
Table 1. Activity of beta glucuronidase in skin components from 15 patients with cystic 
fibrosis (mean age 8.5 years) and 15 controls (mean age 11 years). Units are expressed as 
micrograms of phenolphthalein released per gram of dry tissue per hour of incubation; 
i is the difference between the means divided by the standard error of the difference. The 
t values (P associated with this t value): sweat gland, t = 2.9 (P = .01); epidermis, t = 
2.6 (P .02); dermis, t = 0.77. 

Patients with cystic fibrosis Controls 

Sweat gland Epidermis Dermis Sweat gland Epidermis Dermis 
(units (units (units (units (units (units 
X 103) X 103) X 102) X 103) X 103) X 102) 

1.2 1.8 1.8* 2.7 : 2.0 0* 
2.7 5.9* 3.1* 3.2 0: 

2.9 2.9 5.0 2.2* 2.2 0* 
1.9 2.0 1.4 1.3: 3.3 0* 
1.5* 2.0 2.5 4.2 2.6 2.7 

1.5 3.7* 2.2 2.6 5.0 
0.5* 1.2 2.8 2.3 2.0 4.8 
1.5 1.6 4.1 2.9 2.5 3.1 
1.4* 1.7 3.2 2.2' 1.9 1.5 
2.1 2.4 1.0* 2.2 3.3 3.2 
3.3 1.9 4.9 2.7 2.6 5.7 
1.4 2.2 3.3 2.8 3.4 5.3 
2.2 1.9 4.3 1.7 3.2 2.7 
1.6 1.8 2.2 4.1 1.5 5.2 
1.8 2.5 4.0 1.9 1.7 2.8 

Means ? standard deviations 
1.8 ? 0.7 2.0 ?+ 0.46 3.3 ? 1.4 2.6 ? 0.8 2.5 ? 0.6 2.8 ? 2.1 

* This figure is not the average of three separate determinations. 
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sweat gland of patients with cystic 
fibrosis (Table 1). 

We do not know whether this de- 
crease in enzyme activity represents 
decreased synthesis, abnormal enzyme 
structure, or enzymatic inhibition by 
some other substance. The decreased 
activity of beta glucuronidase would 
seem to indicate some defect more 
fundamental than general debilitation, 
inasmuch as a number of other en- 
zymes assayed had normal activities 
(5). The finding (8) of metachromatic 
material (presumably mucopolysaccha- 
ride) accumulating in cultured cystic 
fibrosis fibroblasts is interesting in view 
of the connection between beta glu- 
curonidase and mucopolysaccharide 
metabolism. 
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uronic acid and chondroitin sulfate. 
Others have implicated the enzyme 
both in the synthesis and degradation 
of acid mucopolysaccharides. Montag- 
na (3) found high activities of beta 
glucuronidase in human sweat gland, 
and Ballantyne and Wood (4) ob- 
served increased activity of the enzyme 
in the actively secreting salt glands of 
ducks that had been given a load-dose 
of salt. Thus, beta glucuronidase may 
be a necessary component of the salt- 
secretion mechanism, and may have 
some role in mucopolysaccharide me- 
tabolism. 

We have determined the activities 
of several enzymes, including acid and 
alkaline phosphatase, ouabain-sensitive 
adenosine triphosphatase activatedf by 
Na+ and K+, phosphatidic acid phos- 
phatase, and lactate, malate, glucose- 
6-phosphate, isocitrate, and succinic 
dehydrogenases (5) in components of 
freeze-dried skin isolated by microdis- 
section from children with cystic fibro- 
sis. We found no differences in enzyme 
activities between normal children and 
those with cystic fibrosis, with respect 
to enzyme activities until we assayed 
beta glucuronidase activity. 

Skin biopsies were taken with a high 
speed drill and imbedded in tragacanth 
gel. The samples were frozen, cut into 
thin sections on a microtome, and dried 
in a vacuum. Fragments of epider- 
mis, sweat gland, and dermis were iso- 
lated by microdissection and weighed 
on a quartz-fiber balance (6). Aver- 
age weights for dermis, epidermis, 
and sweat gland were 9, 6, and 3 
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/g, respectively. Beta glucuronidase 
activity of the fragments was deter- 
mined with phenolphthalein glucuro- 
nide as the substrate (7). The liberated 
phenolphthalein was measured on a 
spectrophotometer after the mixture 
was incubated for 24 hours. Kinetic 
studies indicated that the rate of re- 
lease of product during the entire in- 
cubation period was linear. There is 
a statistically significant (P = .05, Stu- 
dent's t-test) decrease in beta glucuron- 
idase activity in the epidermis and 
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Long and Kaplan observed that 
horseshoe crab, Xiphosura (Limulus) 
polyphemus, lactate dehydrogenase 
(LDH) is D(-)-lactate specific (1). 
Also, they reported that the molecular 
weight of this enzyme, as judged by 
gel filtration and ultracentrifugation, 
was approximately 70,000 or one-half 
that of vertebrate lactate dehydrog- 
enase [E.C. 1.1.1.27 : L-lactate: nico- 
tinamide-adenine dinucleotide (NAD) 
oxidoreductase] (2). This report con- 
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firms that Limulus LDH is D(-)- 
lactate specific. However, its molecular 
weight, as judged by gel filtration, is 
essentially identical to that of verte- 
brate LDH (approximately 140,000). 

Because of the discrepancy between 
the molecular weights obtained for 
Limulus LDH, I compared it with a 
D(-) -lactate specific LDH from an- 
other invertebrate. It has been reported 
(1) that a D(-)4-lactate specific LDH 
is present in the moon snail (Gastro- 
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Horseshoe Crab Lactate Dehydrogenase: 
Tissue Distribution and Molecular Weight 

Abstract. Lactate dehydrogenase from Xiphosura (Limulus) polyphemus is 
D(-)-lactate specific. It does not use L(+)-lactate, a-hydroxybutyrate, a-hy- 
droxyvalerate, or a-hydroxyisocaproate as substrate. In most tissues lactate dehy- 
drogenase is composed of five isozymes with a molecular weight of 140,000 for 
each, as judged by gel-filtration chromatography. This suggests that the isozymes 
are tetramers comprised of varying amounts of two physicochemically distinct 
subunits. 
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poda), but that LDH is lacking in 
other molluscan classes (3). However, 
the common edible clam Mercinaria 
inercinaria contains a D(-)-lactate 
specific LDH, albeit in low concentra- 
tion (4). By means of gel-filtration 
chromatography, the molecular weight 
of this enzyme was estimated to be ap- 
proximately 130,000 (4). 

The specimens of Xiphostra poly- 
phezmus were obtained from various 
locations in Long Island Sound by com- 
mercial fishermen. Others were ob- 
tained from the Marine Biological Lab- 

oratory, Woods Hole, Mass. The organ- 
isms ranged in size (diameter of cara- 
pace) from 5 to 30 cm. Those that 
were not used immediately upon arrival 
at the laboratory were maintained in 
aerated seawater tanks. No more than 
2 weeks elapsed between capture and 
tissue preparation. 

Vertical starch-gel electrophoresis 
(Buchler Instruments, Fort Lee, N.J.) 
was carried out at 4?C with 14 per- 
cent gels (5) in a tris(hydroxymethyl)- 
aminomethane (tris)-borate-ethylenedi- 
aminetetraacetate (EDTA) discontinu- 
ous buffer system (pH 8.6) (6). Elec- 

trophoresis was conducted at a con- 
stant voltage gradient of 8 to 9 volt/ 
cm or at a constant current of 15 ma 
for 14 to 17 hours. The gels were 
stained for LDH activity by the tetra- 
zolium method (5, 7) with lithium lac- 
tate and other a-hydroxy acids as sub- 
strates (8). In all cases, half of the gel 
served as the control and was incu- 
bated in the staining solution minus 
substrate to detect spurious bands of 

enzyme activity such as might result 
from the activity of "nothing" dehy- 
drogenase (9). 

With the exception of the hemo- 

lymph, all tissues were minced and ho- 
mogenized at a ratio of 1.0 g of tis- 
sue per milliliter of buffer by repeated 
short bursts of blending in a Sorvall 
Omni Mixer (Ivan Sorvall, Inc., Nor- 

walk, Conn.). Blending time, over a 
wide range, had no effect on the tissue- 

specific pattern of the isozymes. Hemo- 

lymph was collected from the heart 
with a syringe fitted with an 18-gauge 
needle; it was then diluted with buffer 

(1:1). The homogenates (10) and di- 
luted hemolymph were centrifuged at 

100,000g for 60 minutes. The enzyme 
was precipitated from the supernatant 
with ammonium sulfate between 40 and 
60 percent of saturation. 

Individual isozymes were isolated 
and purified by diethylaminoethyl 
(DEAE)-cellulose column chromatog- 
raphy. The ammonium sulfate precipi- 
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Fig. 1. Molecular weight of Xiphosura 
polypheinus lactate dehydrogenase by gel 
filtration on Sephadex G-150. The column 
was calibrated with rabbit muscle aldolase 
(a), horse LDH-5 (b), yeast hexokinase 
(c), bovine serum albumin (d), and oval- 
bumin (e). The elution volume (V,.) of 
ferritin (100 ml) was employed as the 
void volume (V,,) of the column. The ar- 

ab row denotes horseshoe crab LDH. 

51 5.2-- The molecular weight of Limrulus 
D(--)-lactate dehydrogenase was esti- 
mated by gel-filtration chromatogra- 
phy [Sephadex G-100, G-150, and G- 

minimum 200 (11) and Bio-Gel A-0.5 m, 100 
)dium phos- to 200 mesh]. The dimensions of the 
5 X 10-3M columns were 2.5 by 35.0 cm, 2.5 by 
zed against 50.0 cm, and 2.0 by 105 cm. Chroma- 
res each) tography was carried out both at 4? ? 
I dialyzate 2?C and 23? ? 2?C with either the 

Og for 60 supernatant (100,000g) of the tissue 
vas applied homogenates or purified individual iso- 
mn equili- zymes (12). 
buffer and Under all conditions used, Limulus 
er between D(-)-lactate dehydrogenase was eluted 

from the columns between human y- 

(+) 
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Fig. 2. Tissue distribution of Xiphosura polyphemnus lactate dehydrogenase. Electro- 
phoresis was conducted in 14 percent starch (gel) at pH 8.6 in 45 mM tris, 25 mM 
boric acid, and 1 mM disodium EDTA at 8 volt/cm for 16.5 hours at 4?C. 
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globulin or rabbit muscle aldolase and 
yeast hexokinase (Fig. 1). Also, it co- 
chromatographed with beef, horse, or 
rabbit LDH. Thus, the molecular 
weight of Limulus LDH is similar to 
that of mammalian L(+)-lactate de- 
hydrogenase (approximately 140,000). 

The LDH appears to exist in the tis- 
sues of the horseshoe crab in five iso- 
zymic forms (Fig. 2). This zymo- 
gram is representative of tissue prepa- 
rations from all specimens (several 
dozen) examined. Each tissue possesses 
a specific pattern of isozymes. Thus, as 
in vertebrates, it may be that Limulus 
LDH is a tetramer which exists in the 
form of two homopolymers, BBBB and 
AAAA (designated LDH-1 and LDH- 
5, respectively), and three heteropoly- 
mers, BBBA, BBAA, and BAAA (des- 
ignated LDH-2, -3, and -4, respec- 
tively). This could be proved by molec- 
ular hybridization (13). However, it 
has not yet been possible to reversibly 
dissociate the subunits of horseshoe 
crab LDH (14). 

The LDH isozymes of Limulus ap- 
pear to be highly specific for D(--)- 
lactate. Neither a-hydroxyvalerate, a- 
hydroxyisocaproate, nor a-hydroxybu- 
tyrate could substitute for lactate in the 
staining mixture. 

EDWARD J. MASSARO 
Department of Biochemistry, 
State University of New York 
at Buffalo, Buffalo 14214 
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Production of Mouse Urinary 
Bladder Carcinomas by 
Sodium Cyclamate 

Abstract. Sodium cyclamate was sus- 
pended in cholesterol pellets that were 
surgically implanted in the urinary 
bladders of mice. In duplicate experi- 
ments, incidences of mouse bladder car- 
cinomas observed in animals exposed 
to these pellets were 78 and 61 percent 
compared with incidences of 13 and 
12 percent in control mice exposed to 
pellets of pure cholesterol. The ex- 
posure of the mouse bladder to sodium 
cyclamate was very brief, as the time 
required for 50 percent of the com- 
pound to disappear from the pellets 
was about 1 hour. This experimental 
technique was found to be highly sensi- 
tive, reproducible, and predictive of the 
bladder carcinogenicity of orally ad- 
ministered cyclamate. 

Cyclamate has been employed as a 
sweetening agent for nearly 20 years, 
but only since 1961 has it enjoyed in- 
creasingly widespread consumption and 
popularity (1). Althoughl studies of the 
potential carcinogenic activity of cycla- 
mate have been conducted in animals, 
they have not been satisfactory. One 
deficiency of all these studies is that 
none of them have reported a thorough 
investigation of the urinary bladders of 
test animals for the presence of carci- 
noma. The mammalian urinary bladder 
is known to be carcinogenically sensi- 
tive to chemically defined organic com- 
pounds, and correlations of human and 
animal bladder carcinogenicity for sev- 
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pellet in the mouse bladder, used in 
this study, has been found to be highly 
sensitive, reproducible, and predictive of 
the bladder carcinogenicity of cycla- 
mate administered orally. 

The experimental details of our use 
of the above-mentioned technique have 
been reported (2, 3). Cholesterol, which 
was purified by recrystallization before 
use, and sodium cyclamate (4) were 
ground separately to a fine powder in 
an agate mortar. Sodium cyclamate was 
then mixed carefully with four times 
its weight of cholesterol before the 
mixture was compressed into spheroidal 
pellets, 5/32 inch (0.4 cm) in diameter 
and 20 to 24 mg in weight, with a 
standard face die (2, 3). The quantity 
of sodium cyclamate in representative 
pellets was measured by gas-liquid 
chromatography (5) prior to surgical 
implantation of the remaining pellets 
in the bladder lumens of Swiss female 
mice, 60 to 90 days old (2, 3). Pellets 
were removed from some mice at vari- 
ous periods of time after surgical im- 
plantation, and the quantity of sodium 
cyclamate remaining in these pellets 
was measured (5). These data were 
used to obtain an assessment of the rate 
of disappearance of sodium cyclamate 
from the cholesterol pellet-the elution- 
rate constant (K) and the time required 
for 50 percent of the sodium cyclamate 
to disappear from the pellet, the 50 per- 
cent elution time (T?/) -in order to 
evaluate the probable exposure of the 
bladder to the test compound (2, 3). 
Pellets of identical shape and mass were 
made from purified cholesterol and 
surgically placed in the bladder lumens 
of another group of mice as compara- 
tive controls. 

For the carcinogenicity experiments 
the following procedure was used. Pel- 
lets composed of either pure cholesterol 
or sodium cyclamate and cholesterol 
were surgically placed in the bladder 
lumens of duplicate groups of 100 mice 
(2, 3). The animals in each group were 
allowed to survive 13 months, and the 
bladders of animals surviving more than 
175 days were microscopically evalu- 
ated for the presence of bladder carci- 
noma by use of the criteria of Bonser 
and Jull and of Roe (6). Carcinomas 
that were not observed to invade muscle 
were classified as stage I; those that were 
seen to invade muscle as stage II; and 
those that presented evidence of serosal 
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