
Fig. 3. Human wart virus isolated from 
13-day cultures of cells of mouse embryo 
skin; stained with PTA. 
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tures inoculated with saline or boiled 
virus. 

In mouse cell experiments, the initial 

cytotoxicity was less severe than that ob- 
served in experiments with human skin 
cultures. The mouse cells were fully re- 
covered from the initial cytotoxicity 4 or 
5 days after inoculation. At this time, 
cells inoculated with wart virus exhib- 
ited a cytopathogenicity (CPE) char- 
acterized by a rounding of cells and 
the formation of aggregates which de- 
tached from the monolayer. In con- 

tinuously cultured cells the CPE, but 
not the initial cytotoxicity, appeared in 
cultures which had been inoculated 
with supernatant medium from infected 
cultures rather than with primary wart 
extract preparations. 

The appearance of viral antigen and 
CPE in cultures of mouse embryo skin 
cells inoculated with human wart virus 
was accompanied by accumulation in 
the culture medium of large numbers of 
characteristic virus particles. Virus was 
not detected until the 4th day after in- 
oculation. A typical "sheet" of virus 
particles from a 13-day culture may be 
seen in Fig. 3. 

The wart virus used for injection and 
antibody production was prepared from 
separate pools of human warts. The 
cell cultures used were early passages 
of primary human and mouse tissue 
obtained from several separate sources. 
It therefore seemed improbable that we 
were dealing with a morphologically 
similar papova (contaminant) virus. We 
nevertheless used several fluorescein- 
conjugated antiserums prepared against 
other members of the papova virus 
group. By the aforementioned proced- 
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ures, coverslip cultures of mouse em- 

bryo skin cells inoculated with wart 
virus were stained with antiserums pre- 
pared against human wart virus (rab- 
bit), polyoma virus (rabbit), SV-40 virus 

(rabbit), and adeno-12 virus (mouse) 
(13). Only the cells stained with anti- 

body to human wart virus showed fluo- 
rescence. 

In earlier, unsuccessful, attempts to 

propagate the human wart virus, in 
which other methods were used to ex- 
tract the virus, the early cytotoxicity was 
not observed. We have found this cy- 
totoxicity to be dependent on pH. The 
relation between this early cell damage 
and sensitivity to subsequent infection 
warrants further study in both human 
and mouse cell cultures. 

We have presented data from studies 
with fluorescent antibody and the elec- 
tron microscope as evidence of the 

propagation in cell culture of a virus 

morphologically and immunologically 
similar to that isolated from human 
warts. Since we have not determined the 

ability of this propagated virus to pro- 
duce warts in man, we have only pre- 
sumptive evidence of the cultivation of 
the etiological agent of the human wart. 

STEPHEN OROSZLAN 

MARVIN A. RICH 

Laboratory of Cancer Research, 
Albert Einstein Medical Center, 
Philadelphia 
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5-Bromodeoxyuridine (BUDR) is a 
thymidine analog incorporated into 
only the DNA of proliferating cells 

(1). 
Our experiments were designed to 

determine whether or not embryonic 
cells with such "altered" DNA under- 
go normal differentiation. Rapidly pro- 
liferating presumptive myoblasts were 
grown in vitro in the presence of 
BUDR. Before and after exposure to 
the analog, the cells were inspected 
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for capacity to divide, to fuse and form 
multinucleated myotubes, and to syn- 
thesize myosin and assemble cross- 
striated myofibrils. 

Suspensions of mononucleated, pre- 
sumptive myoblasts were obtained by 
digesting breast muscle of 1l-day 
chick embryos with trypsin (2). The 
cells were plated in Leighton tubes, 
containing coverslips coated with 
chicken plasma clots, at concentrations 
of 3 X 10 cells per milliliter. The 
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5-Bromodeoxyuridine: Effect on Myogenesis in vitro 

Abstract. Presumptive myoblasts, obtained by treating muscle from 11-day 
chick embryos with trypsin, multiply in vitro. On the 4th or 5th day in culture 

they abruptly fuse, form long multinucleated myotubes, and begin to synthesize 
myosin. Cultured cells exposed to 5-bromodeoxyuridine incorporate this analog 

of thymidine into their DNA. Cells with such falsified DNA are reversibly 
inhibited from forming myolubes and synthesizing myosin; such cells, however, 
continue to synthesize the various species of molecules required for cell multipli- 
cation. 
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cultlures were grown in mliedilrnl con- 
sisting of I I-day embryo extract, bal- 
ancet salt solution (Sinmm's), and 
horse serumn (1:2:2). 

To detect DN-A synthesis radioauto- 
graphicall?y, tritiated thyymidine (3) was 
used in concentrations of 0.5 mei/mil 
of nutrient medium. Radioautographs 
were prepar-ed as previously described 
(2). Determinations of DNA were 
based on thein method of Burton (4). 
5-Bromodeoxyuridiine (5) was used in 
conce1ntratiolns of 25 to 250 rkg/ml. 
Incorporation of B13UDR into the DNA 
of cultured cells was followed by ce- 
siunm chloride density-gradient centrifu- 
gation (6). Myosin synthesis was stud- 
ied with fluoreseiin-labeled antibody 
prepared against Chicken imyosin (7). 

Multinucleated skeletal Iuscle 
forms by tthe fusion of mIiany monio- 
nucleated cells. Once a cell fuses with 
another, the nuclei within the result- 
ing myotube cease to synIthesize DNNA 
(2, 8). Wlhen. cultures of mononu- 
cleated muscle precLursor cells that have 
been treated with trypsin are platedt 
in Leighton tubes they increase in num- 
ber for the first 3 or 4 days. with 
relatively little fusion between cells. 
There is a precipitouls formiatio-n of 
long, multinucleated myotubes between 
the 4th- amnd 5thl days of culture. By 
the Stlh day of culture, many myotubes 
are longer than11 1 nmmi and over 20 /0t 
in dia;metel, and contain several hun- 
dred tnuclei. Cross-striated myofibrils 
which react with fluorescein-labeled 
antimyosin -are detectable in some 
myotubes in 6-day cultures and are 
conspicuous in -imost myotubes after 8 
days of culture. lany thousands of 
nuclci witlhin myotubes have b)een ob- 
served, but we lhave never detected one 
in mitosis; - ntor do such nutclei incorpo- 
rate H-'4thvmidine (sees, however, 9). 

The rate at which dissociated cells 
synthesize DNA was determined by 
adding H4"-thymidine to the cultures' 
ont one or anotlher of the first 5 days 
of incubation tlhe cells were exposed 
for 24 hours to labeled thymidine. 
Aftert a 24-hlour exposurte on either 
the Ist, 2n1d, 3rd, 4th or 5th day, the 
cells were inmmediately killed and pre- 
rpared for radioautography: Fig. I sum- 
nmarizes th2 results. In ianother series 
the cells were treated as before but, 
instead of being killed after exposure 
to H'-thymidine, thley were washed 
three times and then incubated in co3ld 
mediumnl (supplemented with 0.25 mgI 
of unlabeled thymridine per milliliter) 
iuntil the cultures -were 6 days old: 
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Fig. 1. The percentage of mononucleated 
cells which incorporate H3-thymidine over 
a 24-hour culture period. The average and 
range are indicated; the numbers of sepa- 
rate experinments are shown in parentheses. 
Random fields of 1000 cells were counted 
for each expe-rimlent. 

the results of these experiments are 
shown in Fig. 2. In another series 
the H"-thynmidine was added daily for 
the first 3 days of culture and then 
the cells were killed; between 95 and 
97 percent of all nuclei were labeled. 
Taken together, these three experi- 
nents indicate that most cells divide 
at least once, and many divide three 
or four tiimes, before being swept into 
imyotubles. Thus there is ample oppor- 
tunity prior to fusion for incorporation 
of BUDR in at least one strand; in 
many instances, in the two DNA 
strands of each double helix. 

If cells are incubated in BUDR 
mediumn fo-r the first 2 days of culture 
and are then placed in normal medium 
until the 8th culture day, typical 
myotubes develop. Similarly, if BUDR 
is present from the 4th through the 
8th culture day there is no obvious 
difference between treated and un- 
treated ctultures. However, if BUDR 
is present dulring the first 5 days of 
ctLlture, after which the cells are cul- 
tured an additional 3 days in normal 
medium, only an occasional short and 
attenu-lated myotube forms. For every 
200 to 300 myotubes in the controls, 
there is app-roxiimiately one myotube in 
the BUDR4-treated series. There are 
fewer imyofibrils, and fewer nuclei to 
each imyotube, in the rare myotubes 
in the BUDR-treated cultures. Myo- 
tubes in the treated series are rarely 
wider -thant 5 a,, and are generally only 
ta few hundred microns long. On the 
other ha-nd, in BUDR-treated cultures, 
the cytology of the few myofibrils that 
do form, and the reaction of the pro- 
tein in their A-bands with the anti- 
myosin serums, are indistinguishable 
from the controls. 

To determine whether the inhibition 
by BUDR is due to some unknown 

action on cell membranes or cyto- 
plasm, the following experiments were 
performed. (i) Bromouracil, thymi- 
dine, and cytidine are pyrimidines 
structurally related to BUDR; their ad- 
dition to the medium in concentrations 
ten times that of the BUDR did not 
interfere with myogenesis. (ii) By in- 
creasing the concentration of the origi- 
nal inoculum, myotubes can be made 
to form within 24 hours. Under these 
conditions myotubes form in the ab- 
sence of cell multiplication (10) and, 
hence, before many cells can incorpo- 
rate BUDR into their DNA. Accord- 
ingly, cultures were prepared with 
5 x 1;0" cells per milliliter. When ten 
times the concentration of BUDR 
(0.25 mg/ml) used in the low-density 
cultures was added to the high-density 
cultures, it did not inhibit fusion or 
the ensuing myogenesis. (iii) If the 
inhibition of myogenesis is due to the 
competitive incorporation of BUDR 
into the DNA of presumptive myo- 
blasts, such cells should be protected 
by the addition of an excess of thymi- 
dine to the BUDR medium. Cultures 
in BUDR medium to which thymidine 
was added in threefold (equimolar) 
concentrations were indistinguishable 
from controls. 

Actinomycin, fluorouracil, mitomy- 
cin, and colchicine interfere with myo- 
genesis (10) but, as they kill cells, 
block mitosis, or cause fission of the 
formed myotubes, it is difficult to in- 
terpret such experiments. It is there- 
fore important to show that the effect 
of BUDR is reversible and is not due 
to selective killing or blocking of divi- 
sions of competent cells. 

To demonstrate that BUDR did not 
inhibit DNA synthesis, parallel cultures 
with and without the analog were pre- 
pared. The DNA was measured in two 
BUDR-treated and two untreated (con- 
trol) cultures at the end of days 1, 2, 
3, 4, 5, 6, and 9. The relative amounts 
of DNA in treated cultures, expressed 
as percentages of the content of con- 
trol cultures, were as follows: 106 per- 
cent, day 1; 92 percent, day 2; 98 per- 
cent, day 3; 110 percent, day 5: 125 
percent, day 6; 150 percent, day 9. 

The greater quantities of DNA in 
the BUDR series, particularly in the 
older cultures, is due in part to the 
presence of myotubes in the control 
cultures. Once the cell enters a myo- 
tube its nucleus is withdrawn from the 
mitotic population. Clearly the effect 
of BUDR is not due to its lethal action 
on multiplying cells. BUDR may re- 
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Fig. 2. Cells were treated with labeled 
thymidine for 24 hours on either the 1st, 
2nd, 3rd, 4th, or 5th day of culture. The 
cells were washed and reincubated in cold 
medium. All were killed on the 6th day of 
culture and prepared for radioautography. 
The percentage of labeled nuclei in myo- 
tubes was determined. Each point is the 
average of three experiments. In each ex- 
periment 1000 myotube nuclei were 
counted. 

duce the viability or fragment the 
chromosomes of some types of cells, 
whereas it has no demonstrable effect 
on other types of cells (11). The ab- 
sence of deleterious effects of BUDR 
in our cultures may be due to the 
embryo extract in the medium; omis- 
sion of embryo extract results in re- 
duced survival and decreased mitotic 
rates. 

That the BUDR is not selectively 
killing presumptive myoblasts was fur- 
ther demonstrated by preparing "sec- 
ond-generation" cultures. Control cul- 
tures and cultures treated for 5 days 
with BUDR were treated with trypsin 
and replated in normal medium for 
another 8 days. Second-generation cul- 
tures prepared from BUDR-treated 
cells formed myotubes with the same 
high frequency as second generation 
controls. These results suggest that the 
blockage of myogenesis depends on 
the incorporation of BUDR into the 
DNA of the involved cells. Further- 
more, if BUDR-inhibited cells are per- 
mitted to synthesize new, and presum- 
ably normal, DNA their progeny again 
exhibit the capacity to differentiate into 
muscle. 

The incorporation of BUDR into 
DNA was demonstrated by gradient 
centrifugation. Six million cells treated 
with BUDR for 5 days, and a similar 
number of control cells, were lysed in 
1 ml of distilled water to which cesium 
chloride was added to produce a 7.7 
molal solution. These samples were 
centrifuged for 24 hours at 44,770 
rev/min in a Beckman model E ultra- 
centrifuge. The DNA from untreated 
cultures had a density of 1.697; DNA 
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from treated cultures, 1.733, the latter 
band corresponding to double strand 
replacement. The difference in density 
was equivalent to a 55 to 60 percent 
replacement of available thymidine po- 
sitions, based on the assumption that 
the volume of the DNA molecule was 
not changed by substituting Br for the 
methyl group on thymine and that 
the DNA was composed of equal 
amounts of the four bases. After 3 
days in culture three bands were de- 
tected by ultracentrifugation; presum- 
ably the middle band reflects replace- 
ment of thymidine by BUDR in a 
single strand. In other experiments cells 
were treated with BUDR for 5 days, 
washed, and then cultured for another 
5 days in normal medium. The density 
of the DNA returned to normal. These 
findings confirm the biological findings, 
namely that the progeny of cells which 
had BUDR in their DNA have normal 
DNA when they synthesize it in medi- 
um lacking the analog. 

These experiments are compatible 
with the possibility that, when half 
the thymidine positions of the DNA of 
presumptive myoblasts are occupied by 
BUDR, some functions fail to emerge 
(12) while others persist. Fusion, syn- 
thesis of myosin, and formation of 
myofibrils are strikingly inhibited, but 
the cells synthesize DNA and all those 
specialized molecules required for cell 
multiplication. It is not clear why cer- 
tain synthetic functions should be in- 
hibited by altering the structure of the 
DNA whereas other functions, thought 
to be under the same kind of genetic 
control, are not affected. The mole- 
cules which regulate cell division are 
as complex and as dependent on the 
proper base sequences in the DNA as 
are those required for cell differentia- 
tion (13). If the presence of BUDR 
interferes with proper coding of those 
genes required for myogenesis, the 
question arises as to why the BUDR 
does not interfere with genes regulat- 
ing the events of cell division. 
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Abstract. Starch-gel electrophoresis 
shows three distinct molecular forms 
of enolase in each of eight different 
species of Salmonidae. The three eno- 
lases do not appear to be artifacts 
of isolation, and their electrophoretic 
patterns are completely reproducible. 
The patterns are also highly charac- 
teristic for each individual species of 
fish, and together with the overall 
myogen patterns they represent un- 
equivocal means of taxonomical iden- 
tification. 

Molecular heterogeneity of specific 
enzymes isolated from a given source 
is well known (1). We have recently 
obtained evidence for multiple forms 
of enolase in the muscle of several 
species of Salmonidae. Although the 
cellular origin and the physical and 
chemical characteristics of the dif- 
ferent forms of enolase have not yet 
been determined, our data show that 
there are three enolases in each of the 
species investigated. The species in- 
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