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reported a study of the blood ot 15 patients under 
going x-ray therapy for malignant tumors. bsing a 
nephelometric casein-digestion procedure for measure- 
ment of proteolytic and antiproteolytic activity he 
found a definite, sharp rise in  the plasmin ti ter of 
the euglobulin fraction of the patient’s sera within 
1 hour after the treatment. This was followed in 
several cases  by a second peak at 6 to 10 hours. 
T h e  antiptotease titer showed an inverse relation- 
ship, decreasing at the  time the proteolytic titer 
was high. He also noted that patients who had t h e  
greatest lncrease in  protease titers were those 
w h o s e  tumors showed the most response to t h e  
radiation therapy. 

An increase i n  activity of tissue cathepsins 
following irradiation has been reported (3). Kocholaty 
et al. (45) have described a drop in  t h e  plasmin- 
inhibitor content ot rat blood in the first f e w  days 
after total body x-irradiation-, with a rising titer 
beginning on the  5th or 6th day. No measurements 
for plasmin activation were made. 

The development by t  he present authors of improved 
techniques for the separation and titration of the  
components of the blood proteaseantiprotease 
system (11, 12, 15, 16) made feasible a more ex- 
tended srudy of the effects of x-irradiation, the first 
resul ts  of which are presented here. These newer 
methods have a numberof advantages over procedures 
previously used. They have permitted u s  (1) to 
eliminate the antiproteolytic power of serum or 
plasma in vitro so that the active plasmin present 
could be accurately titrated in  the complete absence 
of inhibitor; (2) to bring about the conversion of 
plasminogen to active plasmin in vitro under control 
conditions; (3) to titrate the plasmin content of t h e  
inhibitor-free samples by a simple, rapid test, 
avoiding the  complications of other, widely used  
procedures; and (4) to measure with accuracy the  
procease-inhibiting capacity of the  original, un- 
treated specimen. 

T h e  techniques permitted, furthermore, t h e  determi- 
nation of the  initial proteolytic activity of the  serum 
samples zmmediare ly  after removal  o/ t he  inbi b i t o r ,  
and before any spontaneous activation of plas-  
minogen present could take place, as u,ell  a s  t h e  
measurement of t h e  total potential proteolytic 
capacity of the same specimens after all t h e  plas- 
minogen had been converted to active enzyme. Thus, 
an znztzal protease titer and a to ta l  protease titer 
w a s  obtained with each blood sample .  This is in 
contrast to most of the previously pub l i shed  work 
on plasmin activity, in which only  a single titer 
has  been reported. 

MATERIALS AND METHODS 
The material studied consisted of blood serum 

specimens (1) from notmal guinea pigs ,  (2) from 
groups of guinea pigs before and after exposure to 
known intensities of whole body x-irradiation, (3) 
from normal human beings, and (4) from cancer 
patients before and after they had received thera- 
peutic doses of x-rays. Included in the  latter group 
were 28 patient’s under special treatment who were 
rayed over t h e  whole body area. A total of 487 
samples of guinea pig serum from 156 irradiated 
animals and more than 100 specimens from 36 human 
beings after x-ray therapy were each titrated for 
their protcolytic and.antiproteolytic activity. Availa- 
ble for comparison.were the results of tests of the 
same kind carried out on 345 normal guinea pig sera 
and on more than 500 normal human sera. Guinea 
pigs were chosen a s  the experimental animal for 
these studies because they could easily Le bled 
repeatedly to furnish the  desired number of blood 
samples, and because w e  were already acquainted 
with the levels of proteolytic and antiproteolytic 
activity exhibited b y  this species in health, and 
during anaphylactic reactions (10, 13). Guinea pigs 
have been shown to be entirely suitable for s t u d i e s  
of reactions to x-irradiation (36). 

Serum specimens 
Blood samples from guinea p igs  were obtained 

i n  dry, sterile syringes b y  cardiac puncture of the 
unanesthetized animals. The technique of bleeding 
from the  heart had been utilized for a period of 
years prior to the beginning of t h i s  work, and was 
s o  well practiced that i t  did not in  itself introduce 
a signiticant factor i n  the mortality of the control 
animals. A number  of the  normal guinea pigs were 
bled 14 times or more without illness or fatality. 
However, mortality among the irradiated animals 
w a s  associated w i t h  t h e  cardiac puncture, especially 
at certain periods after the  x-ray exposure, when 
t h e  guinea pigs had developed a hemorrhagic tend- 
ency. This is taken into account in t h e  reports 
w h i c h  follow. 

Patients hospitalized at the  Veterans Adminis- 
tration Hospital, or at the  University of Texas M.D. 
Anderson Hospital for Cancer Research, in  Houston, 
Texas, were the  source of h u m a n  serum specimens 
taken before and after therapeutic x-ray.’ Samples 
of normal human serum w e r e  obtained i n  part from 
healthy medical students, but principally from young 
m e n  at the t i m e  of examination for military service. * *  
I ootnotrs on wRe 3. 
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mixture was then dduted 1:30 w i t h  the stock borate- 
boric ~ c i d  buffer, p H  7.5. This restored the  p H  to 
.ipproxlmacely 7.5, and eliminated by dilution any 
trace of plasmin-inhibitor that may have persisted in 
t h e  original phosphate-serum mixture at t h e  1-hour 
time. 

A portion of this 1:30 dilution was then titrated 
b y  t h e  rennin-digestion method (16) for proteolytic 
activity at once (before there was opportunity for 
a n y  spontaneous activation of the plasminogen 
present). The result was recorded a s  the rnitiol 
p ro tease  (IP) titer. This titer may be assumed to 
represent  the amount of act ive  p l a s m i n  present in 
the original serum-that is, in vivo, at the  time the  
sample was collected. 

Another portion of the same 1:30 dilution of t h e  
original phosphate-serum mixture (now inhibitor- 
free) was treated with a 5 percent proteose peptone 
solution (0.05 ml. of the  peptone solution for each 
6.0 ml. of the  diluted, decalcified serum), in order 
: o  bring about t h e  conversion of I ~ S  contained 
plasminogen to active plasmin, and t h u s  permit 
determination of i ts  total  potential proteolytic 
activity. This peptone-activated portion was now 
titrated by the rennin digestion technique, in parallel 
with the  IP test, to reveal the total protease (TP) 
t i t er .  

The IP and TP titers were expressed (and are 
tabulated in th i s  paper) as the reciprocal of the 
highest dilution of the serum under test which 
digested all of the rennin under the standardized 
conditions of th i s  procedure. The range of actual 
titers obtained was from 56 to 450. 
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The blood samples were allowed to clot at room 
temperature; then a sterile applicator stick was 
introduced to free the clots from the ~ a l l s  of the 
t u b e s  and left there while the tubes were refriger 
aced overnight.  The next morning the serum was 
separated and stored i n  sterile, stoppered tubes at 
4 O  to loo C. All the tests on any one serum sample 
were carried out at the same time, usually within 
24 to 36 hours after collection of the blood. 
Irradiation of guinea pigs 

'Through the kindness of Dr. Lee D. Cady, manager, 
Veterans Administration Hospital, Houston, and the 
generous cooperation of t h e  Radiological Service, * 
a 220 kv., deep therapy x-ray machine was made 
available for the irradiation of the  experimental 
animals. The guinea p igs  were held in a plywood 
Lox, without cover, holding 6 animals, each in a 
separate compartment. After the guinea pigs were in 
place they were covered by a muslin cloth, and the 
Lox was centered under the x-ray beam. The particu- 
lar compartment occupied by each individual animal 
was always recorded, but there was no indication in 
any of t h e  experiments  that there was any difference 
i n  t h e  amount of radiation each guinea pig re- 
ceived, regardless of its position i n  the box. A 
constant intensity of irradiation was used, atter 
careful checking by a Victoreen dose meter, and the 
doses  of radiation were controlled by varying the  
time of exposure. 

Dotermination of proteolytic activity of serum sampler 
The methods used have been described i n  detail 

in previous reports (15, 16). A portion ot each serurr 
was first treated w i t h  a decalcifying agent-rrisodium 
phosphate-to eliminate its natural content ot plasmin 
inhibitor. A small amount of the  serum, usually 
O.3ml., was mixed w i t h  an equal volume of 5 percent 
aqueous solution of trisodium phosphate and allowed 
to stand at room temperacure for exactly I hour. The 

Fooln~ieo fw paceding Page. 

* W e  are indebted to several persons for the ir  help in  securing 
these specimens. We wsh panicularly to thmk O r .  Gilbert t i .  
Fletcher. ra&ologst, h1.D. Anderson tiospttnl lor Cancer Research, 
and conndtanr in radiology, V.A. Hospital, for h i s  invaluable 
a s s s t a n c e .  The cooperauon. throughout the work, ot l)r .  Lee D. (lady, 
manager, Dr. Eela Halpen, chief of laboratories, and I>r. C h d e s  L.  
Spurr. chief. Me&cd Research Laboratory, \'. 4. !lospiral, I S  greatly 
appreuated 

*'For assistance in this connecuon we w i s h  to thank !<cuben 1.). 
Vende. &rector, City Health Department Laboratorres. Ilousron. 
Many of & e  tests on these sera were Pertonned by Iva Baggett, 
scmlogst. V. A. Hospital, Houston. 

' S p e u d  banks  are & e  to Dr. Gilbert H .  rlrtcher, consultant i n  
a n d  radiology, Dt. Harry L. Barton. acting cniet, Kaholoycal  Service. 

Vrs. Mine Brown, x-ray technician. 

Titration of antiproteolytic power of serm spcimanr 
Each of the original untreated sera was tested 

for antitryptic activity by our filmstrip gelatin 
digestion method ( I  1, 12). This procedure had been 
fully standardized and had been continuously in 
use for two years previously. 

Results were expressed, and are tabulated here, 
i n  terms ot the a n t i t r y p t i c  index (ATI). To obtain 
c h i s  index the di//erence in the tryptic un i t s  (in 
terms of rng./ml. trypsin) required for the complete 
digestion of all t h e  gelatin on the filmstrips in the 
2resence ot a particular serum, and t h a t  required in 
c h r  trypsin control tubes, without serum, was first 
determined. This figure w a s  then multiplied by 
100 (the final dilution of the serum i n  the test) to 
,give t h e  antitryptic index. 

I n  addition to antitrypsin tests a number of both 
h u m a n  and guinea pig sera were titrated for their  
power to inhibit the homologous active plasmin. 

3 
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i The capacity of individual whcle, mtreated $era 
to  inhibit the activity of plasmin derived from ;I 

' decalcified, peptone-activated portion o/ the very - sumc scm was tested in approximately 150 instances. 
: The antiproteolytic measurements t h u s  obtained 

, were not significantly different from chose revealed 
by the  more precise antitrypsin tests, and in our 
opinion, by  their very nature, could not be expected 
t o  be a s  sensitive or reliable ( l S ,  16). Although t h e  
identity of antiplasmin and antitrypsin has been 
questioned (59) our experience clearly supports 
the prevalent view that measurement of antitrypsin 
serves to titrate accurately the natural antiprotease 
a s  well (16). 

Clotting and bleeding time de).rminations-plahlet coun tr 
The coagulation time of the  blood of the normal 

control guinea pigs  and of t h e  irradiated animals 
was determined at the  same time that blood samples  
were secured for proteolytic and antiproteolytic 
titrations. The method used was t h e  capillary tube 
method, McGowan's modification (8). Blood freely 
flowing from a small scalpel cut in  a foot pad was 
allowed t o  enter capillary cubes. Clotting rime was 
estimated by noting the  time chat elapsed before a 
fiber thread appeared when a capillary t u b e  was 
broken apart. 

Bleeding time determinations were  made at the 
same t i m e  a s  clotting time tests by the  method of 
Duke (8, p. 145). The blood flowing from the s k i n  
puncture made in the sole of the foot was blotted 
with filter paper every few seconds. The bleeding 
time was counted as that period elapsing from the 
t ime of the skin puncture unt i l  no blood appeared on 
the filter paper. 

Platelet counts were performed by placing a small 
drop of brilliant cresyl blue. stain on a slide and 
mixing a small drop of capillary blood w i t h  it. The 

' I  

m i x  we was then covered with a cover glass anJ  t t t t  
r m o  of plateiets to red cells was determined. 

EXPERIMENTAL RESULTS 
I .  Serum protease and antitrypsin levels 

The mean values for initial and total protease (IP 
and TP) and for the  antitryptic index  (ATI), obtained 
in  tests on normal human and guinea pig sera, are 
presented i n  cable I. Included among the guinea 
pigs represented here are the same animals used i n  
the irradiation experiments described below. 

An unexpected finding was the almost identical 
average titers for both initial and total protease 
shown by the 512 samples of human serum and the 
344 specimens ot guinea pig serum. It appears that 
the amount of active plasmin, and also of plas- 
minogen, normally present i n  the serum ot healthy 
individuals of tither species i s  about the same, and 
chat the ,total potential proteolytic activity of the 
specimens, expressed by average TP titers of 184.9 
to 188, was somewhat more than twice that exhibited 
b y  the same sera before full activation of their 
contained plasminogen, w h e n  the average IP titers 
were 82.6 to  82.7. The individual titers were dis- 
tributed closely about the averages, as indicated 
b y  the low figures for the error of the means. The 
greatest amount of variation appeared in the total 
protease titers ot human sera, where the range was 
from a titer of 113 to 375, but  even so, the standard 
error of the mean value (188) was only 6.7. 

In contrast eo this virtually equal concentration 
of the blood protease and i ts  precursor in t h e  serum 
of human beings and ofguinea pigs alike, the average 
antitryptic index of the  normal guinea pig sera 
(162.9k 7.1) was found to be more than twice that of 
the human sera (76.0 +- 0.2). This especially high 
level of antitrypsin in guinea pig blood was first 

TABLE I 
Mean ualues for initial and total serum protease titers and lor antztryptic index in normal human beings and guinea pigs. 

S e w  specimens Initial protease (IP) Total protease (TP) Antitryptic index (ATI) 

Range of Mean IS. E. of Range of Mean 'S. E. of Range of Mean S.E.ol No. SoWCe 
titers titer mean indices index mean ' titers titer 1 mean 

1 
113-375 188.0 6.7 1 

I Normal human 
beings 512 56-150 82.7 I 0.6 

I 
I 37.5-137.5 76.0 ! 0.2 

5 12 
719 - 

Normal guinea pigs 344 56-150 82.6 ! 1.0 I I - 

I 

I 
. -  

75 -300 ~ 162.9 
34 5 184.9 90-450 
34 1 I 
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able activation of the serum protease (i.e., a si,qniii- 
Cant rise in initial protease titer) i n  irradiated guinea 
pigs within an hour or two after t h e  x-ray exposure 
was dependent upon exposure to a sufficient in- 
t ens i ty  of radiation. In table VIII, a tabulation i s  
presented, showing the amount of increase in the 
mean IP titers observed at the 1- to 2-hour interval 
after doses of external radiation, ranging trom 25 r 
to  150 r. The 30 animals receiving the  highest dose 
of x-ray had an average rise i n  their serum IP titers 
of 34 percent. This increase was twice that recorded 
among similar groups of guinea pigs receiving the 
relatively low doses of 25 to 50 r. 

VI/. The serum protease-antiprotease balance in human 
beings after exposure to x-rays 

Specimens of blood were obtained from 36 cancer 
patients before and after exposure to therapeutic 
doses of x-rays. Of these, 8 received local irradi- 
ation only, while the  remaining 28 patients were 
exposed to a whole body irradiation of 15 r to 50 r. 
The latter were voluntary participants in  a special 
study being carried out under the direction of Dr. 
Gilbert H. Fletcher, radiologist, M.D. Anderson 
Hospital for Cancer Research, Houston. 

Cancer patients receiving local therapeutic x-ray doses 
The principal findings i n  tests for IP, TP, and AT1 

on t h i s  group of 8 patients are summarized in 
table IX. #A blood specimen was obtained from each 
patient just  before the treatment and also within 
approximately 1 hour afterward. 

As shown in table IX a clear majority of the IP 
ti ters increased after the irradiation (eight out of a 
total of fourteen tests) while the TP titers also 
rose nine different times. The amount of increase 
in the IP titers ranged from 15 to 60 points, averaging 
33 points. The post-exposure titers were lower in a 
f e w  instances, however, and remained t h e  same in 
a f e w  others. Nevertheless, the tendency for an 
increase in the proteolytic activity of the serum from 
cancer patients after local x-ray therapy was clearly 
indicated. It should be noted that most of t h i s  group 
of cancer patients had already been given several 
previous courses of local x-ray therapy, wh ich  may 
have reduced the amount of response at the t ime 
of these tests. 

In the case of one individual (No. 7), who had 
not previously received x-ray treatment, specimens 
were obtained not only at the 1-hour interval after 
each treatment, but also 4 or 5 hours afterwards, 
following each of a series of f ive  successive local 
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therapeutic irradiations of  600 r. The changes i n  t h e  
serum IP and TP titers are charted in  figure 14. 
Evidently an elevation in  IP and TP titers did not 
ocour after every exposure to local x-rays, ye t  an 
immediate steep rise, of obviously significant degree, 
was recorded after the first treatment, and again 
following the fifth treatment given 7 days later. 

The serum antitryptic index of these patients 
remained virtually unchanged at the 1-hour post- 
irradiation interval. The average was above normal, 
however, to begin with, as  was to be expected in 
cancer patients. Unfortunately, tests at later intervals 
were not made. 

100 - 
eo - 
eo - -  

n 
40 -* 
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0 3- 
-5 2 L L L 

-20 -t 0 o 2 o 
1 5 
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-40 -E d 1 0 
-60 - e e 
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1-2 9-2 1-2 9-2 
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TIYES 1 - 2  I I 2 I 3 I 4 I a I e I 7 I 0 I 
TESTED HOURI O A Y I  - 

FIGURE 13 
Differences between the mean titers of unimals tes ted 

at different time intervals after exposure to repeated 
doses  of whole body x-irradiation and the mean titers o f  
the same guinea p i g s  before irradiation. Experiments IV 
and V. 
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Cancer patients rocoiving 15 to 50 r wholo body irradiation 
Blood samples were secured from these 28 patients 

just  before the irradiation, and again 2 hours and 12 
hours afterwards. The findings are summarized in 
table X. In order to facilitate discussion the patients 
are arbitrarily classified into several groups: 3 
patients with carcinoma of the cervix; 4 with cancer 
of the  thyroid or pharynx; 5 with leukemia; 8 with 
cancer of the lymphatic system; 4 with carcinoma of 
the  breast; and 4 with miscellaneous types of skin 
cancers. 

It wi l l  be noted that the average serum IP titer 
of the 28 patients before the x-ray treatment was 
82, a figure almost identical to that obtained by u s  
with the large group of 512 normal human sera 
(table I). The overall average was increased to 88 
at the 2-hour post-irradiation interval, with a drop 
to 85 at 12 hours. Fifty-six specimens were tested 
after the treatments. Of these 25 (45 percent) showed 
an increased IP titer over that of the same patient's 
serum before irradiation, while 10 (18 percent) of the 

Number 
specimens 

48 
(12 g.p.) 

titers were reduced, and 21 (38 percent) remained 
unchanged. 

The average TP titers of these patients changed 
in a similar way,  from 175 before treatment t o  195 
afterwards. A similar proportion (49 percent) of t he  
TP titers were elevated at the 2-hour or 12-hour post- 
irradiation time. 

In contrast, the direction of change in the figures 
for AT1 after irradiation was downward, 32 (58 per- 
cent) out of the 5 5  tests showing a lower index than 
the average before the treatment, and only 16 (29 
percent) showing an increased antitryptic power. 

Thus, t h e  tendency for the initial and potential 
proteolytic activity of the blood serum to rise 
directly after irradiation was again demonstrated, 
although the changes were not sttikin8 or constant. 
On the other hand, the antiproteolytic power of the 
same serum samples was not usually increased; 
instead somewhat lower averages for AT1 were more 
often recorded. It would seem likely that the relatively 
slight changes of the protease-antiprotease sys te r  

Initial protease Total protease Antitryptic index 

Dif fer  Before After ' Differ Before After enccs. Before After ences. 
iradi- irradi- 
ation at im ation arion ation ation 

Times 
tested Mean titers Mean titers Mean titers 

after 
iradi- 
ation 

irradi- irradi- irradi- irradi- ences 

78 186 15 1 
(il.6) (t4.6) ( * 5 . 5 )  
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. 
tollowinc irradiJtion i n  these rntiencs could be 
.~ctrihuted t o  t h e  tact that the doses ot irradiation 
uself sere quite low. 

DISCUSSION 
The results ot the present s tudy  confirm and 

extend the findings ot Petersen and Saelhof (51, 5 5 )  
and of Cliffton (21  1. They show that a rather profound 
and prolonged disturbance in the normal content of 
proteolytic and antiproteolytic components of the 
blood serum occurs after exposure to x-rays in both 
human beings and guinea pigs. They indicate, further. 
that the degree of this disturbance is related t o  the 
intensity of the radiation received. 

The most regularly observed change in  t h e  sera 
of irradiated individuals was a marked increase i n  
what w e  have called the  initial protease (IP) t i t ers -  
that is, in  t h e  capacity of the sera to produce prote 
olysis a s  soon a s  the natural protease-inhibitor i n  
t he  serum was eliminated. This rise in IP titers took 
place within the  first hour or two after the irradi- 
ation, and relatively high titers often persisted for 
2 or 3 days. The total proteolytic capacity of the 
serum at the same 1- co 2-hour post-irradiation 
interval ( the total  protease (TP) titer) was not 
usually increased to the same extent. Hence, it 
would appear that what happens in the  blood directly 
after irradiation i s  primarily the conversion of an 
excessive amount of the inactive precursor, plas- 
minogen, into active plasmin-a true activation, or 
mobilization, of the serum protease, rather than an 
increase in the  total potential proteolytic power. 
An apparently simultaneous rise in both the initial 
and total protease titers immediately after irradiation 
was also observed, however, and in any case the 
curves for the  two measurements soon came to follow 
an essentially parallel course. 

In addition to this early enhancement of the serum 
proteolytic activity, increases in both the IP and TP 
titers above the normal, pre-irradiation levels, of an 
even greater degree, were recorded later, especially 
during a 2- to 4-day period beginning about t n e  1 9 h  
post-irradiation day. The average guinea pig protease 
titers t h u s  continued t o  fluctuate throughout at least 
30 days after a single dose of whole body x-irradi- 
ation, to an extent  not observed among nonirradiated 
control animals. 

Although these data on s e r u m  protease are of 
unprecedented nature and depend upon techniques 
which have not as yet been critically tested by other 
investigators, the general consistency of the tind- 
i n g s  w i t h  the sera ot both normal and irradiated 
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ammals and human beings would seem to speak for 
their validity. 

The process by  w h i c h  plasminogen i s  converted 
into active enzyme in  vivo is not a s  yet fully under- 
stood, and further critical studies are needed. Accord- 
ing to Astrup (2) and h i s  associates (50, 51) the 
conversion of plasminogen to plasmin i s  not direct, 
but rather, it i s  mediated by  an activator substance, 
which was shown to be present in spontaneously 
active human blood. We also have noticed that an 
increased proteolytic activity i s  produced i n  normal 
serum after addition of inhibitor-free serum contain- 
ing active plasmin, or trypsin, and 'that this increase 
i s  out of proportion to the amount of protease added. 
Kocholaty et ai. (44) have reported similar observa- 
tions. 

The studies described i n  t h i s  paper, as  well a s  
i n  earlier reports (15, 16) show conclusively that 
plasmin is always present i n  normal a s  well a s  
pathological serum , together with plasminogen and 
protease-inhibitor. The presence of active fibrino- 
lytic enzyme in ,  t h e  plasma of normal people has 
recently been confirmed by Fearnley and Tweed (31). 
Ionizing radiaeion seems to cause an immediate 
conversion of more of the plasminogen available 
in the blood to plasmin, t h u s  mobilizing more active 
protease than is normally present. This may or may 
not result in  a sufficient concentration to lead to 
excessive tissue proteolysis wi th in  the body, an 
etfect w h i c h  m u s t  depend upon the balance pre- 
vailing at any moment, locally or in the circulating 
blood, between the amount of active enzyme and the 
quantity of inhibitor. 

The exceptionally high total  protease titers found 
about the 6th, l l t h ,  and especially the 20th to t he  
23d post-irradiation days, would seem to involve the 

TABLE VI11 
Ei/ect o /  Intensity o /  total body irradiation upon the amount 
of increase in the initiul proteolytic activity of the serum 

( IP  t i ters) within the f i r s t  2 hours after zrraaiation. 

* 13 1i.8 

50 12 ' 6  S7 14.4 
100 -33 21.4 
150 -9 ' 106 *z: 1 31.1 
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