with amounts of inoculum 
ranging from 1 x 106 to 300 x 106 cells. The initial growth rate is independ
ent of the size of the 1noculum in this range. 

It was of interest to see whether the Krebs-2 mouse ascites tumor 
could be maintained through several transplant generations in rats as can 
the Ehrlich asc1tes tumor in rats and hamsters (2,8) At the same time, 
passages of the Ehrlich carcinoma were made to compare the two tumors. 
Up to the present time both the Krebs-2 and the Ehrlich ascites tumor have 
been successfully maintained in Sp rague-Dawley rats for 48 transplant 

generations. The characteristics of the Krebs-2 carcinoma in rats 
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TABLE 2 

Growth of Krebs-2 ascites tumor in rats in relation to body weight 

Age, Weight, Days 

Days g 0 1 2 3 4 
-- - - -

Tumor cells x 106 

23 45 80 100 275 445 -

30 75 80 117 586 876 1332 

40 120* 80 208 463 1680 1280 

45 125 129 389 1008 1798 2572 

60 200* 138 424 957 870 2819 

48-60 150-200 154 621 2742 2750 2790 

Ascitic fluid, m1 

23 45 0.60 l.6 2.6 7 9 -

30 75 0. 73 2.7 5.0 12.7 31.3 

40 120* 0.67 3.3 4.8 21.3 29.6 

45 125 1.0 4.4 6.8 22.9 35 . 5 

60 200* 2.0 5.9 9.0 10.6 38.7 

48-60 150-200 2.0 9.0 24.0 37.5 70.5 

Mitotic index, o/o 

23 45 3.6 3.4 2.9 2.3 -

30 75 3.8 3.5 2.7 2.2 2 7 

40 120* 3.2 3.3 3.5 3.1 2.7 

45 125 3.0 5.0 3.5 2.9 2.0 

60 200* 2.6 4.4 2.8 4.2 1.6 

48-60 150-200 3.3 2.5 1.7 2.7 1.5 

*K-2D clone 
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TABLE 3 

Three-day cell increase with different amounts of inoculum 

Tumor cell Total cells at Total ascitic Fold 
inoculum (x 10-6) 3 days (x 10-6) fluid, ml • 1ncrease 

316 6636 21 21 

278 6394 23 23 

248 4266 27 17 

180 3600 20 20 

154 2720 37 18 

129 1798 23 15 

116 1740 15 15 

83 1539 18 18 

60* 900* 6* 15 

50* 540* 8* l l  

l* 20* l +* 20 

*Interpolated values (from data between 2 and 4 days) 

for 46 passages are summarized in Table 4. The initial inoculum at each 
passage was 83 x 106 tumor cells. Rats were sacrificed on the third day 
postinoculation, and total cells, fluid volume, and mitotic indices were 
determined. The mean cell number at this time was 1534 x l 06 cells rep
resenting an 18.5-fold increase in cell number. Of 71 rats in 47 transplant 
generations, 23 animals (32o/o) died; the deaths all occurred between 4 and 
8 days after inoculation (Figure 2). Deaths appeared to be equally frequent 
in the early and late passages. 

Surviving rats in which the tumor had regressed were found to be 
immune if reinoculated with cells from a succeeding rat transplant genera
tion, whether the rats were inoculated a week, 2 months or 6 months later. 
The results were also negative when these immune rats were challenged 
with Krebs-2 mouse tumor which had never been passed through rats. 

Ehrlich Mouse Ascites Tumor. The Ehrlich mouse ascites tumor 
was maintained and followed through successive transplant generations in 
Sprague-Dawley rats. Only information concerning the passages will be 
reported here. 



TABLE 4 

Serial intraperitoneal passages of Krebs-2 ascites tumor in rats 
(inoculum at each passage 83 x 106 tumor cells) 

Passage 

1 

2 

3 

5 

7 

8 

10 

l l  

12 

24 

36 

46 

mean values 
(3 days) 

. . 

Cells at 
3 da y_s (x 1 0-6) 

1 428 

1478 

1923 

1508 

1538 

1512 

1693 

1740 

1580 

989 

1247 

1772 

1534 

Total ascitic Mitotic 
fluid, ml index, o/o 

11.7 3.6 

13.3 3.6 

16.7. 2.2 

15.1 2.2 

16.0 3.8 

15.2 3.8 

16.8 2.2 

26.0 1.0 

12.5 2.6 

23.0 3.4 

21.5 2.4 

20.6 3.0 

17.4 2.8 

Following the schematic plan for the Ehrlich ascites tumor study 
(Table 1), it is noted that Series I survived only 8 transplant generations, 
and therefore the ensuing experiment, Series II, was begun by inoculating 
rats from a back-inoculated mouse (M-8, I) who carried the tumor after it 
had been through 8 generations in the rat. This series (II) regressed in the 
rats at the 6th transplant generation and again a back-inoculated mouse 
(M-6, II) bearing the tumor was used to start the passage (Series III). 
Series III has now been carried successfully through 48 transplant genera
tions in rats without evidence of complete regression and loss. In the 3 
series, all back-l.noculated mice died of the tumor, with a mean mortality 
time of l l  days (Figure 2). 

In the log phase of growth, the doubling time has been calculated 
to be approximately 20 hr or longer in the rat and about 21 hr in the mouse 

(10). The cell population reaches a plateau in 3 or 4 days in rats as it did 
in the Krebs-2 tumor series. 

11 
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The tbortality pattern in rats given Ehrlich ascites tumor differs 
from that of rats given the Krebs-2 ascites carcinoma. In Series I passages, 
9 deaths (69%) occurred among 13 rats throughout the 8 transplant genera
tions. There were 33% (5/15) deaths among the rats of Series II, and 18o/o 
(12/67) deaths in Series III. In this series, 9 of the deaths occurred before 
the 11th passage while the other 3 occurred among the 50 animals surviving 
the rest of the passages (at the 30th, 32nd and 42nd passages). Mortality 
time was between 3 and 7 days with the highest number of deaths at 4 or 5 
days postinoculation. 

Discussion 

It has been reported that the Ehrlich mouse ascites carcinoma can 
be carried through several transplant generations in rats and hamsters. (2 • 3,8) 

However, complete regression and loss of the tumor may occur after a few 
passages, and retransplantation is then necessary to establish the tumor 
passages again. 

In this study the Krebs-2 mouse ascites carcinoma was transplanted 
successfully into Sprague-Dawley rats and maintained through 48 consecutive 
transplant generations with preservation of the ascites tumor characteristics 
and without loss of the tumor when transferred in series from one animal to 
another. The Ehrlich carcinoma was also maintained in rats, but the tumor 
was lost through antigenic factors at the eighth passage in the first series; 
mice carrying the same tumor from the eighth passage were therefore used 
to reinoculate rats in the second series. This series likewise became non
viable at the sixth passage; therefore, cells from back-transplant mice were 
inoculated into the third series of rats, which has been successfully carried 
through 48 transplant generations. 

The Ehrlich tumor is less toxic to rats than the Krebs-2 tumor, and 
this suggests some sort of change in which the tumor becomes accommodated 
to the rat. It was noted that in the third series of experiments 9 out of a total 
of 12 deaths during the 48 passages occurred during the first 11 passages. 
The fact that no loss of tumors occurred after the 11th passage, as might 
have been expected, also suggests that the tumor had adapted itself to the 
host. Krebs-2 carcinoma, on the other hand, shows no changes either in 
toxicity or in consistency of takes. Any conclusions that heterologous tu
mors in general regress and disappear after a few passages is inconsistent 

• 

with our experience with the Krebs-2 carcinoma. 

The time of mortality for rats inoculated with either tumor is much 
earlier (at 4-8 days) than for mice. Rats in which the tumor had regressed 
and which survived were found to be immune to future inoculations of tumor 
cells. The log phase of cell growth is reached much earlier and the plateau 
phase does not continue as long. Ascitic fluid accumulates in proportion to 
cell number during the log phase and continues to accumulate after the cell 
population reaches a plateau or even regresses. 



The Krebs-2 ascites tumor grows to a lesser extent (and perhaps 

less rapidly) in younger rats than in larger ones. This may be because 

younger rats have less peritoneal volume, but the suggestion is made also 

that the tissues of the younger animals are more successful in competing 
for available nutrition. In fact, examination of some of the values indicates 

that the mass of cells produced on the third day may nearly equal in amount 

the normal daily weight increment of the growing rat. 

From growth characteristics, cytological observations, and chromo

some numbers it appears that the Krebs-2 mouse ascites tumor did not 

change its characteristics through the 48 passages. 

It appears that the range in chromosome number is somewhat wider 

than that of the original tetraploid tumor, but experiments are now in prog

ress to give a more accurate analysis of this. 
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THE INFLUENCE OF SPECIFIC NUTRIENTS ON THE MATING 
REACTION IN TETRAHYMENA PYRIFORMIS 

Howard S. Ducoff 

Bacterized cultures of ciliates usually mate readily upon exhaustion 
of the supply of food organisms. Tetrahymena pyriformis grown in axenic 
culture do not conjugate in the presence of nutrients, nor do they conju� ate 
for several hours after mixing, even when washed with distilled water.P ,2,3) 
Gametogenesis and zygote formation in Chlamydomonas depends on exhaustion 
of the nitrogen source;(4) this suggested that manipulation of the constituents 
of a defined medi urn might reveal specific nutritional influences on the mat
ing reaction in Tetrahymena. The LF and Ham 3 strains of Dr. Austin Phelps 
were grown in proteose peptone and washed and resuspended in distilled 
water. Portions of the suspensions were treated for various lengths of time 
with differ.ent constituents of Kidder and Dewey's medium A. Similarly 
treated animals of the two strains were mixed in depression plates and ex
amined periodically. Acetate, glucose, and the purine-pyrimidine compo
nents, alone or in combination, did not greatly affect the development of the 
mating reaction as compared to that in untreated suspensions; the buffered 
amino acid mixture completely suppressed conjugation. These preliminary 
results suggest that exhaustion or binding of free amino acids is essential 
for the rna ting reaction 1n Tetrahymena. 
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TOXICITY OF STRONTlUMCIO AND OF CALCIUM45 IN MlCE 

II. Status of Expenments 625 Days After Injectlon 

Minam P. Fmkel and Gertrude M Scribner 

The first report on the current iong-term Sr.:)0 and Ca45 mouse ex
periments was prepared a year ago.(l) A survey of the mortality and mor
bidity data that have been collected smce that h.me reveals that only 364 

of the ong1nal 1408 ammals remained ahve 625 days after mjection, that 
205 had rnahgnant bone tumors when they dl ed. and that 363 had tumors 
of the reticular tlssues" 

Survival In both the Sr90 and Ca4· expenments surv1val among 
the five lowest dose level groups closely approached, but did not exceed, 
that of the control population The areas occ up1ed by these intersecting 
curves have been indicated by shading m Figures 3 and 4. Whether any of 
these groups depart significantly from the control group cannot be deter
mined by s1mple observahon but Will reqmre stattstlcal testlng. However, 
the mortality rate curves presented 1n Figures 5 and 6 support the supposi
tion that these lowest. flve dosage groups m each experiment actually do 
deviate from the control population. 

Morbidity The total mcider�ces of animals dymg With malignant 
bone tumors and WJ.th tumors of the reucular ttssues by the 625th day 
after injection are listed in TabJ e 5. The mduct10n of skeletal neoplasms 
by 0.9 to 0 04 J.Lc/g Srq0 and by 49.6 to 5.6 J.Lc/g Ca4c; 1s clear-cut, but the 
influence of these isot:opes on lymphoid tumors is not obvious from an 
examinahon of the 1ncidence va1ues alone However, when these latter 
data are examined in terms of morb1dlt.y rates (F1gures 7 and 8) definite 
changes are seen. It IS probable that doses as low as 0 04 J.lc/g Sr90 and 
0.56 J.Lc/g Ca45 influence the appearance of lymphoid tumors, and it 1s even 
possible that as httle 3.S 0 016 J.lc/g Ca4< lS r�ot Wlthout effect 
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TABLE 5 

Status of experiments 625 days after injection 

Dose, 
jlc/g 

Per cent of total 
population dying with 

Malignant 
bone tumors 

Reticular 
tissue tumors 

Sr90 (in equilibrium with Y90) 

2.20 56.7 10.0 

0.90 91.1 15.6 

0.44 72.7 34.1 

0.20 18.3 38.3 

0.09 5.3 33.3 

0.04 10.3 28.7 

0.009 l.O 28.8 

0.004 2.5 27.5 

0.001 1.7 32.5 

Ca45 

49.6 10.0 10.0 

24.8 80.0 13.3 

12.1 90.0 20.0 

11.2 92.3 11.5 

5.6 73.8 23.8 

1.1 0 40.0 

0.56 1.7 33.3 

0.11 1.3 26.7 

0.0 55 1.3 2 9. 3 

0.016 2 . 2  3 0. 0 

Controls 

0.0 2.0 25 3 
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PROGRESS REPORT: RADIATION STUDIES IN BIRDS 

The Red-Cell Mass of Peripheral Blood and Other Tissues 
of Normal and X-irradiated Roosters 

S. Phyllis Stearner, Margaret H. Sanderson, and Emily J. B. Christian 

The development of hyperemia, cyanosis, venous congestion, hemo
concentration, and dyspnea a few hours following X irradiation of adult 
roosters indicates a progressive circulatory collapse. Since the total blood 
volume includes both that in active circulation and that stored in various 
organs, the appearance of these symptoms suggest that a greater than nor
mal volume of blood may be pooled. 

In a first attempt to quantitate circulatory changes in this period, 
the red-cell mass of circulating blood and of other tissues in normal and 
irradiated roosters was determined using the radioisotopes 'Cr51 and P32 
concomitantly. The use of two isotopes for erythrocyte labeling, as de
scribed by Rowlands, (1) permits the simultaneous determination of ac
tively circulating and pooled erythrocytes in the same animal. 

For these studies, red cells were labeled with Na
2 

Cr5104 
(Rachromate, Abbott) as previously described. (2) Since the uptake and 
retention of P32 by chicken erythrocytes in vitro are not great enough to 
be practical here, tagged cells were obtained in. yi vo by a modified method 
of Ottesen and Hevesy (3) Donor birds were injected intravenously with 
300 J..iC of Na

3
P3204 (Abbott) pH 6.5 in isotonic saline, three times weekly 

for several weeks. The developing erythrocyte nucleus incorporates the 
P32 into deoxyribose nucleic acid, thus binding the isotope for the life span 
of the cell. In this way, erythrocytes with sufficient specific activity for 
this procedure were obtained in 3 to 4 weeks. Before transfusion to the 
recipient, the cells were washed three times with physiological saline. 

To determine the normal circulating red-cell mass and the loca
tion of blood pools following irradiation, Cr51-labeled erythrocytes were 
injected into normal birds. After 10 minutes to allow complete mixing, 
blood samples were drawn and determinations of red-cell mass and hema
tocrit values were made. On the following day, half the roosters were 
given 1200 r total body X ray at 43 r/min. Five to seven hours later, P32-
labeled red cells were administered to exposed and to control animals, to 
ascertain the erythrocyte distribution after irradiation. Ten minutes later, 
duplicate blood samples were drawn for a second determination of red-cell 
mass and hematocrit. The animals were then sacrificed. On the following 
day, tissues were removed, weighed and ashed. The ashed samples were 
dissolved in 1.3N HCl, transferred quantitatively to Coors crucibles and 

dried. 

21 
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The dried blood and tissue samples were counted in a scintillation 
counter to obtain the 'Y counts of Cr51, and in a Geiger-Mueller counter to 
determine the {3 counts of P3z. Since some {3 counts are registered in the 
scintillation counter and some 'Y disintegrations are counted in the Geiger 
counter, correction factors have been computed; the net counts of each 
isotope are determined according to the following expressions:* 

Y -.081 X 

.997 
Cr51 = X - .035 P3z 

where X = scintillation counts and Y = Geiger counts. The relations depend 
on the characteristics of the individual counters used and must be computed 
for each counter. 

Data on the red-cell mass of peripheral blood and analyzed tissues 
of control and irradiated roosters are shown in Tables 6 and 7. Hematocrit 
values increased markedly following irradiation, but there was no change in 
circulating red-cell mass. There were, however, significant changes in the 
erythrocyte mass and in the quantities of cells pooled in some tissues. The 
livers of the controls contained 25% of the total red-cell mass, with about 
75% of this in active circulation. The decrease in liver weight within 5 to 7 
hours after irradiation can be attributed in part to the decrease in erythro
cyte mass. This decrease in active circulation through the liver, as meas
ured over the 10-min period of circulation of P3z- labeled blood, suggests 
that marked changes in liver function may be involved. The spleen showed 
considerable weight loss and a marked decrease in circulating erythrocytes 
following irradiation. The decreased red-cell volume of the kidney should 
be noted, for it has been shown that urate excretion increases during this 
phase of the post -irradiation period. ( 4) The erythrocyte volume of skeletal 
muscle, normally very small, increased nearly twofold, with little change 
in proportion of pooled cells to those in active circulation. If it is assumed 
that muscle comprises approximately 50% of the body weight, it accounted 
for a pool of only 10% of the total erythrocyte mass. 

The increase in hematocrit values following irradiation indicates 
that changes in plasma volume may not follow the same pattern as those 
in the red cells. Available evidence suggests that in the initial post
irradiation period, circulation through the liver shows the most striking 
change and that this, together with a possible decrease in circulatory rate, 
may be a significant factor in the response of the adult rooster. A true 
measure of circulatory dynamics can be obtained only by determinations 
of circulatory rate through an organ. This can be estimated by measuring 
the rate of removal of colloidal isotopes from the circulating blood. Pre
liminary results indicate that such a method may be adapted to this p"rpblem. 
A precise description of circulatory dynamics, however, will require meas
urements of cardiac output. 

*We wish to thank P. F. Gustafson for the determinations of these 
relationships. 



TABLE 6 

Hematocrit values and circulating erythrocyte mass 
followin3 1200 r total-body X-irradiation 

Hematocrit* Peripheral RBC mass 

Active 
�er Body Total 

of . . we1gnt, 10 min after 1 10 min after 24 hr after 
animals kg 1 2 injection of injection of injection of 

Cr51-RBC P32-RBC Cr51-RBC 

cc % cc % cc 
-

Control 7 2.10 42.9 43.1 58.7 54.0 2. 56 64.2 

X-ray•• 13 2. 02 42.9 54.7 60. 2 53.5 2.64 65.6 
l 

*1, 10 min after injection of Cr51-labeled cells and 18 hr before exposure of 
irradiated group; 2, 10 min after injection of P12-labeled cells and 2 4  hr 
after injection of Crs 1• 

**Post-irradiation determinations 5 to 7 hr after exposure. 

TABLE 7 

Red cell volumes in organs of control and X-irradiated roosters 

Wt. of Red cell volume 
entire Active Pooled, Total, organ, circulation, cc cc g cc 

Liver c• 56.84 15.52 11.20 4.32 
X 44.33 10.03 6.95 3.08 

Spleen c 4.68 1.13 0.85 0.28 
X l. 79 0.30 0.12 0.18 

Kidney c 10.11 2.55 2.06 0.49 
X 10.02 1.82 1.40 0.42 

Lung c 10.34 3.89 3.02 0.87 
X 9.10 3.23 2.90 0.33 

Proventriculus c 4.44 0.125 0.121 0.004 
X 4.91 0.087 0.082 0.005 

lliodenum c 3.69 0.088 0.107 none 
X 3.53 0.109 0.104 0.005 

M. Pectoral c 79.24 0.187 0.130 
• 

0.057 
X 72.85 0.405 0.241 0.164 

M. Gastrocnemius c 14.92 0.058 0.053 0.005 
X 13. 70 0.099 0.081 0.018 

•c =control, X= X-irradiated. 

**% of the total blood contained in or�an. 

% 

3. OS 

3. 23 

%** 

27.8 

30.7 

12.1 

60.0 

19.2 
23.1 

22.4 

10.2 

3.2 

5.7 

-

4.6 

30.5 

40.5 

8.6 

18.2 
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MOUSE SPERMATOGENESIS UNDER CONTINUOUS 
GAMMA RADIATION 

Bernard Nebel, Samuel Lesher, and Dolores Papierski 

Radiation effects on the mammalian testis have been studied for 
nearly sixty years, and the extreme sensitivity of the spermatogonia was 
first noted by Regaud(l) in 1906. The recent publications of Roosen
Runge(2) and Leblond(3) on normal spermatogenesis in mammals have 
made possible a more definitive assay of testicular damage resulting from 
radiation. 

According to Leblond, successive waves of spermatogenic devel
opment follow each other in any given testicular tubUle. A single wave is 
divided into fourteen stages for the rat, or twelve stages for the mouse. 
The stages are labeled according to the relative maturity of spermatids 
and spermatozoa as evidenced by acrosome development (Table 8). In the 
mouse, spermatids originate immediately after stage XII as a result of the 
two reduction divisions of the spermatocytes. Thus, the spermatids start 
their life cycle at stage I and begin to assume the form of spermatozoa 
at stage IX. The resulting spermatozoa do not leave their site of origin 
until stage VIII of the following cycle. The development and stagewise 
progression of spermatocytes has been shown to occur in part in two lay
ers (Table 9). 

Testes of LAF1 mice, taken from two series (74 r/dayand 2500 r/day) 
of the Gamma-Ray Toxicity Program, were studied. Paraffin sections, 7mJ.L 
thick, were stained with periodic acid-Schiff stain and hematoxylin. Direct 
cell counts were made from tubules sectioned at right angles, as determined 

. 

by their circular outline. The standard errors of all means plotted in these 
figures range from l.l to 2.3. 

The effects of 74 r/day on the various cell types are illustrated in 
Figure 9. The course of events follows the general scheme described by 
Eschenbrenner.(4) The numbers of spermatogonia reached their lowest 
levels at 3 days, those of the spermatocytes at 15 days, those of the sper
matids at 25 days, and those of the spermatozoa at 30 days. In agreement 
with Oakberg(5) and earlier workers we interpret this as death of sperma
togonia and lack of recruitment for the other cell types, rather than radia
tion injury and death of the spermatocytes and their progeny. The population 
of Sertoli cells remains unchanged regardless of dose level. 

In the 2500-r/day series the animals were sacrificed at 1 6  successive 
periods during the 5 -day exposure. At each of the 16 periods counts were 
made of each cell type at stages I-II, III-IV, V-VI, VII -VI II, IX-X, and XI-XII 

of spermatogenesis. Figure 10 presents the control data, with the relative 
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TABLE 8 

Characteristics of the spermatids at the 12 stages of the cycle in 
seminiferous epithelium of the mouse as seen in periodic acid
Schiff - hematoxylin preparations, adapted from Leblond and 
Clermont(3) 

Stage of 
the cycle 

I 

II 

III 

IV 

v 

VI 

VII 

VIII 

IX 

X 

XI 

XII 

Brief description of spermatids 

Idiosome apparent in cytoplasm 

Reddish proacrosomic granules in idiosome 

One large acrosomic granule in idiosome 

Flattening of acrosomic granule onto nucleus 

Head cap seen in side view as lateral projections of 
acrosomic granule 

Outer edge of head cap visible in side view 

Size of head cap at maximum 

Head cap orients toward basement membrane 

Nucleus and head cap begin to elongate and flatten 

Caudal end of head cap reaches caudal end of nucleus 

Acute sharp angles appear on nucleus 

Spermatid reaches maximum length; acrosome at 
apex of head cap as a triangular wedge 

TABLE 9 

Stagewise progression of spermatocytes in two layers of 
of seminiferous epithelium of the mouse 

Stage I-II III-IV V-VI VII-VIII IX-X XI-XII 

First layer None None None PLG L L,Z 

Second layer z z p p P, Dk MI, Mil 

PLG, pre-leptotene gonia (this refers to cell types just preceding 
leptotene); L, leptotene; Z, zygotene; P, pachytene; Dk, diakinesis; 
MI, first meiotic division; MII, second meiotic division. 
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abundance of the !our cell types at the dii!erent stages of spermatogenesis 
expressed as per cent of the total. From stage I to stage VIII, the values 
were relatively constant. At stage VIII, the numbers of spermatozoa began 
to decrease abruptly as they left their original site, and the curves also 
demonstrate graphically the replenishment of spermatozoa by the matura
tion of spermatids between stages IX-X and stages XI-XII. At stage VIII, 
the conversion of mature spermatogonia into spermatocytes is apparent. 
The point plotted for spermatozoa at stages XI-XII represents the new 
generation which has just arisen from the spermatids. 

During the 5-day course of this experiment the numbers of sper
matogonia were considerably reduced at 1 day and they disappeared com
pletely at 4f days, but the numbers of other cell types remained relatively 
constant throughout the course of the experiment. The relative constancy 
of spermatocytes and spermatids is shown in Figure 11. It is apparent 
from a comparison of Figures 10 and 11 that control and irradiated mate
rial were almost identical. 

The absolute number of cells of all types excluding spermatozoa 
decreases during the course of the experiment as shown by the regression 
line in Figure 12. The decrease in numbers is attributed mainly to sper
matogonial death and its consequences. 

11Stage slip11 was observed in material from the 2500-r/day series 
(total irradiation 7500 r or more). This term describes the fact that the 
original coordination of cell types with stage was upset in such a way as 
to suggest a slowing of meiosis relative to the development of spermatids 
into spermatozoa. This is shown graphically in Figure 13. 

In order to investigate further the effect of radiation on stage dis
tribution, a survey of stage frequencies in treated and control matenal 
was made. Table 10 shows that if stages are lumped into three categories, 
I-IV, V-VIII, and IX-XII, each category has approXJ.mately the same per
centage incidence. This is true of both control and treated material, sug
gesting no marked relative retardation of any one category. 

The results may be summarized as follows. The procedure used 
here for evaluation of radiation-induced changes in the testes of LAF1 
mice of a given age is statlstically reproducible. In spite of heavy radia
tion totaling 12,500 r, stage progress is maintained and remains orderly. 
Meiosis is delayed but not stopped, and stage slip results only at the higher 
dose rate. Percentages of cell types, except for spermatogonia, are very 
similar after low and high doses of radiation. The regression line for 
spermatocytes and spermatids is primarily a result of spermatogonial 
death; the fact that stage slip was observed proves that a dose of 2500 r/day 
did not simply freeze the tubular contents, but, although it killed the sper
matogonia, allowed other cell types to develop and even to divide. 
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Control 

Irradiated 

TABLE 10 

Percentage distribution of stages in control 

and irradiated mouse testes 

Number of Stages Stages 
tubules observed I-IV V-VIII 

329 35 32.5 

497 37 28 
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PROGRESS REPORT: GAMMA-RAY TOXICITY PROGRAM 

Mortality from Leukemia and from All Other Causes 
Combined in Mice Given Dosages of 6 to 43 r Daily 

George A. Sacher, Douglas Grahn and Samuel Lesher 

This is an interim report on the incidence of mortality and leukemia 
in LAF1 mice at 5 daily dosage levels in the duration-of-life exposure pro
gram. The report is based on replications that either have been completed 
or have been carried for at least 400 days. The daily dosages range from 
6 r to 43 r of Co60 gamma rays. This is effectively the range of dosages 
for which there is a marked increase in incidence of leukemia. 

The diagnosis of leukemia is based on gross findings at autopsy 
with confirmation in most cases by histological examination. No break
down into types of leukemia will be made at this time. The great majority 
of the leukemias are lymphoid in origin. 

Table 11 presents the deaths from leukemia and from all other 
causes by time intervals for the sexes combined. Mice that were not au
topsied or that were sacrificed in nonmoribund condition are listed sepa- · 

rately. 

Cumula:ted leukemia incidence is shown in Figure 14. The highest 
incidence is 23% after 400 days of treatment at 24 r/day. The incidence 
reaches 10% after 250 days of treatment at 43 r/day. The incidence in the 
control and 6 r groups is 1 to 2% after 400 days of treatment (not plotted). 

Age-specific mortality rates from leukemia are shown in Figure 15. 
This plot indicates that the rate of mortality from leukemia continues to 
increase at dosages up to 43 r/day. The decrease in final incidences at 
32 and 43 r therefore reflects the fact that mortality from other causes 
increases more rapidly than mortality from leukemia (compare with Fig
ure 16). 

Figure 16 presents the age-specific rates of mortality for all 
causes of death except leukemia plotted on a semilog scale versus age. 
The logarithm of the rate of mortality for all causes except leukemia 
increases approximately as a linear function of daily dosage over the 
entire range of dosages. It is interesting that the factor of increase in 
mortality rate is about the same for leukemia as it is for other causes 
over the range from 0 to 24 r/day. 

It may be seen in Figure 16 that the mortality rate of the group 

given 6 r/day is lower than the control rate for about 200 days after the 
beginning of treatment. The difference in mortality rates is significant 
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Days after 

begi nn1ng 

of Cont ro I 

trea tmcn t 

TAI3LE 11 

Mortality from leukemia and from all other causes in LA F 1 mice of both sexes followed for 400 days 

after the be�innin6 of treatment with daily dosages from 0 to 43 r of Co60 ganna rays 

-

6 r 12 r 24 r 32 r 43 r 

N• Leuk• Oth er• n.a.• N Leuk Other n. a. N Leuk Other n. a. N Leuk Other n.a. N L euk Other n. a. N Leuk Other n.a. 

0-49 216 

50-99 213 

100-124 205 

125-149 204 

150-174 202 

175-199 200 

200-224 198 

225-249 196 

250-274 194 

27 5-299 191 

300-324 186 

325-349 185 

350-399 178 

400 t 168 

3 

6 

1 

1 

2 

2 

2 

1 

3 

5 

1 

1 6 

2 8 

-

120 

2 120 

119 

1 119 

118 

118 

118 

1 115 

113 

108 

107 

lOS 

104 

93 

132 

1 132 6 

125 

1 126 

126 1 

125 6 

3 119 4 

2 115 1 5 

1 4 109 2 6 

1 101 1 5 

2 95 4 8 

1 83 2 9 

1 10 7 2  2 11 

- - 59 - -

---

168 1 

167 1 6 1 

159 2 1 

156 2 5 

149 3 12 1 

133 7 9 

117 1 8 

108 6 11 

91 3 20 2 

66 6 17 

43 2 11 2 

2 8  4 12 4 

8 2 3 2 

1 - - -

-

150 

150 

143 

142 

131 

104 

74 

48 

26 

13 

7 

2 

0 

1 6 

1 

2 9 

8 18 

7 22 

3 23 

4 18 

4 9 

6 

5 

2 

150 

145 

138 1 

108 4 

1 72 1 

1 42 7 

11 1 

5 1 

2 

1 

1 

0 

•N, number living at beginninR of interval; Leuk, number of deaths i n  interval from oil types of leukemia; Other, number of deaths in interval 

from all causes exc�pt leukemia; n.a., no autopsy, sacrifice, missing, etc. 
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by conv�ntiona.l t�sts. but further data are needed. The groups compared 
were taken from the same shipments of mice, were caged identically, and 

were kept only a few meters apart in a single room. Both groups were 

handled by the same group of technicians and caretakers. The mortality 

in the control group was primarily due to enteric infections. The mor

tality rate of the controls is not unusual for LAF1 mice, although mortality 

rates as low as those shown for the 6 r group are seen occasionally in 

control samples. 

The phenomenon of transient reduction of mortality in irradiated 

populations is being examined further. Survival data from earlier toxicity 

studies in this laboratory and elsewhere are being reanalyzed, and several 

experimental approaches to the problem are being undertaken by the Gam

ma Toxicity Group and also by Dr. C. P. Miller at the University of 

Chicago. 
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OBSERVATIONS ON CERTAIN PATHOLOGICAL 

FINDINGS IN LAF1 MICE 

Samuel W. Lesher and Douglas Grahn 

When old LAF1 mice die they often show severe degenerative 

changes in the kidneys and also the liver. One of these changes consists 

of an infiltration of the tissues with amyloid. Experimental animals ex
posed to single, fractionation and daily doses of Co60 gamma rays ranging 

from 5 to 32 r/day have been observed to show identical lesions at an 
earlier age and to a degree that is not commonly seen in the untreated 
controls. The amyloid lesions involve the liver, kidney, spleen, ovary 
and adrenals. In the kidney there are coexistent abnormalities 1nvolving 
interstitial tissue. The pathogenesis of this pattern of injury is being 
studied by histochemical and other methods and the total incidence of 
this disease is being analyzed statistically in order to correlate it with 
radiation dose. 
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PROGRESS REPORT: CAMMA-RAY TOXICITY PROGRAM 

Genetic Variation in the Survival Time of Mice under 
Daily Exposure to Co60 -y Radiation. I. 

Douglas Grahn, Katherine F. Hamilton, and George A. Sacher 

As a part of the study of chronic 'Y-ray toxicity,( l} inbred mouse 
strains BALB/c, A/Jax, C3H f/He and C57BL/6 are being exposed for the 
duration of life to various daily dosage levels of Co6

0 
-y radiation. The 

doses range from 220 r to 12 r/day and exposures are carried out in the 
low level gamma room. The exposure day is of 12 to 15 hr duration. All 
mice are 100 ± 10 days of age at the start of their exposure series. Sur
vival time is measured from the day of first exposure. 

The basic replication size for these strains is 6 mice; a cage of 3 
males and a cage of 3 females. Within each cage, 2 of the 3 mice are litter
mates; the "third" mouse being a littermate of the "third" mouse in the other 
cage of the pair. That is, indicating littermates by letter, the cage-pair is 
made up as follows: 0" AAC; � BBC. This cage-pair arrangement will 
permit an analysis of any effects common to littermates both within and 
between sex. 

The first phase of the study will employ 48 mice of each strain at 
doses of or to 125 r/day, 36 mice at 170 r/day, and 24 at 220 r/day. The 
data obtained will indicate major strain differences in survival time and 
tumor incidence. They will also form the basis for more detail�: d mortality 
:rate analyses that can be carried out on larger samples exposed to a few 
selected daily doses where strain differentiation is most critical. 

Except for 220-r/day exposures, the data are incomplete, although 
80 to 90% of the necessary mice have been entered into the program. 
Table 12 gives survival time data to date on completed replications in the 
four strains. In general, the relative sensitivity of the strains, as meas
ured by survival time, is in good accord with that determined by the acute 
lethal response to single dose whole-body X irradiation.(2} The best cor
relation between the two measures of radiosensitivity appears to exist 
when survival time is under 30 or over 50 days. 

The chronic exposure pattern causes strain differences to become 
more exaggerated when compared to differences in their acute lethal re
sponse. Strains BALB/c and C57BL, which have, respectively, the lowest 
and highest LD50 values following X irradiation, show differences of up to 
SO% in mean survival time (or mean accumulated dose}. while their single 
dose LD50 values differ by only 25%. Strain C3Hf, whose LD50 is 18% greater 
than the BALB/c, shows a considerable increase in relative resistance at 



Strain 

BALB/c 

A/Jax 

C3Hf/He 

C57BL/6 

BALB/c 

A/Jax 

C3Hf/He 

C57BL/6 

TABLE 12 

Mean survival time in days for four inbred mouse strains 
under daily exposure to -y radiation 

Survival time, days 

220 r/day 170 r/day 125 r/day 97 r/day 74 r/day 

15.4 (24)* 17.0 (30) 

16.3 (24) 17.8 (30) 

16.1 (24) 18.3 (30) 

17.0 (24) 23.2 (30) 
. 

56 r/day 43 r/day 

54.7 (30) 90.4 (30) 

61.0 (24) 95.5 (24) 

82.1 (30) 124.3 (24) 

83.0 (36) 122.9 (30) 

20.8 (30) 

24.5 (24) 

21.4 (36) 

31.2 (36) 

32 r/day 

151.8 (30) 

162.2 ( 18) 

189.9 ( 18) 

198.2 (24) 

30.4 (30) 

34.4 (24) 

33.6 (36) 

36.0 (36) 

24 r/day 

183.7 (24) 

239.8 ( 12) 

272.2 (1� 

249.0 ( 12) 

44.7 (30) 

40.0 (24) 

49.0 (30) 

52.8 (36) 

*Figures in parentheses refer to number of animals. 

doses of 56 r/day and below, where its survival time is 25 to 50o/o greater. 
The BALB/c mouse expresses its relative susceptibility at all doses ex
cept 74 r/day. 

At the lower daily doses strain differences in susceptibility to 
leukemia induction are becoming apparent. In the C57BL, the incidences 
are: 43 r:l/30; 32 r:l4/24; 24 r:7/12. No leukemias have occurred in 
strain C3Hf in the mice reported. One or two cases of leukemia have ap
peared in strains BALB/c and A/Jax at the doses of 32 r and 24 r/day. 
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THE EFFECT OF IONIZING RADIATION ON FERTILITY 
IN THE FEMALE MOUSE 

II. Polonium210 

Margaret H. Sanderson and S. Phyllis Stearner 

The presence of an appreciable amount of Po210 in the ovaries of 
mice for 10 days following injection of the isotope has been reported by 
Finkel et �.(1} To assay the effect on fertility, a group of 95 LAF1 fe
male mice (average age 70 days, average weight 19.8 g) was injected via 
tail vein with an isotonic solution of Po210, at pH 2 with HCl, at a standard 
injection volume of 0.16 ml. The following dose levels were administered: 
0.01 Jl c/g, 0.004 JlCjg, 0.001 Jlc/g, 0.0004 Jlc/g, and 0.0001 Jlc/g. The 
highest dose level did not exceed 35% of the LD50;30 reported by Finkel. ( l) 

Mating trials of one week's duration were begun 30 days after in
jection and continued at monthly intervals thereafter. A small number of 
control females, isolated from the treated animals, were bred on the 
same dates. 

Data on the first two matings are presented in Table 13. Since 
data are still insufficient, no discussion or prediction can be undertaken 
at this time. 

Po210 injected, 
Jl'-/g body wt 

Mating #1 

No. animals 

% parity 

Av. litter size 

%males 

Mating #2 

No. animals 

%parity 

Av. litter size 

%males 

TABLE 13 

The effect of Po210 on fertility in the mouse 

0.01 0.004 0.001 0.0004 0.0001 Control 

16 16 16 16 31 8 

81 37.5 69 56 61 75 

6.8 7.8 8.4 9.1 6.8 8.0 

46 49 50 43 46 47 

16 16 16 16 16 8 

6 69 69 50 87 50 

6.0 7.7 8.2 8.8 7.7 9.3 

33 46 48 46 50 50 
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DEUTERIUM OXIDE INTOXICATION IN RATS 

John F. Thomson, Florence J. Klipfel, and Joseph J. Katz* 

The deleterious effect of D20 on animals was amply demonstrated 
two decades ago by Barbour and Trace,(l) who studied the action of heavy 
water in mice. With larger supplies of heavy water now available, we were 
interested in observing the effects of D20 on the rat. 

Methods 

Sprague-Dawley female rats, 6 to 8 months old and weighing 240 to 
270 g, were used in these experiments. They were deprived of water for 
24 hours, then given 100% triple-distilled D20 to drink ad libitum. After a 
few days, they were given less concentrated solutions of D20, as indicated 
in Figures 17 and 18. 

At weekly intervals blood was withdrawn by heart puncture, and 
either the blood or the plasma obtained therefrom assayed for various 
constituents. The plasma was analyzed for DzO content by infrared spec
trophotometry.** 

Results 

Data from the first experiment are shown in Figure 17. Although 
there were no deaths from D20 among the three rats during the first 40 
days, all were manifestly ill by the end of 4 weeks. At this time the con
centration of urea in the plasma was more than twice the control level, the 
rats were markedly hyperirritable, and in two of the three animals the 
plasma was obviously icteric. 

After two of the rats died spontaneously, the last survivor, obviously 
moribund, was sacrificed on the 47th day. Measurements of blood glucose, 
inorganic phosphate, lactic acid, nonprotein nitrogen, and plasma protein 
were carried out on this rat. The results are shown in Table 14, in com
parison with values from 10 normal rats. 

In the second experiment 4 rats were used. They were given lOOo/o 
DzO for 4 days, then 50% DzO thereafter. As a result the level of DzO in 
plasma rose more rapidly than in the first experiment. Figure 18 gives 
the essential data on these animals. Despite a series of fluctuations in 

*Chemistry Division. 

**The DzO measurements were performed by Henry Crespi and 
Dolores Baaba. 
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TABLE 14 

Composition of terminal blood sample from D20-poisoned rat 

Plasma Inorganic 
Glucose* 

Lactic 
NPN 

protein phosphate acid 
mg% mg% 

% mg% mg % 
. 

Normal: Av. 7.18 43 3.9 125 18.1 

0 0.66 4.8 0.6 24 5.8 
. 

D20-treated: 5.05 119 7.0 71 27.9 

*These values are too high; glucose was measured on trichloroacetic 
acid filtrates of blood, which contain extraneous reducing substances. 

the curves between the 14th and 28th days, the trends of elevated NPN, urea, 
phosphate, and lactic acid, and of decreased glucose, protein, and total body 
weight are evident. Jaundice was not evident in any of these rats, although 
all showed marked hyperirritability within three weeks. One of the rats 
consistently suffered tonic convulsions resembling those seen in strychnine 
poisoning every time it was handled. 

Autopsy of the animals suggested that renal tubular damage was an 
important cause of death although the effects of changes in other tissues, 
specifically the liver and the central nervous system, should be considered 
as contributory causes. One point of interest was the observation of adre
nal hypertrophy: in the second series, the average weight of the adrenals 
(combined) was 101 mg, in contrast to 63 mg for controls of similar age 
and weight. This finding suggests that heavy water may act as a nonspe
cific stress, and that the irregularities in the curves shown in Figures 17 
and 18 may be reflections of partial, temporary adaptation to heavy water 
on the part of the rat. 

A third series with hypophysectomized rats is now under way. 
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STUDIES ON TH� SALPER REACTION FOR INDOLEACETIC ACID 

Solon A. Gordon and Leslie G. Paleg 

. - -

We have found that the iron-perchloric acid (Salper) reaction(l ) for 
the assay of the plant hormone indole-3-acetic acid (IAA) may be extended 
to solutions of IAA in organic solvents to yield a colorimetric reaction of 
increased sensitivity and utihty. Experiments dealing with this extension 
are summarized below. 

Chromophores were developed by adding 2 ml of Salper reagent to 
IAA dissolved in 1 ml of various solvents; their mole extinction coefficients 
and maximum absorption bands are listed in Table 15. Absorption was de
termined 30 to 50 minutes after the addition of Salper reagent. Amyl acetate, 
isoamyl alcohol, benzene, bromobenzene, butyl ether, carbon tetrachloride, 
chloroform, ethylene dichloride, isopropyl ether, methyl sulfoxide, methylene 
chloride and pyridine were also tried but were found to be immiscible with 
Salper reagent. 

TABLE 15 

Mole extinction coefficients and maximum absorption bands 
of the IAA-Salper chromophore in various solvents 

Solvent 

Diethyl ether 

Ethyl acetate 

Isopropanol 

Water 

Acetone 

Ethanol 

Ethylene glycol 

Phenoxy ethanol 

Methanol 

Ethylene glycol-diethyl ether 

Ethylene glycol-monoethyl ether 

N-butanol 

Dioxane 

Mole extinctioFI 
coefficient 

e x lO-z. 

68.2 

61. 

59. 

56.6 

56. 

52. 

51. 

49. 

41.6 

34. 

25. 

17. 

15. 

A. max 

535 

535 

536 

527 

532 

533 

531 

505 

527 

537 

532 

537 

533 
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Heating of the reaction mixture with ether after color development 
yields an increase in color intensity. Figure 19 indicates that maximum 
absorbancy is attained by immersion for 30 seconds in boiling water. 

The stability of the chromophores developed in methanol, acetone 
and ether is shown in Figure 20. Color stability is achieved at about 
35 min with ether and at about 60 min with methanol. 
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Figure 19. Effect of heat on the absorbancy of the IAA-Salper chromo
phore in ether. Following color development, the solutions 
were immersed for various times in boiling water and cooled 
for 3 min in iced water. 
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Figure 20. Stability of the IAA-Salper chromophore with ether, metha
nol, and acetone as solvents. o--o , 5, 10, and 20 j.l.g IAA 
in ether; l:::r--� 5, 10, and 20 J.1. g IAA in methanol; X--- X, 
20 J.l.S IAA in acetone; l 0 jJ.g IAA in ether 1 heated 
after color development. 
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Cor1centra.tion-absarbancy curves for IAA in ether, methanol, and 
water solutions (Figure 21) indicate that Beer's law is followed at least 
up to 20 J..Lg of IAA. It rna y be concluded that the most intense and stable 
chromophore results when ether is used as a solvent. Heating to enhance 
chromophore intensity appears to be useful where low concentrations of 
IAA are encountered. 
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Figure 21. Absorbancy-concentration curves for 2 ml of Salper reagent 
added to IAA in 1 ml solvent. , ether with subsequent 
heating;D--0, ether without heating;�-�. methanol; 

0--0, water. Absorbancies measured after 35 min at 
535 m�L with ether, after 35 min at 527 mJ..L with water, and 
after 60 min at 532 mJ..L with methanol, against blanks of 
reagent plus solvent. 
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QUANTITATIVE CHROMATOGRAPHY OF INDOLEACETIC ACID 

IN PLANT PREPARATIONS 

Solon A. Gordon and Leslie G. Paleg 

Thoug h the Salper reaction is relatively specific for indoleacetic 

acid (IAA ) , ( l) it is unacceptable for unresolved plant extracts. This is 

illustrated by the following experiment. A leaf enzyme preparation was 

incubated with L-tryptophan to produce IAA. One aliquot of the ether

soluble acidic fraction was assayed for IAA by direct addition of Salper 

reagent. Other aliquots were resolved by paper chromatography with 

isopropanol-ammonia-water, and portions of the chromatograms, as in

dicated in Table 16, were eluted and assayed. 

TABLE 16 

Apparent IM yields obtained from the enzymatic conversion of 
L-tryptophan as detennined with the Salper reagent 

IM/ml digest;hr1 Maximum absorption band, 
J.Lg x 10-2 • � 

Direct Differential Direct Differential 
Sal peru Salpert Sal per 

Lhresolved acid fraction 100 80 533 

Chromatographed acid fraction 

Eluate of whole chromatogram 40 32 532 

Eluate of 1M segment 17 17 534 

Eluate of remainder 23 17 534 

•Absorbancies were converted to J.Lg IAA from concentration curves obtained 
with pure IAA. 

••2 ml of Salper reagent(2) was added, and the absorbency was read at 
532 � after 35 min. 

t 1.9 m l  of 35% HC104 was added, and the absorbancy was read after 35 min; 
then 0.1 ml of 0.2 M. FeC13 was added, and the absorbancy increment a t  
532 �was measured after 3 5  min. 

Sal per 

534 

535 

535 

535 

The table indicates that only a fraction of the apparent IAA content 
of the unresolved mixture is really IAA. It also provides further evidence 
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that substances other than IAA form chromophores similar to that of IAA 
and emphasizes the necessity of preliminary resolution of mixtures before 
colorimetric assay. 

We have found that ascenchng chromatography employing butanol
ammonia-water (10:1:1) as a solvent system provides effective resolution 
of IAA in plant extracts. It tends to give superior resolution of spots and 
less pigment streaking than several other systems we have tested. Extracts 
are taken up in methanol and deposited on Whatman No. 1 filter paper strips 
in a stream of nitrogen. After resolution and drying, the IAA spot, as in

dicated by a parallel marker strip, is eluted by methanol. Methanol proved 
to be the most efficient of a group of solvents tested as elution agents (diethyl 
ether, acetone, chloroform, n-butanol, isoamyl alcohol, pyridine, carbon 
tetrachloride, dioxane, ligroin, acidified ether and acidified ethanol, and 
0.01 .N NaOH). A time study of IAA elution from chromatograms by meth
anol showed that 3 5-min rinses with 2 ml methanol are sufficient to remove 
the IAA quantitatively. Table 17 shows recoveries obtained by the elution 
of pure IAA following chromatography with two solvent systems. 

TABLE 17 

Recoveries obtained after chromatography and elution of pure IAA 

Original 
sample, 

J..Lg 

0. 70 

1.1 

2 0 

4.2 

4.9 

9.1 

10. 

15. 

1 9. 

o/o Recovered after chromatography 

Isopropanol-NH3-H20 
(10:1.1) 

110 

100 

89 

-

91 

-

89 

96 

89 

n-Butanol-NHrH20 
(10:1:1) 

-

-

94 

-

84 

-

-

92 

The technique described above was tested by the measurement of 
endogenous IAA in, and recovery of IAA added to, plant extracts. The plant 
extracts were the acid fraction of a "free auxin" extract of mung bean seed
lings, and the acid fraction resulting from the incubation of L-tryptophan 



with a mung bean enzyme preparation. Table 18 shows that about 90o/o of the 
IAA added to 2 types of extracts common in physiological experiments may 
be accounted for by chromatographic resolution and colorimetric assay. 
While accompanying substances do introduce uncertainties in the colorimet
ric determination of IAA,(3) the present experiments indicate that IAA in 
plant extracts may be measured with a reasonable degree of confidence. 

TABLE 18 

Determination of IAA in the acid fractions of plant extracts 

Direct assay 

No IAA added 

l 0 J.Lg IAA added 

Chromatographic eluate 

No IAA added 

l 0 J.Lg IAA added 

IAA,J.Lg 

"Free auxin" extract 

1.2 

10. 

trace 

9.8** 

Incubation extract* 

8.8 

15.3 

2.4** 

11.1 ** 

*Incubation mixture consisted of 42 mg enzyme, L-tryptophan 
(final M .02), tris (hydroxymethyl) aminomethane (final M .025), 
total volume l 0 ml, pH 7. 2. 

**Values corrected for loss during chromatography and elution. 

It has been emphasized by Platt and Thimann that the presence of 
reducing substances decreases the chromophore formation in the Salper 
reaction. This was shown for catechol; other phenols were also stated to 
behave similarly, and we have oberved comparable effects with miscella
neous substances such as glutathione, cysteine, glucose and ascorbic acid. 
The catechol effect is shown again in Table 19. The table also shows, 
however, that the chromatographic technique outlined above will effec
tively eliminate catechol interference. It may be inferred that the effect 
of other reducing compounds can also be eliminated with this technique 
unless the y travel with IAA during chromatography. In such cases a dif
ferent solvent system for chromatography should be used. 
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TABLE 19 

Elimination by chromatography of catechol interference 

in the Salper reaction 

10 }lg IAA in presence of: 

- - - -

4 X 1 o=-5 M catechol 

2 X 1 o-4 M catechol 
-

Direct 

Salper 

100 

69 

28 

References 

IAA recovered, o/o 

Chromatography, 

elution and Salper 

100 

99 
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HORMONAL RELATIONS IN THE PHOTOTROPIC RESPONSE: 
POLARITY AND VELOCITY OF AUXIN TRANSPORT 

Solon A. Gordon and Marcia Eib 

. . 

Phototropism in higher plants may be considered as the movement 
of a plant organ subsequent to unilateral irradiation, the movement arising 
from the differences induced in the growth rates of contiguous tissues. The 
physiological basis of phototropism is usually explained by the Cholodny
Went theory of plant tropisms. According to .this theory, a transvetse po
larization is induced in receptor tissues by a lateral inequality in incident 
energy. This results in the lateral transport of auxin, For example, in a 
plant -shoot unilaterally irradiated by about 100 meter-candle-se�onds of 
visible light, auxin would be tra:nsported toward the shadowed side of the 
shoot. The unequal auxin distribution would bring about a corresponding 
difference in the growth rates of subjacent tissues .and cause bending of 
the shoot toward the light. Molecular mechanisms between the primary 
act of photon absorption and the postulated lateral redistribution of the 
growth hormone are as yet experimentally uncharacterized. The present 
submission introduces a series of studies in which 3-indoleacetic acid-2-C14 
(C14-IAA), synthesized according to Reference "1, is used to attack the prob
lem of auxin redistribution in the coleoptile. We have assumed that IAA is 
the native auxin of the fv!';na coleptile from the studies of Wildman and 
Bonner, (2) Terpstra, (3 Soding, (4) and from other less direct evidence .(5) 

Essential to the above theory is the functioning of an active auxin 
transport system and the polarity of such transport.(6) The experiments 
described below, using assay by C14 counting of a well-defined system, 
reaffirm both of these transport phe�omena. 

Methods 

Carbon14-IAA wa� purified ft:om radioactive decomposition products 
by paper chromatography(?) for each experimental run: Five-millimeter 
coleoptile cylinders, cut 2 mm from the tip of etiolated Avena coleoptiles, 
were placed in normal axial orientation on individual "receiver" blocks of 
agar. A "donor" block� containing 1 JJg C14-IAA per ml (cf. Reference 8), 
was placed on each tissue cylinder. Periodically the assemblies were sep
arated for the determination of G14 activity'. Donor and receiver blocks 
were placed in water on lipped aluminum planchets, heated to distribute 
the agar evenly, and then dried. Tissues were homogenized in water with 

• 

a Potte:t-Elvejehm homo'genizer, and aliquots were dried on planchets. 
Counting was done with a 2 7T gas-flow porportional counter. The results 
are summarized in Figure 22. In one experiment, 3-hr transport was de
termined for coleoptile cylinders in an inverted position ( Table 20). In 
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TABLE 20 

. .. . -
• • • 

Balance sheet of activities in the transport of C14-IAA. 
The values are counts per minute for donor block, 

tissue cylinder, and receiver block, at the indicated times. 

Transport 
0 0.5 1 1.5 2 2.5 3 

time, hr 

Donor 930 826 733 642 547 522 510 

Tissue - 87 170 304 364 381 370 

Receiver - 1 14 28 35 56 72 

Total 930 914 917 974 946 959 952 

*Apipolar . 

. . . 

3* 

690 

190 

0 

880 

another series of parallel experiments the receiver blocks were extracted 
with diethyl ether following drying and counting as described above. The 
ether extract was then chromatographed. Carbon14-IAA was eluted with 
methanol from the chromatogram for counting. The results are shown in 
Figure 23. 

Results and Discussion 

The X-axis intercepts for the total activity in the receiver blocks 
in Figures 22 and 23 are, respectively, 0.50 and 0.55 hr. Since the length 
of the coleoptile tissue was 5 mm, the transport velocities are therefore 
10.0 and 9.1 mm/hr. These values directly substantiate the velocities of 

ca. 1 cm/hr derived from the use of bioassay to determine auxin emer
gence from the tissues.(8,9,10) 

The balance sheet (Table 20) of activities in the system described 
by Figure 22 accounts for the total counts per minute to within about 5o/o 
of that originally applied for the various time intervals. Where the tissues 
were inverted for 3 hr to test for apipolar transport, no activity was found 
i.n the recei vcr l::lockc. This observation also reaffirms the basipolari ty of 
acti-.r.; tran-,port o.f "'''"�in in thf' .A·.Rnc"'.. �c.lcc.pti1c.(6) However, tbc nctivi.ty 
in the inverted coleoptile sections after 3 hr amounted to about 20·7(1 of the 
C 14-IAA originally applied in the donor block. In other word�, IAA applied 
to the morphological bottom of the tis::mes does enter but at a reduced rate. 
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Figure 22. Transport of C14-IAA through 5-mm 
sections of Avena coleoptiles. Temp
erature 25 ± 0. 2° C. Each value is 
the mean of 22 to 24 determinations. 

60 

0 

70 

60 

� • 
0 
0 , 

...J 50 / 
Q) / 
........ / 

, UJ 
1- / 
:J / 
z 40 

/ 
/ -

:I! • / 
'-

/ 
(/) / 
1- / • / z 30 
:J / 
0 , 

0 / 

./ 
/ 

20 
/ 

/ 
/ 

/ 
/ 

/ 

10 / 
/ 

/ 
/. 

0 
0 1.0 2.0 3.0 

HOURS 

Figure 23. Radioactivities in receiver blocks 
after basipetal transport of C14-IAA. 
Temperature 25 ± 0. 2°C. The open 
circles represent the total radio
activity in the blocks; each circle 
representing the mean of 18 determi
nations. The solid circles represent 
the activity of the C14-IAA component 
in each group of 18 blocks, the broken 
curve being the calculated least 
squares fit. \Jl 

w 



54 

. .. . . 
• ....... _ --- • • • • • • • •  0 0 

It would be of interest to determine the C14 activities in successive incre
ments proximate to the donor block to indicate whether the entry in this 

instance is simply a diffusion phenomenon. 

In the previous transport experiments with IAA, it was inferred 

that auxin in the receptor system was IAA. This does not necessarily fol

low, since biological activity per se will not readily distinguish between 

auxins that differ structurally. Figure 23 shows that C14-IAA is in part 

transported as such and in part metabolized during the transport period 

to radioactive products. It also shows that an active transport of these 

products occurs in a basipetal direction. The results of the experiment 

with inverted sections (Table 20) indicate that the labeled products derived 

from C14-IAA are not transported apically. 

In the light of these results, the values for the velocity of C14-IAA 
transport given above, which are based on total radioactivity, may be ques

tioned. Admittedly the position of the l;>roken curve in Figure 23 may be 

doubted as a valid approximation of the rate of transport of pure IAA 

when one considers the spread of the experimental data. However, Table 21 
indicates no significant change in the fraction of the total radioactivity as

cribable to pure C14-IAA . If we assume from this table that a constant 

ratio exists between the C14-IAA and the total activity in the receiver blocks, 

here roughly 2:3, the activities ascribable to C14-I:AA alone in Figure 23 
may be approximated by the relationship y = a + bx. A least squares fit 

of the data to this approximation yields a y-axis intercept of -10.2 and a 

slope of 20.6, resulting in a C14-IAA transport velocity of 10.1 mm/hr. 

• 

TABLE 21 

Fraction of the total radioactivity 

of the receiver blocks of Figure 23 
ascribable to C14-IAA 

Transport time, 

hr 

1 

1.5 

2.0 

2.5 

3.0 

Average 

% 

53 

73 

71 

49 

72 . 

64 
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From the specific activity of the C14-IAA originally applied in the 
donor blocks (7.98 x 104cts/min/J.Lg), and using the calculated slope of the 
curve representing pureiAA inFigure 23, the rate of IAA transport into the 
receiver block may be calculated. Thus, under our conditions, about 
2.6 x 10-4 J..Lg IAA/hr moves out of a 5-mm coleoptile section when agar con
taining 1.1 x 10-z J.Lg IAA (or l � IAA/liter) is applied to the apical end. 

The rate changes in activity of the donor blocks and the coleoptile 
segments (Figure 22) are of interest. Both the loss of activity in the donor 
blocks and increase of activity in the tissues take place at a constant rate 
for about 2 hr and then approach zero in the next hour. We may assume 
that the movement of C14-IAA in the donor block and initial transfer of C14-
IAA across the block-tissue interface are diffusion phenomena. Thus the 
parameters of the system across the interface should be described by the 
rate equation 

dQ 
= DA 

dC 
dt dx 

' 

where O/t is the rate of transfer of C14-IAA across the interface area A, 
and C/x is the concentration gradient. Since dQ/dt is constant for the first 
2 hr, and no activity is present in the coleoptile tissue at zero time, rate 
limitation of the transfer must be imposed by the area of block-tissue con
tact. In other words, the concentration gradient across the block-tissue 
interface is large and essentially constant over the first 2 hr, a deduction 
consistent with the function of an active transport system for IAA in the 
Avena coleoptile It follows that the concentration gradient must have de
creased after 2 hr. While 1t is true that transport out of the tissue into the 
receiver block is limited by simple diffusion, the attainment of either a 
steady- state level of auxin transport, or too high an auxin concentration, 
in the tissues is not applicable in an explanation of the decreased concen
tration gradient. In Figure 22, the rate at which activity increases in the 
tissues does approach zero, and van der Weij's work( l l ) showed that auxin 
transport will occur against a concentration gradient. We may therefore 
infer that the active transport system, at least at the apical end of the tis
sue, comes virtually to a halt in about 3 hr. 

It may very well be that endogenous carbohydrate become limiting 
for the energy requirement of active transport. Not inconsistent with this 
possibility are the growth rates of similar coleoptile sections in solutions 
with and without carbohydrate. The growth rate appears to decrease al
most exponentially in solutions without sugar,(12) whereas the growth rate 
is constant for at least 12 hr when sucrose has been added to the medi urn .  (13) 

Two additional lines of investigation suggested by the above experi
ments will also be pursued: the temperature dependency of the transport 
velocity of IAA,(9,14) and the nature of the components other than IAA that 
appear when IAA is transported basipetally through the Avena coleoptile. 
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THE ACTIVITY OF G-33 AS AN AUXIN 

Solon A. Gordon and Ronald A. Moss 

0 - 0 

The growth regulating properties of S-(carboxymethyl}-dimethyl, 
dithiocarbamate (G-33) have been recently described. (1,2) This compound, 
as well as several other structurally related thiocarbamates, was found to 
be active in causing leaf epinasty, leaf deformation, and root initiation. 
All were active as auxins, though the activity of G-33 in the pea, Avena 
cylinder, and sunflower stem tests was stated(!) to be, respectively, 1,5, 
and 5% that of indoleacetic acid (IAA}. As in other growth substances, 
alkyl replacement of both hydro gens on the carbon adjacent to the carboxyl 
group resulted in the loss of biological activity. However, if G-33 is an 
auxin, it is unique in that it does not possess the unsaturated ring plane 
characteristic of the auxins. Considerj.ng this hitherto mandatory struc
tural requirement, van der Kerk et al.PJ suggest that these thiocarbamates 
undergo internal electron shifts to yield a stabilized unsaturated ring sys
tem having the required groups and spatial configuration: 

;f 
RzN-C s-

' + / S-CH2COQH ....... �·R2N=C 
\ S-CH2COOH • 

It occurred to us that the auxin activity of G-33 might possibly re
sult not from an electron shift but either from the "acid effect"(3,4} or from 
auxin sparing(S) action, particularly since relatively high concentrations are 
required for activity. These possibilities were therefore investigated. 

0 

The Avena cylinder section test was used for all of the experiments 
described. Three-millimeter sections, but by a van de r Weij guillotine 
3 mm from the tip of 72-hr etiolated coleoptiles, were randomized and dis
tributed among the test solutions. The foliage leaf was not removed. For 
each treatment 10 sections were floated on 2 ml of solution and measured 
20 hr later by a dissecting microscope with an ocular micrometer. All test 
solutions contained 2% sue rose. 

Acid Effect. Figure 24A indicates the growth increments occurring 
at various concentrations of G-33 and IAA without added buffer. it may be 
seen that the activity of the carbamate is about 1% that of IAA. No growth 
acceleration took place in G-33 solutions at concentrations below approxi
mately 10 J..Lg/ml. At this concentration of the carbamate the pH is 4.8. 
Figure 24B shows the growth increments resulting when all test solutions 
were buffered to pH 5.0 in 5 x 10-3M maleate. It is apparent that G-33 
still causes growth stimulation, though the inhibition at high concentrations 
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of the carbamate indicated in Figure 24A has been reversed in the buffered 
system. In the latter system the activity of G-33 is about 0.25o/o that of IAA. 
It may be concluded from the results that the activity of G-33 does not de
rive from the acid effect. 
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Figure 24. 

Growth increments in Avena 
at various concentrations of 
G-33 and IAA. 

Auxin Sparing. Auxin sparing action is a rather loose term that 
may include several phenomena. First, a substance may preferentially 
compete with endogenous IAA for binding loci that are not physiologically 
active, thus increasing the amount of IAA available to physiologically 
active sites. Second, it may function by exchange elution of IAA already 
bound at inactive sites. Third, it may inhibit catabolism of endogenous 
IAA and thereby raise the amount of auxin potentially available for growth. 

Lowering the endogenous auxin level of the sections should permit 
experimental verification of the first and third possibilities. Rietsma(6) 
has shown that soaking of coleoptile sections before adding IAA enhances 
markedly the sensitivity of the sections to the IAA. Presumably this re
sults, at least in part, from depletion of the endogenous auxin in tissues 
unable to synthesize auxin. (It has its analogy in the first decapitation 



of coleoptiles in the standard Avena curvature test as a means of auxin 
depletion in subterminal tissues.(?)) Therefore sections were soaked in 
distilled water for 5 hr, blotted, and placed in buffered solutions w1th dif
ferent concentrations of G-33 and IAA. The growth curves are shown in 
Figure 24C. They indicate that presoaking of the sections did not lower 
the activity of G-33. On the contrary, the activity of G-33 mcreased over 
twofold, while the activity of IAA increased about 1� times. Therefore the 
activity of G-33 could not have arisen by competition with endogenous IAA 
for inactive sites. Similarly, the activity of the carbamate cannot be at
tributed to inhibition of a catabolic system responsible for depletion of 
endogenous IAA. 

These conclusions rest on the assumption that presoaking does in 
fact lower the auxin content of the coleoptile sections This was verified 
by direct determination of the free auxin in sections as influenced by pre
soaking. Half of a group of 1650 3-mm sections were dropped into ether 
at -20°C and extracted for l/2 hr at 0°C. The ether was decanted and the 
extraction was repeated 3 times. The other half of the group was soaked 
in distilled water for 5 hr, blotted, and then extracted with ether in the 
same manner. The pooled ether from each treatment was reduced in 
volume. Each concentrated extract was evaporated on an 8 x 11 x 1.5 rom 
block of 1.25% buffered agar, (8) the evaporation bemg facilitated by a 
stream of water-scrubbed nitrogen. After a diffusion period of about 2 hr 
in a saturated atmosphere, the agar blocks were cut into 12 equal subblocks 
and assayed by the standard Avena curvature method. Those tissues that 
were not presoaked assayed 3.8 ± 0.44 x l0-6 J.Lg/sectlon, whereas 
2.0 :!" 0.36 x 1 o-6 J.Lg/section was found in the material that was soaked 
Soaking, therefore, did reduce the free auxin content by about SO% 

Growth stimulation followed by growth inhib1t10n is a typical response 
to increasing concentrations of auxin. This phenomenon is also observed 
with G-33 (Figures 24A and 24C). When curves A and C are compared, it 
is apparent that much higher concentrations of G-33 are required for ln
hibition in the buffered system. Thus the inhibition at high concentrations 
of G-33 is counteracted either by the presence of the buffer or by mcrease 
in pH (the pH's of the unbuffered solutions of G-33 at 50 and 100 ,u.g/ml were 
3.8 and 3.6, respectively, whereas that of the buffered system was 5 0} It 
may also be observed that the maximum growth increment obtained with 
G-33 is about half that with IAA, and that there is a tendency shown in all 
the curves for G-33 to inhibit growth slightly at low concentrations. 

It has been shown that the auxin properties of the plant growth regu
lator G-33 cannot be attributed to the acid effect. It has also been shown 
that the activity does not arise through sparing of endogenous auxm either 
by competition for inactive binding loci or by inhib1tion of auxm catabolism. 
The possibility that G-33 acts as an auxin sparing agent by means of ex .. 

change elution of bound IAA is now being investigated. 
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SPLEEN PROTECTION IN GAMMA- AND NEUTRON-IRRADIATED MICE 

Howard H. Vogel, Jr., John w. Clark, Donn L. Jordan, 
Nicholas Bink, and Richard R. Barhorst 

Many investigators have confirmed the protective effects of spleen
shielding, injections of spleen homogenates, or infusions of bone marrow in 
X-irradiated mammals. Since there is evidence that fission neutrons and 
Co60 -y rays kill mice through different modes of mortality, (l) it has been 
suggested that the earlier neutron death is largely "intestinal" and the later 
X- or -y-mortality peak is largely "hematopoietic." It seemed of interest, 
therefore, to determine whether or not implanted spleens would protect 
neutron-irradiated mice. 

Since it was impracticable to attempt to shield the spleen from fis
sion neutrons, attempts were made to utilize some of the other techniques 
that have been developed. In preliminary experiments, several attempts 
were made to use Cole's techniques(2 ) to protect neutron-irradiated mice 
with homogenates of spleens, but no protection was afforded. 

The experiments reported here were suggested by Jacobson's 
earlier work, (3) in which spleens from newborn mice were implanted into 
the abdominal cavities of irradiated mice. Four spleens from baby CF No.1 
mice (less than 2 weeks old) were implanted into an ether-anesthetized, 
neutron-irradiated mouse within 2 or 3 hr after exposure. The irradiated 
mice were CF No. 1 females 6 to 8 weeks of age. Half of each series of 
irradiated animals received spleens and half served as sham-operated 
controls, in which the body cavity was opened, a forceps inserted, and the 
incision closed, but no spleens were actually implanted. A third group of 
animals was randomly selected as unirradiated controls. 

In Figure 25 the results of three neutron experiments are sum
marized. All exposures were carried out in the -y-neutron radiation 
chamber, (4) using fission neutrons at the CP-3' and the CP-5 reactors. 
In each case the upper figure compares the average body weights of the 
three groups of mice, while the lower graph compares the cumulative 
mortality of the mice receiving spleens post-irradiation with that of the 
sham-operated, neutron-irradiated group in the same experiment. There 
was no significant difference in body weight loss between the spleen
implanted and sham-operated groups. It is also apparent that spleen 
implantation gave no protection to the neutron-irradiated mice. The 

. -· 

cumulative mortality of the spleen-implanted groups was almost identi-
cal with that of the sham-operated groups at 30 days in the three experi
ments, whether the neutron dose was sufficiently high to kill 25o/o, 60%, or 
80% of the mice. 
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Figure 25. The effects of spleen implantation upon body weight 
and mortality of neutron-irradiated mice. 

In all cases of death autopsies were performed. Two or more of 
the implanted spleens were usually recovered from the body cavities of 
the irradiated mice. They were found in all stages from apparent "nor
mality" to complete destruction, as judged by gross inspection. There 
were a few cases of obvious infection. The implants usually were firmly 
attached to peritoneal surfaces and seemed to have taken successfully. 

In order to test the method, two similar experiments were carried 
out following Co60 "'-irradiation. Both weight loss and mortality appeared 
much later (end of the second week) after "!-irradiation than after compa
rable fast neutron exposures (Figure 26). In both of these 'Y-ray experi
ments the results indicate that the spleen implants definitely conferred 
protection. This is also evident in the lack of weight loss from the 1Oth 
to the 15th days in the spleen-implanted mice. 

In view of the fact that the protection after "/-irradiation was most 
evident at the end of the second week after exposure, it is perhaps not 
surprising that implantation of spleens did not protect neutron-irradiated 
mice during the early period, when mortality is high. By the end of second 
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week most of the neutron-irradiated mice are dead, presumably from a dif

ferent mechanism of mortality. It is conceivable that the use of an anti

biotic such as streptomycin, which can protect neutron-irradiated mice 

for at least 10 or 11 days after exposure, (S) would keep a sufficient num

ber of mice alive so that the spleen implants could then help prevent the 

later "hematopoietic-type 11 death. Such a "combined protection 11 experi

ment is now being planned. 
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Figure 26. The effects of spleen implantation upon body weight 

and mortality of )'-irradiated mice. 

It is of interest that Cole has also recently reported(
6

) no protec

tion in neutron-irradiated mice given spleen homogenates, although his 

results were definitely positive in X-irradiated mice. 
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PRELIMINARY REPORT· RECOVERY FROM RADIATION 

I. The Effect of Paired Equal D oses of Cobalt60 Gamma Rays 
on 30-Day Mortality in the Mouse 

Howard H. Vogel, Jr., John W. Clark, and Donn L. Jordan 

A program has been initiated to study the comparative recovery 
rates following exposure of mice to Co60 -y rays and to fission neutrons. 
In the preliminary series of experiments reported here, CF No. 1 female 
mice (20 to 25 g) were exposed to paired equal doses of Co60 'Y rays in ou:
gamma-neutron radiation chamber. (1) The dose rate was kept constant at 
approximately 16 r/min, and the time interval between the two exposures 
was varied from 1 to 12 days. 

The results are listed in Table 22 and summarized in Figure 27, 
which compares the probit regression lines for the various time intervals 
utilized with that for a single, 90-min exposure of CF No. 1 mice to Co60.(2) 
It is clear from this graph that recovery occurs after exposure to radiation. 
After a single exposure, the LD50j30 was found to be 930 r under our experi
mental conditions.(2) When two equal doses are separated by only 24 hours, 
the LD50j30 is slightly, but significantly, increased to approximately 975 r. 
This increase in radioresistance continues as the time interval between the 
paired doses is lengthened, until the LDsojJo reaches 1450 r when the time 
interval is 12 days. This is the maximum time used in these experiments 
since 725 r is almost at the minimum lethal range as a single dose. 

In Figure 28, the logarithm of the interval between doses has been 
plotted against the logarithm of the LD50j30 (see Table 23). The day of the 
second exposure was termed day zero in calculating the 30-day lethality. 
The log-log relationship between total dose and over-all time is linear. 

In Figure 29, the logarithm of the residual* or 11unrecovered11 por
tion of the first dose (o/o) is plotted against the time between the paired 
doses. These data 1ndicate that recovery seems to be related exponentially 
to the time interval between the doses: 

Dose = 975 x time {days) ·154• 

As the interval between doses is increased, the residual part of the first 
dose, still contributing toward mortality,decreases. Bythe 12-day interval, 
approximately 70% of the first dose is "recovered." If this line is extrap
olated in time, it can be predicted that for two equal doses separated by 
33 days, the unrecovered portion of the first dose would be only 2o/o. 

*If the second dose delivered to the mice is subtracted from a dose 
equivalent to the observed lethality for single exposures, a measure 
of residual injury present from the first dose can be obtained. 
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Time interval 
between doses, 

days 

1 

(24 hr) 

2 

3 

6 

8 

10 

12 

TABLE 22 

0 0 

Mortality after paired doses of Co60 y-rays 
with varying intervals between exposures 

Irradiation Total Number dead/ 
dose, number of mice dates r irradiated 

12/19/55 883 3/12 
and 912 5/18 

12/20/55 940 11/24 
930 6/12 
960 8/18 
990 11/24 
976 5/12 

1008 10/18 
1039 16/24 

12/28/55 1090 10/12 
and 1125 14/18 

12/30/55 1158 26/36 
1190 16/18 
1227 18/24 

1/24/56 987 1/12 
and 1019 2/18 

1/27/56 1050 6/24 

7/28/55 1366 23/24 
and 1390 19/24 

8/ 3/55 

9/23/55 1208 7/24 
and 1340° 16/24 

9/29/55 � � 36/48 
11/26/55 134Q 20/24_ 

and 
12/ 2/55 

1/30/56 1400 8/12 
and 1450 17/18 

2/ 7/56 1490 22/24 

2/17/56 1252 2/12 
and 1292 8/18 

2/25/56 1333 11/24 

3/ 7/56 1395 8/12 
and 1445 10/18 

3/17/56 1500 20/23 

3 /  7/56 1395 3/12 
and 1445 10/18 

3/19/56 1500 18/23 

30-day 
mortality, 

% 

25 
28 
46 
50 
44 
46 
41 
55 
67 

83 
78 
72 
89 
75 

9 
11 
25 

96 
79 

_
29 

67 

> 75 
83 

67 
94 
92 

17 
44 
46 

67 
56 
87 

25 
56 
78 



TABLE 23 

. .. - -

Effect of increasing tl1e interval between equal paired doses 
of Y-rays on LD50130 of mice 

1 2 3 4 5 6 
Col 4 

divided 

7 

Time interval Total 930 by Co 1 3 Recovery One-half 

between paired 

doses, days 

1 

2 

3 

6 

8 

10 

1 2 

dose 

LDS 0/ 30 

97 5 

1065 

1150 

128 5 

1330 

13 90 

1450 

r 
One-half minus 
of Co 1 2 

Co 1 3 

48 7 443 

533 397 

575 355 

643 28 7 

665 265 

695 235 

725 205 

Unrecovered rate recovery 

portion of co n stant, time, 
-1 days f i r s t dose day 

(e-x) 

0.910 0 09 7 . () 7 

0.745 0. 148 4.67 

0.617 0. 16 4. 4 1 

0.446 0.135 5. 11 

0. 39 8 0. 115 6.00 

0.338 0. 108 6.34 

0. 2 8  3 0. 1 OS 6.56 

In Figure 30 we have again illustrated (solid line) our data for the 
time-dose relationships for the LD50j30 in mice following equal paired 
doses of )'-rays. The dotted line in the upper portion of the figure indi
cates the Strandqvist curative dose for human skin cancer following daily 
X-ray treatments.(3) This interesting comparison is made merely to 
indicate the similarities of the slopes (and therefore the recovery rates). 

A series of comparable experiments has been started to test re
covery after equal paired doses of fission neutrons. One point has now 
been determined, with 6 days between the two doses. This point is marked 
with an 11N11 in Figure 29. It indicates that there is definite recovery after 
fission neutrons, but that the recovery rate is not as high as that following 
-y-radiation. Further work on neutron recovery, with other time intervals, 

. . 1s now 1n progress. 
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SURVIVAL OF GIANT AMOEBAE AFTER SINGLE EXPOSURES 
TO FISSION NEUTRONS 

Howard H. Vogel, Jr., and Edward W. Daniels 

It seemed of interest to investigate the effects of fission neutrons 
on the per cent survival of giant amoebae (Pelomyxa illinoisensis) cells. 
It had already been determined that 12, 000 r of 250-kv X rays (at an in
tensity of 4, 000 r/min) would kill all amoebae within a 10-day period 
after irradiation. (1) 

The giant amoebae were irradiated in l-ee plastic centrifuge tubes 
containing phosphate buffer solution. The vials were closed, fastened 
with Scotch tape to a flat piece of Lucite, and inserted into the animal ex
posure area (16 x 16 in.) of the CP-5 radiation chamber. (2) The cells 
were irradiated with fission neutrons at a dose rate of approximately 
9 rep/min. This intensity was obtained by withdrawing from the thermal 
column a boral filter plate which is usually located between the reactor 
and the uranium converter plate. Measurements with film and with 
Sigoloff chemical dosimeters indicated a 'Y-ray contamination of 3 r/min 
(25o/o). 

Several preliminary experiments were carried out over the past 
year in order to establish the lethal range after neutron irradiation. It 
was determined by these exposures that neutron doses below 5000 rep did 
not kill any cells, but that exposures of 10,000 rep were lOOo/o lethal. In 
all cases the neutron exposure was continuous, and vials were removed 
from the radiation field at different times. 

In all experiments certain vials were de signa ted as controls and 
were treated in the same manner as the exposed vials except for irradia
tion. After exposure, cells were isolated from both control and irradiated 
vials and were cultured. Following transfer to fresh media and feeding, 
they were examined for a 1 0-day post-irradiation period. Division rates 
and per cent survival were determined for each dose. Mass cultures were 
also established and observed during the same period. In all cases, the un
irradiated controls produced good mass cultures. Ten-day survivors from 
the neutron-irradiated vials also gave rise to mass cultures. 

The survival data from two experiments are presented in Table 24 
and are illustrated graphically in Figure 31. It is evident from these data 
that the 10-day LD50 lies between 7500 and 8000 rep of fission neutrons. 
No cells survived following doses oi 9000 rep or higher. 

Experiments have been started to determine the relative biological 
effect (RBE)(gamma/fission neutron) for this effect. In one preliminary 
exposure of amoebae to Co60 'Y rays, irradiation with 20, 000 r (at 7. 4 r/min) 



Vial 

Number 

3/21/56: 

1 

2 

3 

4 

5 

6 

7 

8 

5/25/56: 

1 

2 

3 

4 

5 

6 

7 

8 

TABLE 24 

Survival of Pelomyxa illinoisensis after 

single exposure to fission neutrons 

Time of 
Total dose 

Total* 
of fission 

'Y dose, r exposure, 
neutrons, rep (180 r/hr) hr (540 rep/hr) 

12 6480 2160 

13 7020 2340 

14 7560 2520. 

15 8100 2700 

16 8640 2880 

16.5 8910 2970 

17 9180 3060 

18 9720 3240 

13 7020 2340 

13.5 7290 2430 

14 7560 2520 

14.5 7830 2610 

15 8100 2700 

15.5 8370 2790 

16 8640 2880 

16.5 8910 2970 

% survival 

(1 0 amoebae 

isolated from 

each vial) 

80 

90 

50 

50 

0 

20 

0 

0 

60 

30 

10 

30 

30 

.o 

20 

0 

*The 'Y-ray contamination is not shown in Figure 31, which shows 
only the fast neutron dose. Although the 'Y-ray contamination may 
be as high as 25o/o of the physical dose, its biological contribution 
is probably considerably lower than that of the fission neutrons. 
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Figure 31. 

Survival ofPelomyxa illinoisensis 

after exposure to fission neutrons. 

produced no lethality in the 10-day period following exposure. There was, 

however, an indication that the rate of division was somewhat slower in the 

irradiated cells than in the controls. This experiment is being repeated at 

a higher intensity (about 25 r/min) so that the overall time of exposure 

(12 to 18 hr) will be similar to that in the neutron experiments. We are 

also planning to try the effect of nonirradiated protoplasm on supralethally 

neutron-irradiated giant amoeba cells, since this treatment has been shown 

to bring about recovery in supralethally X-irradiated amoebae. (1) 

These preliminary results suggest that the RBE (X/fission neutron) 
is greater than 1. 
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PRELIMINARY REPORT: SURVIVAL OF THE FOUR-DAY 
CHICK EMBRYO FOLLOWING Co60 GAMMA IRRADIATION 

Howard H. Vogel, Jr., John W. Clark, and Donn L. Jordan 

Since Boland's work on the lethal effects of X rays on the chick 
embryo, (1) several investigators have attempted to utilize the advantages 
of this biological test in radiation experiments. We have exposed embryos 
both to Co60 'Y rays and to fission neutrons at the CP-5 Research Reac
tor in order to evaluate the relative biological effectiveness (RBE) of the 
two radiations for this effect. In this experimental series the beating of 
the embryonic heart was used as the criterion of survival, and the report 
will deal primarily with the lethal effects of 'Y ·radiation. 

Fertile White Leghorn eggs, shipped to the Laboratory from a 
hatchery in Warsaw, Indiana, were kept for 1 or 2 days at approximately 
20° C. They were then weighed (55 to 65 g) and placed in a large electric 
incubator which turned them automatically, twice daily. On the fourth day 
of incubation, all eggs were candled, and only fertile eggs were irradiated. 

The eggs were transported within a small mobile incubator to and 
from the radiation site. Control, unirradiated eggs were randomly selected 
for each experiment; for the 263 irradiated eggs (Table 25) there were 
75 controls. Of these 66 (88%) were alive when examined 10 days after 
incubation, 

Boland's technique(!) was followed with these exceptions: 

1. 
16 r/min, 

The intensity of the 'Y rays in this experiment was only 15 to 
rather than from 25 to 150 r/min. 

2. The eggs were not washed. 

3. During irradiation Boland surrounded the eggs with a rice 
bolus and maintained a constant temperature by means of a water bath; 
we utilized the temperature- and humidity-control of a Climatizer unit 
associated with the animal exposure area. The temperature of the air 
around the eggs was maintained at near 37. 6° C and the relative humidity 
at approximately SO%. 

4. Lucite mammalian exposure cages were adapted for holding 
eggs by constructing appropriate compartments, each to hold one egg. 
From 12 to 18 eggs could be irradiated either with 'Y rays or fission 
neutrons. The variation of the dose of either of the radiations to the embryos 
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was within + Z%. The area of the irradiation cage was 16 x 16 in., and the 
depth was 2 in. The embryo was placed as close as possible to the mid
plane of the cage (depth), its position having been marked by candling prior 
to irradiation. 

5. The LD50 of the 4-day embryos was determined at 6 hr and at 
6 days after irradiation. 

The data for these two end points are listed in Table 25 and are 
illustrated graphically in Figure 32. When mortality was measured on the 
lOth day of incubation (6 days after exposure), the LD50 was found to be 
916.4 + 16.4 r. * The pro bit line can be expressed by the formula: 

y = 5.235 + .006346 (x- 953.39)· 

The slope - . 00635 + • 00108. 

Date of To tal 

exposure dos e, 

12/27/55 
1/10/56 
1/17/56 
1/24/56 
1/31/56 
2/7/56 
2/21/56 
3/6/56 
3/20/56 
3/27/56 
4/6/56 
4/6/56 
4/17/56 
4/24/56 
4/24/56 
5/1/56 

5/8/56 
5/22/56 
5/28/56 

1244 
1090 
1037 
1026 

966 
898 
926 

1006 
949 
990 
926 

1006 
843 
915 
825 
766 

8 116 
12 
13 

55 
so 

TABLE 25 

Co6 0  y-irradiation of 4-day chick embryos 

lOse rate, Time of Number dead 

r r/min exposure, min Number exposed 

A. �rtality 6 days after irrtdiation: 

16.59 75 18/18 
16.51 66 17/17 
16.46 63 11/14 
16.41 62.5 13/16 
16.37 59 7/9 
16.34 55 5/17 
16.24 57 8/15 
16.16 62.25 7/14 
16.09 59 10/14 
16.04 61.72 8/15 
15.97 57.9 7/10 
15.97 63 5/9 
15.91 53 4/15 
15.85 57.7 3/9 
15.85 52.05 4/9 
15.82 48.4 4/16 

B. Mortality 6 hr after irradiation: 

15.78 74.04 5/18 
15.69 80 9/16 
15.65 86.26 8/12 

% 

Mortality 

100 
100 

78.5 
Al.2 
77.7 
29.4 
53.3 
50.0 
71.4 
53.3 
70.0 
55.0 
26.7 
33.3 
44 
25 

28 
56 
66.7 

*It is of interest that the 21-day LD50 for the 3-day chick exposed to 
Co60

-y -rays (at 12 r/min) was found to be 906.3 + 37. 1 r. (2} 
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Figure 32. Survival of the 4-day chick embryo following 
Co60 

-y -irradiation. 

Since several investigators are now using survival at 6 to 7 hr as 
a comparative end point for RBE studies involving different radiations of 
various energies, such data are also included in this report. Although the 
results are based on small numbers (46 eggs), it is clear that considerably 
higher doses are needed to produce the early "acute toxicity" death. The 
6-hr LD50 is approximately 1250 r. 

If Co60 ";-radiation is given a value of unity, then the RBE 
{-y-rays/X-rays) is 1. 41 (using Boland's figure of 887 r for the 6 hr LD50 

following 250 kv X-rays). (1) Kohn(3) has recently reported a slightly 
higher value of approximately 1000 r for this same effect following 250-kv 
X-rays (hvl: 1. 6 mm Cu); if this figure is used, the RBE is 1. 25. Oftedal(4) 
has reported similar values for the 6-hr LD50 of 928 + 10 r and 1049 ± 7 r 
in two series of exposures of 4-day chick embryos to 175-kv X-rays 
(0. 5 mm Cu). However, the dose rates and the dosimetric methods were 
not identical in these experiments, and more comparative work should be 
done under the same experimental conditions. 

Several similar exposures have been undertaken in our radiation 
chamber utilizing fission neutrons. The 6-day LD50 for this radiation ap
pears to be approximately 300 rep (dose rate: approximately Z. 7 rep/min). 
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This would indicate a preliminary value for RBE (gamma/fast neutron) 
of at least 3 for this effect. Further irradiations with neutrons at each 
end point are being undertaken. 
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THE RETENTION OF STRONTIUM85 IN RATS AS A FUNCTION 
OF ANIMAL AGE AT INJECTION 

Thomas W. Speckman and William P. Norris 

The dependence of retention of a bone-seeking radioisotope upon 
the age of an animal at the time of injection has been noted by many exper
imenters. However, these data are widely scattered in the literature and 
represent many unrelated experiments. The availability of cyclotron
produced Sr85, which possesses a half-life of 65 days and which decays 
entirely by electron capture followed by emission of a 0.513-Mev'Y ray, 
provides the tool for a rather simplified study of the variable mentioned 
above. 

In the following experiment 67 male Sprague-Dawley rats of ages 
ranging from 4 to 428 days were injected intravenously with 3 jlc of carrier
free Sr85• The quantity of gamma activity in the rats, as well as in the in
jection solutions both preceding and following injection, was measured in a 
pressurized gamma ionization chamber. This instrument is provided with a 

sample well large enough to accommodate the largest rats while affording 
nearly 1 OOo/o geometry. It is sensitive to 0. 004 Jl c of Sr85• Individual read

ings were corrected for variances in size and weight of the animals as well 
as for natural decay of the injected Sr85• Following injection the rats were 
measured at intervals for as long as 220 days. Averaged values for conven
ient age intervals were obtained from the specific retention curves and are 
plotted in Figure 33. The broken lines on the visible portion of the surface 
represent curves for which data are not yet available; they are extrapolated 
from existing data. 

It is of interest that decreased retention occurred in animals less 
than 40 days old at the time of injection. This seems reasonable when one 
considers that even though the initial uptake may be high in the younger ani
mals, the rapid rate of remodeling shortly after injection means that the 
Sr85 that has been taken up by bone becomes available for excretion. In 
animals aged 40 to 80 days at injection, in which the maximum retention 
occurred, the initial uptake is still relatively high while the remodeling at 

deposition sites is decreasing. Beyond the age of 80 days at injection, re
tention would be expected to decrease, principally as a consequence of de
creased initial uptake, wh,ich takes place for the most part at growth sites. 

The fact that retention in the different groups varied as much as 
fourfold indicates that in studies with bone-seeking isotopes, an experimenter 
must specify the age or metabolic state of the animal at the time of injection 
in order to compare his studies with those of others. 
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METABOLISM OF Ca45 IN SOFT TISSUES 

Blanche J. Holloway and William P. Norris 

Since calcium is essentially an extracellular ion it has been pre
sumed (and suggested by previous experimental data from this laboratory) 
that the specific activity of soft tissues is nearly that of blood shortly after 
intravenous injection. This was investigated more fully in young rats. 

Experimental 

Three groups of Sprague-Dawley male rats, aged 89 days, received 
21. 75 J.L c of Ca45 per rat. Rats of group I received a carrier-free solution 
injected into a tail vein. The doses given to the rats of groups II and III 
also contained 10 mg Ca40• The injections were intravenous in group II and 
subcutaneous in group III. Animals were sacrificed at intervals of 3 and 
30 days after injection. 

Method of Analysis 

Tissue and bone samples were removed, ashed in platinum vessels 
and analyzed in the manner described by Norris and Lawrence. (1) Two to 
four aliquots were taken from each tissue. After precipitation of the calci
um oxalate, one set of samples was mounted and counted in sintered cruci
bles. The duplicates were mounted on millipore filter paper. Results 
obtained from samples on millipore paper were essentially identical with 
those obtained from crucibles. Recovery in some cases was better, partic
ularly for samples of low mass, possibly because the sinter may have had 
pores in which calcium oxalate crystals could be buried, thereby reducing 
the count. The most important advantage of using millipore paper in Ca40' 45 

determinations is that it saves time, since the precipitates can be washed 
directly into the titration beakers. 

Results and Discussion 

The specific activities of soft tissues and blood in rats injected with 
carrier-free Ca45 were similar at 3 and 30 days after administration. In 
Table 26 are presented the mean values from the 5 rats of group I, expressed 
as the ratio of per cent injected dose of Ca45 per mg of Ca40 in the tissue to 
that in blood. 
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fABLE 26 

Katio of specific activity of soft tissue 
to specific activity of bl o od 

3 days after injection• 

Kidney 0.78 

Lungs o. 6 3  

Liver 0.91 

Testes 0.99 

Muscle 0.70 

Pelt 0.87 

Brain 0.54 

Spleen 0.53 

Heart 0.53 

•Values are averages from 3 rats. 

••Values are averages from 2 rats. 

3 0  days after inj ection•• 

0. 62 

1. 55 

0.94 

0.61 

o. 93 

1.40 

1.34 

0.65 

1. 78 

Although some of the soft tissue values differ appreciably from 

those of the serum, we are not yet certain as to the proper interpretation. 

The data are consistent with either (1) Ca retention in soft tissues or 

(2) slower rates of equilibration than those normally assumed. It appears 

likely that the former explanation is more reasonable since in groups II 
and Ill, which received additional Ca40, the deviation from serum values 

was greater than that in group I. This was particularly true of the kidney, 

where high calcium concentrations are known to produce damage. These 

data will be discus sed in more detail in subsequent reports. 

1. 

Reference 

Norris, W. P., and B. J. Lawrence. 

biological materials. Anal. Chern. 25: 
Determination of calcium in 

956-960 (1953). 
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AN INVESTIGATION OF THE POSSIBILITY OF USING THE 
PHAGE-COFACTOR-BACTERIUM INTERACTION AS THE 

BASIS OF AN ENZY ME-COUNTING TECHNIQUE 

Arthur L. Koch 

81 

If a technique were available of such sensitivity that the catalytic 
activity of individual molecules of an enzyme could be measured, it would 
constitute a powerful tool for the investigation of the phenomena of cataly
sis and for the determination of the homogeneity of enzyme molecules. It 
would be an absolute criterion of protein purity, and, since there lS at 
present no such criterion, but only methods that test for the presence of 
certain types of impurities, such a technique could be very valuable. 

Several techniques appear to be of sufficient sensitivity to warrant 
investigation. These are: (a) the detection of light produced by a chemi
luminescence system by means of a cooled photomultiplier tube: (b) the 
measurement of the enzyme produced by the autocatalytic transformation 
of zymogen to its active form; and (c) the measurement of the lytic re
sponse produced by the enzymatic production of the necessary cofactor in 
a cofactor-requiring-phage: bacterium system. A discussion of this third 
system is the subject of the present investigation. 

Although a number of phage stocks have been prepared that require 
the presence of adsorption factors in the broth, it has been mainly those 
that require tryptophan that have been studied. The results of these 
studies. (1- 9) which have been both extensive and reliable, are consistent 
with the hypothesis that 5 key sites on the virus particle must be filled with 
the cofactor before the virus particle can be adsorbed on the host bacterium. 
Both the growth of the host and the intracellular development of the vuus 
proceed in the absence of external cofactor. Virus liberated at the end of 
the lytic cycle does not require added cofactor for adsorption untiJ consider
able time has elapsed; presumably it is liberated in an activated condition 
and a period of time is required for the deactivation, The natural cofactor 
is clearly not tryptophan, but its nature is uncertain. However. the fact 
remains that plaque formation on cofactor-free plates is obtained with a high 
plating efficiency for bacteria-phage complexes and with a very low efficiency 
for the free virus. 

The decision to study this system from the point of view of the detec
tion of single molecules of enzyme restricts greatly the enzymes to be con
sidered. From an examination of specificity and properties of various 
proteolytic enzymes(l0-12) it seems that only one enzyme meets the re
quirements for the study, namely, carboxypeptidase. This enzyme can be 
obtained from several supply houses in crystalline form; it is homogeneous 
by various physical tests, its molecular weight is known, and it can be 
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prepared in the laboratory by well-established procedures. It acts on small 
synthetic peptides to liberate a free amino acid from the carboxyl end of the 
peptide chain and is thus distinguished from the various endopeptidases 
(trypsin and chymotrypsin), which act on small synthetic peptides but do not 
yield free amino acids. Other proteolytic enzymes that might liberate free 
amino acids (dipeptidases and amino peptidases), as well as tryptophan syn
thetase, are eliminated by the fact that they are not highly purified or char
acterized from a physical chemical viewpoint. 

It appears that only two substrates need be considered: chloroacetyl
L-tryptophan (CAT) and carbobenzoxy-glycyl-L-tryptophan, both of which 
can be obtained commercially. These tryptophan peptides are attacked rap
idly by carboxypeptidase, since they possess uncharged amino substituents. 

At the outset it was realized that the system would not prove adequate 
(a) if the substrate of the enzyme was also a cofactor for adsorption of the 
virus, (b) if the virus stock could not be freed of plaque-forming ability in 
the absence of cofactor, or (c) if the maximum tryptophan concentration ob
tainable was not sufficient to cause the attachment of at least one virus to a 
bacterium. 

It was found that with the present material all of these difficulties 
were encountered and that "enzyme counting" is at present not feasible by 
this technique. In fact, a significant increase in plaque count was found only 
when 108 molecules of carboxypeptidase were present on a Petri plate. The 
present paper is concerned with an analysis of the factors mentioned above 
and the dynamics of phage and bacterial population on Petri plates. From 
these results it appears that other conditions or other strains may be found 
that would allow successful use of this technique. 

Materials and Methods 

Media. Bacteria were grown in M-9 glucose medium. (13) Various 
materials were diluted either with 1% gelatin· or with high salt medium con
taining per liter 4 g NaC1, 5 g K2S04, 1. 5 g KH2P04, 3 g Na2HP04, 
lmM MgS04, 0.1 mM CaClz and 0. 01 g gelatin at pH 7. 0. (Gelatin was used 
because it does not contain tryptophan.) 

Method. The techniques used for handling the virus were those de
scribed by Adams, (14) and the M-9 glucose medium was the nutrient base 
of the agar. Solutions were made bacteria-free by autoclaving or by milli
pore ultrafiltration; the ratter technique allows the quantitative filtration of 
the bacteria without appreciable decrease in virus titer. 



Organisms. The host organism was Escherichia coli, and the virus 
was T4,38 which was obtained through the kindness of Dr. Ping-Yao Cheng. 
The virus is that used by Wollman and Stent(7) and Stent and Wollman; (8, 9) 
it is derived from a strain studied by Delbriick. (6) 

Materials. Crystalline samples of carboxypeptidase were obtained 
from Worthington Biochemicals and from Armour Laboratories. The sam
ple of chloroacetyl-L-tryptophan was obtained from Nutritional Biochemi
cals and purified by passage through a Dowex-50 column. The sample of 
carbobenzoxy- glycyl-L-tryptophan was obtained from Mann Chemical 
Company. 

Experiments and Results 

The phage stock. The virus stock received was reported to contain 
only a small fraction of individuals capable of forming plaques in the ab
sence of tryptophan, i.e., the plating efficiency (ratio of the plaque count 
in the absence of tryptophan to that in the presence of excess tryptophan) 
was 5 x 1 o-6• The stock of phage grown from this inoculum had a plating 
efficiency of 2 x 1 o-6• Since this incidence was much too high for purposes 
of the proposed experiments, an attempt was made to adsorb out the pre
sumed tryptophan-independent individuals. To the stock, which had been 
subjected to one cycle of differential centrifugation and suspended in 
cofactor-free M- 9 medium lacking a carbon source, was added a washed 
suspension of bacteria, and adsorption was allowed to take place for one 
hc;>ur at 3 7° C. (Under these conditions, the adsorption of tryptophan
independent individuals should be unimpaired but virus growth should be 
prevented by lack of a carbon source.) Then the virus sample was given 
one more cycle of differential centrifugation. Here the rate of adsorption 
of virus is given by Eq. 1: 

: - -ke/> • B ' ( 1) 

where¢ is the phage titer, B is the bacterial titer, and k is the adsorption 
rate constant, which under these conditions is 1 o-9 ml/bacterium/min for 
the wild type virus. This equation may be integrated to give 

• (2) 

Substituting the known values into Eq. 2, one would expect the frac
tion of tryptophan-independent individuals to drop from 2 x 1 0-6 to 5 x l 0-9• 
However, this drop was not observed, but instead the observed plating 
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efficiency was 10-3 in several experiments and 10-6 in others. On closer 
inspection of the details of these experiments, it was apparent that the 
lower values were obtained in experiments in which the virus was added 
last, in fact at the moment the soft agar layer was poured on the base 
layer of the Petri plate. This is the usual procedure for phage assays, 
but in some experiments it had been modified so that the enzyme solution 
could be added last, in order to reduce the time during which the enzyme 
could produce tryptophan before the gel hardened. The effective increase 
in plating efficiency is explained by adsorption of phage on bacteria at the 
elevated temperature (46° C) of the liquid soft agar in the absence of cofac
tor. Phenomena of this kind were observed previously only in certain 
strains of cofactor-requiring T4: (5) it was implied that T4•38, the strain 
used here, did not possess this characteristic, although this was not 
stated specifically. 

This explanation was confirmed by plating identical reaction mix
tures, differing only in the order of addition of the three components -
bacteria, virus and CAT. In one experiment no plaques were found if the 
virus was added last, 3000 were found if CAT was last, and 73 were found 
if the bacteria were last. After incubating for 12 minutes at 46° C, there 
was a slight activation of the virus by CAT, but a relatively large adsorp
tion of virus on bacteria in the absence of any added cofactor. 

Whatever is the mechanism of the activation, it results in the im
mediate adsorption of virus. In one experiment, after incubation of bac
teria and virus at 46° C for ten minutes and plating of an aliquot, 104 plaques 
were produced. Another aliquot was ultrafiltered through a millipore filter, 
more bacteria were added and this was plated; no plaques developed. 

A number of attempts were made to measure the adsorption rate 
constant for bacteria and virus at elevated temperature in the absence of 
cofactor. Adsorption rate is by no means given by Eq s. 1 and 2: rather the 
apparent rate constant increases as adsorption proceeds at the elevated 
temperature, suggesting that the bacteria are producing some cofactor, 
possibly as they are killed by the high temperature. This is suggested also 
by variation in the apparent constant as the bacterial titer is changed. The 
apparent constants found range from 6 x 10-13 to 8 x 10-15 mls/bacterium/min. 
At 25°C the rate constant is less than 2 x 10-18 in M-9 medium, although it is 
somewhat higher (2 x 10-17) in the adsorption medium described above. The 
value in the literature is about 1 o-9 in the presence of unlimited amounts of 
cofactor. (9) 

From these observations it may be concluded that the phage stock is 
homogeneous, and that the plaques formed in the absence of cofactor are the 
results, not of wild-type individuals in the phage population, but of hetero
geneity in the bacterial population, of the leakage of cofactor from some or 
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all of the cells, or of fluctuations in the ability of virus to adsorb in the 
absence of cofactor. On the basis of the theory derived below, the ad
sorption rate constant for the conditions occurring on the plate can be cal

culated from the number of detectable plaques formed after incubation of 
the plate at a specified temperature. At 3 7° C the adsorption rate constant 
is 3 X 1 o-14• and at 25° c it is about 1 o-15• Since these numbers are larger 
than those observed in free solution, there is some hope that the values 
might be reduced by changing the conditions of plating. 

Dependence of plating efficiency on tryptophan concentration. Pre
vious workers in this field have measured the dependence of the adsorption 
rate constant on tryptophan concentration, but the dependence of the plating 

efficiency (P. E.) has not been reported, presumably because the interpre
tation of the results is complicated by growth of the bacteria on the Petri 
plate. However, such studies were indicated in the present investigation, 
because an understanding of the degree of amplification due to phage
tryptophan interaction must depend on population dynamics in the nutrient 
agar gel. 

A number of experiments were performed. In Figure 34 are shown 
the results of plating efficiency experiments conducted in the following way. 
A small volume containing a known amount of sterile tryptophan was pipetted 
into each of a number of sterile Petri plates, and 30 cc of M-9-glucose agar 
was added. On the following day suitable bacteria-phage mixtures in 

tryptophan-free soft agar were poured on top of the basal layers. From the 

discussion below it is apparent that essentially complete equilibration of 
tryptophan must have occurred in the soft agar layer, which is only 0. 05 em 

thick, before an appreciable fraction of the infections could have taken place. 

At low tryptophan concentrations, the plating efficiency is the basal 
level discussed above. At increasing concentrations it increases as the 4th 
power of the tryptophan concentration; and finally at still higher levels it 
approaches unity. These results are very similar to those found for the ad
sorption rate constant, k, in free solution, where adsorption occurs at low 
cofactor concentration, while at higher levels it approaches a constant value. 

The parallelism between these two quantities can be understood from 
the following consideration of events that must occur in the development on 
the Petri plate. The plate is initially seeded with B0 bacteria. These grow 
until a microclone is produced of such a size that certain members of the 
clone are shielded from trytophan or viruses, or are unable physiologically 
to support phage growth. After this time no detectable new plaques will be 
initiated, even though considerable further multiplication of bacteria and 
phage will occur. This line of reasoning suggests the definition of a critical 

time, tc, and a corresponding critical number of bacteria Be, for each ex
perimental condition. If the bacteria are in the exponential growth phase 
from the moment they are plated, then 
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+A.t B = B0e , 

where A is the growth rate constant. Substituting this expression into 
Eq. 1, one obtains 

d¢ +At ct> = -k B 0e dt J 

which may be integrated from t = 0 to t = tc to give 

_ -k B0 [e +At_ l] = -
k[ B c - B0] 

A A 
• 

(3) 

(4) 

(5) 

Since the plating efficiency is by definition (¢0- ¢)/¢ 0, Eq. 5 may be re
arranged to give 

P. E. = 1 - exp ) (6) 

and at very low plating efficiencies this may be simplified to 

P.E. _ 

k(Bc - B0) 
-

• (7) 

Thus P. E. is directly proportional to the adsorption rate constant k, and, 
since k depends on the 4th power of the tryptophan concentration, P. E. 
does also. 

If growth does not commence immediately upon pouring the plate, 
and there is a lag period, L, before growth starts, then Eq s. 6 and 7 will 
not hold exactly. In this case Eq. 7 becomes 

P.E. = k B o L + _k�( B--'c,.__-_B�o�) 
A ) 

and the plating efficiency is still directly proportional to the adsorption 
rate constant. 

(8) 

Equation 6 appears to de scribe adequately the experimental results 
shown in Figure 34, not only in form but also in absolute value. Substituting 
published adsorption rate data(7) .and a,ppropriate values of Be, agreement 
is obtained between the observed and calculated plating efficiencies. This 
calculation is given in the next section. 

Estimate of critical time and critical concentration by diffusion 
experiments. It is well known that if the number of bacteria used in the 
standard phage assay is excessively large, smaller plaques are obtained, 
which may not be detected. This also supports the view that detectable 
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plaques result from adsorption events only when the number of bacteria is 
below a certain critical number for the specified conditions. We have at
tempted to investigate this problem as follows. A virus-bacteria mixture 
was plated by the usual technique on basal layers 0. 5 em thick in large 
(15 em) Petri plates. After a definite interval, 5 iJ.l of tryptophan solution 
of specified concentration was pipetted into small (1. 5 mm diameter) holes 
that had been punched all the way through the agar with a large blunt hypo
dermic needle. After overnight incubation at various temperatures, the 
plates were found to contain large circular plaques, up to 4 em in diameter, 
with sharply defined edges, concentric with the point of application. Contact 
photographs were obtained and the diameter of the macroplaques on these 
photographs was measured with calipers. The plaques themselves could 
also be measured with calipers and it was found that from the time of first 
detection, they remained unchanged in diameter. There appears to be little 
doubt as to the nature of this phenomenon involved in macroplaque forma
tion. Diffusion into the gel occurs from the time of application of the tryp
tophan solution. At some critical time in the development of the plate a 
critical concentration of tryptophan is present at the very edge of the 
macroplaque, resulting in complete lysis internally, and no detectable lysis 
externally; bacteria outside of the critical region were not lysed because 
they had entered a physiologically unfavorable state by the time the critical 
tryptophan concentration was attained. 

The diffusion of trytophan in the agar gel should be equal to that 
observed in free solution, on the basis of work in rather unrelated fields. 
The diffusion of substances of low molecular weight in agar gels has been 
of considerable interest to the plant physiologist (for a recent review see 
reference (15)). The problem has also been of interest in immunology, 
where it has been found that the diffusion of some of the smaller proteins 
is not significantly altered in agar gels containing a higher proportion of 
agar than those used here. ( 16) Thus the diffusion constant of tryptophan 
in these experiments can be calculated from the value of the diffusion con
stant at 25°C, D1, which is 6.9 x 10-6cmz/sec,(l7) and the Einstein-Stokes 
Law: 

D _ D Tz 1l1 z - 1 • ' Tt7lz 
(9) 

where T is the absolute temperature and 7) is the viscosity of water at the 
appropriate temperature. (18) 

The tryptophan concentration at any time, t, and distance from a 
point source, r, can then be computed from Eq. 10: 

' ( 1 0) 
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which is applicable to radial diffusion in two dimensions (see, for instance, 
reference (19 )) In this equation, M is the amount of substance initially 

present and d is the thickness of the agar plate. Taking logarithms of both 
sides Eq. 11 is obtained: 

rz 
- loge M - loge 47TDtd -

4Dt 
• ( 11) 

As this equation holds in general, it holds in particular for the crit

ical time (T c) and the critical concentration (C c). Under these conditions 
the critical radius (r c) is a function only of the initial amount of tryptophan, 

since T c and Cc are the same for each plaque on the same Petri dish. 

Therefore a plot of the logarithms of amounts applied versus rV4D should 

give a straight line. This was found to be the case {Figures 35 and 36). In 

other experiments, deviations from linearity were found at lower and higher 

ranges of tryptophan concentration. The deviations at low levels result 
from the fact that the site of application is not a point but has finite diameter, 

and the deviations at high amounts are the result of the change in the diffu

sion constant with changing concentrations. 

From Eq. 11, it is apparent that the critical time is the reciprocal 

slope of the lines in Figures 35 and 36, and that the critical concentration 
can then be derived from the extrapolated value of Mat zero radius. These 

values are tabulated for the physiological conditions indicated in Table 2 7. 
Also given in the table is the number of bacteria per ml of soft agar layer Be, 
present at the critical time, calculated from the initial number of bacteria 

and the growth rate in M- 9 synthetic medium at that temperature. 

The most striking conclusion that can be shown from these experi

ments is that Be is relatively small. While this quantity depends on the 

temperature, initial bacterial concentration, and phage concentration, it is 

in all cases much less than the total amount of growth that can occur on the 

Petri plate; in fact, the increase in bacterial numbers represents only 

1. 5-3.5 doublings. From an examination of the table, it would appear that 

Be is greater with a large inoculum than with a small one, but that the degree 
of growth is larger with a small inoculum than with a large one. This sug

gests that the critical state depends both on the size of the microclone and on 

the total concentration of bacteria in the soft agar layer. As the temperature 

is decreased, the bacterial growth rate decreases and, concomitantly, T c 
increases to give approximately the same value of Be. However, the critical 

concentration increases; this is in accord with the fact that the adsorption 

rate constant at a given concentration of cofactor decreases as the tempera

ture is lowered. ( 9) If the application of the tryptophan solution to the Petri 

plates is delayed, the critical time is decreased so that the total time 

(delay + tc) is approximately constant. 
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Figure 34. Plating efficiency va. tryptophan concentration. All plates 

were seeded with 2..1 x I 01 bacteria per ml of soft agar con
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Figure 35. The effect of temperature on macroplaque formation. 
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TABLE 27 

Critical time, bacterial concentration and cofactor concentration 

Control 

Temperature 27°C 

ao -6.7x 107/mld 

¢0 = 4.5 x 106/mld 

Low phage 

� = 4 5 x 105/ml '+'o • 

Low bacteria 

High bacteria 

80 = 44 x 10 7 /ml 

Delay 

Cofactor applied 
3 .25 hours after pouring 

3.7 

4.8 

10.2 

2.5 

5.1 

2.3 

1.9 

Critical values 

Bacteria 
cone en t ration 
(Bc),b 108/ml 

3.6 

3.1 

6.8 

2.1 

0.64 

12.5 

5.8 

Tryptophan 
concentration 
(Cc),c f..Lg/Cc 

0.26 

0.14 

0.31 

0.34 

0.15 

0.49 

0.38 

a. Tc 1s the reciprocal of the slopes of the lines in Figures 35 and 36. 

b. Be is computed from the initial bacterial concentration B0 and the 
time of growth and the growth rate at the particular temperature. 
In this medium the growth rate constant at 27°C is 0.42 generations 
per hour and has a Q10 of 2. The time of growth is Tc plus delay. 
The delay unless expressly mentioned is about 10 to 15 minutes. 
No lag phase is expected or assumed under these conditions. 

c. Cc is computed from Tc• the extrapolated intercepts of Figure 35 
and 36, the thickness of the agar layer (0.5 em), and the diffusion 
constant of tryptophan at the temperature of the experiment, using 
equations 10 or 11. 

d. Concentrations of bacteria or phage are expressed per ml of soft 
agar since neither can diffuse into the basal layer to any extent. 
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It might be expected that decreasing the phage concentration 100-
fold would necessitate increasing the tryptophan concentration Cc to a 
value such that the plating efficiency at the edge of the plaque would be in
creased 1 00-fold in order to effect compensation. Thus in the region 
where P. E. depends on the 4th power of the tryptophan concentration, C c 
would increase 3. 2 times. However, a very much smaller increase was 
observed. At present we have no explanation for this phenomenon although 
it appears regularly. Equally inexplicable is the fact that T c is smaller at 
decreased phage concentrations rather than independent of phage titer as 
expected. The explanation may eventually be found in an interaction be
tween virus particles and bacteria under conditions in which invasion cannot 
occur. 

It is of interest to compare the results of experiments of this type 
with the results of plating efficiency measurements on one hand and with 
published adsorption rate data(9) on the other. If the conditions of the ex
periment shown in Figure 34 were duplicated in the present type of experi
ment, B0 would be 2. 1 x 1 07/ml, and the interpolated values for the critical 
constants would be T c = 4. 5 hr, Be = 1. 4 x 1 08/ml and Cc = 0. 2 iJ. gj cc. 
This tryptophan concentration would correspond to a P.E. of about 10-2 
(Figure 34). A phage titer of 4.5 x 106/ml would result in 4.5 x 104 infec
tions per ml, potentially capable of giving rise to plaques. Since the 
thickness of the soft agar layer is close to 0. OS em, this number of infec
tions would correspond to 2.2 x 103/cm2 or about 20/mm2• The size of an 
ordinary plaque is of the order of a square millimeter; hence a random 
distribution of 20 events within this area would completely clear it of 
bacteria. The agreement between the two types of experiment would be 
closer if a P. E. were chosen which corresponded to the average tryptophan 
concentration in the critical region rather than to the final value. Depending 
on the method of computing the average, a value of 0.5 to 1.0 is obtained 
for the number of infections per square millimeter at the edge of the macro
plaques which just cause complete clearing. This is, of course, a very 
reasonable result. 

Substituting the above values of Be and B0 and the growth rate at 27°C 
into Eq. 7, Eq. 12 is obtained: 

P. E • = 1 • 1 x 1 o
1 

0 
• k • (12) 

Substituting for k the value 1. 7 x 10-11 ml/bacterium/min, interpolated 
from Figure 2 of the report of Stent and Wollman(9) for the conditions of 
these experiments (27° C and a tryptophan concentration of 0. 5 iJ.g/ml), 
p. E. is found to be 1. 7 X 1 o-l. This is in good agreement with the value 
of 0. 2 given in Figure 34. 
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The action of carboxypeptidase substances as cofactors. 
Chloroacetyl-L-tryptophan appears to be a cofactor for virus adsorption. 
The effect cannot be ascribed to traces of L-tryptophan in the sample 
since it occurs even after purification of the material by passage through 
a Dowex-50 cation exchange column, which should remove all substances 
containing primary amines. The degree of activity of this substance on 
a weight basis is 1, 500 times less than that of L-tryptophan. 

Carbobenzoxy-glycyl-L-tryptophan does not appear to be a cofac
tor since its presence does not result in any increase in phage titer even 
at a final concentration of 0. 116 IJ.g/ml. 

Calculation of counting efficiency. The primary purpose of this 
investigation is to ascertain the probability that an enzyme molecule will 
give rise to a detectable virus plaque under various conditions. This prob
ability will be called the counting efficiency. To carry out this computation 
we shall consider that the carboxypeptidase molecule is stationary. and that 
it produces tryptophan molecules which then diffuse away. At room tem
perature the diffusion constant of carboxypeptidase is 9. 95 x 1 o-7 cmz/ sec, (1 0) 

14 times smaller than that for tryptophan. Since the concentration of sub
strate is not significantly decreased by the action of only one molecule of 
enzyme the rate of production of tryptophan will be constant. A steady state 
will be rapidly attained, in which tryptophan will diffuse away at the same 
rate that it is formed. Mathematically, tryptophan concentration at any 
distance from the source may be calculated by writing the Fick diffusion 
equation in spherical coordinates and solving the differential equation, with 
the boundary conditions that the concentration at infinite distance from the 
source is zero and that the amount of material moving through any spherical 
shell per unit time is equal to the production rate. The same result may be 
obtained by application of a study by Rashevsky, (20) who calculated the dif
fusion from or into a spherical cell of radius r0 that is producing or utilizing 
a substance at a constant rate. If the radius of the cell is decreased to zero, 
the same equation for diffusion from a point source is found. 

Q 
c - 47TDr 

' ( 13) 

where Q is the rate of production and C is the concentration at any dis
tance r. 

From the concentration C, the adsorption rate constant can be calcu
lated from the relationship 

k =A ·en 
' (14) 

where A and n are known constants. From the adsorption rate constant 
and Eq. 7, the P.E. at any distance from the enzyme can be obtained. 
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Multiplying this value by the phage concentration and integrating over all 
space, Eq. 15 is obtained: 

Number of infections per enzyme -

B - Bo 
A. 

B c - B 0 • l1T Q • _r_,o'-----
""7'"'

-
( )n -n + 1 

A. 47TD n - 1 ( 15) 

The integral must be taken from r0 rather than zero because the integral 
diverges, since mathematically the concentration of cofactor tends to in
finity as r goes to zero. It is reasonable to take r0 to be the radius of the 
carboxypeptidase molecule (2. 2 x 10-7 em). 

The maximal usable phage titer, which is at present limited by the 
number of plaques formed in the absence of cofactor, is about 109/ml. 
The constants A and n can be estimated(?. 9) to be 1. 4 x 1013 and 4. 6, re
spectively, when the concentration is measured in moles per liter. At 
high substrate concentration Q has a value of the order of 100 molecules 
per second or 1. 6 x 1 o-zz moles per second, (11) and is assumed to be rep
resentative of each molecule in the population. The value of D is 
6. 9 x 1 o-7 cm2/ sec at 25° C: B<; - B0 is approximately 1 08/m1 and A, the 
growth rate constant, is 0. 347jhr at 25°C. Substituting these values into 
Eq. 15, we obtain for the number of infections per enzyme molecule a 
value of 6.56 x 10-IZ. Clearly, in order to achieve our desired results, 
namely the detection of individual enzyme particles, it is necessary that 
this value be of the order of unity. 

From an examination of Eq. 15, it is clear tha� a factor of 10 or 
100 might be obtained by increasing the phage concentration, that is, if 
plaque formation in the absence of cofactor could be reduced. The critical 
number of bacteria can be changed somewhat by altering the temperature 
or by adding nutrilite to the medium, but it would be expected that the 
growth rate constant would be altered in such a way as to compensate for 
any gain in counting efficiency due to increased Be. The value of Q de
pends on the substrate concentration, but we have already assumed in our 
calculation the maximal value obtained at large substrate concentrations. 
It might however, prove to be the case that the majority of the molecules 
in a sample of enzyme are inactive. In this case the turnover number of 
the remaining molecules would have a higher value than is customarily 
assumed. The value of D can be only slightly modified by changing the 
temperature. 

This leaves only A and n as factors that might be changed to im
prove the counting efficiency. From the hypothesis that Stent and Wollman 
proposed to explain the activation of T4, 38, these quantities should be 
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related to the number of key sites and their affinity constants. Note that a 
small change in either of these quantities might reflect large changes in A, 
and consequently, in the number of infections per enzyme. Suppose, for in
stance, that although T4• 38 contains 5 key sites, a phage stock could be ob
tained which possessed only 3 key sites, each with the same affinity constant; 
then the detection of a single enzyme molecule would become feasible. The 
existence in nature of such strains is indicated; (4, 5) consequently they might 
be obtained or reisolated for use in the perfection of this technique. 

Another possible avenue of investigation is that suggested by the un
published experiments of DelbrUck and Stent, (quoted in Stent and Wollman(9)) 
in which reduction in ionic strength was found to increase greatly the ability 
of low cofactor concentration to activate T4• 38• 

Summary 

An attempt was made to detect single molecules of the enzyme car
boxypeptidase. A mixture of the enzyme, a synthetic tryptophan-containing 
substrate, virus T 4• 38, and];. coli B was plated. It had been hoped that the 
tryptophan produced by the enzyme would reach high enough concentration to 
cause the virus to infect its host and thus give rise to plaque formation. This 
experiment failed, but in examining the population dynamics of such a system, 
some interesting features were found, from which it could be calculated that 
such a technique could possibly succeed with other virus strains. 
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APPLICATION OF GAMMA-RAY SPECTROMETRY 
TO MULTIPLE-TRACER STUDIES. II. 

Philip F. Gustafson and William M. Westfall 

A method utilizing the cascade emission of -y-rays as a means for 
distinguishing two isotopes having almost identical 'Y-ray spectra may be 
illustrated by the use of Co60 and Fe 59• Decay of an Fe59 nucleus results 
in either a 1.10 or a 1. 29-Mev-y-ray. Co60 on the other hand, emits a 
1. 17 and a 1. 33-Mev -y-ray with each disintegration. 

As seen in Figure 37, the-y-ray spectra are so similar that it is 
difficult to use the method for simultaneous counting that was described 
previously. (1) By using a well-type Nai(Tl) counter (2 x 2-1/4 in., with 
3/4 x 1-1/8-in. well), an appreciable fraction of both of the Co60 photons 
is detected within the resolving time of the system. A continuum of 
pulses extending from 1. 33 Mev to 2. 5 Mev, the latter being the sum of 
the two -y energies from Co60, results from the various modes of photon 
absorption within the crystal, as well as the size of the crystal. This is 
illustrated by the high energy tail which actually peaks at 2. 5 Mev. 
Except for a few chance coincidences, such an effect is not present in the 
case of Fe59• 
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Simultaneous counting of these two isotopes is effected by setting 
window A to cover the four photopeaks and window B to cover the region 
from 1. 6 Mev to oo. The counts in windows A and B are 

• 

Thus Co60 may be evaluated without interference from Fe 59 in window B, 
and the Fe59 count obtained by subtracting those counts due to Co60 in 
window A. 

This approach may be used with any isotope characterized by 
cascade -y emission, such as Na24• 
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INVESTIGATIONS ON THE POSSIBLE ROLE OF AMINE OXIDASE 
IN AUXIN BIOSYNTHESIS IN THE PEA 

Ronald A. Moss 

Although considerable evidence exists to indicate that one of the 
principal loci of radiation sensitivity in the higher plant is the soluble cyto
plasmic system which converts tryptophan to indoleacetic acid (IAA), the 
precise mechanism of this conversion remains unknown. (1) Two possible 
pathways for this conversion have been proposed. either indolepyruvate or 
tryptamine acts as an intermediate between tryptophan and indoleacetalde
hyde which is then oxidized to IAA. Of the enzymes in higher plants which 
could be involved in the conversion, two have been studied to date. One is 
the amine oxidase (2, 3) which can oxidize tryptamine, and the other is a 
peroxidase which is capable of oxidizing a variety of aldehydes, including, 
presumably, indoleacetaldehyde. (4) 

Preliminary studies showed that amine oxidase from pea tissues is 
markedly inhibited by a variety of compounds, some of which are relatively 
specific. The oxidation of tryptamine by a partially purified preparation of 
amine oxidase from pea cotyledons was inhibited 100% by 10-3M 2,2-dipyridyl 
and orthophenanthroline and by 1 o-z .M ethylenediamine and 1 ,3-propanediamine 
Marsalid (isopropyl isonicotinylhydrazine) at 10-z M inhibits the enzyme by 
about 85%. Similar results are obtained if a cell-free homogenate of young 
pea tips is used as the source of the enzyme. Marsalid has not been found 
to be particularly inhibitory to other enzymes tested to date with the possible 
exception of beef spleen DN -ase. (5 

• 6) 

These data suggested a way in which it might be possible to deter
mine whether the tryptamine pathway is functioning in a tissue possessing 
both amine oxidase and tryptophan conversion activity, e. g., stem or leaf 
tissue of young peas. Inhibition of the conversion of tryptamine to IAA by 
agents which under the same conditions failed to inhibit the conversion of 
tryptophan to IAA would make it highly improbable that free tryptamine is 
an intermediate in the tryptophan conversion. 

Previous results (7) supported this conclusion. However, they were 
based upon a direct colorimetric assay of the acid, ether-soluble fraction 
from the incubation mixtures Insofar as this method of assay is not spet:ific 
for IAA, the data are equivocal. The problem has therefore been reexamined 
using more refined techniques 



.. . . . . . . . . . . .  . . . . . . . . - - -- ,.  . . . 
- .  . • 

Methods 

• 
• 

The tips of 7-day-old peas which were grown on moist vermiculite 
were removed, weighed, frozen in liquid nitrogen, and ground in a chilled 
mortar with fine sand. Phosphate buffer, 0 05 M, pH 7. 0, was added in 
a ratio of 3 ml buffer to 1 g tissue and the grinding was continued until a 
fine slurry was obtained. This was filtered through fine mesh nylon and 
the filtrate was centrifuged for 30 min at top speed in a Serval centrifuge 
at 2° C. The supernatant fraction was used as the source of the conversion 
system. Each flask contained 5 ml of enzyme preparation, 200 J.LM of 
L-tryptophan or 100 J.LM of tryptamine, with inhibitor to give the final con
centrations indicated in Table 28, and water to give a final volume of 10 ml. 
After one hour at 30° C in a Dubnoff shaker the reaction was stopped by 
boiling, and the acid, ether-soluble fraction was separated. 

TABLE 28 

Influence of amine oxidase inhibitors on conversion of 
tryptophan and tryptamine to IAA 

Inhibitor, 
Total yield of IAA, J.Lg�' 

final concentration 
Exp 1 Exp 2 Exp 3 

Tryptophan 

None 0.2 0.1 0 . 1 

Ethylenediamine (1 o-2 M) 0.3 2.2 0.1 

1 ,3-Propanediamine (l o-2 �) 0.1 0.4 0.1 

Marsalid (10-2M) 2.3 0.8 0.9 

2,2-Dipyridyl (lo-3 �) 0.2 0.8 0.1 

Orthophenanthroline (1 o-3 �) 0.3 0.4 0.2 

Tryptamine 

None o. 1 0.8 0.5 

Ethylenediamine {1 o-Z M) 0 0 5 0.5 

1, 3-Propanediamine (1 o-2 M) 0.5 0.8 0.6 
-

Marsalid (10-2M) 0.7 1.0 0.4 
-

2 ,2-Dipyridyl (1 o-3 M) 1.8 0.3 a·. 4 

Orthophenanthroline (1 0-3 M_) 0.4 1.1 0.8 

*All values are corrected for IA.A obtained using boiled enzyme. 

Exp 4 

o. 1 

o. 1 

0.2 

-
-

-

-
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-
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Because of the low yields, each of the treatments was run in tripli
cate and the final ether extracts from the three incubates in each treatment 
were pooled. Mter they were reduced in volume the ether extracts were 
quantitatively transferred to strips of Whatman No. 1 filter paper and de
veloped by the ascending technique, using a 10:1:1 mixture of isopropanol, 
28% ammonia, and water as the developing solvent. (8) The spot containing 
the IAA, as indicated by a test strip to which IAA had been added, was cut 
out and assayed directly by the standard Avena section test. The amount 
of IAA present was read from a standard curve prepared by chromato
graphingknown amounts of IAA and treating them in the same manner. 
Preparation of the standard curve in this manner was found to be necessary 
to correct for the effect of the presence of the paper on the bioassay re
sponse. 

Results and Discussion 

The results are summarized in Table 28. In spite of their variability, 
the data indicate that the amine oxidase inhibitors tested not only failed to 
inhibit conversion from tryptophan but probably enhanced the net conversion. 
Surprisingly, the conversion from tryptamine seems to be similarly enhanced, 
although to a smaller degree. The possibility remained that the inhibitors 
affected both the amount of IAA formed and the amount of IAA recovered from 
the incubation mixtures, so that the above results represented a somewhat 
misleading net effect. This was investigated by adding 1 J..Lg of IAA-2C14, 
chromatographically purified before use, to enzyme preparations and carry
ing out the incubation and recovery as outlined above. The spots on the chro
matograms containing the IAA were eluted and aliquots were counted in a 
proportional gas-flow counter. Recoveries varied from 15 to 40%, with one 
exception. No pronounced effect was obtained by boiling the enzyme prior 
to the incubation orby the presence of any of the inhibitors except Marsalid. 
The presence of Marsalid at 1 o-z M increased the recovery to 65 to 85%. 
Parenthetically, it may be added that recovery of IAA from buffered solu
tions in the absence of any enzyme preparation was increased nearly five 
times, from 12% to 57%, by the same concentration of Marsalid. It thus 
seems doubtful if the effect can be ascribed to an inhibition of an IAA
destroying system. If the data in Table 28 are corrected accordingly, the 
magnitude of the conversion is altered in each instance but essentially the 
same pattern is obtained. 

It may be argued that because of the low yields of IAA obtained from 
tryptamine, the oxygen consumption could be inhibited by 99. 8% and still be 
sufficient to account for the IAA formed. Since the yields in the presence and 
absence of inhibitors were roughly the same, this would necessitate an in
crease in relative conversion efficiency of 500 times when the enzyme was 
inhibited, and this seems rather improbable. 
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On the basis of these data it may be concluded that, although tryp
tamine may function as an intermediate in the conversion of tryptophan to 
IAA, it is improbable that amine oxidase plays a role in this conversion. 
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