
Table 1. 3,4-Dihydroxy-L-phenylalanine (dopa) 
requirement and time course of tyrosinase 
reaction in skin of 5- to 6-day-old hamsters. 
Each value is the mean of two homogenates 
and has been corrected for a control, lack- 
ing the enzyme, equivalent to 0.015 ,umole 
of 3HOH. 

Incuba- p 
tion time L-Dopa Activity* 

(min) (mole) 

60 0 0.018 
60 0.05 0.643 
60 0.10 0.840 
60 0.15 1.00 
60 0.20 0.676 
30 0.15 0.52 
90 0.15 1.69 

120 0.15 2.18 

* Micromoles of :HOH per hour per gram of 
tissue (fresh weight). 
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Table 2. Comparison of tyrosinase in dorsal 
and ventral areas of the skin. The areas 
were separated on the basis of hair pig- 
mentation and homogenized separately. 

Age of Activity* 
animal 
(days) Ventral Dorsal 

3 0.106,0.136 0.640,0.660 
4 0.138,0.112 0.971,0.770 
7 0.144 1.00 

* Micromoles of 3HOH per hour per gram of 
tissue (fresh weight). 
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moles of 3HOH per hour per milligram 
of DNA or per gram (wet weight) of 
skin. 

The standard assay mixture contained 
L-tyrosine-3,5-3H (5 to 7 X 106 disinte- 
grations per minute; 1 ,umole); 3,4-di- 
hydroxy-L-phenylalanine (L-dopa) (0.15 
umole); sodium phosphate buffer, pH 
6.8 (25 pmole); and homogenate (0.50 
ml) in a total volume of 1.25 ml. The 
reactions were stopped, 3HOH was iso- 
lated, and the radioactivity was counted 
as described (8). 

The activity is strictly dependent 
upon dopa, as with melanoma tyrosi- 
nase (8), and is proportional to time 
(Table 1). A similar dependence on 
dopa has been reported for rat skin ty- 
rosinase (3, 6) but apparently not for 
mouse skin tyrosinase (2). The reaction 
is also proportional to the concentration 
of enzyme. In a large-scale experiment, 
dopa-3H was isolated and identified as 
a product of the reaction by electro- 
phoresis at pH 1.9 and chromatography 
on Dowex 2 (borate) (9). Skins from 
male and female animals aged 1, 2, 4, 
6, and 10 days were compared, and 
no significant sex differences were ap- 
parent. The K,, of tyrosine for skin 
tyrosinase is 2 X 10-4M, about the 
same value found for melanoma tyros- 
inase (8). 
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Overall there is a seven- to eightfold 
increase in tyrosinase specific activity 
and about a threefold increase from 
day 1 to day 6, with a leveling off at 
days 5 to 6 (Fig. 1). If the enzyme 
values are computed on the basis of 
wet or dry weight of skin, curves of 
similar shape are obtained. Although 
not shown in the figure, the specific 
activity remains close to the maximum 
until about day 16. By day 22 it falls 
to the level found for day 1 or 2 and 
then remains constant at least until 
day 32. Coleman (2) observed a level- 
ing off of increase in specific activity on 
days 4 to 6 for brown and black mice, 
but found no activity by day 30. Black 
rats (3) exhibit maximum activity at 
5 to 13 days of age and continued low 
activity at 10 percent of the maximum 
even on day 69. 

The results shown so far are for 
whole body skin. Although ventral skin 
(white) clearly has enzyme, it is only 
about 15 percent that of dorsal skin 
(pigmented) (Table 2). Experiments 
with mixtures of dorsal and ventral 
skins showed that there was no inhibitor 
in ventral skin. 

In contrast to the results for white 
ventral skin, skin from albino hamsters 
at 1, 2, 3, or 4 days of age (10) had no 
detectable enzymatic activity, even after 
a 3-hour incubation, and exhibited 
no inhibition of tyrosinase from Syrian 
golden hamster skin. I estimate that 
activity of 4-day-old albino skin is 
< 0.02 /xmole/hr per gram of wet skin, 
compared to about 0.6 to 7 jamole/hr 
per gram of skin from a 4-day-old 
Syrian golden hamster. Gaudin and 
Fellman (6), on the other hand, report 
activity in adult albino rat skin at about 
10 percent of that in adult hooded 
rats. 

Although the increase in specific ac- 
tivity is only threefold over the first 6 
days of life, the total tyrosinase activity 
per animal body skin increases from 
about 0.03 ttmole/hr to about 0.6 
,umole/hr, a 20-fold increase in total 
enzyme content during this period. An 
estimate of activity of 0.8 to 1.0 j/mole/ 
hr per gram of wet skin for 5- to 6-day- 
old hamsters may be compared to an ac- 
tivity of 10 to 20 tLmole/hr per gram of 
hamster melanoma (8). The maximum 
specific activity for young black rats 
by the melanin assay can be calculated 
from the data of Chen and Chavin (3) 
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to be 0.07 btmole/hr per gram of wet 
skin, about 10 percent of the maximum 
activity for hamster skin. The differ- 
ence may be due to both method and 
species differences. Gaudin and Fell- 
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man (6) report a maximum activity of 
only 0.5 to 0.7 nanomole/hr per gram 
of wet skin for adult hooded rats, with 
an assay similar to the one used here. 
However, these workers employed only 
0.05 iamole of tyrosine in the incuba- 
tion, which was considerably lower than 
saturating amounts. 
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Abstract. Erythrocyte mosaicism oc- 
curs in fenales heterozygous for glu- 
cose-6-phosphate dehydrogenase defi- 
ciency. In blood from female children 
with acute Plasmodium falciparum 
malaria the parasite rate was 2 to 80 
times higher in normal than in deficient 
erythrocytes. This may be the mech- 
anism whereby the gene for glucose-6- 
phosphate dehydrogenase deficiency 
confers selective advantage against ma- 
laria to heterozygous females, and thus 
may have attained the polymorphic 
frequency occurring in populations liv- 
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Balanced polymorphism is a theo- 
retically well-characterized situation in 
Mendelian populations (1, 2). How- 
ever, there are very few examples, in 
which the mechanism has been clari- 
fied whereby a heterozygote is at ad- 
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Fig. 1. Photomicrographs of blood smears from children with malaria, processed by 
the test for localization of glucose-6-phosphate dehydrogenase (10). After elution. 
smears were stained with Leishman's stain because by the hemalum-erythrosin method 
malarial parasites were not adequately revealed. Normal cells (15) appear stained; 
enzyme-deficient cells are unstained. (a) A normal red cell (15) containing a ring of 
P. falciparum, contrasted with three nonparasitized deficient cells. The blood was from 
case 23 (Table 1). (b) Parasitization does not interfere with the elution technique. An 
unstained cell contains a ring of P. falcipartli in a preparation from a totally deficient 
subject (case 30 in Table 1). 

"Table 1. Preferential infection by P. jalciparumit of normal erythrocytes as opposed to those 
deficient in glucose-6-phosphate dehydrogenase. The percentages of eluted (d) and uneluted 
(n) cells (12) were determined by counting 400 erythrocytes at random, regardless of whether 
they contained parasites or not. The parasite rate (R) in all cells was determined by counting 
500 erythrocytes, regardless of whether they were eluted or not. In order to determine the 
parasite rate in deficient cells (Rd), 200 parasitized cells were counted and the percentage of 
deficient cells among them was multiplied by R/d. The parasite rate in normal cells (R,,) 
was similarly determined. 

Preferential Red cells Parasite rate in cells (%) infection 
Case of normal 

Eluted Uneluted cells 
(% t) (%) All Deficient Normal (Q ) 

Internmediate (heterozygons) females 

1 25 75 2.0 1.2 2.3 1.9 
2 31 69 1.5 0.2 3.4 17 
3 35 65 1.0 0.14 1.5 10.7 

4 38 62 20 5.3 29 5.5 

5 39 61 9.0 3.6 12 3.3 

6 40 60 3.3 0.07 5.5 79 

7 40 60 1.2 0.17 2.2 12.9 
8 41 59 4.8 1.2 7.3 6.1 
9 44 56 4.0 0.64 6.6 10.3 

10 46 54 5.0 2.9 6.7 2.3 

11 47 53 4.5 2.4 6.4 2.7 

12 48 52 15.5 7.8 23 2.9 

13 54 46 9.0 5.0 13.7 2.7 

14 58 42 4.5 0.31 10.2 33 

15 62 38 1.2 0.39 2.4 6.2 

16 66 34 7.0 2.3 16.5 7.2 

17 68 32 2.6 1.4 5.1 3.7 

18 72 28 5.5 1.9 14.5 7.6 

19 73 27 0.1 0.03 0.28 8.5 

20 75 25 0.3 0.11 0.88 8.0 

Deficient (homrozygous) females 

21 85 15 8.5 4.2 25 6.0 

22 89 11 0.3 0.15 1.55 10.3 

23 97 3 4.0 1.4 88 63 

24 98.5 1.5 10 8.7 93 10.7 

25 99 1 5.0 4.2 80 19 

Deficient (helmizygous) nmales 

26 83 17 4.5 3.1 11.2 3.6 

27 86 14 2 0.16 13.3 83 

28 95 5 5.6 5.1 13 2.6 

29 99 1 0.6 0.55 6.0 10.9 

30 99.5 0.5 11.0 10.8 44 4.1 
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vantage over both homozygotes (3). 
In man, only one genetic polymor- 
phism, pertaining to the locus for the 

/,-chain of hemoglobin, has been shown 

conclusively to be stabilized by heterosis 
in at least some populations (4): but 
even in that case it is not known in 
what manner the gene involved-the 
S gene-confers an advantage on the 

heterozygous subjects against malaria, 
the selective force. 

We now present evidence for the 
mechanism whereby another genetic 

trait-deficiency of glucose-6-phosphate 
dehydrogenase-can confer to hetero- 

zygous carriers increased resistance 

against malarial infection. We found 
that in infected heterozygous female 
children [genetic mosaics for glucose- 
6-phosphate dehydrogenase deficiency 
(5)], the probability of finding para- 
sites is 2 to 80 times greater in nor- 
mal cells than in those deficient in glu- 
cose-6-phosphate dehydrogenase. We 
think it likely that the marked prefer- 
ence of the parasite for "normal" cells 
confers increased resistance to malaria 
to heterozygous females. This fact 
alone could account for the geographi- 
cal correlation between high fre- 

quency of the gene for glucose-6- 

phosphate dehydrogenase deficiency 
and high malarial endemicity (6), 
first pointed out by Motulsky (7) and 

by Allison and Clyde (8). 
Blood was obtained from 1- to 5- 

year-old children having acute malaria 

(Plasmoditm falciparum) and tested 
for localization of glucose-6-phosphate 
dehydrogenase by the technique of 

methemoglobin elution (9, 10). This 

technique allows one to distinguish by 
microscopic observation between cells 
that have a normal amount of glucose- 
6-phosphate dehydrogenase from cells 
with a low level of this enzyme, since 

only the normal ones resist elution and 
thus appear stained (Fig. la). 

In subjects with normal glucose-6- 
phosphate dehydrogenase activity (11) 
over 95 percent of the cells were 

stained, and virtually all parasites were 
inside stained cells. The results ob- 
tained in intermediate and deficient 

(11) subjects are listed in Table 1. 

Without exception, the percentage of 

parasitized cells among erythrocytes 
with a normal amount of glucose-6- 
phosphate dehydrogenase (12-14) is 

greater than that among the enzyme- 
deficient erythrocytes. The ratio be- 
tween the parasite rates in the two 

types of cells can be used as an index 
of the preferential infection of non- 
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deficient erythrocytes. If the parasites 
had no preference, the value of this 
index (Q in Table 1) would be 1; in- 
stead, one sees that Q ranges from 1.89 
to 83. 

In heterozygous intermediate fe- 
males, the red cell mosaicism mani- 
fested in the methemoglobin elution 
test is usually accepted as being the 
expression of mosaicism for the X- 
linked gene for glucose-6-phosphate 
dehydrogenase (5, 10). The tendency 
of P. falciparum to invade the normal 
erythrocytes reflects its preference for 
the cells in which the gene for de- 
ficiency has been inactivated. In each 
subject the normal cells act as control 
for the deficient cells. In deficient 
subjects (whether hemizygous males or 
homozygous females) a minor pro- 
portion of cells may resist elution in 
the procedure we used (10). These are 
presumably the youngest red cells, with 
sufficient enzyme activity for efficient 
reduction of methemoglobin (15, 16). 
In these subjects too we found a large 
excess of parasites in normal cells. In 
the extreme (case 27), although only 
14 percent of all cells were uneluted, 
93 percent of the parasites were in 
them. Thus, the plasmodium prefers 
cells that have a sufficiently high level 
of glucose-6-phosphate dehydrogenase, 
whether by virtue of their genetic 
structure or because of their young 
age. A noteworthy implication is that, 
in glucose-6-phosphate dehydrogenase 
deficient subjects, the parasites tend 
to invade the youngest cells. This may 
or may not apply to other subjects 
(17). 

Several possible artifacts have been 
excluded in these experiments. (i) The 
presence of the parasite in a red cell 
does not interfere with elution (Fig. 
lb). In some subjects the parasite rate 
in deficient cells can be quite high, but 
in each case it is less than in normal, 
cells, even when these are very few 
(cases 24, 30). (ii) There is no signi- 
ficant loss of parasitized cells during 
the incubation time required by the 
performance of the test: thus, para- 
site counts made before and after in- 
cubation agreed within ? 5 percent. 

The mechanism underlying the pre- 
dilection of the parasites for normal 
erythrocytes is not clear. At least three 
possibilities can be considered. (i) 
Failure of infection-where the para- 
site recognizes, perhaps on the basis 
of a difference in the membrane (18), 
normal from deficient cells and prefers 
not to enter the latter. (ii) Abortive 
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infection-where the parasite enters 
either type of cell indifferently, but it 
fails to thrive in the deficient cells 
perhaps because of their impaired re- 
ductive potential (7). (iii) Suicidal in- 
fection-where the parasites can devel- 
op in deficient erythrocytes, but upon 
parasitization these are rapidly re- 
moved from circulation with destruc- 
tion of the erythrocyte and death of 
the parasite (19). If the mechanism 
of preference is clarified, it may be- 
come possible to interpret the wide 
variability of the Q values in Table 1, 
which we cannot yet explain. There 
was no correlation between the para- 
site concentration (which ranged from 
5 X 103 to 4 X 105 parasites per mi- 
croliter of blood) and the value of Q. 

Our data indicate that in heterozy- 
gous females only one-half of the 
erythrocyte population, on the average, 
is readily available for parasitization. 
In that mortality from malaria is 
closely related to parasite concentra- 
tion in the blood (20), it is likely that 
this mechanism confers a direct ad- 
vantage in viability to the heterozy- 
gous females in an environment with 
endemic malaria. This conclusion is 
not dependent on the specific mech- 
anism that causes decreased rate of 
parasitization of deficient cells. Wheth- 
er infection fails, or aborts, or leads 
to death of the plasmodium, its suc- 
cessful propagation is drastically im- 
paired, and the chance of survival of 
the human host is proportionately in- 
creased. Since parasitization can occur 
in deficient cells, our data do not pre- 
dict whether a similar situation applies 
in enzyme deficient hemizygous males 
or homozygous females. It is possible 
that no preferential survival does exist 
in this group, who are also exposed 
to the risk of fatal hemolysis (21, 22), 
and this would explain why data com- 
paring parasite rate or parasite density 
in normal and deficient subjects, usu- 
ally males (8, 23), have been incon- 
clusive. 

That, for polymorphism at a sex- 
linked locus to reach equilibrium, a 
greater fitness of the heterozygote fe- 
male is sufficient has been established 
(24). Allison and Clyde (8) had al- 
ready envisaged this possibility for the 
case of glucose-6-phosphate dehydro- 
genase deficiency, and Livingstone (25) 
calculated a frequency of 0.16 for the 
responsible gene at equilibrium; the 
observed gene frequency in Nigeria 
is about 0.2 (26). Thus, it appears 
that in this case selection specifically 

favors the heterozygote female, be- 
cause genetic mosaicism enables her 
to enjoy the benefits of having two 
types of red cells at the same time 
(27). This peculiar situation, unknown 
for any autosomal locus, has made it 
possible to rationalize, at the cellular 
level, the basis of the selective ad- 
vantage and to provide direct experi- 
mental support to the hypothesis (7, 8) 
-grounded thus far mostly on geo- 
graphical data (28)-that malaria is a 
major factor in maintaining polymor- 
phism at the glucose-6-phosphate 
dehydrogenase locus. 

Lucio LUZZATTO 
ESSIEN A. USANGA 

SHUNMUGAM REDDY 

Sub-Department of Haematology, 
University College Hospital, 
Ibadan, Nigeria 
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Digitoxin Poisoning: Prevention by Spironolactone 

Abstract. Spironolactone (Aldactone?) protects the rat against the production 
of myocardial necroses and other manifestations of digitoxin poisoning. 
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of myocardial necroses and other manifestations of digitoxin poisoning. 

In the rat, spironolactone, which has 
been found to block the hypertensive 
action of aldosterone by competitive 
inhibition (1), minimizes both the 
cardiovascular lesions characteristic of 
overdosage with desoxycorticosterone 
(2) and the infarct-like myocardial 
necroses produced by certain corticoids 
in combination with bisodium phos- 
phate, excess fat intake, or stress (3). 
In agreement with expectations, spiro- 
nolactone is also beneficial not only in 

primary aldosteronism but also in many 
of the common types of clinical hyper- 
tension (4). 

Independently of these studies it was 
noted that heavy overdosage with digi- 
toxin produces massive cardiac ne- 
croses in the rat and that concurrent 
oral administration of excess bisodium 

phosphate and fat facilitates the pro- 
duction of these lesions (5). 

The aglycones of cardiac glycosides 
resemble the corticoids in that they 
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possess a steroid nucleus; since, in ad- 
dition, they have a lactone ring at C-17, 
they are structurally even more closely 
related to spironolactone than is des- 
oxycorticosterone or aldosterone. In 
view of these considerations, it seemed 
promising to explore the possibility of 
counteracting digitalis toxicity by a 
competitive inhibitor of aldosterone 
such as spironolactone. 

Forty female rats from Holtzman 
Farms (Madison, Wis.), with a mean 
initial body weight of 100 g (range 90 
to 110 g), were divided into four equal 
groups and treated as outlined in Table 
1. Digitoxin (0.5 or 0.25 mg) and bi- 
sodium phosphate (1 mM), dissolved 
together in 2 ml of water, and 1 ml of 
corn oil were given separately by 
stomach tube twice daily for the 
production of the cardiopathy. In 
addition, for prophylaxis, certain 
groups received spironolactone (10 mg), 
added to the solution of digitoxin and 
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Table 1. Prevention of digitoxin poisoning by spironolactone. In addition to the treatments 
listed, all groups received Na2HPO.1 and oil as described in the text. The readings include 
both the animals that succumbed during the experiment and the survivors that were killed on 
the 5th day. 

Treatment 
Motor Cardiac Mortality Group Digitoxin Spironolactone disturbances necroses (%) 

(mg) (mg) 

1 0.5 0 +++ -+- 100 
2 .5 10 + 0 30 
3 .25 0 ++ - +- 50 
4 .25 10 0 0 0 
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Fig. 1. Prevention of digitalis-induced myocardial necrosis by spironolactone. (Left) 
Sharply circumscribed circular apical necrosis in the heart of a rat treated with 
digitoxin (group 1). (Right) Prevention of the necrosis by additional treatment with 
spironolactone (both hearts are photographed from their apical aspect). 
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