
Table 1. The effect of variation in the length 
of time between carcinogen and antigen treat- 
ment. The numbers in the parentheses repre- 
sent the number of animals tested. Results are 
log2 of average hemolysin titer. 

Time after Interval between carcinogen 
immuni- and antigen (weeks) 

zation 
(days) Group 4 7-9 11 

4 Treated 6.0(7) 6.6(8) 4.8(5) 
4 Control 8.0(6) 9.8(10) 8.3(6) 

P<.001 P<.001 P<.001 

10 Treated 6.3(3) 4.6(8) 4.8(8) 
10 Control 7.0(3) 7.0(10) 6.8(8) 

P<.001 P=.02 
19 Treated 3.5(8) 
19 Control 6.9(10) 

P<.001 

30 Treated 4.3(9) 4.4(7) 
30 Control 7.0(7) 7.7(8) 

P<.001 P=.002 

60 Treated 4.1(8) 4.3(3) 
60 Control 6.6(7) 6.5(4) 

P<.01 
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mor incidence was only 53 percent for 
76 mice injected with 30 [g and 19 

percent for 47 mice receiving 10 /tg. 
The incidence for mice receiving gela- 
tin only was 4 percent. The first lym- 
phomas began to appear approximately 
10 weeks after treatment, and by 25 
weeks virtually all mice that were going 
to develop a thymoma had done so. 
The three lymphomas that arose in 73 

gelatin-injected control animals did not 

appear until 43 weeks, or more, after 

injection. 
The whole-body weights of treated 

and control newborn animals were fol- 
lowed for 7 days. No differences were 
detected, a contrast to the results of 

Rappaport et al. (4) who observed a 
decrease in the whole body weight 4 

days after the injection of 100 1tg of 
DMBA. 

To determine what tissues were be- 

ing affected by the carcinogen treat- 

ment, the ability of the lymphatic sys- 
tem to respond to an antigenic stimu- 
lus was investigated. Mice, less than 
24 hours old, received 60 /tg of 
DMBA or, in the controls, 1 percent 
gelatin, and beginning at 4 weeks of 
age they were challenged with an anti- 

gen at various intervals. The prepara- 
tion of the antigen and hemolysin as- 

says have been reported (5). All titers 
are expressed as the logarithm to the 
base 2 (log 2) of the dilution (Table 1). 
Thus, a small dose of DMBA given 
within the first 24 hours after birth 

produced a significant and long-lasting 
reduction of the ability of the treated 
animals to respond to an antigenic 
stimulus when challenged as early as 
4 weeks or as late as 11 weeks after 
carcinogen treatment. 

A further attempt was made to ob- 
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tain information on the site of action 
of DMBA with respect to its effect 
on the immunological response. It had 
been shown (6) that mice splenecto- 
mized as adults and challenged with a 
low dose of antigen administered intra- 
venously do not give a detectable anti- 
body response. Intraperitoneal injection 
of the antigen to splenectomized ani- 
mals resulted in a response arising only 
from the extrasplenic lymphatic tissue. 
If splenectomy does not alter the re- 
sponse of the extrasplenic tissues, then 
it is possible to obtain information on 
the portion of the antibody response 
contributed by the extrasplenic tissue 
and, by difference, an estimate of the 
contribution of the spleen to the re- 
sponse. The results of this experiment 
indicate that 89 percent of the total 
response was contributed by the spleen 
as compared to 11 percent by the ex- 
trasplenic tissues. However, a compari- 
son of the effect of 60 ,tg of DMBA 
on the responding tissues showed that 
both are affected proportionately to 
the same extent. 

Malmgren et al. (7) showed that very 
large doses of chemical carcinogens in- 

jected into adult mice were able to de- 
press the immunological response when 
the animals were challenged with an an- 

tigen administered during carcinogen 
treatment. The noncarcinogenic chemi- 
cals tested had no effect on the im- 
munological response. Stjernsward (8) 
has shown that 3-methylcholanthrene 
given in a large, single dose to adult 
animals 6 days before antigenic stimu- 
lation, not only depressed the hemoly- 
sin response but also resulted in a de- 
crease in the number of antibody-form- 
ing spleen cells. Prehn and Main (9) 
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In recent years it has been suggested 
that certain important biological pro- 
cesses involve a sequence of enzyme- 
proenzyme reactions which exhibit a 
net chemical gain. Thus, MacFar- 
lane (1) has proposed that blood 

clotting constitutes such an enzyme 
sequence. In this instance surface acti- 
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have suggested that the impairment of 
the immunological response of the host 
is related to the ability of 3-methyl- 
cholanthrene to act as a carcinogen. 

Thus, neonatal injection of the po- 
tent carcinogen DMBA depresses the 
capacity of the animals to produce 
hemolysins to sheep's erythrocytes, and 
it does not matter when the erythro- 
cytes are given: the immunological ca- 
pacity of the animal is chronically im- 
paired throughout the duration of the 
latent period for the development of 
the thymomas. Possibly such chronic 
impairment plays an important role in 
carcinogenesis (10). 
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vation of comparatively few molecules 
of Hageman factor serves to activate 
further a series of some six additional 
factors which culminates in the conver- 
sion of millions of molecules of fi- 

brinogen to fibrin. Wald (2) has also con- 
sidered the possibility that vision may 
involve enzyme amplification since the 
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Enzyme Amplifier Kinetics 

Abstract. Enzyme amplifier systems have been implicated in such diverse 

physiological phenomena as vision and blood coagulation. Such systems are 
considered from a general point of view and the concept of steady state gain of 
the enzyme amplifier is introduced. Expressions for the latter are obtained, and 
several of the main factors influencing gain are discussed. The effect of the 
duration of the activation on the characteristics of the response is discussed, 
and the influence of small changes in the rate constants on the steady state gain 
is considered. 
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optical activation of a single molecule 
of rhodopsin can trigger a response 
involving a large number of molecules. 
Rhodopsin is postulated to be a proen- 
zyme which is activated as a conse- 
quence of the absorption of a photon 
by 11-cis-retinaldehyde, resulting in the 
unmasking of the active site. Once 
formed, the enzyme can in turn acti- 
vate a large number of molecules of 
the next proenzyme in the series, and 
so on down the chain with each step 
providing a gain in the number of 
participating enzyme molecules. 

Both postive and negative feedback 

probably play a role in the regulation 
of enzyme amplifiers (1). In the case of 
blood clotting, positive feedback is pro- 
vided by thrombin which seems to ac- 
celerate the reactions associated with 
the conversion of factors V and VIII. 
On the other hand, fibrin seems to ac- 
celerate the disappearance of the other 
clotting factors. 

In order to facilitate the study of 
such enzyme amplifiers it is helpful to 
have available a mathematical model 
of the system. Consequently, in what 
follows such a model will be developed 
for an amplifier neglecting any feed- 
back effects. In particular we consider 
a cascaded sequence of reactions for 
which, at the ith stage, a proenzyme 
of concentration y, at initial concentra- 
tion y0o is converted by an enzyme of 
the previous stage to the active form 
of concentration Yia at a rate deter- 
mined by the constant ki. The rate at 
which the activated form is destroyed 
is determined by the constant K? (we 

a 
1.00- STAGE 

.s .50 

Z:~~~ 
0 8 16 24 32 40 

assume none are equal) while the con- 
centration of the inactivated form is 
designated by y'i. This process is con- 
sidered to be terminated at the Nth 
stage. The sequence may now be repre- 
sented as follows. 

i -> yaa - yI 

y2 -> y2a - y 2 

y(1) 

y(N-l)a 

YN - YNa -> Y'N 

If we assume that the first factor, y., 
is activated over some time interval 
At = a after which the stimulus is 
terminated, then the differential equa- 
tions describing the system are as fol- 
lows. 

dt - kyl[U(t) - U(t - a)] - Ky, dt 
- 

k2y-Y l - K2y2a dt 
(2) 

dy. = yk.yNy(v-1)a 
- KNyN a 

dt 

In the foregoing, U(t) is the unit- 

step function, and hence [U(t) - 

U(t - a)] is a unit pulse of duration a. 
It is possible to provide a general solu- 
tion to (2) if the linear case is con- 
sidered for which the concentration of 

proenzyme yi, remains constant at the 
initial value yi0. This will be approxi- 
mately so if the amount of activated 

proenzyme is small in comparison to 
that initially present or if the precursor 

1.00- 

.50- 
u^ 

48 

b 
STAGE I 

8 16 24 32 40 

is replaced at approximately the same 
rate as it is converted. The build-up in 
the active form is given by the solutions 
to Eq. 2: 

yiaylk { U U(t )- -a) + 

exp (-kt) [exp (Kla) X U (t - a) - 1] t 

(3) 

and for the pth stage 

yok yl0kl yp, okpU( 
ypa- K, K2 

* * 
K U(t) - 

U(t-a) + A, exp (-kit) X 
i-1 

[exp (Kia) X U (t - a) - 1] (4) 

where 

Aij=l ( i) 
j= Kj 

It is informative to consider the 
above solution as the product of two 
factors one of which, F(t), alone de- 

pends on time while the other factor, 
R, depends only on the initial concen- 
trations and on the ratio of the rate 
constants. For t a the factor F(t) in- 
creases from an initial value of zero to 
a steady state value of unity. 
We note that the time required to reach 
the steady state, ts, is determined by the 
smallest decay constant K,, and is given 
by the condition t, > K,-1. When the 

system is at steady state we may define 
the gain G of the enzyme amplifier as 

Y aN N y1iok G = -- ,1 
Yal =2 Ki (5) 

It is evident that if the time interval, a, 
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Fig. 1. The effect of varying time of activation of stage I of biochemical amplifier on the form and magnitude of the output 
response, stage 3. The time of activation decreases from 30 units in (a) to 15 units in (b), while (c) corresponds to 3 units. 
Here F(t) is the time-dependent factor in Eq. 4. 
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over which yi0 is activated is not suffi- 
cient for the realization of the steady 
states, then the gain of the enzyme 
amplifier will be less than that indi- 
cated by Eq. 5. The effect of progres- 
sively shorter time intervals, a, on 
F(t) is shown (Fig. 1) in the instance 
of a three-stage process. Though the 
choice of constants is arbitrary the 
curves make clear the nature of this 
dependency. 

A second point with reference to 
Eq. 5 is that the gain involves the 
products of several single-stage terms. 
This means that small shifts in the rate 
constants or the intial conditions can 
collectively produce significant overall 
effects. Thus a decrease of only 2 per- 
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Erythropoietin has been extracted 
from the kidneys of hypoxic and anemic 
rats. The extract obtained by homog- 
enization in 0.02M phosphate buffer, 
pH 6.8 (1), contains a mixture of eryth- 
ropoietin, some derived from residual 

plasma in the renal vasculature, and 
some of intracellular origin (renal eryth- 
ropoietic factor). We now report de- 
tails of the extraction and properties of 
the renal erythropoietic factor. 

Thirty-two adult female Long-Evans 
rats were rendered hypoxic by contin- 
uous exposure to 0.5 atm of air for 17 
hours. The animals were then imme- 
diately exsanguinated, and their kidneys 
(43.9 g) were removed, minced, and 
homogenized in 100 ml of cold 
isotonic saline (pH 7.0). The homog- 
enate was centrifuged at 37,000g for 
30 minutes, and the sediment was 
washed in 38 ml of isotonic saline. The 
isotonic supernatants were combined. 
The sediment was homogenized again 
in 150 ml of 0.02M phosphate buffer 
at pH 6.8, and the supernatant was 
collected by centrifugation. This two- 
step procedure resulted in separation of 
plasma-borne residual erythropoietin 
(isotonic supernatant) from the renal 
erythropoietic factor (hypotonic super- 
natant). Erythropoietic activity was as- 
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cent in k. and Yio together with a cor- 
responding increase in K, results in an 
eight-stage process, such as blood co- 

agulation, in an overall decrease in 
gain of nearly 40 percent. This sort of 
effect has bearing on negative and posi- 
tive feedback which effects several 
stages simultaneously. 
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sayed in mice rendered plethoric by 
discontinuous exposure to hypoxia (2, 
3). Values obtained for incorporation 
of radioactive iron into circulating red 
cells were converted to unit equivalents 
of standard A (3). All materials were 
administered intraperitoneally in a vol- 
ume of 1 to 2 ml. The assay was suf- 

ficiently sensitive to detect as little as 
0.02 unit of erythropoietin. 

The hypotonic extract contained ap- 
proximately 75 percent of the total 

erythropoietin recovered from the kid- 
ney (Table 1A). This indicates that 
the bulk of the erythropoietin in the kid- 

neys of hypoxic rats may be contained 
within particles. Based on the method 
for estimating residual plasma volume 
(1), the activity in the isotonic saline 
extract was due mainly to residual 
plasma erythropoietin. Both extracts 
were incubated at 37?C for 30 minutes 
with an equal volume of normal rat 
serum. The erythropoietic activity of 
the hypotonic extract increased more 
than twofold after such incubation, 
whereas the isotonic saline extract did 
not (Table 1A). The normal rat serum 
contained no activity when assayed 
alone. This activation phenomenon is 
believed to be a characteristic property 
of the renal erythropoietic factor. Per- 
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fusates of kidneys of anoxic rats also 
enhance erythropoietic activity when 
incubated with normal serum (4). As- 
sociation of the erythropoietic factor 
with the nuclei of kidney cells has 
been recently reported (5). 

To clarify further the nature of the 
renal erythropoietic factor, a subcellu- 
lar fractionation of the kidney was un- 
dertaken (6). Thirty-four kidneys 
(23.5 g) from adult female Long-Evans 
rats made hypoxic by exposure to 0.4 
atm of air for 17 hours were used. 
The nuclear, heavy-mitochondrial, light- 
mitochondrial, and microsomal frac- 
tions were collected, and each fraction 
was resuspended in 50 ml of 0.02M 
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supernatant of each fraction was then 
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exhibited no detectable activity when 
assayed alone but showed the largest 
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(Table 1B). This extract had a protein 
concentration of 8 mg/ml. Enhance- 
ment was noted only with the light- 
mitochondrial extract. It seems, there- 
fore, that the renal erythropoietic fac- 
tor is localized in particles intermediate 
in density between the heavy mitochon- 
dria and microsomes. 
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rats were obtained, and these also en- 
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incubated with normal rat serum (Table 
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Erythropoietin: Production by a Particulate 

Fraction of Rat Kidney 

Abstract. An erythropoietic factor was extracted with hypotonic phosphate 

buffer from the kidneys of hypoxic rats. Normal rat serum enhanced the activity 

of this factor, which is associated with the light mitochondrial fraction. The data 

suggest that the renal factor is not physiologically active unless it interacts with 

a serum carrier or activator, or that the factor may be an enzyme which produces 
erythropoietin from some serum substrate. 
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