
uptake activity between these two com- 
pounds. Another interesting relationship 
is the percentage of SHE cells that take 
up Ni3S2 relative to the incidence of mor- 
phological transformation. For 1.0, 5.0, 
and 10.0 ,ug/ml of Ni3S2 (SHE cells, 
Table 1) this ratio averages about 3. This 
suggests that one out of three cells that 
take up Ni3S2 particles undergoes mor- 
phological transformation. The uptake/ 
carcinogenesis ratio may be governed by 
Ni3S2 toxicity or may be related to the 
occurrence of a critical mutation which 
initiates the carcinogenesis process. We 
have investigated the uptake and carci- 
nogenic activity of other particulate 
nickel compounds and several other met- 
als (15). There is a good correlation be- 
tween the uptake of these metals and 
their respective carcinogenic activities; 
this result suggests that carcinogenic ac- 
tivity of other metal compounds is pro- 
portional to their uptake. 
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The genetic and developmental prop- 
erties of somatic cell nuclei have been 
tested by transplantation of nuclei into 
mature eggs (1). Although somatic nuclei 
from young embryos promote develop- 
ment of amphibian eggs into normal lar- 
vae and adults, nuclei from well-defined 
cell types fail to promote normal devel- 
opment of the recipient eggs. These re- 
sults suggest that genetic restrictions ac- 
company cell specialization. However, 
nuclei from advanced cell types fail to in- 
tegrate with the cytoplasmic division cy- 
cles of the egg and develop chromosomal 
abnormalities that lead to developmental 
restrictions of the nuclear transplants 
(2). Thus, conclusive proof of the theory 
of nuclear equivalence among special- 
ized cell types is still lacking. One ap- 
proach to distinguish between the above 
alternatives is to transplant somatic nu- 
clei into oocytes where they may be first 
conditioned and then tested for develop- 
mental potential. 

We report our initial studies on the de- 
velopmental properties of somatic nuclei 
transplanted into maturing oocytes of 
Rana pipiens. The results demonstrate 
that blastula nuclei and endodermal nu- 
clei of the tail-bud stage, when induced 
by meiotic cytoplasm to undergo 
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cells, but the plating efficiency of these cells is 
lower (1 to 10 percent) and more variable than 
that of CHO cells. 

15. The uptake of crystalline Ni3Se2 and crystalline 
NiS in SHE cells was approximately 70 to 80 
percent that of Ni3S2 for similar exposure condi- 
tions. Both these compounds are potent carcino- 
gens in experimental animals and in tissue cul- 
ture transformation assays (9). Nickel metal was 
taken up about 10 percent more than amorphous 
NiS and has been shown to be weakly carcino- 
genic in experimental animals (4). Out of the 
CHO cells exposed to iron dust for 24 hours at 
10 ,/g/ml, only 2.7 percent of the cells contained 
particulate material. Of CHO cells exposed to 
chromium and cobalt dust under similar condi- 
tions, 8.2 percent and 5.2 percent, respectively, 
contained particulate material. Iron dust is not 
carcinogenic, but chromium dust. has been 
shown to be carcinogenic in experimental ani- 
mals and has been implicated as a human carcin- 
ogen on the basis of epidemiological studies (2). 
Cobalt has induced tumors in experimental ani- 
mals (2). 

16. We thank M. K. Jones for technical assistance. 
This work was supported by grant ES02254 from 
the National Institute of Environmental Health 
Sciences. 
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chromosome condensation and align- 
ment on spindles at the time of first 
meiotic metaphase, still retain the capac- 
ity to program for development. When 
the oocytes mature and are activated, 
the transplanted nuclei transform into 
"fertilization" nuclei and direct the for- 
mation of the various cell types required 
for the completion of embryogenesis. 
These results demonstrate that (i) somat- 
ic nuclei can reversibly respond to cyto- 
plasms, directing either meiotic or mitot- 
ic events, and (ii) this system could be 
used for conditioning or reprogramming 
somatic nuclei from well-defined cell 
types that have so far exhibited genetic 
and developmental restrictions when 
transplanted into mature eggs (1). 

Oocyte hosts utilized for nuclear 
transplantation were in the stage of first 
meiotic metaphase (first black dot). It is 
possible, by controlling the dose and 
time of pituitary and progesterone injec- 
tions into frogs, to obtain maturing 
oocytes at first meiotic metaphase (3). 
These oocytes encased in jelly reach the 
uterus prematurely and can be stripped 
from the female, although they are not 
activatable or fertilizable at this time. 
About 24 hours later (18?C) when non- 
injected oocytes used for controls were 
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Developmental Potential of Somatic Nuclei Transplanted into 

Meiotic Oocytes of Rana pipiens 

Abstract. Somatic nuclei, when transplanted into oocytes at the stage of first 
meiotic metaphase, were induced to undergo chromosome condensation and align- 
ment on spindles. When the oocytes completed maturity in vitro and were activated, 
the somatic nuclei transformed into "fertilization" nuclei and promoted develop- 
ment through embryogenesis. Thus somatic nuclei can reversibly respond to cyto- 
plasms directing either meiotic or mitotic events, and somatic nuclei from dif- 
ferentiated cells may be reversed by conditioning in oocytes. 
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Table 1. Nuclear transplantation into first meiotic metaphase oocytes: cleavage and development. 

Injected Blastulas (No.) Post- Larvae (No.) 
Experiment Gastrulas Neurulae neurulae Experiment donor o Par- Com- (No.) (No.) Abnor- Nor- 

(No.) tial plete (No.) mal mal 

Enucleated eggs 
Control Blastula 40 8 23 28 20 20 6 12 

(78 %) (70 %) (50 %) (50 %) (15 %) (30 %) 

First meiotic metaphase oocytes 
Matured, 

then transplanted 
18?C Blastula 10 1 7 7 7 7 7 

(80 %) (70 %) (70 %) (70 %) (70 %) 
10?C Blastula 10 2 

(20 %) 
4?C Blastula 17 1 2 2 2 2 1 

(18 %) (12 %) (12%) (12%) ( 6%) 
Transplanted, Blastula 52 23 10 16 13 11 4 

then matured (64 %) (31%) (25 %) (21%) (8 %) 
Stage 19 80 33 8 17 4 1 1 

endo- (51%) (21%) (5 %) (1%) (1%) 
dermal 

pricked with a glass microneedle and dis- 

played evidence of activation (surface 
change from shiny to dull and elevation 
of the vitelline membrane and rotation), 
the experimental oocytes were trans- 
ferred to 10 percent Ringer solution and 
activated; within 10 minutes the black 
dot indicative of the second meiotic 
metaphase of the host was removed sur- 

gically with a glass microneedle. Meth- 
ods of handling oocytes and nuclear 
transplantation have been described (4, 
5). Nuclear transplantations were made 
into oocytes at two periods: (i) after 
completion of maturation in vitro and (ii) 
when they were in the stage of first 
meiotic metaphase. 

Matured hosts served as a control for 
the in vitro system and also provided in- 
formation on the essential requirement 
for proper time of oocyte activation. If 
the experimental conditions of the in vi- 
tro system are not harmful, then normal 
development should result when blastula 
nuclei are injected individually into ma- 
tured hosts. Oocytes at first meiotic 
metaphase were allowed to complete 
maturation in vitro in Ringer solution; 
then they were activated, enucleated, 
and injected with single blastula nuclei. 
Seventy percent of the matured hosts 
that had been injected with a blastula 
nucleus developed into normal larvae 
(Table 1). When activated and enucle- 
ated eggs that had matured in vivo 
were injected with a blastula nucleus', 30 
percent developed into normal larvae 
(Table 1). In an earlier experiment, Sub- 
telny and Bradt (6) transplanted blastula 
nuclei singly into nonenucleated body- 
cavity oocytes that had previously ma- 
tured in vitro from the first meiotic meta- 
phase and found that 33 percent devei- 
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oped into normal larvae. Thus, the ex- 
perimental conditions of the in vitro 

system permit normal larval develop- 
ment. 

As was pointed out above, the time at 
which nuclear transplant oocytes acquire 
activatability is approximated by prick- 
ing noninjected control oocytes to deter- 
mine when they are activatable. How- 
ever, there is some temporal variability 
among the oocytes, and not all mature si- 
multaneously. Oocytes obtained at first 
meiotic metaphase from the same female 
were matured at three different temper- 
atures (18?, 10?, and 4?C) to determine 
whether activatability influences the suc- 
cess of nuclear transplants. Since am- 
phibians are poikilothermic animals, the 
rate of maturation is controlled by envi- 
ronmental temperature. Only those oo- 
cytes incubated at 18?C promoted normal 
development or nuclear transplants 
(Table 1). Oocytes maturing at 10C were 
used for hosts 2 hours later and those in- 
cubated at 4?C were used 4 to 5 hours later 
than the 18?C group. Thus, oocytes do 
not develop normally unless the hosts 
have attained complete maturity at the 
time of attempted activation. 

In experiments with immature hosts, a 
single nucleus was transplanted into 
oocytes at first meiotic metaphase; ap- 
proximately 24 hours later the nuclear 
transplants were activated, and the host 
nucleus was removed surgically. The ob- 

jective of this study was to determine 
whether a somatic nucleus still retains 
developmental potential after exposure 
to cytoplasm that induces meiotic 
events. 

A number of oocytes at first meiotic 
metaphase were injected with a blastula 
nucleus, fixed after transplantation (at 5 

minutes, and 4, 8, 26, and 28 hours), and 
examined cytologically to determine 
whether the injected nucleus responds to 
the meiotic influence. Five minutes after 
nuclear transplantation the oocyte nu- 
clei were in metaphase, and the injected 
nuclei were in condensed interphase 
(two cases). However, by 4 hours and up 
to 28 hours after nuclear transplantation, 
the injected nuclei had been converted to 
metaphase chromosomes on a spindle 
(seven cases) and exhibited the same 
cytological characteristics as the host 
nuclei (Fig. 1, A and B), confirming that 
the cytoplasm influences nuclear activity 
(7). These transplanted somatic nuclei 
still retained developmental potential, 
evidenced by the fact that of the oocytes 
that were allowed to develop and were 
activated and whose host nucleus was 
removed, 64 percent cleaved into blas- 
tulas, 31 percent gastrulated, 25 percent 
neurulated, 21 percent developed into 
postneurula embryos, and 8 percent 
formed larvae (Table 1). When endo- 
dermal nuclei from stage 19 tail-bud em- 
bryos were tested, 51 percent of the in- 

jected oocytes formed blastulas, 21 per- 
cent gastrulated, 5 percent neurulated, 
and one nuclear transplant proceeded 
through neurulation and postneurulation 
(Fig. IC) and developed into a larva. 

Three types of controls were con- 
ducted to check the quality of the ga- 
metes, parthenogenetic activity, and 
enucleation efficiency. (i) Of the in- 
seminated eggs whose siblings had pro- 
vided donor cells for nuclear trans- 

plantations, 89 percent (230 cases) devel- 
oped into normal larvae, attesting to the 

high quality of the eggs and sperm. (ii) 
Oocytes at first meiotic metaphase that 
had completed maturation in vitro were 
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activated (109 cases); these underwent 
abortive cleavages and none developed 
into blastulas, demonstrating that devel- 
opment of the experimental oocytes was 
not due to parthenogenesis. (iii) In an- 
other group of activated oocytes, the 
black dot (host nucleus) was removed 
surgically (45 cases); none of these dis- 
played puckers or furrows of the egg sur- 
face within the first 5 hours after activa- 
tion, and on the following day they re- 
mained uncleaved, indicating successful 
removal of the host nucleus. 

The development and ploidy ensuing 
from nuclear transplantation into 
oocytes could be influenced by retention 
of the host nucleus and by meiotic reduc- 
tion divisions of the transplanted nucle- 
us. As a further check on the enucleation 
efficiency, we examined the time of first 
cleavage, estimated epidermal cell size 
of embryos during postneurula stages, 
and conducted cytological studies on nu- 
cleolar and chromosome number. Nucle- 
ar transplants that initiated cleavage at 
21/2 to 3 hours after activation were dip- 
loids (13 cases), and those that were de- 
layed one interval in cleavage were tetra- 
ploids (3 cases), indicating that trans- 
planted diploid nuclei were responsible 
for the development obtained. If the host 
nucleus was responsible for develop- 
ment and the egg cleaved on time or was 
delayed one cleavage interval, the result- 
ing embryos would be haploid and dip- 
loid, respectively; no such individuals 
were detected in our analyses. We do not 
yet know whether a transplanted diploid 
nucleus proceeds through anaphase and 
completes division; if it does, then the 
nuclei must fuse in order to retain the 
diploid state. In addition, only one black 
dot corresponding to the host nucleus 
has been observed. When the injections 
are made into the oocyte, the micro- 
pipette is inserted near the equator. Mi- 
croscopic analysis of serial sections of 
nuclear transplant oocytes revealed that 
the injected nuclei were located just 
above the equator, approximately one- 
third to one-half the distance from the 
equator to the animal pole, but never 
close to the cortex. Thus even if division 
had occurred, an effective polar body 
could not be released from the oocyte. 

Our studies show that many somatic 
nuclei residing in oocytes at first meiotic 
metaphase and responding to the meiotic 
events are capable of directing blastula 
formation. The oocytes that failed to 
cleave, or cleaved abortively, in most 
cases still underwent nuclear replication. 
Microscopic examination of these nucle- 
ar transplants and of partially cleaved 
blastulas revealed several to more than 
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100 nuclei in the uncleaved areas. Thus 
their developmental limitation appears 
mainly to be a restriction of cleavage but 
not of nuclear replication. Both blastula 
and tail-bud endodermal nuclei still re- 
tained the genetic potential to direct or- 
ganogenesis. Thus, somatic cell nuclei 
transformed during meiosis can become 
"fertilization" nuclei and direct the for- 
mation of the various cell types required 
for the completion of embryogenesis. 
With improvement in the optimal time of 
oocyte activation, it may be possible to 
increase the developmental success of 

Fig. 1. Oocyte at first meiotic metaphase, in- 
jected with a single somatic nucleus. (A and 
B) Oocyte fixed 8 hours after nuclear trans- 
plantation. Scale bar, 10 /,m. (A) Injected 
nucleus has transformed into metaphase 
chromosomes aligned on a spindle located ap- 
proximately one-third down from the animal 
pole. (B) Oocyte metaphase chromosomes are 
aligned on meiotic spindle located just be- 
neath surface coat of animal hemisphere. 
Note difference in size of spindles in A and B. 
The spindles of injected nuclei are 1.3 to 1.6 
times longer (pole to pole) than the hosts' 
spindles. (C) Nuclear transplant derived from 
oocyte host (first meiotic metaphase) injected 
with a tail-bud endodermal nucleus (stage 19). 
The nuclear transplant developed normally 
through neurulation and then exhibited slight 
abnormalities during the postneurula and lar- 
val stages. Photographed at stage 19, the ani- 
mals later developed into a swimming larva 
(stage 22+). Length approximately 6 mm. 

these nuclear transplants and to utilize 
this system for conditioning or repro- 
gramming somatic nuclei from adult cell 
types that have so far exhibited develop- 
mental restrictions when transplanted in- 
to mature eggs (1). It is possible that nu- 
clei of specialized cells still have the 
same complement of genes derived from 
the zygote nucleus, but when trans- 
planted into eggs their chromosomes are 
unable to reverse fast enough to fit into 
the short cell cycles of the recipient egg 
(2). In fact, studies with erythrocyte nu- 
clei from adult R. pipiens have shown 
that when they are transplanted into ma- 
ture eggs, they show little or no re- 
sponse; but when they are conditioned in 
diplotene oocytes, which are then in- 
duced to mature with progesterone and 
are activated, the erythrocyte nuclei en- 
large and incorporate [3H]thymidine tri- 
phosphate, demonstrating that noncy- 
cling erythrocyte nuclei can be at least 
partially reversed (8). 

These findings could conceivably open 
up new approaches to genetic analysis of 
somatic cells. For this research, the so- 
matic nucleus was injected into the inte- 
rior of the oocyte to prevent release of 
a polar body if reduction division oc- 
curred. However, if the somatic nucleus 
were injected under the cortex of the 
oocyte (9), a polar body might be re- 
leased, resulting in meiotic reduction of 
the diploid somatic chromosomes. Such 
a result could be used to clone for homo- 
zygous individuals and selection of ge- 
netic complements. 

NANCY J. HOFFNER 
MARIE A. DIBERARDINO 

Department of Anatomy, Medical College 
of Pennsylvania, Philadelphia 19129 
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