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ABSTRACT 

THE USE OF ULTRAFRACTIONATED RADIATION 
IN THE STUDY OF RADIATION-INDUCED REACTIONS 

OBJECT 

To atudy the effects produced by ultrafractionated radiation 
and to re la te  the observed minima in cell damage to the quantitative 
and/or specific importance of radiation- induced reactions. 

RESULTS 

Ultrafractionated ultraviolet irradiation did not damage yeast 
cells to the same extent a1 continuour irradiation. Definite minima 
in the per cent of yeast cells damaged were found for single ex- 
posure t imes of 0.024 sec  and 0.0025 i e c  correrponding to radiation 
pulses of 13.8 per sec a d  133.3 per sec,  respectively. 

CONCLUSIONS 

The observed minima in per cent of yeart  cells  damaged that 
resulted from ultrafractionated ultraviolet irradiation may be r e -  
lated to the time existence of some radiation induced reactions. 
The magnitude of these observed minima may be of value in con- 
sidering the quantitative and/or specific importance of particular 
reactions in the overall  biological effect. 

RECOMMENDATIONS 

Because of the fundamental value of such studies in under- 
standing the mechanisms by which irradiation effects a r e  produced 
in chemical and biological systems, the studies should be extended 
to include various types and qualities of radiations, various chemi- 
cal and biological systems, various ratios of exposure time to pause 
time, a range of dose ra tes ,  different extremes of exposure tem- 
perature s and total body x-irradiation (ultrafractionated). 
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USE OF 
STUDY 

ULTRAFRACTIONATED RADIATION 
OF RADIATION -1ND UCED REACTIONS 

I. INTRODUCTION 

The influence of ultrafractionated x- and beta-radiation on 
various biological systems, Drosophila pupae and eggs, and B. 
coli, has been investigated by Witte and co-workers (1-3) and by 
Hofmann and Muller (4). Differences were observed between ultra- 
fractionated radiation and cmtinuous radiation of the same total 
dose, In addition, definite minima were observed in the number of 
cells damaged or the per cent deaths that occurred for certain f r e -  
quencies (single rzdiation exposure t imes)  of the ultrafractionated 
radiation. 
served phenomena. 

No definite explanation has been given for these ob- 

This report  presents studies on ultrafractionated ultraviolet 
irradiation of yeast cells  with an attempt to relate the minima in 
cell damage to the time existence of the radiation-induced reactions. 

11. EXPERI-MENTAL 

The experimental arrangement is shown in Figure 1. It con- 
sists of a high intensity ultraviolet radiation source (a Hanovia 
Utility Model Quartz Lamp) operated a t  143 volts DC, 1.3 amps, 
no filter, and source-specimen distance of 7 cn?. 

The ultrafractionation of the radiation was produced by a strobic 
disc made of ST-6 aluminum*, 1 /8  inch thick, 8 1/2 inches in di- 
ameter, circular aper tures  7 / 8  inches in diameter,  with aperture 
centers 3 3/8 inches from disc center. The ratio of the exposure 
time to pauss time for the disc was 1:2 with 8 single exposures per 
disc revolution. The disc was driven by a Bodine Electric Motor, 

compensated line voltage changes. A power stat  provided regulation 
of motor speeds up to 2 100 rpm. The disc speed was measured with a 
strobotac. 

\ type NSE-12, 1 / 7  horsepower. A constant voltage transformer 

The test specimen used in these studies was a s t ra in  of Sac- 
charomyces cerevisiae**. Stock cultures of yeast were grown for 

*Supplied bl the Reynolds Aluminum Company, Louisville, Kentucky. 

**Culture supplied by Joseph E. Seagram and Sons, Inc. , Louisville, 
Kentucky and is listed a s  No, 4125 in the American Type Culture 
Collect ion Cata! og . 

-=--.-- 

Washington National Record Center 
Office of the Army Surgeon General 
Record Group 112 
A - r s c e i n n  #: 5.a 6 1s 5 v (S v / )  

1 



! 

! 

Washington National Record Center 
Oflice of the Army Surgeon General 



r 

h 

a period of one to two weeks on slants having the following composi- 
tion: 1.070 dextrose, 0. 5% yeast extract ,  0. 5qo peptone and 2. 0% 
agar.  After incubation at room temperature for 36-48 hours, the 
f resh slants were stored a t  5OC. 
into Sorenson's phosphate buffer at pH 5.4  served as inoculum for 
the liquid cultures to be used in the experiment. By suitable di- 
lution the inoculum was brought to a standard optical density of 
0.60-0.67 (compared to 0. 00 for distilled water) a s  read on a 
Coleman Spectrophotometer (600 A 1. 
(media composition: 5% dextrose,  0.570 yeast extract and 0.570 
peptone) were inoculated with 0. 5 ml of cell suspension and then 
incubated without shaking at 3OoC for 16 hours,  
the pooled cultures were centrifuged at 200 g for 5 minutes. 
supernate was discarded and the residue resuspended in an equiva- 
lent volume of Sorenson's phosphate buffer at pH 5.4. 
trifuging and resuspending twice more,  the optical density of the 
suspension was brought t o  a standard value between 0.60 and 0.67. 

Cells washed from a stored slant 

Three 20 ml  liquid cultures 

After incubation 
The 

After cen- 

One ml aliquots of the cell suspension contained in glass plan- 
chets were used for the radiations. The suspension was magnetic- 
ally st irred during the irradiation to allow a replacement of the top 
layer of yeast cells and provide a more homogeneous dose to the 
suspension. A blower served to reduce ozone effects and tempera- 
ture changes, A one-minute continuous irradiation under the given 
conditions provided a suitable percentage of damaged cells,  as in- 
dicated by the uptake of Eosin B (5, 6). 

The ultrafractionated irradiation experiments were run for 3 
minutes using different disc frequencies. 
irradiation a drop of cell suspension was placed on each counting 
area of a hemocytometer slide. A drop of 0.5% aqueous Eosin B 
was added to each and mixed with the cell suspension. The slide 
with cover slip was then allowed to stand in subdued light for 10 
minutes (this accepted staining time followed by immediate cell 
counting was a result of preliminary t r ia ls) .  
counted from each area .  
and percentage of stained cells calculated. 
encountered between the two 200 cell  samples from the same slide 
was 370. 

Immediately after the 

Two hundred cells were 
Stained and unstained cells were tabulated. 

The maximum variation 

III. RESULTS 

Table 1 gives, a s  an example, data for one experiment (Exp. 2 )  
covering single exposure t imes of 0.1516 sec to 0.0036 sec.  These 
single exposure t imes correspond to 396 and 16560 single exposures, 
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respectively, for the 3 minute total experiment time. The average 
damage of yeast cells  for the one minute continuous radiation was 
65.270. The ultrafractionated irradiation damage is expressed in 
per cent of continuous irradiation damage. 
of single exposure t imes,  the damage of yeast cells compared to the 
continuous irradiation damage ranged from 95.670 to a minimum of 
39.9% at a single exposure t ime of 0.024 sec.  
97.970 was found with further shortening of single exposure times 
to 0.0036 sec.  

For  the above range 

An increase to 

TAl?U 1 
EFFZIS ff ULTRAFRA[JTIMTED UL?RAVIc&ET RADIATIaJ ON YEAST CELL D A M E  

Total  Time for  Ul t ra f rac t iona ted  Radiations - 3 minutes 
Disc Radiat ion Exposure S ingle  S ingle  Damged Dam ed 
Speed Exposures Period Exposure Exposure Ce l l s  cells 

(revlmin) par min. msec/plsc Time log(msec) %(-rage) (% of continuous 
msec r a d i a t i m  damage) 

1.0 
id ia t ion damage 

Sta in ing  and manipulhtion only (average)- 

6s .2 100.0% I (64- 66) 

I 1 minute 

104.0 632.2 

163.0 1304.0 
208.0 1664.0 

134.0 1072.2 

254.0 21032.0 
305.0 2440.0 
350.0 I 2040:D 
374.0 2992.0 -. ._ 

430.0 344Q.O 
520.0 4160.0 
595.0 4760.0 
690 0 5520.D 

mtinucus 

454.9 
332-0 
205.6 
128.5 
97.6 
78.1 
72.1 ’ 

55.9 
46.0 
36.1 
29.5. 
24.6 
31.4 
20.0 
17.5 
14.4 
12.6 
10.9 

151.6 
11 0.7 

68.5 
42.8 
32 .5 
26.0 
24.0 
18.6 
1 5 3  
12.0 

9 “ 8  

7,. 1 
6.7 
5.8 
4.8 
4.2 
3 .6 

e 3 

2.17L 
2.044 
1.836 
1 .a1 
1.512 
1.415 
1.380 

1.185 
1 .w9. 

.991 
.914 
.851 
. a 6  
.763 
,681 
.623 
.556 

1 ma. 

62.3 
57.3 
54.0 
47.0 
37.3 
27 -3  
26.0 
39.5 
40.5 
41 .O 
51.0 
51.8 
53.3 
55.3 
57.3 
59.0 
62.5 
63.8 

95.6 
87.9 
82.8 
72.1 
57.2 
41.9 
39.9 
60.6 
62 .1 
62.9 

79.5 
81.8 

87.9 
90.5 , 95.9 
97.9 

78.2 

84.8 

Figure 2 shows the results of 5 individual experiments covering 
single exposure t imes from 0. 1516 sec to 0. 0012 sec.  
a single exposure time of 0. 1107 sec (right side of figure), there 
was a decrease in the per  cent damage with decreasing exposure 
time. 
continuous irrzdiation damage, was found at  an average single 
exposure time of 0. 024 sec. 
shortened further,  the per cent damage increased to approximately 
95% of the continuous irradiation value. A second minimum of lees 
magnitude, averaging 7770 of the continuous irradiation damage, 
occurred at an average single exposure time of 0. 0025 sec. 
further decrease of the single exposure t ime, the per cent damage 
increased again to approximately 9 6 . 5 %  of the continuous irradiation 
damage. The straight line at  100% indicates the damage with con- 
tinuous irradiation ( i .e .  an average of 65.2% of total cells damaged - see Table 1). 

Starting at  

A mir-imum in the per cent damage, averaging 36 770 of the 

When the single exposure times were 

For 
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IV. DISCUSSION 

77.0% of the continuour irradiation damage, were observed for r b g l s  
exporure times of 0.024 rsc and 0.0025 roc. The experiment81 
curve8 compare favorably with the ob8ervationr of Witte (1 ,2 ,3}  
and Hofmann and Muller (4) on the ultrafractionated x- and beta- 

Witte found 
that ultrafractionated x-irradiation of Drorophila pupae with a do80 
rate of 86.5 r per min and single exporure timer of 0.01 roc rerulted 
in a decrease in the number of pupae deathr, Witte ured a dirc 
ratio of exporure time to pause t ime of 1:2, A minimum in the 
curve, 47.3% of continuous irradiation deathr, occurred with mingle 

1 irradiation of Drosophila pupae and eggr, and B, coli, 

cxporure times of 113000 roc. If the mingle exposure timer were 
further rhortened, the number of pupae derrthr increared again. In 
mort recent investigationr, Witte ured other ratios of ringle ex- 

L 6 
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and the total time associated with numerous reactions the "total 
sensitive time. 'I 
Witte's quite general "time of instability1' of the irradiated volume. 
It i s  then possible from radiochemical considerations to break down 
these general time concepts, that i s ,  to apply the sensitive time con- 
cept not on a general bas i s  but in t e r m s  of "sensitive times'' of 
specific radiation-induced reactions. By so doing it may then be 
possible to correlate  these specific reaction t imes to certain ex- 
posure frequencies (single exposure t imes) of the incident radiation, 
a s  the following i l lustrates.  Let t l  be the "sensitive time" for  a 
specific "reaction. I' For single exposure t imes much greater than 
t i ,  there will be no difference in observed biological effect between 
constant and fractionated irradiation. As the single exposure time 
decreases (by increasing disc speed) and approaches t i ,  the effect 
will reach a magnitude which may be detected biologically. 
single exposure t imes a r e  made smaller than t i ,  but with pause 
times still remaining greater than t l ,  then the decrease in the 
biological effect becomes significant. The minimum will occur 
when the sum of the single exposure time and pause time is equal 
to t l .  
also decrease and the sum of single exposure t ime and pause time 
will become less  than t l .  
occur in time t l  azd the effect will increase again. 
minimum, and following increase in biological effect with decreasing 
single exposure time is shown in Figure 2 .  
single exposure t imes will result  in other observed minima a s  
"sensitive times" of other reactions of the complex biological system 
are  reached. Figure 2 shows at least  2 such "sensitive times" for 
the range of single exposure t imes used in this study on ultraviolet 
irradiation of yezst. 
indicate the quantitative and/or the specific importance of the parti-  
cular reaction in the overall biological effect. 

This "total sensitive time" concept is similar to 

If the 

With further shortening of single exposure t imes,  pause t imes 

When this is the case two exposures will 
This decrease,  

Further decrease in 

The magnitude of the observed minima may 

The location of these minima may depend to some extent on such 
variables z s  th? ratio of exposure time to pause t ime, dose ra te ,  
type and quality of radiation, s.nd biological tes t  material. The 
radiation of the biological specimens a t  extreme temperatures may 
also alter the location of the observed minima due to a dependence 
of various reaction t imes on temperature.  Further detailed studies 
on these points a r e  indicated. 

The con.sidera,tions presented here  can be extended to the field 
of radiztion therzpy as indicated by Witte. 
tissue and normal t issue will respond differently to ultrafractionated 
radiation of certain frequencies. 

It may be that malignant 

This could be due to a difference 

8 
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A possible interpretation of the observed phenomena may be 
based on radiochemical concept s involving the "lifetime1' of the 
radiation-induced reactions. It is known that for ionizing radiation 
these reactions follow the production of ion pairs ,  believed to occur 
in about 
products) in about 10-9 o r  
actions in about sec (10). For  ultraviolet radiation the produc- 
tion of the radicals can result  from processes such as dissociation 
and internal conversion, 
is greater than i t s  binding energy, it will dissociate directly into 
radicals after a single vibration. For  internal conversion the ex- 
citation energy of the electronic system is t ransferred to oscilla- 
tional energy of the atamic constituents of the molecule. 
cule will then undergo reactions similar in some respects to a 
molecule a t  high temperatures and may break up into radicals.  
their production these radicals may recombine, become involved in 
chemical actions or  diffuse through the medium. 
of the "lifetime" of the radiation-induced reactions have been gained 
from studies with cysteine and trypsin, and show 'short-lived as well 
as long-lived reactions (1 1- 13). 

sec (8); the formation of radicals (activated water 
sec (8,9) ;  and initial chemical re- 

If the oscillational energy of the molecule 

The mole- 

After 

Gross estimates 

More exact measurements of the lifetimes of the reactions have 
been found in photochemical and radiochemical studies using rotating 
sector methods to produce the intermittent radiation. 
ments of Br ie r s  e t  a1 (14) showed the mean life of the catalyst to be 
0.03 sec when a solution composed of potassium oxalate, iodine, and 
potassium iodide was illuminated with white light. 
Style (15) applied the intermittent light technique for the decomposi- 

The experi- 

-- 
Allmand and 

tion of hydrogen peroxide. 
radical was the catalyst present,  with a mean life of 1 second. 
and Matheson (16) investigated the mechanism of the Co60 gamma- 

They postulated that the hydroxyl f r ee  
Hart 

ray-induced decomposition of hydrogen peroxide. This decomposi- 
tion is a chain reaction in which water, oxygen, and a small  amount 
of hydro en a r e  the produ.cts. 
using C J o  gamma-ray bombardment, found an average free radical 
chain lifetime of approximately 0. 1 sec in a chloral hydrate solution 

More recently, Hummel -- et a1 (17), 

and approximately 1 sec in a chloroform system. 

These studies on the lifetime of the radiation-induced reactions, 
along with the ideas of Witte, suggest the following interpretation 
of the observed minima. Considering the incidence of radiation on 
a biological system, there will occur,  depending on the complexity 
of the system, several  radiation-induced "reactions" leading to  
some observable effect. The total volume of the system influenced 
by this radiation incidence may be called the "total sensitive volume" 

7 
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and the total time associated with numerous reactions the "total 
sensitive time. ' I  This "total sensitive time" concept is  similar to 
Witte's quite general "time of instability" of the irradiated volume. 
It i s  then possible from radiochemical considerations to break down 
these general time concepts, that i s ,  to apply the sensitive time con- 
cept net on a general basis but in t e rms  of "sensitive times" of 
specific radiation-induced reactions. By so doing i t  may then be 
possible to correlate these specific reaction t imes to certain ex- 
posure frequencies (single exposure t imes) of the incident radiation, 
as  the following i l lustrates,  Let t l  be the "sensitive time" for a 
specific "reaction. ' I  For single exposure t imes much greater than 
t i ,  there will be no difference in observed biological effect between 
constant and fractionated irradiation. As the single exposure time 
decreases (by increasing disc speed) and approaches t i ,  the effect 
will rezch a magnitude which may be detected biologically. 
single exposure t imes a r e  made smaller than t 1, but with pause 
times still remaining greater than t l ,  then the decrease in the 
biological effect becomes significant. The minimum will occur 
when the sum of the single exposure time and pause time is equal 
to t l .  
also decrease and the sum of single exposure time and pause time 
will become less  than t l .  
occur in time t l  and the effect will increase again. 
minimum, and following increase in biological effect with decreasing 
singla exposure time i s  shown in Figure 2. 
single exposure t imes will result  in other observed minima a s  
"sensitive times" of other reactions of the complex biological system 
are reached. Figure 2 shows at least 2 such "sensitive times" for  
the range of single exposure times used in this study on ultraviolet 
irradiation rJf yezst. 
indicate the q;J.antitative and/or the specific importance of the parti- 
c d a r  reaction Li. the overall biological effect. 

If the 

With fu- ther  shortening of single exposure t imes,  pause t imes 

When this is the case two exposures will 
This decrease,  

Further decrease in 

The magnitude of the observed minima may 

Thz locatior, of these minima may depend to some extent on such 
variables zs t h n  ratio of exposure time to pause time, dose ra tep  
type and qualit-1 of radiation, z.nd biological tes t  material. The 
radiation of ths biological specimens at  extreme temperatures may 
also alter the location of the observed minima due to a dependence 
of various reaction times on temperature. 
on these points a r e  indicated. 

Further d.etailed studies 

The con.sidera,tions presented here  can be extended to the field 
of radiation therzpy a s  indicated by Witte. 
tissue and normal t issue will respond differently to ultrafractionated 
radiation of certain frequencies. 

It may be that malignant 

This could be due to a difference 
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in the chemical composition of the cells o r  media and/or a difference 
in the diffusion rates  of the reactions in malignant and normal t i s -  
sues. It would thus be possible to ultrafractionate the therapeutic 
dose at such a frequency a s  to result in maximal damage to malig- 
nant tissue with little damage to surrounding normal tissue. 

V. SUMMARY 

Results a r e  reported which show differences in the per cent of 
yeast cells damaged by ultrafractionated ultraviolet irradiation a s  
compared to continuou3 irradiation. Definite minima in per  cent 
of yeast cells damaged were found for single exposure t imes of 
0.024 sec and 0.0025 sec corresponding to radiation pulses of 
13.8 per sec and 133.3 per sec, respectively. 
these minima may be related to the time existence of some radiation- 
induced reactions, 
indicate the quantitative and/or specific importance of particular 
reactions in the overall biological effect. 

It is suggested that 

The magnitude of these observed minima may 

VI. RECOMMENDATIONS 

These studies using ultrafractionated irradiation techniques 
should be extended to include: 

1. The uBe of various types and qualities of radiation and of 
various chemical and biological tes t  systems,  

2. The influence on the observed minima of various ratios of 
exposure time to pause time and of various dose rates .  

3 .  The influence of extreme temperatures on the observed 
minima of the biological effect. 

4.  The determination of the biological effect for ultrafraction- 
This study should include pre- i r rad i  - ated total body x-irradiation. 

ation injection of protecting agents such a s  cysteine, glutathione, 
etc, , in an attempt to identify the reactions responsible for the 
minima, 
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