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Abstract. In this study, we evaluated the use of mouse preimplantation embryos as a
model to study zinc deficiency-induced abnormal development. In Experiment 1, the
effect of culture medium Zn concentrations on blastocyst development was studied.
Preimplantation embryos (2 and 4 cells) obtained from superovulated females developed
normally in media containing 0.7-30 uM Zn for up to 72 hr; higher levels of medium Zn
resulted in abnormal development. In Experiment 2A, females were fed diets containing
50 (+2Zn) or 0.4 (—Zn) ng Zn/g (760 vs 6 nmol/g, respectively) from 1 day before to 1
day after mating (3 days total). Preimplantation embryos were removed from the dams
and cultured for 72 hr in 0.7 uM Zn medium. Embryos from the —Zn dams were
morphologically normal at time zero; however, over the 72-hr period, these embryos
tended to develop at a slower rate than controls, although compaction and cavitation
frequency were similar. By the end of the 72-hr culture period, embryos from —Zn dams
had significantly fewer cells than did embryos from control dams. In Experiment 2B, an
extended period of maternal Zn deprivation (6 days) was used to investigate the potential
for further impairment of in vitro preimplantation embryo development observed in
Experiment 2A. Results from this experiment were consistent with those from Experiment
2A, in addition to providing evidence that the developmental progress of embryos
obtained from mice fed Zn-deficient diets for 6 days was significantly impaired. In
Experiment 3, the potential for supplemental Zn in culture medium to overcome the
impairment in development due to maternal Zn deficiency was investigated. Embryos
from female mice subjected to the same dietary regimen described in Experiment 2A
were cultured to the blastocyst stage in medium containing Zn at a concentration of
either 0.7 or 7.7 uM. Medium Zn supplementation did not improve development of
embryos from dams fed Zn-deficient diets. In summary, embryos from mice fed —Zn
diets for a 3- or 6-day period encompassing oocyte maturation and fertilization exhibited
impaired development in vitro. This impairment was not overcome by medium Zn

supplementation.
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nancy can have pronounced negative effects on

embryonic and fetal development. However, the
mechanisms underlying these effects have not been
identified. Postulated mechanisms for Zn deficiency-
induced abnormalities include: reductions in protein
and/or nucleic acid synthesis, abnormal microtubule
polymerization, free radical damage, altered gene

Severe dietary zinc (Zn) deficiency during preg-
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expression, and altered cell cycles with subsequent dis-
tortion in morphogenesis (1). While many of these
lesions have been shown to occur in embryos/fetuses
obtained from Zn-deficient dams, it is not known which
of the events represents direct consequences of embry-
onic Zn deficiency and which represents secondary
phenomena resulting from either an initial embryonic
alteration or disturbances in maternal metabolism.

It has been reported that rat embryos removed
from dams fed Zn-deficient diets for the first 3 days of
gestation were developmentally abnormal compared
with controls, as characterized by retarded gestational
age and abnormal cell divisions (2). However, it has
also been shown that transient exposure to dietary Zn
deprivation during the first 6 days of pregnancy, fol-
lowed by the feeding of an adequate Zn diet, results in
term fetuses that are not characterized by gross abnor-
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malities (3). Combined, these data suggest that for the
rat, there may be substantial embryonic recovery from
transient Zn deficiency during preimplantation devel-
opment. This raises the question of whether the appar-
ent recovery at 6 days is an autonomous direct response
of the embryo to Zn in the oviduct, or represents a
secondary response of the embrvo due to maternal
changes associated with the reappearance of adequate
dietary Zn.

We are interested in determining whether the
mouse preimplantation embryo culture system pro-
vides a useful model for investigating the effects of
maternal Zn deficiency during early development. Ad-
vantages of this model include: the ability to separate
maternal from direct factors (with regard to postfertili-
zation events) and control of the environmental Zn
concentration of the embryo. In addition, the time
period during which the embryos can be studied (2
cells-128 cells) represents a peak period of the ontogeny
of numerous gene products and the origins of the two
principle stem cell lines of the embryo, inner cell mass,
and trophectoderm (4, 5).

Materials and Methods

Mouse Preimplantation Embryo Culture. Ran-
dom-bred Swiss ICR (CD-1) (Charles River Laborato-
ries, Inc., Shaver Road, MI) female mice fed either
stock or semipurified diets (see below) were housed in
plastic cages in a temperature- and light-controlled
environment (20°C, 14:10-hr light:dark photoperiod).
Prior to mating, female mice were superovulated by
intraperitoneal injection of 5 IU of pregnant mare
serum gonadotropin (PMSG) followed 42-48 hr later
by 5 IU of human chorionic gonadotropin (hCG; Sigma
Chemical Co., St. Louis, MO). Immediately following
superovulation, mice were paired with stock-fed males
of the same strain and mated overnight. Forty-eight hr
after hCG injection, female mice were killed by cervical
dislocation, corpora lutea were counted on individual
ovaries, and preimplantation embryos were obtained
by flushing the oviducts with a modified Hanks’ bal-
anced salt solution (L15; 4) containing 0.5% polyvinyl-
pyrrolidone. At the time they were recovered from
oviducts, approximately 80% of embryos had attained
the late 2-cell stage of development. Because of the
inherent 6- to 12-hr developmental asynchrony exhib-
ited by mouse embryos fertilized in vivo, any given
cohort of embryos in our experiments exhibited a com-
parable magnitude of developmental asynchrony. Con-
sequently, many of the 2-cell embryos became 4-cell
embryos during the 2 hr required to initiate experi-
ments. Embryos were pooled and divided into groups
of 10-30 per culture plate and cultured for 72 hr to the
blastocyst stage in a modified (5) bicarbonate-buffered
culture medium (T6; 6), in a temperature- and gas-
controlled incubator (37°C, 95% O, and 5% CO,). At
the end of the culture period, preimplantation embryos
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were morphologically examined using phase contrast
microscopy. Their morphology and developmental
stage were considered “normal” if they were com-
parable to the morphology and developmental stage
attained by parallel cultures of embryos from female
mice receiving standard care.

After phase contrast microscopic examination for
developmental stage, preimplantation embryos were
placed in 0.5% sodium citrate for 5 to 15 min, and
subsequently fixed onto glass slides using a 1/1 (v/v)
acetic acid-absolute ethanol solution and stained for 20
to 30 min with Giemsa stain (7). The number of cells
per embryo was obtained by counting stained nuclei
using phase contrast microscopy with an eyepiece grid
at 50 X magnification.

The following experiments utilized the methods
described in the above section. Modifications to this
methodology are addressed where appropriate.

Experiment 1: Effect of Medium Zn Concentra-
tion on In Vitro Development of Preimplantation
Mouse Embryos. To determine the effect of varying
medium Zn concentration on preimplantation devel-
opment, embrvos were collected from mice fed stock
mouse chow (Purina Mouse Chow; Ralston Purina,
Stockton, CA: 55 ug Zn/g; 840 nmol/g diet) and cul-
tured for 72 hr in medium containing, by analysis, one
of the following concentrations of Zn: 0.7, 3.9, 7.8,
15.4, 30.8, or 60.0 uM. The medium containing 0.7
uM Zn (stock T6) had no added Zn per se; Zn contam-
ination of the reagents used for the media accounted
for this concentration of Zn. The remaining concentra-
tions of Zn were achieved by adding 10 ul of concen-
trated ZnCl, standards (0.77-12.3 mAM) to 1.99 ml of
T6 culture medium. Typical plasma and amniotic fluid
Zn concentrations in rodents are 15 and 90 uM, re-
spectively (8, 9). Medium Zn concentrations were ver-
ified by flame atomic absorbance spectrophotometry
(IL 551; Instrumentation Laboratories, Wilmington,
MA). Postculture embryos were analyzed for develop-
mental stage and cell number, as described above. Due
to limitations in the number of embryos recovered per
experiment, not all six concentrations of zinc were
tested in the five replicates of this experiment. However,
each concentration was tested at least two times and
the average number of embryos cultured in respective
medium was at least 10. The number of embryos cul-
tured for each group was as follows: control (0.7 uA/
Zn), n = 50; 3.8 uM Zn, n = 20; 7.5 uM Zn, n = 43;
15.4 uM Zn, n = 26; 35 uM Zn, n = 20; and 60 uM
Zn, n = 29. Because there was no significant interex-
perimental variation in the average cell number among
individual groups, the cell numbers obtained for em-
bryos from each group were pooled and a one-way
analysis of variance was performed to test for significant
differences among experimental groups using Sheffe’s
test (10). Cell number results are expressed as percent-



age of control embryos, in addition to pooled average
cell number.

Experiment 2A: Effect of Acute (3 day) Maternal
Zn Deficiency on In Vitro Development of Preimplan-
tation Mouse Embryos. To test the idea that maternal
Zn deficiency affects embryonic development prior to
Day 4 of gestation, female mice were fed either control
(50 ug Zn/g, 760 nmol/g) or Zn-deficient diet (0.4 ug
Zn/g, 6 nmol/g) for 1 day prior to and 2 days after
conception, for a total of 3 days. Initiation of these diets
occurred 24 hr after PMSG injection. The detailed
composition of the diet has been published (11). Im-
mediately following cervical dislocation, maternal
blood samples were obtained by cardiac puncture and
pooled due to limited volumes (an average of three per
pool), and plasma was obtained following centrifuga-
tion at 700g for 30 min. Plasma Zn concentration was
measured using flame atomic absorbance spectropho-
tometry.

Embryos obtained from both groups of superovu-
lated mice were cultured to the blastocyst stage in stock
T6 medium (0.7 uM Zn) for 72 hr and analyzed as
described above. Throughout the culture period, em-
bryos were periodically observed on a temperature-
controlled phase microscope stage (37°C) to assess de-
velopmental progress. The assessment period never ex-
ceeded 4 min per culture dish. Postculture embryos
were analyzed for developmental stage and cell number,
as described previously. Experiment 2A was conducted
on seven separate occasions. A total of 137 embryos
from control dams and 164 embryos from dams fed
the low Zn diet were assessed for cell number, with at
least 10 embryos per group per experiment. Pooled
embryo data were analyzed for significance using an
unpaired Student’s ¢ test (10) utilizing the mean of the
mean percentage of control embryo cell number.

Experiment 2B: Effect of Acute Maternal Zn De-
ficiency (6 days) on In Vitro Development of Preim-
plantation Mouse Embryos. Given the results of Ex-
periment 2A, we tested the hypothesis that an extended
period of maternal Zn deprivation would further impair
in vitro development of mouse preimplantation em-
bryos. Female mice were fed either the control or low
Zn diet described in Experiment 2A for 4 days prior to
and 2 days after conception, for a total of 6 days. Diets
were initiated 48 hr before PMSG injection. Maternal
blood samples were obtained for plasma Zn analysis,
as described in Experiment 2A. Embryos recovered
from both groups of mice were cultured for 72 hr,
assessed for developmental progress, and analyzed for
embryonic cell number, as described previously. Exper-
iment 2B was conducted on three separate occasions.
A total of 147 embryos from control dams and 110
embryos from dams fed the low Zn diet were assessed
for cell number, with at least 16 embryos per group per
experiment. Data are expressed as described in Experi-
ment 2A.

Experiment 3: Effect of Supplemental Medium
Zn on Cell Proliferation in Preimplantation Embryos
Exposed to Zn Deficiency In Utero. To determine the
potential for embryonic recovery from Zn deficiency-
induced alterations, control embryos and embryos ob-
tained from dams exposed to short-term dietary Zn
deprivation were cultured in medium supplemented
with Zn. Maternal body weights were measured daily
during the 3-day dietary period. Embryos removed
from mice subjected to the same dietary and experi-
mental regimes described in Experiment 2 were cul-
tured to the blastocyst stage in medium containing
either 0.7 uM Zn (stock T6) or between 7.3 and 8.9 uM
Zn (average = 7.7 uM Zn). Maternal blood samples
were obtained, pooled, and analyzed for plasma Zn,
and corpora lutea were counted, as described previ-
ously. Postculture embryos were analyzed as described
above. Experiment 3 was replicated four times. The
total number of embryos examined for each group was
68, 70, 48, and 66 for the control, low Zn, control +
supplemental medium Zn, and low Zn + supplemental
medium Zn groups, respectively, with at least 10 em-
bryos per group per experiment. As with Experiments
2A and B, because there was significant interexperi-
mental variation in embryonic cell number (P < 0.01),
data are expressed as percentage of control embryo (i.e.,
embryos obtained from control dams cultured on non-
supplemented medium) cell number. The mean of the
mean cell number per group per experiment was ana-
lyzed for significance using one-way analysis of variance
and Sheffe’s test (10).

Results

Experiment 1: Addition of Zn to the Culture Me-
dium. Between concentrations of 0.7-30.0 uM, Zn
added to culture media had no apparent effect on the
development of embryos to the expanded blastocyst
stage, embrvo morphology, or average embryo cell
number at the termination of the 72-hr culture period
(Table I). In contrast to the above, embryos cultured in
the presence of 60 uM frequently failed to cleave, and
those that did cleave often exhibited excluded blasto-
meres and failed to cavitate. In addition, average em-
bryo cell number was significantly lower for embryos
cultured in media supplemented with 60 uM Zn com-
pared with controls (embryos cultured in medium con-
taining 0.7 uM Zn).

Experiments 2A (3-day Maternal Zn Deficiency)
and 2B (6-day Maternal Zn Deficiency): Development
of Cultured Embryos from Dams Fed a Low Zn Diet.

Maternal plasma Zn levels—Experiment 2A. At the
time of embryo collection, maternal plasma Zn was
significantly lower in mice fed the Zn-deficient diet for
3 days compared with that of mice fed the control diet
(10.5£0.9 uM vs 15.6 £ 1.1 uM, P < 0.01).

Maternal plasma Zn levels—Experiment 2B. Ma-
ternal plasma Zn was significantly lower at the time of
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Table 1. Influence of Medium Zinc Concentration
on Mouse Preimplantation Embryo Cell
Number after 72 hr of Culture

Medium Zn

- Percentage b

concentration of contr o?a n
(uM)

0.7 100.0 £ 0.0°¢ 5

3.8 101.4 £ 16.6 2

7.5 1052+ 59 4

15.0 954 +18.3 2

30.0 1155 £ 125 2

60.0 247 +9.0° 2

#Values are expressed as means x SE. Control embryos were
defined as those cultured in the 0.7 uM Zn medium.

°p = the number of times each concentration was tested with at
least 10 embryos.

¢ The mean cell number for control embryos at the end of the 72-hr
culture period was 83.3 + 3.9 (average * SE).

¢ Significantly lower than the 0.7 uM Zn control group, P < 0.01.

Table II. Influence of Maternal Zinc Deprivation on
Ovulatory Outcome in Mice

. Embryo/ Embryo/ b
Group Experiment . oora lutea® ovary
Control 2A 0.86 + 0.08 11417 7
Low Zn 2A 0.94 +0.08 144+18 7
Control 2B 095+ 0.03 127+13 3
Low Zn 2B 0.82 £ 0.04 9.0+13° 3

# Values expressed as means + SE.

® n = the number of times the experiment was replicated. The average
number of embryos per replicate was 20 for Experiment 2A. The
average number of embryos per replicate was 17 for Experiment 2B.
¢ Significantly lower than control, P < 0.04.

embryo collection in mice fed the low Zn diet for 6
days, compared with that of mice fed the control diet
(11.0 £ 3.0 uM vs 20.0 £ 1.0 uM, P < 0.02).

Ovulation and embryo yield—Experiment 2A.
Based on the number of discernable corpora lutea per
ovary, at least 86% of all potential embryos were re-
covered from oviducts (Table II). The number of cor-
pora lutea per ovary did not differ within or between
dietary groups.

There were no significant differences in the num-
bers of embryos recovered per animal between the
dietary groups. Similarly, there were no significant dif-
ferences in the percentages of 1-cell, 2-cell, or 4-cell
embryos, or of degenerating embryos between dietary
groups (Table III).

Ovulation and embryo yield—Experiment 2B. At
least 82% of all potential embryos were recovered from
oviducts of mice that had consumed the experimental
diets for 6 days (Table II). The number of corpora lutea
per ovary did not differ within or between dietary
groups.

In contrast to Experiment 2A, the number of em-
bryos recovered per ovary was significantly lower in
mice fed the low Zn diet for 6 days (Table II). Addi-
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tionally, there was a trend of fewer 1-cell and degener-
ated embryos, as well as a greater proportion of 2-cell
embryos, in the control dams, compared with dams fed
the low Zn diet for 6 days (Table III). There were
significantly more 4-cell embryos obtained from control
mice in Experiment 2B (Table III).

Embryo morphology—Experiment 2A. At the time
of their recovery from oviducts, the morphology of
embryos obtained from dams fed the low Zn diet (Fig.
1A) was comparable to that of embryos obtained from
the control group of dams (Fig. 1B). By the termination
of the 72-hr culture period, all embryos obtained from
the control mice had developed into expanded blasto-
cysts, some of which had already escaped from their
zonae (Fig. 1C). In contrast to the above, the morphol-
ogy of embryos collected from dams fed the low Zn
diet was quite variable after 72 hr of culture. Although
some of these embryos (7% + 3%) experienced cleavage
blocks and did not develop into blastocysts, this obser-
vation was not statistically significant (Fig. 1D). Em-
bryos from the dams fed the low Zn diets that developed
to blastocysts appeared to contain inner cell masses
which were smaller than those of blastocysts that de-
veloped from embryos obtained from control dams.
Nonetheless, some blastocysts in low Zn cultures were
escaping from their zonae by the termination of the
culture period (Fig. 1D).

Embryo morphology—Experiment 2B. At the ini-
tiation of culture, the morphology of recovered embryos
obtained from mice fed the low Zn diet was comparable
to that of embryos obtained from the control group of
dams. By the end of the 72-hr culture period, the
morphology of embryos from both groups of dams was
consistent with that observed in Experiment 2A.

Developmental kinetics and average embryo cell
number—Experiment 2A. The rate of development
tended to be delayed in embryos obtained from dams
fed the low Zn diet for 3 days, compared with control
embryos (Table IV); however, this difference was not
statistically significant. This tendency of the embryos
from the dams fed the low Zn diet to lag behind their
control counterparts was observed throughout the 72-
hr period.

In addition to the tendency for a developmental
lag, there was a significant reduction in average embryo
cell number at the termination of the 72-hr culture
period (P = 0.01). In Experiment 2A, a total of 137
and 164 embryos were examined from the control and
Zn-deprived dams, respectively. The average cell num-
ber in embryos obtained from control dams at the end
of the 72-hr culture period averaged 70, whereas it was
48 in embryos obtained from the Zn-deprived dams.
The overall coefficients of variation were 29 and 55%
for these groups, respectively. Average embryo cell
number at the end of the culture period was consistently
lower in the groups of embryos obtained from mice fed



Table lil. Influence of Maternal Zinc Deprivation on the Distribution of Mouse Preimplantation Embryos Collected
48 hr after hCG Treatment

Embryo stage

Percentage of

. b
Group Experiment 1 Cell* 2 Cell >2 Cell degenerated embryos

Control 2A 9.8+ 6.0 813+ 9.4 56+39 32+3.2 7
Low Zn 2A 6.4 %39 762+ 6.5 12,5+ 4.7 4949 7
Control 2B 18.2 + 8.1 407+125  343+80 6.8+ 6.8 3
Low Zn 2B 475+ 188  27.2+123 71£7.1° 182+ 95 3

“ Values are expressed as means + SE. Values represent the percentage in each developmental stage of recovered embryos.
®pn = the number of times the experiment was replicated. The average number of embryos per replicate was 20 for Experiment 2A. The

average number of embryos per repiicate was 17 for Experiment 2B.
© Significantly lower than control, P < 0.04.

low Zn diets compared with controls in all seven ex-
perimental replicates.

Developmental kinetics and average embryo cell
number—Experiment 2B. Developmental progress of
embryos obtained from mice fed the low Zn diet for 6
days was significantly affected, compared with control
embryo populations. By Day 2 of culture, there were
significantly more degenerating embryos present in the
groups obtained from mice fed the low Zn diet for 6
days (Table V). By Day 3 of culture, there were signif-
icantly fewer blastocysts, accompanied by a lower fre-
quency of cavitation in the groups of embryos obtained
from mice fed the low Zn diet for 6 days (Table V).
These differences were consistent with the trends ob-
served in Experiment 2A. It should be pointed out that
when control embryo populations that contained a high
proportion of 4-cell embryos were excluded from the
analysis, these differences were still significant.

In addition to the significant developmental im-
pairment observed with an extended period of maternal
Zn deprivation, and consistent with Experiment 2A,
average embryo cell number at the end of the 72-hr
culture period was significantly lower (P < 0.01) in the
cultured embryos obtained from mice fed the low Zn
diet for 6 days. A total of 147 and 110 embryos were
examined from the control and Zn-deprived dams,
respectively. The average cell number in embryos ob-
tained from control dams at the end of the 72-hr culture
period averaged 78, whereas it was 57 in embryos
obtained from Zn-deprived dams. The overall coeffi-
cients of variation were 25 and 63% for these groups,
respectively. Average embryo cell number at the end of
the culture period was consistently lower in the groups
of embryos from mice fed the low Zn diet for 6 days
compared with controls in all three experimental rep-
licates.

Experiment 3: Adding Zn to the Culture Medium
of Embryos from Dams Fed a Low Zn Diet.

Maternal plasma Zn levels. As was the case for
Experiments 2A and B, maternal plasma Zn concentra-
tions at the time of embryo collection were significantly
lower for low Zn females (11.0 = 1.3 uM) than for
control females (15.7 £ 0.6 uM: n = 4 experiments, P
< 0.01).

Ovulation and embryo yield. Based upon the num-
ber of discernable corpora lutea per ovary, 91% of
potential embryos were recovered from the oviducts.
Similar to results obtained for Experiment 2A, there
were no differences in the numbers of corpora lutea per
ovary (14 = 2 vs 14 = 2 for low Zn and control groups,
respectively), or in the initial distribution of embryonic
stages recovered per animal between the dietary groups
of dams (11 £ 5% vs 10 £ 6% [l-cell embryos], 79 +
7% vs 719 £ 10% [2-cell embryos], 4 £ 3% vs 0 £ 0%
[>2-cell embryos], and 7 + 5% vs 11 £ 7% [degenerate
embryos] for the low Zn and control groups, respec-
tively).

Response of cultured embryos from low Zn dams
to Zn added to the culture medium. When culture
medium was supplemented with 7.7 uM Zn, the mor-
phology, developmental kinetics, and average embryo
cell number at the termination of the 72-hr culture
period were all similar to what was observed for the
low Zn cultures in Experiments 2A and 2B (data not
shown). For the control, low Zn, control + supple-
mental medium Zn, and low Zn + supplemental me-
dium Zn groups, a total of 68, 70, 48, and 66 embryos
were examined for cell number, respectively, with an
average of 15 embryos per group per experiment. The
average embryo cell numbers for these groups at the
end of the culture period were 86 = 3, 75 + 3, 80 % 3,
and 74 + 3 (n = 4 experiments, P < 0.01), respectively.
Average embryo cell number at the end of the culture
period was consistently lower in the groups of embryos
obtained from mice fed low Zn diets compared with
controls in three out of the four experimental replicates.
In one replicate, there was no difference among the
groups.

Discussion

The results obtained from the current study show
that the in vitro development of preimplantation mouse
embryos is sensitive to maternal Zn deficiency, as evi-
denced by the impaired developmental progress during
culture and the embryonic cell number at the end of
the 72-hr culture period. This significantly extends the
observations by Hurley and Shrader (2) that preimplan-
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Figure 1. Morphology of mouse embryos at the beginning and end of the culture period. (A) Embryos flushed from the oviducts of control
dams. (B) Embryos flushed from the oviducts of Zn-deficient dams. (C) Embryos in Panel A after 72 hr of culture. All the embryos have
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Table IV. Kinetic Development of Mouse Embryos In Vitro (3 Days of Maternal Zn Deprivation)®

Embryo stage Early morulae Late morulae Degenerate Percentage

Day Group ~16 cell ~32cell  Blastocyst 9 b undergone n

2cells 4cells 8cells c8® embryo embryo embryo .\ itation

0 Control 88+7 12+7 — — — — — — — 3
LowZn 91+9 99 —_ — — —_— — — — 3
P-value 0.4047 0.4047 — — — - — — —

1 Control 0+£0 177 16x6 60=x10 6+6 — — 1+1 - 3
lowZn 6+3 29+10 16+8 4786 00 — — 2+2 — 3
P-value 0.0446 0.1759 0.4861 0.1372 0.1779 — — 0.2857 —_

2 Control 0+0 0%£0 00 0zx0 31+15 36=+8 31+19 2+1 74+11 3
lowzZn 1+1 4+4 00 11 42 + 16 319 15+9 5+2 46+17 3
P-value 0.1779 0.1779 — 0.1779 0.3199 0.3255 0.2395 0.1245 0.105

3 Control 0+0 0zx0 0+0 0zx0 0x0 9+4 89 +4 3+1 97 £1 3
lLowzZn 1+1 3+3 00 0z0 0+0 10+ 4 79+8 7+3 895 3
P-value 0.1779 0.1779 - — — 0.3961 0.1511 0.1211 0.0582

# Cultured embryos were assessed as described in Materials and Methods for developmental progress at indicated time points. Values are
expressed as means of percentage of experimental group distribution £ SE. n = the number of experimental replicates, with 17 as the average
number of embryos per group.

© C8 = compacted 8-cell embryo stage.

Table V. Kinetic Development of Mouse Embryos /n Vitro (6 Days of Maternal Zn Deprivation)®

Embryo stage Early morulae Late morulae Degenerate Percentage

Day Group (~16 cell (~32 cell  Blastocyst 9 b undergone n

2cells 4cells 8cells C8° embryo) embryo) embryo cavitation

0 Control 47+2 532 — — — - — — — 3
LowZn 73+14 28+14 — — — - — — — 3
P-value 0.0713 0.0713 — — — — — — —

1 Control 11 1+1 3+x1 83%£5 137 — — — —_ 3
ltowZn 00 4+2 7+2 88zx4 1+1 — — — —_ 3
P-value 0.1869 0.109 0.1169 0.2418 0.0751 — — — —

2 Controo 00 00 0x0 O0=zx0 2+1 415 56 + 6 11 79+2 3
lowzZn 00 0x0 0£0 11 27 £ 25 35+ 23 32+ 20 5+ 1 67+25 3
P-value — — — 0.1869 0.1873 0.4035 0.1581 0.0078 0.147

3 Controi 00 00 0x0 00 0£0 1+ 1 93+ 2 6+2 %+2 3
lowZn 00 00 00 11 1+1 76 72+ 9 19+9 79+7 3
P-value — — — 0.1869 0.1869 0.1612 0.0433 0.1052 0.0406

® Cultured embryos were assessed as described in Materials and Methods for developmental progress at indicated time points. Values are
expressed as means of percentage of experimental group distribution + SE. n = the number of experimental replicates, with 17 as the average
number of embryos per group.

> C8 = compared 8-cell embryo stage.

tation embryos collected from Zn-deficient rats had
developed abnormally. The current findings suggest
that some of the initial embryonic effects occur prior
to the 4-cell stage and that the mouse preimplantation
embryo culture system represents a useful model to
investigate the direct effects of Zn deprivation during
early embryonic development.

Given the observed impairment in early embryonic

development induced by transient Zn deficiency, Zn
was supplemented to the medium to investigate the

potential for embryonic recovery from the maternal Zn
deficiency-induced alterations during this period of de-
velopment. Previous reports indicate that morphologi-
cally “normal” term fetuses develop in dams that have
been subjected to Zn-deficient diets during early preg-
nancy followed by adequate Zn feeding (3). However,
early preimplantation embryos (2-4 cell) obtained from
dams fed Zn-deficient diets failed to overcome the
deficit in cell number, despite Zn supplementation of
the culture medium. Thus our results suggest that

cavitated, and well-developed inner cell masses are evident in several of them. (D) Embryos in Panel B after 72 hr of culture. Several embryos
exhibit abnormal morphology and have failed to cavitate (arrows). In the blastocysts that have developed, inner cell masses are small in
comparison with those within control blastocysts. The bar in Panet D represents 100 um.
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preimplantation embrvos may not, by themselves, be
capable of recovering from maternal Zn deficiency-
associated changes, even if supplemental Zn is provided
for a prolonged period of time. Possible explanations
for this are that the embryonic Zn content affects
embryo maturation subsequent to the 4-cell stage, or
that supplemental Zn in the culture medium was not
available for uptake and/or utilization by the embrvo
in these experiments. Alternatively, maternal Zn defi-
ciency may affect embryonic development through sec-
ondary metabolic changes that are independent of a
direct effect of Zn on the embryo.

The optimal medium Zn concentration and the
form necessary for preimplantation development is not
known. The results from the current study show that
mouse preimplantation embrvos develop adequately in
medium containing Zn at a concentration of 0.7 uM, a
value significantly lower than Zn concentrations re-
ported in physiological fluids. To our knowledge, data
on mammalian oviduct fluid trace mineral concentra-
tions are not currently available, presumably due to the
difficulty in obtaining pure oviduct fluid sample vol-
umes of adequate size to accurately quantify trace
mineral concentrations.

The range of culture medium Zn concentrations
used in our experiments is similar to ranges commonly
used in cell culture systems in which the effects of
medium Zn on a variety of parameters, ranging from
the protection of preimplantation embryos from cad-
mium toxicity to the investigations of liver parenchy-
mal cell function, have been assessed (12-15). Our
results suggest that a medium Zn concentration of 60
uM is cytotoxic to mouse preimplantation embryos. It
is important to point out that the culture medium used
in our experiments does not contain serum; thus, the
pool of potential Zn binding ligands is presumably low
(23 uM bovine serum albumin). This is in contrast to
studies in which media are supplemented with serum
that would provide additional Zn binding sites (12. 14,
15).

The mechanism(s) underlying the effect of mater-
nal Zn deficiency on preimplantation development
cannot be identified based on the results of the current
study. Given the time frame of Experiment 2A, the last
24 hr of oocyte maturation, ovulation. oocyte fertili-
zation and/or mitosis, and zygotic gene activation dur-
ing the early 2-cell stage are all events that might have
been altered by the maternal Zn deficiency in vivo.
When the Zn-deficient diet was introduced at the time
of PMSG injection, plasma Zn concentrations in fe-
males sacrificed 48 hr after PMSG injection, but prior
to hCG, were 16 = 1 and 10 £ | uM Zn (P < 0.01) in
control (n = 5) and Zn-deficient (n = 7) mice, respec-
tively. In Experiment 2B, the Zn-deficient diet was
introduced earlier, 2 days prior to the time of PMSG
injection, and plasma Zn concentrations in females
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sacrificed 48 hr after hCG injection were 11.0 = 3.0
uM vs 20.0 + 1.0 uM in deficient and control dams,
respectively. Thus, maternal Zn deficiency during the
last 24 hr of oocyte maturation in Experiment 2A was
accompanied by subsequent impaired embryo devel-
opment in vitro that became more pronounced when
maternal Zn deficiency was extended prior to the last
24 hr of oocyte maturation. These observations from
mouse preimplantation embryo development in vitro
support the hypothesis that Zn deficiency affected some
aspect of oocyte maturation, which may have been one
of the causes for the impaired development in vivo by
preimplantation embryos recovered from Zn-deficient
dams in the rat (2).
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