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INTRODUCTION

Increasing interest is being focused on specific enzyme systems and their response
to irradiation as an aid in studying the biological effect of ionizing radiations on a
whole organism. There is already some support for the premise that alterations in
the function of a cell, as indexed by alterations in enzyme activity, may occur before
morphological changes become manifest (7).

Considerable emphasis has been placed on the study of the phosphatases, in
particular those which hydrolyze adenosine triphosphate and adenosine-5-phos-
phate (2-10). Although there is some disagreement among investigators as to the
effect of total-body irradiation on certain enzyme systems (2, 10), and on the
interpretation of the results when an effect is demonstrated (2-10), progress never-
theless is being made toward a better understanding of the biological effects of
irradiation through this type of approach.

Quite a few papers have been published on the effect of irradiation on enzyme
systems that metabolize compounds which contain purines; however, there are
none concerning those systems that act on the pyrimidines. The reason for this has
probably been the lack of a suitable method of assay specific for the pyrimidines.
Such a method has recently been developed, however, and the normal enzyme
activities of various rat tissues toward uracil, uridine, uridylic acid, cytosine,
eytidine, and cytidylic acid have been reported (77). Under the conditions of assay,
the only reactions which were detected for the various substrates were: dephos-
phorylation of uridylic and cytidylic acids, deribosidation of uridine, and deamina-
tion of cytidine (brain tissue only). The present paper will deal with the effects of

1 This research was supported by Cancer Research Funds of the University of California.

2z Present address: Department of Radiology, Stanford University School of Medicine, San
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3 Deceased, September 1955.
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graded doses of whole-body X-irradiation on these active enzyme systems in rat
pancreas, spleen, liver, and brain homogenates.

METHODS

Hybrid female ratst, FAC(I)I';, were irradiated under conditions developing
full scatter. The radiological factors were: X-rays produced by a 250-kv constant
potential unit; added filtration, 0.5 mm Cu 4 1.0 mm Al; HVL, 1.55 mm Cu;
target-animal distance, 96 cm; average tissue-dose rate, 40 r/min. The total dosages
given were: 325 r (nonlethal), 630 r (LDsos),> and 1300 r (LD ).

After irradiation the animals were fasted for 24 hours with water provided ad
libitum. At the end of this time the animals (150 to 200 gm) were sacrificed by
decapitation, and the pancreas, spleen, liver, and brain were removed and homog-
enized in cold distilled water. The homogenates were strained through nylon tricot
cloth and then assayed for enzymatic activity (117).

The method of assay involves the incubation of a specific substrate with a tissue
homogenate, removal of the proteins and separation of the remaining substrate
from all reaction products by electrophoresis on filter paper, and the subsequent
quantitative determination of the remaining substrate (or product formation) by
ultraviolet spectrophotometry. The advantages of this type of procedure over a
simple nitrogen or phosphorus determination have been discussed (11).

Nonirradiated animals which had been fasted for 24 hours served as controls.
Usually 4 animals were used for each point determined. The animals comprising one
set of data were not usually from the same litter nor were they sacrificed on the same
day. Some months have elapsed between replicate determinations; however, good
agreement was obtained. The average for the values which varied furthest from the
mean value for each set of replicate determinations was #15 % of the mean.

EXPERIMENTAL RESULTS

Organ weights after X-irradiation. A summary of the wet and dry weights of
various organs from the experimental animals is given in Table I. The total organ
weight of pancreas is only approximate, since it is extremely difficult (if not impossi-
ble) to remove all pancreatic tissue from the rat. The data are included for com-
pleteness but refer to that major portion of the pancreas which is relatively easy
to remove.

The spleen, of course, showed the most change in weight after irradiation, both
on a wet-weight and a dry-weight basis. lfor animals sacrificed 24 hours after 1300 r,
the wet weight of their spleens was found to have decreased to 60 % of the control

4 The FAC(I)F, rats are the F, generation from crossing Fischer 344 females with A X C
9935, Irish agouti males.

$ Dr. Henry I. Kohn, unpublished data. The author wishes to thank the Radiological
Laboratory for both supplying and irradiating the rats used in this work.
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value, whereas the dry weight had increased by 15%. In their variance from
control values, the other organs were consistent in their direction and 1n some cases
indicated a trend with increasing doses of irradiation. With the exception of the
total organ weight of pancreas (see above) and a 9% increase in liver weight after
a dose of 650 r, the average change in the weight of pancreas, liver, and brain (wet
or dry), under all conditions, was less than 6 % of the control value and therefore of
doubtful significance.

Enzymatic activity of brain. Under the conditions used, X-irradiation had no effect
on the enzymes of brain tissue that act on uridine, uridylic acid, cytidine, and
cytidylic acid.

Enzymatic activity of liver. The enzymatic activities of liver homogenates toward
uridine and eytidylic acid were unchanged from normal; however, that toward
uridylic acid inereased from 152% of the control value after 325 r to 170 % after
1300 r (Ifig. 1). These results scem surprising in view of the fact that the liver is
considered to be a radioresistant organ (1/2-14). More recent histological data,
however, indicate that the liver is definitely radioresponsive, though not so sensitive
as the spleen or thymus (15, 16). Several recent reports (17-20) indicate striking
biochemical changes in the liver after X-irradiation. It should be cautioned, how-
ever, that it has not been shown that these effects are due to the direct action of
X-irradiation, nor have the effects on other organs to be discussed been shown to
be direct offects of irradiation. On the contrary, the results indicate that they are
probably indireet or secondary in nature.
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Fre. 1. Changes in rat liver uridylic acid dephosphorylase activity as a function of X-ray
dose. Animals were assayed 24 hours after irradiation, and the activity expressed as moles of
substrate hydrolyzed per milligram wet weight (A), per milligram dry weight (O), and per
total organ (). Each point is the average of 4 irradiated animals, expressed as a pereentage
of the average for 3 to 5 control animals. The range of control values is plotted as a percentage
of the mean.
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Tra. 2. Changes in rat pancreas uridylic acid dephosphorylase activity as a function of X-ray
dose. Refer to Fig. 1 for explanation of symbols.

Enzymatic activity of pancreas. The enzymatic activities of pancreas homogenates
toward uridine and eytidylic acid were essentially normal, although that toward
cytidylic acid tended toward the high side of the normal range of activities as the
dose of X-ray was increased.

The effect. of X-irradiation on the action of pancreas toward uridylic acid is
somewhat surprising (Fig. 2). FFor 325 r there was an inerease in activity equal to
142 % of the control, for 650 r an increase of only 128 %, and for 1300 r an increase
of 168 %. Sufficient. points on this curve have not been determined to establish the
dip as more than indicative.

Regardless of the shape of the curve, one thing is definite: the activity toward
uridylic acid increased, but the other activities tested remained normal. The pos-
sible significance is heightened, since the pancreas is not considered to be a radio-
sensitive organ (73, 74). The same argument given for the liver can probably be
applied here also. Very little work has been done on the radiation sensitivity of the
pancreas, and this in the early history of radiological investigations. Tt is indeed
probable that, when further work is done with more accurate histological techniques,
a certain degree of radiosensitivity will also be found for pancreas.

Enzymatic activity of the spleen. Perhaps the most interesting results were obtained
with the spleen (Iig. 3~6). The activity toward uridine and eytidylic acid increased
well above the control values, whereas that toward uridylic acid was markedly
decreased. Since the maximum effect in each case was reached after a dose of approx-
imately 650 r, these values will be considered first.

The values for uridine were 131 %, 114 %, and 85 %; for cytidylic acid, 157 %,
131 %, and 102 %; and for uridylic acid, 69 %, 64 %, and 49 % of control activity,
when expressed per milligram wet tissue, per milligram dry tissue, and per total
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F16. 3. Changes in rat spleen uridine phosphorylase activity as a function of X-ray dose.
Refer to Fig. 1 for explanation of symbols.

SPLEEN-CYTIDYLIC ACID

3
X 160 -
b3
S 140
'S O
S
; 120
Q \]
¢ 80

! i |

325r 650r 1300 r

X-RAY DOSE

Fic. 4. Changes in rat spleen eytidylie acid dephosphorylase activity as a function of X-ray
dose. Refer to Fig. 1. for explanation of symbols.

organ, respectively. After irradiation, the wet, weight of spleen decreased to 70 %, the
dry weight increased to 110 %, and the total body weight to 102% of the control
values.

I'or a hypothetical case in which the normal organ weighed 100 mg and contained
100 units of enzyme activity, it is easy to see that, if 30 % of inert tissue were lost,
the specific activity would increase to 143 % of normal; yet the total number of
units of enzyme activity per organ would remain constant. Keeping this in mind
we sce that the data for eytidylic acid fit this line of thought when a consideration
of the increase in dry weight is made. The data for uridine, however, falls somewhat
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T1c. 5. Changes in rat spleen uridylic acid dephosphorylase activity as a function of X-ray
dose. Refer to Fig. 1 for explanation of symbols.

SPLEEN - WEIGHT
140

120

—e
100 —n

80

60

PER CENT OF CONTROL

40

! | ]
325r 650r 1300¢
X-RAY DOSE

Fic. 6. Changes in spleen weight and body weight as a function of X-ray dose. Animals were
assayed 24 hours after irradiation. The values are wet weight of spleen (A), dry weight of
spleen (@), and total-body weight (H). llach point is the average of 4 irradiated animals, ex-
pressed as a percentage of the average for 10 control animals. The range of control values is
plotted as a percentage of the mean.

short of this consideration. The activity for uridylic acid, on the other hand, follows
the premise that this enzyme is largely in the radiosensitive cells (27). The specific
activity falls off exactly with the decrease in organ size (30 %), whereas the total
activity falls to 50 % of normal.

These results would indicate the possibility of at least two types of sensitive cell
populations: the cells that dephosphorylate uridylic acid, half of which are easily
destroyed by irradiation; and the cells that dephosphorylate cytidylic acid, which
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are resistant to irradiation damage. The enzymatic activity toward uridine resides
in both of these cell types.

The results of Kallman and Kohn (22) suggest the presence of two distinet cell
populations with differing KDsy (dose to produce 50% cffect) values for splenie
weight loss due to total irradiation of mice. One component has an EDsgp value of
82 r, the other being 498 r. The authors point out, however, that the data could also
reflect the existence of two different kinds of biological effects (topical and abscopal)
rather than two populations of different sensitivity to one effect.

It must not be overlooked, as Feinstein has indicated (23), that certain enzyme
activity changes may be mathematical artifacts due to loss of organ weight (for
spleen) or protein (for intestine) rather than direct activation of these enzyme
systems by irradiation. Yet the results in the present case cannot be explained
entirely on the basis of loss or gain of activity exactly proportional to weight loss.
After 325 r, the loss in organ weight Is approximately equal to that produced after
650 r; however, the increase mn cytidylic acid activity, and particularly the de-
crease in uridylic acid activity, is much less after 325 r than after 650 v,

DISCUSSION

Nonlethal doses of X-irradiation (325 r) caused a marked increase in the ability
of pancreas and liver to dephosphorylate uridylic acid, yet activities toward uridine
and eytidylic acid remained normal. The increase in liver activity expressed as the
number of moles of substrate hydrolyzed per total organ far exceeds the numerical
value of the enzymatic activity lost from the spleen, expressed in the same manner.
The merease in pancreatic and liver uridylic acid dephosphorylase activities could
therefore not arise from that lost, presumably into the blood stream, by the spleen.
Whether this increase in activity arises as 2 compensatory mechanism to augment
the diminished function of the spleen; or whether it is due to the direet action of
irradiation, remains to be answered.

Since there are several instances of marked biochemical changes occurring in
tissues after irradiation when morphological changes are not obvious [pancreas® and
liver® (17-20)], and one case where a biochemical change occurs before morphological
changes become evident (7), it would seem that our definition of radiosensitive and
radioresistant, as now evaluated by the pathologist, should be revised to include
subtle biochemical changes.

The enzyme systems thus far studied in the spleen can be grouped into three
categories with regard to their response to whole-body X-irradiation. One group,
whose total organ activity remains essentially constant regardless of involution
but whose specific activity increases markedly, could be considered as residing in
radiation-resistant cells. Contained in this group are cytidylic acid dephosphorylase ®

8 Present communication,
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adenosine triphosphatase (2), and deoxyribonuclease I1 (24). A second group,
exemplified by uridylic acid dephosphorylase® activity, seems to be largely con-
tained in those cells directly involved in the involution process, since both its
specific activity and total organ activity decrease parallel to involution. Another
group of enzymes— -uridine phosphorylase,® inosine phosphorylase (25), and 5-
nucleotidase and g-glycerophosphatase (2)---is unevenly distributed throughout
the above groups. One bit of information could be interpreted as suggesting that
suceinic dehydrogenase and cytochrome oxidase are equally distributed throughout
all the cells of the spleen, since the speeific activity stays constant but the decrease
in total organ activity is equal to the degree of involution (2). An extension of these
results to include as many enzyme systems as practicable, combined with concurrent
histological studies, could further our knowledge markedly with regard to the
mobility of cell populations after irradiation and perhaps elucidate biochemical
distinetions between cell types. X-Irradiation could thus be used as a tool as well as
an unknown,

The significance of any one set of enzymatic activity data can depend entirely on
the manner in which they are calculated. In the present case, for any one enzymatic
activity determination, the datum vartes from the control value by different
amounts, depending on whether it is calculated per milligram wet tissue, per
milligram dry tissue, or per total organ. Thus, depending on the parameter used, a
conelusion of no change, an increase, or a decrease in enzymatic activity is possible.
Until we know what these changes in enzymatic activity mean, it would thus scem
profitable to use as many parameters as possible to deseribe changes in enzymatic
activity. Other examples of this dependency on the manner of caleulation of en-
zymatice activities are found in the literature (4, 10, 23-25).

SUMMARY

Rat pancreas, spleen, liver, and brain homogenates were assayed for their en-
zymatic activity toward uridine, uridylic acid, eytidine, and cytidylic acid, after
graded doses (325 r to 1300 r) of whole-body X-irradiation. Markedly differing
results were obtained for spleen when the enzymatic activity was expressed as moles
of substrate hydrolyzed per milligram wet weight, per milligram dry weight, or per
total organ. Calculated with respect to all three parameters, the uridylic acid de-
phosphorylase activity increased well above the control values for pancreas and
liver, but decreased in the case of spleen. The specifie activities of spleen uridine
phosphorylase and eytidylic acid dephosphorylase increased above that of the
controls; however, the total organ activity toward uridine decreased below normal,
whereas that toward cytidylic acid was unaffected. All other activities tested re-
mained normal. The significance of these results is discussed.

Rreckrvip: September 5, 1956
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