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Summary. Uptake and release of **Ni was studied in
dejellied Xenopus laevis embryos exposed to Ni’*
(0.3-30 umol/1) for 0.5-h intervals during the period 1-
4.5 h post-fertilization (i.e. from first cleavage to early
blastula stage). At first cleavage, the mean uptake of
®Ni by embryos was 12-17 times that by non-fertilized
eggs, suggesting that conversion of the vitelline envel-
ope to the fertilization envelope enhanced integumental
permeability to **Ni**. *Ni uptake by embryos at the
1-2-cell stage averaged 1.8-2.5 times that at the early
blastula stage. An average of 5% of total *Ni in washed
embryos was recovered in isolated fertilization envel-
opes, indicating that *Ni** passed through the envel-
ope into internal compartments. Progressive increases
of ®*Ni uptake were seen with increasing exposure lev-
els; after exposure during 1-1.5 h post-fertilization to
the highest concentration of *Ni?* (30 umol/1), ®*Ni
uptake averaged 11.4 (SD=£5.1) pmol/embryo. Rapid
efflux of ®*Ni was noted after ®*Ni%2*-exposed embryos
were transferred to nickel-free medium; mean **Ni
contents at 0.25 h and 2 h post-exposure diminished to
50% and 15% of the initial values, regardless of the ex-
posure level. The finding that Xenopus embryos are
permeable to ©*Ni?* during early cleavage stages pro-
vides a convenient experimental system to investigate
the embryotoxicity and teratogenicity of nickel.
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Introduction

The literature on embryotoxicity and teratogenicity of
nickel compounds has been summarized in several re-
views (Coogan et al. 1989; Leonard and Jacquet 1984;
Mas et al. 1985; Sunderman et al. 1983). Signs of em-
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bryotoxicity (e.g. reduced litter size, runts, enhanced
neonatal mortality) and sundry fetal malformations
(e.g. exencephaly, anophthalmia, palatine and skeletal

"anomalies, cystic lungs) have been observed following

administration of nickel compounds to female rodents
during early gestation (see cited reviews). In a study of
preimplantation mouse embryos, Storeg and Jonsen
(1980) found that addition of Ni** (10 pmol/1) to the
culture medium inhibited in vitro development of two-
cell embryos, whereas 300 umol/1 was needed to impair
the development of eight-cell embryos, suggesting that
embryos are especially susceptible to Ni** toxicity dur-
ing the earliest phase of embryogenesis.

Information is scanty about possible mechanisms
for the embryotoxic and teratogenic effects of nickel
compounds. The present study of embryonic uptake
and release of ®*Ni** is a preliminary step in our pro-
gram to elucidate the molecular mechanisms whereby
Ni** affects embryonic development, using the South
African clawed toad, Xenopus laevis, as the test species.
Another preliminary step is our use of a Western blot-
ting technique to demonstrate three major **Ni**-bind-
ing proteins in Xenopus eggs before and after fertiliza-
tion and in embryos studied during the two-cell to
eight-cell stages (Lin et al. 1989).

Xenopus embryos provide a convenient system for
analyzing many aspects of early development, since
they are available in large numbers, are fertilized exter-
nally, are amenable to numerous experimental inter-
ventions, and develop rapidly (i.e. organogenesis is un-
derway within one day post-fertilization). They have
been a major subject of embryological investigation for
over a century (see a review by Gerhart 1980) and have
recently come under intense scrutiny at the molecular
level, as a result of the discovery that certain molecules
related to mammalian growth factors are involved in
cell-signalling processes that specify cell fate during Xe-
nopus embryogenesis (see reviews by Brennan 1987;
Gurdon 1987; Smith 1989).

As far as the present authors are aware, the meta-
bolism or toxicity of nickel compounds have not been



previously studied in Xenopus embryos. Birge and
Black (1980) tested Ni** embryotoxicity in two other
species of toads, estimating the LC,, and LCs, concen-
trations of nickel in ambient water to be 0.07 and
0.85 pmol/1, respectively, for the narrow-mouthed toad
(Gastrophyrne carolinensis), versus 6.9 and 188 pumol/1,
respectively, for Fowler’s toad (Bufo fowleri). These re-
sults were consistent with an earlier report that the nar-
row-mouthed toad was far more susceptible than Fowl-
er’s toad to toxicity from several other metals (Birge et
al. 1979).

Timourian and Watchmaker (1972) studied ®*Ni?*
uptake by sea urchin embryos (Lytechinus pictus), ob-
serving that, whereas “*Ni uptake was scarcely detecta-
ble in non-fertilized eggs, active uptake of “*Ni** oc-
curred throughout early embryonic development. In
embryos exposed to a %Ni’* concentration of
24 umol/1 in sea water, the rate of ®*Ni uptake was
highest immediately after fertilization and gradually
diminished during development to the gastrula stage.
Sea urchin embryos grown in Ni’* concentrations of
1-100 umol/1 were able to gastrulate, but failed to de-
velop dorsoventral symmetry and formed radialized
larvae. Based upon the Ni?* concentrations found to
be toxic for embryos of other species (Birge and Black
1980; Storeng and Jonsen 1980; Timourian and Watch-
maker 1972) the present authors selected “°Ni** con-
centrations of 0.3-30 pmol/1 for testing in this study of
Xenopus embryos.

Materials and methods

Animals and materials. Adult South African clawed toads (Xeno-
pus laevis, purchased from Xenopus I, Inc., Ann Arbor, MI) were
housed at 24° +1° C in plastic aquaria that contained NaCl solu-
tion (10 mmol/1) to a depth of 10 cm, and were fed Purina trout
chow (Ralston Purina Co., St. Louis, MO). Modified Barth’s sal-
ine solution (concentrated 10-fold, designated ‘10 x MBS’) was
prepared from distilled water and reagent-grade chemicals ac-
cording to the following recipe: Hepes, 0.1 mol/l; NaCl,
0.88 mol/l; KCl, 10 mmol/1; NaHCO; 24 mmol/l; MgSO.,
8.2 mmol/l; Ca(NO;),, 3.3 mmol/1; CaCl,, 4.1 mmol/l; pH 7.4
(Gurdon 1977). Prior to use, 1x-MBS and 0.1 x-MBS solutions
were prepared by diluting 10 x MBS solution 10-fold or 100-fold
with distilled water. The 0.1 x-MBS solution was analyzed by
electrochemical atomic absorption spectrophotometry, as pre-
viously described (Sunderman et al. 1988), to verify that its nickel
concentration was <0.05 pumol/1. The test materials were nickel
chloride (NiCl,, ultrapure reagent, Ventron Corp., Beverly, MA)
and %NiCl, (specific activity=680 Ci/mol, New England Nu-
clear Corp., Billerica, MA). By adding stock solutions of *NiCl,
and NiCl, to 0.1x-MBS solution, five test solutions were pre-
pared with total nickel concentrations of 0.3, 1.0, 3.0, 10, or
30 umol/1 and **Ni specific activities that ranged over 680-13.6
Ci/mol. The test solutions were adjusted to pH 6.8 to avoid the
possibility that Ni** might precipitate as Ni(OH),.

Collection, fertilization, and preparation of Xenopus eggs. Three or
four days before each experiment, an adult Xenopus female was
primed to ovulate by an injection into the dorsal lymph sac of
reconstituted pregnant mare serum (0.1 ml, containing 50 IU, gon-
adotropin). The injection solution was prepared by dissolving lyo-
philized pregnant mare serum (Calbiochem Corp., La Jolla, CA;
3370 1U, gonadotropin/mg) in NaCl solution (140 mmol/1). On
the evening before the experiment, the female was given an injec-
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tion into the dorsal lymph sac of human chorionic gonadotropin
(600 1U, Sigma Chemical Co., St. Louis, MO) dissolved in 0.3 ml
sodium phosphate buffer (10 mmol/l, pH 7.2). The female was
kept overnight at 16° C. Next morning, by pressing gently on the
female’s Jower back, batches of approximately 250 eggs were eli-
cited into a plastic Petri dish (6 cm diameter). The eggs were fer-
tilized immediately by adding a fresh suspension of Xenopus
sperm. To prepare the suspension, a testicle was excised from an
adult Xenopus male, following anesthesia by immersion for
15 min in an aqueous solution of ethyl m-aminobenzoate metha-
nesulfonate (Tricaine, 20 mmol/l, Sigma Chemical Co.). One-
third of the testicle was gently minced with a polypropylene mi-
cropestle in a polypropylene microfuge tube (1.5 mi volume,
Kontes Scientific Co., Vineland, NJ) that contained 0.3 ml 0.1 x -
MBS solution. After the sperm suspension was poured onto the
eggs, an interval of 45 s was allowed for sperm attachment, before
sufficient 0.1 x -MBS solution was added to cover the eggs in the
Petri dish. After 20 min, the fertilized eggs were dejellied by swirl-
ing gently for 7 min in 1x-MBS solution that contained L-cys-
teine- HC1 (0.13 mol/1) adjusted to pH 8.0. The L-cysteine was re-
moved by washing the fertilized eggs four times with 1x-MBS
solution, transferring them to a clean Petri dish, and washing
them four more times with 0.1 x -MBS solution. The developing
Xenopus embryos were kept in the 0.1x-MBS solution at
24° +1°C for periods up to 4.5 h post-fertilization, during which
time first cleavage (two-cell stage) occurred at about 1.5 h, second
cleavage (four-cell stage) at about 2 h, third cleavage (eight-cell
stage) at about 2.25 h, fourth cleavage (16-cell stage) at about
2.75 h, fifth cleavage (32-cell stage) at about 3 h, sixth cleavage
(morula stage) at about 3.5 h, and seventh cleavage (large-cell
blastula stage) at about 4 h, as previously noted (Nieuwkoop and
Faber 1967).

Exposures of Xenopus embryos to > N¥* . Xenopus embryos, during
early cleavage stages, were exposed to specified concentrations of
®Ni?* in 0.1 x -MBS solution for 0.5 h, beginning at 1h, 2.5h or
4 h post-fertilization. After exposure to ®*Ni’*, the embryos were
immediately rinsed three times with 0.1 x -MBS solution and sam-
ples of 3, 5, or 10 embryos were removed in duplicate or triplicate
for Ni counting. In experiments to monitor the subsequent re-
lease of ®*Ni, groups of embryos that had been exposed to “*Ni**
1-1.5 h post-fertilization were kept in 0.1 x -MBS solution (with-
out 5*Ni) for further intervals of 0.25, 0.5, 1, and 2 h, prior to ®*Ni
counting. In experiments to measure *Ni binding to fertilization
envelopes, groups of washed embryos were dissected with micro-
forceps under a stereomicroscope; the envelopes were removed
and placed directly into scintillation vials. In experiments to test
the effect of fertilization on ®*Ni uptake, eggs deposited by a Xe-
nopus female were divided between two Petri dishes: eggs in one
dish were fertilized with sperm, as described above, while the
other eggs were left unfertilized. Beginning 1 h later, the eggs or
embryos were exposed for 0.5 h to *Ni** (0.3 or 3 pmol/l), and
groups of fertilized and non-fertilized eggs were then assayed for
S3Ni uptake.

Liguid scintillation counting and statistical analyses. The duplicate
or triplicate samples of embryos or non-fertilized eggs were ho-
mogenized in 0.2 mi distilled water using a polypropylene micro-
pestle in a polypropylene microfuge tube (1.5 ml volume, Kontes
Scientific Co., Vineland, NJ), and the homogenates were trans-
ferred, along with two 0.5-ml washings, into glass scintillation
vials. Scintillation counting fluid (15 ml of ‘Opti-Fluor’, Packard
Instrument Co., Downers Grove, IL) was added and the f-emis-
sion of **Ni was counted (£ 1% precision or 10 min) with a liquid
scintillation spectrometer (Tri-Carb model 4530, Packard Instru-
ment Co.) using automatic quench correction. For quality assu-
rance, random vials were recounted following addition of %Ni;
the recovery of added ®*Ni averaged 96% (SD + 2%). Data for ®*Ni
radioactivity (cpm/sample) were converted to dpm/sample by
reference to ©Ni calibrators (New England Nuclear Corp., Biller-
ica, MA); nickel concentrations (pmol/embryo) were computed
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from the specific activities of the *Ni test solutions (Ci/mol) and
the numbers of embryos/sample. Results are reported as means
+SD, with N equal to the number of maternal Xenopus females.
Statistical significance (P<0.05) was tested by one-way or re-
peated-measures ANOVA, followed, when appropriate, by the
Student-Neuman-Keuls (SNK) multiple-range test (Zar 1974).
Statistical certainty (P<0.05) of dose-effect and time-course rela-
tionships was tested by regression analysis, using the trend test of
Tukey et al. (1985).

Results
3 Ni uptake by embryos versus non-fertilized eggs

When batches of non-fertilized eggs from four females
were exposed to ®Ni** (0.3 or 3.0 umol/1) for 0.5 h, be-
ginning 1h posi-deposition, *Ni uptake averaged
0.06+£0.02 and 0.19+0.11 pmol/egg, respectively (Fig.
1, open circles). In contrast, when batches of embryos
from nine or ten females were exposed to the same con-
centrations of ®*Ni for 0.5 h, beginning 1 h post-fertili-
zation, **Ni uptake averaged 0.74+0.35 and 3.25+ 1.44
pmol/embryo, respectively (Fig. 1, closed circles).
Thus, the mean uptake of ®*Ni** by fertilized embryos
was 12-17 times that of non-fertilized eggs (P <0.05).

63 Ni binding to fertilization envelopes

Batches of embryos from five females were exposed to
SNi?* (0.3 or 3.0 umol/1) for 0.5 h, beginning 1 h post-
fertilization; the embryos were washed, and the fertili-
zation envelopes were isolated by dissection and as-
sayed for ®*Ni. The ®*Ni contents averaged 0.04+0.03
and 0.17£0.12 pmol/envelope, respectively, which
comprised 5.5%+3.8% and 4.8%+2.2% of the corre-

sponding %Ni contents of the intact embryos
(P<0.05).
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Fig. 1. ®®*Ni uptake in non-fertilized eggs (O) or embryos (®) ex-
posed to specified concentrations of ®*Ni** for 0.5 h, beginning
1h after collection or fertilization. The number of Xenopus fe-
males whose eggs or embryos were tested at each exposure level
are given in parentheses; the error bars denote =1 SD
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Fig. 2. ®*Ni uptake in embryos exposed to **Ni’* (3.0 umol/1, @
0.3 pmol/1, O) for 0.5 h, beginning at specified times post-fertili-
zation. The number of Xenopus females whose embryos were
tested at each time are given in parentheses; the error bars denote
+1 SD. #*P< (.05 by trend test

Exposure-effect relationship for °> Ni uptake

The uptake of **Ni by embryos exposed to five concen-
trations of ®*Ni** (0.3-30 umol/1) for 0.5 h, beginning
1 h post-fertilization (i.e. during first cleavage) is shown
in Fig. 1. The progressive increase of ®*Ni uptake at in-
creasing exposure levels was statistically significant,
based upon ANOVA and the trend test. At the highest
exposure level (30 umol/1), *Ni content averaged
11.4+ 5.1 pmol/embryo.

Time-effect relationship for ®> Ni uptake

As illustrated in Fig. 2, ®Ni uptake by Xenopus em-
bryos diminished progressively during 4 h post-fertili-
zation (P<0.05 by trend test). Thus, when batches of
embryos were exposed to **Ni** (0.3 or 3.0 umol/1)
from 4-4.5h post-fertilization (i.e. during large cell
blastula stage), “*Ni uptake averaged 0.41+0.19 and
1.29+0.62 pmol/embryo, which comprised 55% and
40%, respectively, of the corresponding *Ni uptake of
embryos exposed to ®*Ni’* 1-1.5h post-fertilization
(i.e. during first cleavage, P<0.05).

Release of ®*Ni from Xenopus embryos

Batches of embryos from six Xenopus females were ex-
posed to #*Ni?* (0.3, 3.0, or 30 umol/1) for 0.5 h, begin-
ning 1h post-fertilization, washed, an then kept in
0.1 x-MBS solution at 24° +1°C for intervals of 0.23,
0.5, 1, or 2 h prior to ®*Ni counting. Fig. 3 shows that
%Ni was progressively released from the embryos dur-
ing the period of observation, decreasing to 50% £ 18%
of initial values at 15 min and 15%+9% at 2 h post-
exposure (P<0.05 by ANOVA and SNK tests). The
groups of embryos exposed to the three concentrations
of ®Ni?* did not differ significantly in their rates of
SNi release.
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Fig. 3. ©Ni contents of embryos exposed to ®*Ni?* (30 umol/1,
®; 3.0 umol/l, O; 0.3 pmol/1, A) 1-1.5 h post-fertilization, and
then kept in nickel-free medium for the specified intervals post-
exposure. The results are expressed as percentages of the initial
values measured immediately post-exposure. The number of Xe-
nopus females whose embryos were tested at each interval is given
in parentheses; the error bars denote =1 SD

Discussion

Shortly after fertilization, the integument that sur-
rounds Xenopus eggs undergoes biochemical changes,
partly mediated by release of proteases from cortical
granules, that convert the vitelline envelope to the fer-
tilization envelope (Gerton 1986; Lindsay and Hedrick
1989). Judging from the 12-17-fold increase of **Ni*™*
uptake in fertilized embryos compared to non-fertilized
eggs, the present study suggests that envelope conver-
sion greatly enhances the integumental permeability to
®3Ni?*. Consistent with previous findings in sea urchin
embryos (Timourian and Watchmaker 1972), ©®Ni**
contents of Xenopus embryos were highest at the 1-2-
cell stage and gradually diminished thereafter, at least
until the early blastula stage. Uptake and subsequent
release of ©*Ni2* could involve the Ca®* channels that
have been studied in Xenopus embryos by Burgess and
Vere (1989), since competition of Ni** for Ca** chan-
nels has been demonstrated in other experimental sys-
tems (Brommundt and Kavalier 1987; Raffa et al. 1987;
Saito and Menzel 1986; Wang et al. 1984).

Since the diameter of Xenopus embryos averages
1.3 mm during early cleavage stages (Nieuwkoop and
Faber 1967), the embryo volume is approximately
1.15 ul, as computed by the equation V'=4m>/3. A ®*Ni
concentration of 1 pmol/embryo would, therefore, ap-
proximate 0.87 umol/l, assuming **Ni to be uniformly
distributed within the embryo. Estimated from the data
in Fig. 1, embryos exposed 1-1.5 h post-fertilization to
0.3, 3.0, and 30 umol/I of **Ni** in the external me-
dium would have ®*Ni concentrations that averaged 0.7,
3.7, and 9.9 umol/l, respectively, in the internal me-
dium, implying active influx at the low exposure level
and partial exclusion at the high exposure level. Most
of the %*Ni in Xenopus embryos does not appear to be
firmly anchored, in view of the rapid efflux of ®*Ni that
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occurred after ®*Ni®*-exposed embryos were trans-
ferred to nickel-free medium.

Only 5% of total **Ni in washed embryos was recov-
ered in isolated fertilization envelopes, indicating that
%3 Ni retention does not merely reflect adsorption to the
integument; most of the *Ni?* evidently traverses the
fertilization envelope and enters one or more internal
compartments. To date, technical obstacles have hin-
dered attempts to measure the proportion of ®*Ni in the
perivitelline space versus the embryo proper. In a fu-
ture study, this point will be addressed by microdissec-
tion of ®*Ni**"-exposed embryos; if “*Ni is present in
blastomeres, its subcellular localization will be deter-
mined by autoradiography. A study in our laboratory
showed that Xenopus embryos contain at least three
%Ni-binding proteins, based upon in vitro affinity for
®Ni?* in a Western blotting assay (Lin et al. 1989).
Hence, it will be interesting to determine whether
%3Ni?* that enters embryos in vivo, as described herein,
binds to the same proteins. In addition, assays of the
embryotoxicity and teratogenicity of Ni** for Xenopus
are underway in our laboratory.
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