
recognizes only a half-methylated site. 
Therefore, all subsequent copies of this 
DNA will no longer be methylated at the 
designated sequence. If a given site is 
unmethylated after 5-azaC incorpora- 
tion, a specific gene could be reactivat- 
ed. Those cells in which the HPRT locus 
was reactivated by incorporation of 5- 
azaC at the necessary site grew in HAT 
medium. The stability of the reactivated 
gene loci in our experiments is also in 
keeping with the model. 

It appears from the evaluation of hu- 
man G6PD and PGK that demethylation 
at a specific site (or sites) does not reacti- 
vate the entire X chromosome, since 
G6PD and PGK were not expressed in all 
clones in which HPRT was reactivated. 
We interpret this as evidence for the in- 
activation of the X in discrete units. It 
may be that the three X markers we have 
evaluated, G6PD, PGK, and HPRT, are 
in differentially regulated segments. 
Such a mechanism is compatible with the 
existence on the human X chromosome 
of loci such as that for STS, which may 
be in a segment that is never inactivated. 
However, the frequency of reactivation 
of HPRT is at best one per thousand, 
whereas the expression of human G6PD 
or PGK was detected in 1 of 14 inde- 
pendent HPRT-positive clones isolated. 
Also, the expression of human G6PD 
was detectable in pooled samples of re- 
activated clones. Thus, coordinate reac- 
tivation of HPRT and G6PD or PGK ap- 
pears to occur at a frequency greater 
than that expected by chance. 

Our results thus provide evidence that 
DNA methylation plays a role in in- 
activation of the X chromosome and that 
inactivation occurs on the human X in a 
segmental fashion. It is well established 
that DNA-protein interactions are al- 
tered when DNA is methylated (9, 10). 
Such changes could account for the in- 
activation of X-linked genes and hetero- 
chromatization of the X chromosome. 
The exact nature of this alteration must 
be resolved by further experimentation. 
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Mouse Oocytes Transcribe Injected Xenopus 5s RNA Gene 

Abstract. Transcripts produced a f t ~ r  injection of the Xenopus 5 s  KNA gene into 
oocyte germinal vesicles oj re~ice migrate dectrophoretically ~ i t h  the 5 s  RNA mark- 
er, an indicntion that the gene is trnnscribed and processed with considerable accu- 
racy. Approximately t ~ , o  5 s  R N A  molecules are transcribed per gene per hour. This 
system may be lisejul in studying DNA processing and gene regulation by the mam- 
malian ovum and might be tnod8ed to allow permanent incorporation oj'specijic 
genes into mice. 

The Xenopus oocyte has been used ex- 
tensively to study the biological activity 
of macromolecules introduced by micro- 
injection ( I  -3). The oocyte translates nu- 
merous types of injected messenger 
RNA (mRNA) (2) and transcribes sever- 
al types of DNA with great fidelity (4-5). 
This system has been extraordinarily 
useful in studying the processing of in- 
jected mRNA and DNA by a normal liv- 
ing cell (5). Globin mRNA microinjected 
into the mouse oocyte or into a one-cell 
fertilized ovum is translated to globin 
protein (6). The translation character- 
istics of the mouse oocyte are different 
from those of the Xenopus oocyte, and 
therefore injection of the mouse ovum 
provides a valuable additional technique 
for studying mRNA processing in the in- 
tact cell. We now report that the mouse 
oocyte is also capable of transcribing for- 
eign genes introduced by microinjection 
and can thus be used to study DNA pro- 
cessing by the mammalian egg cell. 

Growing mouse oocytes (50 to 60 pm 
in diameter) were dissected from the 
ovaries of 14-day-old hybrid C57 x SJL 
females. The oocytes were collected in 
Brinster's medium for ovum culture 

(BMOC) (7) modified by the addition of 
bovine serum albumin (4 mgiml), glucose 
(I mglml), Eagle's essential and nones- 
sential amino acids, and 10 percent fetal 
calf serum (BMOC-2-M). Mature oo- 
cytes (just prior to ovulation) were dis- 
sected from the ovaries of 6- to 8-week- 
old mice. The medium used for collec- 
tion and maintenance was BMOC-2 (7). 
Fertilized ova were flushed from the ovi- 
duct with BMOC-2 on day 1 of preg- 
nancy. The gene used in these experi- 
ments was for somatic 5S RNA from 
Xenopus borealis; two repeating units 
were cloned in plasmid pBR322. The 
characteristics of the cloned sequence 
and gene (pXbsl) have been described 
(8). The concentration of the DNA was 1 
mgiml in a dilute salt solution (0.015M 
NaCl, 0.5 mM EDTA, and 5 mM tris at 
pH 7.8). The injection procedure was 
similar to that previously employed for 
injecting cells into blastocysts (9) and 
mRNA into one-cell fertilized ova (6). 
Growing oocytes were placed on a de- 
pression slide in BMOC-2 containing 
cytochalasin B ( 5  to 10 ~ g i m l )  and held 
with a blunt pipette (6). The tip of the in- 
jector pipette was filled with the DNA 
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solution and inserted into the oocyte nu- 
cleus (germinal vesicle). The volume in- 
jected was determined by measuring the 
germinal vesicle before and after injec- 
tion. The average increase in volume 
was 2 picoliters. Injections into the ger- 
minal vesicle of mature oocytes and the 
pronucleus (male) of fertilized ova were 
accomplished in the same manner. The 
survival rate was approximately 75 per- 
cent for growing oocytes, 25 percent for 
mature oocytes, and 50 percent for ferti- 
lized ova. The reason for the difference 
in survival is not known but may be re- 
lated to the speed with which the punc- 
tured membranes can be repaired. After 
injection, the oocytes or ova were in- 
cubated in the appropriate medium (see 
above) containing [3Hlguanosine (4 pCil 
pl; specific activity, 28 Ci/mmole; Amer- 
shamlsearle) for 24 hours. After the oo- 
cytes were labeled, they were washed 
three times in medium and placed in a 
tube (6 by 60 mm) containing 20 pg of 4S 
RNA from Escherichia coli as camer 
and 20 pg of proteinase K in 10 pl of 50 
mM tris @H 7.9, 10 mM EDTA, and 0.5 
percent sodium dodecyl sulfate (10). The 
tubes were stored at -700C. Immediate- 
ly before electrophoresis, the tubes con- 
taining the oocytes and proteinase K 
were incubated for 2 hours at 37OC to lib- 
erate RNA. (Extraction with a mixture 
of phenol and chloroform did not im- 
prove RNA separation.) Nonradioactive 
5S RNA (25 pg) from E. coli (Boehringer 
Mannheim) was added to each tube as a 
marker, and the samples were subjected 
to electrophoresis on 8 percent acryl- 
amide slab gels containing 0.2 percent 
sodium dodecyl sulfate by the tris-ace- 
tate system (pH 7.2) (11). 

Growing oocytes serving as controls 
and growing oocytes injected with 5S 
DNA fromX. borealis both show consid- 
erable radioactive 18S and 28S ribosomal 
RNA at the top of the gel (Fig. 1). There 
is a band of labeled RNA migrating with 
the 4S carrier and a radioactive band mi- 
grating with the dye front. The latter 
band has not been identified, but all of 
the bands disappear with ribonuclease 
treatment of the lysed oocyte. The only 
difference between separations in the 
control and injected oocyte samples is a 
clearly visible radioactive band migrat- 
ing with the 5S marker RNA in the DNA- 
injected oocyte sample. We interpret this 
finding to indicate that 5s RNA is syn- 
thesized from the Xenopus 5S DNA gene 
present in the plasmid. There is no evi- 
dence of plasmid DNA transcription. 
Synthesis of 5S RNA from 5S DNA also 
occurs when pXbsl is injected into the 
germinal vesicle of the mature oocyte. 
The plasmid alone does not stimulate 
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transcription from endogenous 5s genes, 
since no new bands appear when 
pBR322 without the 5S gene is injected 
(Fig. 2). However, if the plasmid con- 
taining a 150-nucleotide adenovirus-as- 
sociated RNA gene is injected simultane- 
ously with pXbsl, a new RNA band ap- 
pears above the 5s band (Fig. 2). This 
band is in the location expected for an 
RNA transcribed from a 150-nucleotide 
gene. The band is less dense than the 5S 
band, perhaps because pAd123 has one 
cloned viral gene sequence and pXbsl 
has two repeating units of the cloned 5s 
gene. 

The location of the 5S band, which mi- 
grates with the 5S marker, suggests that 
the gene is transcribed with some accu- 
racy. If small pieces of plasmid DNA 
were transcribed concomitantly with the 
gene, one would not expect to see exact 
comigration. In fact, transcription of 5s 
genes by E. coli or Xenopus polymerases 
in vitro does not produce significant 
quantities of 5S transcripts (4). Most of 
the transcripts obtained in vitro are in- 
correct. The location of the adenovirus 
RNA on the gel also suggests accurate 
transcription by the oocyte. The accura- 
cy of transcription in the Xenopus and 
mouse oocyte systems is an important 
characteristic of the technique. 

We have not yet detected 5S RNA 
synthesis after injection of the plasmid 
into one-cell fertilized ova. Since the vol- 
ume of plasmid solution injected (2 pi- 

coliters) is the same in the one-cell fertil- 
ized ovum as in the growing oocyte, the 
absence of detectable 5s RNA (or any 
other new RNA bands) must result from 
the conditions that are responsible for 
the low levels of RNA synthesis in one- 
cell fertilized ova and cleaving embryos 
(12). It is not known why detectable 5S 
RNA synthesis is absent in control oo- 
cytes and fertilized ova, even though 18S 
and 28S RNA are synthesized in consid- 
erable amounts. However, the synthesis 
of SS RNA does not always parallel syn- 
thesis of 18S and 28S RNA, and their 
rates of production vary independently 
in the Xenopus oocyte and early embryo 
(4, 13). These relationships have not 
been determined for mouse oocytes and 
fertilized ova. 

The size of the growing oocyte (50 to 
60 pm) and the number of oocytes that 
can be injected in each experiment (50 to 
100) make it difficult to quantify precise- 
ly the response of the cell to the injected 
DNA, but some estimates are possible. 
The radioactivity present in the 5S RNA 
band of injected oocytes is approximate- 
ly 1 percent of that for 1BS plus 28S syn- 
thesis. There was no indication that the 
synthesis of the Xenopus 5S RNA de- 
pressed the synthesis of 18S and 28S 
RNA in the injected oocytes in com- 
parison to controls. The incorporation 
into 18S plus 28S RNA was 501 2 60 dis- 
integrations per minute for controls and 
523 + 38 for injected ova per hour per 

Fig. 1 (left). Fluorograph of 
polyacrylamide gel elec- 
trophoretic separation of 3H- 
labeled RNA synthesized by 
95 growing mouse oocytes af- 
ter injection with (A) dilute 
salt solution and (B) dilute salt 
solution containing pXbsl 
plasmid DNA (1 mg/ml). Each 
plasmid contained two repeat- 
ing units of somatic 5 s  gene 
from Xenopus borealis. The 
positions of the nonradioactive 
marker 5s  RNA and 4S RNA 
are indicated. Fig. 2 (right). 
Fluorograph of polyacryl- 
amide gel electrophoretic sepa- 
ration of 3H-labeled RNA syn- 
thesized by 120 growing mouse 
oocytes after injection with 
(A) dilute salt solution, (B) 
dilute salt solutioq containing 
pXbsl(0.5 mg/ml) and pAd123 
(0.5 mg/ml), and (C) dilute salt 
solution containing pBR322 (1 
mg/ml). Plasmid pAd 123 has a 
1.8-kilobase insert including 
the type 2 adenovi~s-associ- 
ated RNA gene (VA) and flank- 
ing regions (prepared by David 
Bogenhagen). The adenovirus 
gene is approximately 150 nu- 

cleotides (5s and 4S RNA genes are approximately 120 and 90 nucleotides, respectively). AU 
three genes are transcribed by polymerase 111. Procedures and labeling are as in Fig. 1. 
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ovum. The 4S band and the bands that 
migrate just ahead of and behind the dr 
RNA marker are slightly less dense in 
some samples from injected ova than in 
controls. The difference in radioactivity 
is not statistically significant but could 
represent the appearance of competition 
of the injected 5S gene for some com- 
ponent of the polymerase I11 transcrip- 
tion machinery that handles both 5S and 
4S genes. On the basis of the radio- 
activity in the 5S band, the specific activ- 
ity of guanosine, and the amount of DNA 
injected, it is estimated that at least two 
5S RNA molecules are synthesized each 
hour from each Xenopus gene in an in- 
jected oocyte. This is similar to the tran- 
scription rate for 5S DNA injected into 
the germinal vesicle of the Xenopus oo- 
cyte (5, 14). 

The significant increase in 5S RNA 
synthesis by the mouse oocyte after in- 
jection of the plasmid containing the 
Xenopus 5S gene and the very precise 
migration of the radioactive material 
with the nonradioactive 5S RNA marker 
provide evidence that the gene has been 
accurately transcribed by the oocyte 
nucleus. 

Mammalian oocytes and fertilized ova 
may respond to injected DNA in exactly 
the same way as Xenopus does. How- 
ever, while mouse and Xenopus oocytes 
have at least a similar capability for re- 
sponse, there may be differences in tran- 
scription ability, as has been demon- 
strated for mRNA translation (6). It is 
possible that our technique can be ex- 
tended or modified to allow incorpora- 
tion of the injected gene into the chromo- 
somes of the ovum and thereby into the 
mouse, an extension that would allow a 
wide range of studies related to dif- 
ferentiation and carcinogenesis. 

Note added in proof: By employink 
the techniques described here and in col- 
laboration with Dr. Carlo Croce of Wis- 
tar Institute, we have obtained incorpo- 
ration of injected genes into DNA of the 
mouse. 

RALPH L. BRINSTER 
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MYRNA E.  TRUMBAUER 
Laboratory of Reproductive Physiology, 
School of Veterinary Medicine, 
University of  Pennsylvania, 
Philadelphia 191 04 

References and Notes 

1. J. B. Gurdon, C. D. Lane, H. R. Woodland, G. 
Marbaix, Nature (London) 233, 177 (1971). 

2. J. B. Gurdon, in Protein Synthesis in Reproduc- 
tive Tissue, E. Diczfalusy, Ed. (Karolinska In- 
stitutet, Stockholm, Sweden, 1973). 

3. F. A. M. Asselbergs, W. Van Venrooij, H. Bloe- 
mendal, Eur. J. Biochem. 94, 249 (1979). 

4. J .  B. Gurdon, Proc. R .  Soc. London Ser. B 198, 
211 (1977). 

5. D.-D.. ~ i o w n  and J. B. Gurdon, Proc. Natl. 
Acad. Sci. U.S.A. 74, 2064 (1977); ibid. 75, 2849 

(1978); J .  B. Gurdon and D. D. Brown, Dev. 
Biol. 67, 346 (1978). 

6. R. L. Brinster, H. Y. Chen, M. R. Avarbock, 
M. E.  Trumbauer, J. Cell Biol. 83, 32A (1979); 
R. L. Brinster, H. Y. Chen, M. E. Trumbauer, 
M. R. Avarbock, Nature (London) 283, 499 
( 1  w m  , . , - - , . 

7. R. L. Brinster, J. Reprod. Fertil. 10, 227 (1965); 
in Growth, Nutrition and Metabolism of Cells in 
Culture, G. Rothblat and V. Cristofah, Eds. 
(Academic Press, New York, 1972). 

8. R. C. Peterson, J. L. Doering, D. D. Brown, 
Cell 20, 131 (1980). 

9. R. L. Brinster, J. Exp. Med. 104, 1049 (1974). 
10. J. E. Mertz and J. B. Gurdon, Proc. Natl. Acad. 

Sci. U.S.A. 74. 1502 (1977). 
11. D. H. L. ~ i s h b p ,  J R.  daybrook, S. Spiegel- 

man, J .  Mol. Biol. 26, 373 (1967). 
12. R. J. Young, K. Sweeney, J .  M. Bedford,J. Em- 

biyol. Exp. Morphol. 44, 133 (1978); R. J. Tasca 
and N. Hillman, Nature (London) 225, 1022 
(1970); H. R. Woodland and C. F. Graham, ibid. 
221, 327 (1969); J .  M. Crampton and H. R. 
Woodland, Dev. Biol. 70, 467 (1979). 

13. J. B. Gurdon, The Control of Gene Expression 
in Animal Development (Harvard Univ. Press, 
Cambridge, Mass., 1974). 

14. E. H. Birkenmeier. D. D. Brown. E.  Jordan. 
Cell 15, 1077 (1978). 

15. We thank D. D. Brown for providing the cloned 
5S DNA and cloned adenovirus-associated 
RNA gene. We also thank N. Avadhani, D. 
Brown. C. Croce. and B. Pavnton for heloful 
suggestions. Supported by NIH grants H D  
12384 and HD 00239 (H.Y.C.) and NSF grant 
PCM 78-22931. 

3 September 1980 

A Metronidazole Metabolite in Human Urine and Its Risk 

Abstract. Metronidazole is a drug used for the treatment of trichomonal vaginitis, 
amebiasis, giardiasis, and certain anaerobic bacterial infections in humans. Aceta- 
mide and N-(2-hydroxyethy1)oxamic acid are metabolites of metronidazole in the rat, 
and wejind small amounts of both metabolites in the urine of human patients taking 
the drug. Although acetamide is carcinogenic for rats, we do not believe that our 
finding further dejines rnetronidazole's risk for humans. That risk can only be esti- 
mated from surveillance of people previously exposed to the drug. 

Metronidazole is useful in the treat- 
ment of trichomonal vaginitis, amebi- 
asis, giardiasis, and certain anaerobic 
bacterial infections in humans. Either 
alone or in combination with other anti- 
biotics, metronidazole can decrease the 
incidence of bacterial infections after in- 
testinal and gynecological surgery (1). 
Acute toxicity is rarely of significance at 
doses necessary for these indications, 
but concern has been expressed that 
metronidazole may pose a risk of human 
cancer (2). Long-term administration of 
metronidazole at high doses causes tu- 
mors in mice and rats (3), and the drug 
and some of its metabolites are mutagen- 
ic for the histidine auxotrophs of Salmo- 
nella typhimurium (4). Nevertheless, 
two recent studies failed to detect any in- 
creased incidence of cancer in relatively 
small groups of patients who had been 
treated a decade earlier with metronida- 
zole for trichomonal vaginitis (5). Thus 
the benefits of metronidazole are dis- 
cernible from direct clinical observation, 
whereas its risks are estimated solely on 
the basis of laboratory data (2). 

We found previously that metronida- 
zole is metabolized in the rat to the weak 
carcinogen acetamide (6). In the study 
described here, we examined the urine of 
patients taking metronidazole to deter- 
mine whether or not acetamide is pres- 
ent. In addition to finding small amounts 
of acetamide we found small amounts 
of another metabolite, N-(2-hydroxy- 
ethy1)oxamic acid (HOA) (Fig. l), which 
confirms that the imidazole ring of met- 
ronidazole is cleaved in the human as it 
is in the rat (6, 7). 
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For this study we used metronidazole 
(melting point, 158" to 160°C) and [11,2'- 
14C2]metronidazole (1 1.7 mciimmole) 
(gifts from G. D. Searle and Co.); [ l-  
14C]acetamide (3.0 mCi1mmole) (Califor- 
nia Bionuclear Corporation); [1,2- 
14C2]ethanolamine hydrochloride (2.44 
mCilmmole) (New England Nuclear); 
and N-[I ,2-14C,-(2-hydroxyethyl)]oxamic 
acid (11.7 mCiimmole) which was syn- 
thesized as described previously (7). All 
other chemicals were purchased from 
Fisher Scientific Company unless other- 
wise specified. 

Under a protocol approved by the Hu- 
man Studies Committees at Harvard 
Medical School, the Peter Bent Brigham 
Hospital, and the Beth Israel Hospital, 
urine was collected for a 24-hour period 
from five hospitalized patie_nts who re- 
ceived metronidazole (Flagyl, Searle) at 
a dose of 750 mg per 24 hours on their 
physician's orders, and from six normal 
subjects (two males, ages 26 and 32 
years; four females, ages 20, 28, 30, and 
54 years). Urine was kept at 0" to 4°C 
during collection and was then stored at 
- 15°C until analyzed. Patient character- 
istics are listed in Table 1. 

The HOA and acetamide in urine were 
separated by cationic exchange chroma- 
tography. The HOA was further purified 
by anionic exchange chromatography 
and then hydrolyzed and quantified as 
the dinitrophenyl derivative of ethanol- 
amine by high-pressure liquid chroma- 
tography. Acetamide was quantified by 
gas-liquid chromatography and its identi- 
ty confirmed by mass spectroscopy. The 
analysis was performed on 125 to 150 ml 
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