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Abstract

Background—Zinc is the most abundant transition metal in the mammalian oocyte, and 

dynamic fluxes in intracellular concentration are essential for regulating both meiotic progression 

and fertilization. Whether the defined pathways of zinc utilization in female meiosis directly 

translate to mitotic cells, including the mammalian preimplantation embryo, have not been studied 

previously.

Results—We determined that zinc is the most abundant transition metal in the preimplantation 

embryo, with levels an order of magnitude higher than those of iron or copper. Using a zinc-

specific fluorescent probe, we demonstrated that labile zinc is distributed in vesicle-like structures 

in the cortex of cells at all stages of preimplantation embryo development. To test the importance 

of zinc during this period, we induced zinc insufficiency using the heavy metal chelator N,N,N′,N

′-tetrakis-(2-pyridylmethyl)-ethylenediamine (TPEN). Incubation of embryos in media containing 

TPEN resulted in a developmental arrest that was specific to zinc chelation and associated with 

compromised mitotic parameters. The developmental arrest due to zinc insufficiency was 

associated with altered chromatin structure in the blastomere nuclei and decreased global 

transcription.

Conclusions—These results demonstrate for the first time that the preimplantation embryo 

requires tight zinc regulation and homeostasis for the initial mitotic divisions of life.
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Introduction

There are two key transitions in mammalian development that are essential for giving rise to 

the next generation. The first is the transition of the prophase I-arrested, germinal vesicle 

(GV) intact oocyte into a fertilization-competent metaphase II-arrested (MII) egg through 

the process of meiotic maturation (reviewed in (Mehlmann, 2005)). The second is the 

transition of an MII egg into an embryo upon fertilization that divides by mitosis and relies 

on its own genome for subsequent embryo development (reviewed in (Zernicka-Goetz et al., 

2009)). Recent in vitro and in vivo studies have demonstrated a profound requirement for 

zinc during female mammalian gamete development and fertilization, suggesting that this 

metal and its regulation have direct consequences on fertility (Kim et al., 2010; Suzuki et al., 

2010; Bernhardt et al., 2012; Kong et al., 2012; Tian and Diaz, 2012; Zhao et al., 2014a).

Insight into zinc as a key inorganic regulator of the oocyte-to-egg transition and the egg-to-

embryo-transition was first gleaned from synchrotron-based X-ray fluorescence microscopy 

(XFM) experiments, which allowed the precise determination of the total metal content of 

individual mammalian gametes and early embryos (Kim et al., 2010). Through these studies 

the striking observation was made that the oocyte’s total zinc content is an order of 

magnitude larger than its total iron or copper contents, suggesting a specialized function for 

this transition metal during female meiosis. This is a departure from the ratios observed in 

most cell types, such as Escherichia coli, which have similar total zinc and iron levels and 

ten-fold lower copper levels (Outten and O’Halloran, 2001; Gilston, 2013). Additionally, the 

total zinc content undergoes dynamic fluxes, increasing significantly during meiotic 

maturation and decreasing at the time of fertilization (Kim et al., 2010). Zinc influx during 

meiosis is dependent on two zinc transporters, ZIP6 and ZIP10, whereas the physiologic 

decrease of zinc at fertilization occurs through a coordinated release of zinc from cortically-

enriched vesicles in repetitive exocytic events termed “zinc sparks” (Kim et al., 2011; Kong 

et al., 2014; Que et al., 2014). Such changes in zinc levels are essential for proper meiotic 

progression and fertilization, and a key target of zinc dynamics during this period of early 

development is the meiotic cell cycle. Studies in which zinc levels have been manipulated 

genetically or chemically through zinc-specific chelators and ionophores have demonstrated 

that zinc regulation is required to maintain the prophase I and metaphase II arrests through 

interactions with cell cycle proteins including MOS, EMI2 and protein kinase C (Suzuki et 

al., 2010; Bernhardt et al., 2011; Tian and Diaz, 2011; Kong et al., 2012; Kong et al., 2014; 

Zhao et al., 2014b).

Although we have acquired a broad understanding of zinc biology during female meiosis 

and fertilization, correspondingly less is known about this transition metal during 

mammalian preimplantation embryo development. This period refers to the early stages of 

development that occur prior to embryo implantation into the uterus. Poised at the interface 

between meiosis and mitosis, the preimplantation embryo maintains significant maternal 

legacy while transforming into its own lineage (Tadros and Lipshitz, 2009). Preimplantation 

embryo development encompasses several critical events including: mitotic cleavage 

divisions to increase the embryo’s cell number without increasing its size, zygotic genome 

activation during which the embryo becomes reliant on its own products of transcription and 

translation, compaction and cell polarization which define the outside and inside of the 
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embryo, and differentiation and lineage specification which distinguishes the embryo proper 

from extra-embryonic tissues (Zernicka-Goetz et al., 2009).

Several studies imply that there is a very sensitive requirement for zinc action and 

homeostasis during preimplantation embryo development. For example, zinc deficiency 

during pregnancy is associated with detrimental outcomes for embryo and fetal development 

(Apgar and Fitzgerald, 1985; Peters et al., 1991; Keen et al., 2003). Moreover, a mouse 

model of acute dietary zinc deficiency demonstrated that even short exposure to reduced 

zinc levels during the period of terminal oocyte maturation was sufficient to significantly 

disrupt preimplantation embryo development (Tian and Diaz, 2013). In contrast to these 

models of zinc insufficiency, metal supplementation of in vitro maturation and embryo 

culture media is associated with positive embryonic developmental outcomes in several 

species (Stephenson and Brackett, 1999; Gao et al., 2007). Despite these observations, the 

precise metal content of the mammalian preimplantation embryo and how it responds to 

alterations in environmental zinc content remains unknown. In this study, we used XFM to 

determine the elemental composition of individual cleavage stage preimplantation embryos 

and demonstrated that total zinc levels were significantly higher than iron or copper and 

remained constant in the early embryo. Disruption of intracellular metal homeostasis in 

cleavage stage embryos using the heavy metal chelator N,N,N′,N′-tetrakis-(2-

pyridylmethyl)-ethylenediamine (TPEN) was zinc-specific and resulted in developmental 

arrest due in part to altered chromatin structure and global transcription. These results 

illustrate the importance of zinc regulation in the preimplantation embryo and the dramatic 

developmental consequences of zinc insufficiency during the very first mitotic divisions that 

define the formation of a new organism.

Results

Elemental analysis of mouse preimplantation embryos by synchrotron-based X-ray 
fluorescence microscopy

The total metal content of a cell can be divided into two populations: that which is tightly 

bound to biopolymers and that which is labile and accessible to chelating probes – the latter 

category includes metal ions that are loosely bound to intracellular ligands in compartments 

or free in the cytosol. We used synchrotron-based XFM to evaluate the total elemental 

composition and distribution of individual one- (1C), two- (2C), four- (4C) and eight-cell 

(8C) embryos derived in vivo from timed mating. This technique utilizes the unique X-ray 

emission spectra of each element to generate a quantitative elemental map of the sample. 

The map is integrated along the z-axis and displayed as a two-dimensional image with total 

element content presented in units of μg per cm2 after calibrating with standards from the 

US National Institute of Standards and Technology (Figure 1A). The total number of atoms 

per embryo was calculated using the integrated data as described previously (Kim et al., 

2010). As has been reported in the female gamete, zinc was the most abundant transition 

metal in the preimplantation embryo compared to iron and copper by an order of magnitude, 

leading us to test whether zinc continues to have an important role during this 

developmental period (Figure 1B, Table 1) (Kim et al., 2010).
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In contrast to the rise in total zinc and copper levels that occurs during meiotic maturation, 

these transition metals both remained constant throughout early embryo development and 

were similar to the levels observed in the GV oocyte, suggesting the continued functional 

significance of this metal pool in the preimplantation embryo (Figure 1B) (Kim et al., 2010). 

Of note, iron levels did change during preimplantation embryo development, with a 50% 

increase occurring between the 4C and 8C stages (Figure 1B). While still an order of 

magnitude lower than total zinc levels, this initial rise in iron during early embryo 

development may imply emerging roles for this transition metal in the later stages of 

development.

Labile zinc pools are cortically distributed throughout the preimplantation embryo

Given the striking abundance of zinc relative to iron and copper in the cleavage stage 

preimplantation embryo, we focused our attention further on this transition metal. To 

distinguish the sub-cellular localization of labile zinc from total zinc during preimplantation 

embryo development, we performed live imaging with membrane permeant zinc-specific 

fluorophores (Figure 2). Staining with FluoZin-3 AM demonstrated that labile zinc localizes 

to discrete punctate structures in the preimplantation embryo (Figure 2A). These punctate 

structures have a cytoplasmic localization and are enriched at the cortex particularly during 

the early cleavage stages (Figure 2Aii′–iv′). This punctate and cortical staining pattern is 

reminiscent of what we described previously in the unfertilized metaphase II-arrested egg 

(MII egg), although the zinc punctae in the early embryo were not asymmetrically 

distributed as they were in the MII egg (Kim et al., 2011; Que et al., 2014).

The specificity of labile zinc distribution in the preimplantation embryo was confirmed 

using two approaches. First, use of a chemically distinct zinc fluorophore, ZincBY-1, 

revealed a punctate cytoplasmic staining pattern that was indistinguishable from that 

observed with FluoZin-3 AM (Figure 2Bi′). Second, addition of the chelator TPEN, which 

has high affinity for zinc, completely quenched the fluorescent signal, indicating that the 

observed fluorescence is zinc-specific and supporting the idea that labile zinc is 

compartmentalized (Figure 2Bii′, iv′).

Zinc insufficiency interferes with mitotic progression of the cleavage stage embryo

To determine the importance of zinc during precise stages of preimplantation embryo 

development, we perturbed zinc homeostasis using TPEN to limit intracellular zinc 

availability. As has been reported previously and in this study, TPEN exposure can reduce 

total and labile zinc populations in the mammalian oocyte and embryo (Figure 2B) (Kim et 

al., 2010). Specifically, we cultured 1C, 2C and 4C stage embryos in the presence or 

absence of either 1 μM or 10 μM TPEN for 24 h and monitored developmental progression 

by morphology (Figure 3). A significant developmental arrest was observed in embryos 

exposed to both 1 μM and 10 μM TPEN during culture compared to controls. This 

phenotype was dose dependent, as developmental arrest was more pronounced at the higher 

TPEN concentration (Figure 3). Only 21.3% (SEM ±10.6%) of 1C embryos cultured in 1 

μM TPEN cleaved to the 2C stage or beyond, and 0.0% (SEM ±0%) of those in 10 μM 

TPEN progressed. In contrast, 96.4% (SEM ±1.5%) of control 1C embryos cleaved (Figure 

3A). Similarly, TPEN treatment of 2C stage embryos also caused significant developmental 
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arrest: only 40.0% (SEM ±6.6%) of those cultured in 1 μM TPEN and 16.7% (SEM ±10.%) 

of those cultured in 10 μM TPEN progressed to the 4–8C stage after 24h compared to 90.9% 

(SEM ±3.7%) of control embryos (Figure 3B). Finally, of cultured 4C embryos, 13.1% 

(SEM ±7.0%) of those treated with 1 μM TPEN and 6.02% (SEM ±4.2%) of those treated 

with 10 μM TPEN progressed to or beyond the 8C stage (Figure 3B). In contrast, 94.2% 

(SEM ±2.6%) of 4C embryos cultured in control medium progressed to form 8C embryos, 

morulae or early blastocysts (Figure 3C). Given the significant percentage of arrest 

phenotypes observed at TPEN concentrations as low as 1 μM, all further zinc chelation 

experiments were performed using this lower TPEN concentration. The arrest induced by 

culture in 1 μM TPEN medium was irreversible, as two-cell embryos placed back in normal 

culture medium after the 24h TPEN incubation remained arrested at the two-cell stage (data 

not shown). Interestingly, treatment of mouse oocytes with TPEN concentrations less than 

10 μM TPEN did not result in any phenotypic abnormalities or impact meiotic progression 

(Kim et al., 2010).

The affinity of TPEN for chelating copper is higher than its affinity for zinc, and thus it was 

possible that the observed cleavage arrests were due to effects on copper and not zinc. To 

determine whether the TPEN effect on embryo development was specifically due to zinc 

chelation, we cultured 1C, 2C, and 4C embryos for 24 h in the presence of two different 

copper-specific chelators, neocuproine or ammonium tetrathiomolybdate (TM), and 

monitored developmental progression (Figure 4). Compared to culture in 1 μM TPEN, 

which we demonstrated causes a significant developmental arrest, culture in the presence of 

1 μM neocuproine or 1 μM TM had no effect on cleavage divisions at any stage of 

development (Figure 4, Table 2), suggesting the phenotypes observed of TPEN chelation 

result from perturbation of zinc homeostasis, and not copper. These results are further 

confirmed by the rescue of normal development by culturing embryos in the presence of 

TPEN and zinc, similar to what has been previously reported during oocyte maturation (data 

not shown, (Kim et al., 2010; Kong et al., 2012)).

Because our analysis of embryo development in the presence of zinc and copper chelators 

was thus far limited to morphological assessment, we next performed a more in depth 

quantitative characterization using markers of mitotic division, including blastomere 

number, mitotic index and midbody number (Figure 5; Table 3). This type of analysis was 

particularly important during the later cleavage stages where it can be difficult to accurately 

assess blastomere number by transmitted light microscopy. We found that culture of 2C or 

4C embryos in the presence of TPEN caused a reduction in all mitotic parameters examined 

(Figure 5B–D, F–H). For example, 2C embryos cultured in 1 μM TPEN had an average of 

3.2 blastomeres/embryo (SEM ±0.14), a mitotic index of 0.018 (SEM ±0.012), and 1.0 

midbodies/embryo (SEM ±0.13). These values were all less than those measured in embryos 

cultured in control media or in the presence of copper chelators (Figure 5B–D). The impact 

of zinc chelation on mitotic parameters was even more pronounced when 4C embryos were 

cultured in 1 μM TPEN (Figure 5F–H). 4C embryos cultured in control media had 18.7 

blastomeres/embryo (SEM ±0.015), a mitotic index of 0.061 (SEM ±1.3) mitotic 

blastomeres/embryo, and 6.5 (SEM ±0.87) midbodies/embryo. These parameters were all 

significantly less – 7.8 (SEM ±0.48), 0.0 (SEM ±0.0), 0.67 (SEM ±0.27), respectively - in 

the same cohort of embryos cultured in TPEN. In contrast, parameters for embryos cultured 
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in copper chelators were not statistically different compared to control. Taken together, 

these results demonstrate that the preimplantation embryo is exquisitely sensitive to changes 

in metal homeostasis and provide strong support for the zinc-specificity of the observed 

developmental arrest.

TPEN-induced zinc insufficiency alters chromatin configuration and global transcription

When analyzing the mitotic parameters of embryos cultured in zinc and copper chelators, we 

observed that there were striking differences in chromatin configuration between treatment 

groups (Figure 6A). In 94.1% (SEM ±0.064%), 95.2% (SEM ±0.38%), and 93.9% (SEM 

±2.7%) of 2C embryos cultured in KSOM alone, with neocuproine, or with TM, 

respectively, the blastomere nuclei exhibited a euchromatin configuration with loosely 

packed DNA surrounding the nucleolus (Figure 6A, B, Table 4). This was in contrast to 2C 

embryos cultured in 1 μM TPEN in which only 13.2% (SEM ±0.90%) had nuclei with this 

type of chromatin configuration. Instead 86.2% (SEM ±1.5%) of TPEN-treated embryos had 

nuclei with a heterochromatin configuration, in which the DNA was tightly packed around 

the periphery of the nucleus (Figure 6A, B). This heterochromatin configuration was 

observed in TPEN-treated embryos that remained arrested at the 2C stage as well as those 

that were able to progress to the 4C stage (Figure 6B). However, the heterochromatin 

phenotype was much more pronounced in the embryos that remain arrested at the 2C stage, 

suggesting that this chromatin configuration may underlie the developmental arrest (Figure 

6A).

Chromatin configuration is highly coordinated with transcriptional activity. For example, 

fully-grown oocytes are transcriptionally quiescent, and this quiescence is associated with a 

defined nucleolar architecture referred to as surrounded nucleolus, in which heterochromatin 

is tightly compacted around the nucleolus (Bouniol-Baly et al., 1999; Inoue et al., 2008). 

Given the similarity in chromatin configuration between transcriptionally quiescent oocytes 

and the blastomeres of TPEN-treated embryos, we were interested in determining how 

TPEN affected global transcription in the cleavage stage embryo. Global transcription was 

quantified using a transcriptional assay that detects the incorporation of 5-ethynyl uridine 

(5EU) into newly synthesized RNA (Jao and Salic, 2008). We compared 5EU incorporation 

between nuclei of TPEN-treated embryos arrested at the 2C stage to those of control 2C 

embryos that were cultured from the 1C stage (Figure 6C, D). We observed a significant 

decrease of over 80% in 5EU incorporation following exposure to TPEN (2.2 pixel intensity 

units, SEM ±0.64) compared to controls (12 pixel intensity units, SEM ±1.4), indicating a 

global disruption of transcription in TPEN treated embryos (Figure 6D). These findings 

provide mechanistic insight into how zinc insufficiency may be mediating developmental 

arrest, as transcription inhibition is known to inhibit zygotic genome activation and cause 

cleavage arrest at the 2C stage (Aoki et al., 1997).

Discussion

The developmental capacity of the preimplantation mammalian embryo relies largely on the 

quality of the female gamete. Before the activation of the embryonic genome at the 2C stage 

in mouse development, the early embryo is solely dependent on the egg for survival, with 
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minimal contribution from the stored organelles and macromolecules of the sperm 

(Sutovsky and Schatten, 2000; Lee et al., 2014). Zinc is an important factor in the proper 

development of the oocyte through meiotic maturation and egg activation, and here we have 

extended our knowledge of zinc physiology in the female gamete to its function during 

preimplantation embryo development (Kim et al., 2010; Bernhardt et al., 2012; Kong et al., 

2012; Tian and Diaz, 2012).

Using quantitative elemental analysis, which captures a two-dimensional representation of 

total metal content, we report for the first time the relationships between zinc, copper and 

iron content in early embryogenesis. These results coupled with the extreme sensitivity of 

embryos to zinc chelation tell a valuable story and help establish that the zinc requirements 

of the mitotic cell cycle are quite different from those reported in the meiotic stages just a 

few hours earlier in development. Whether this difference in zinc requirement is unique to 

the preimplantation embryo or more broadly applicable to all mitotic cells remains an area 

of investigation. Moreover, using two zinc-responsive dyes with differing properties, we 

captured optical sections through the embryo and highlight that labile zinc is distributed in 

vesicle-like structures throughout the cytoplasm of the embryo, but are particularly enriched 

in the cortical region. The XRF measurements were made at low spatial (ca 400nm) 

resolution and thus do not shed light on possible vesicular distributions. However, there is 

strong precedence for zinc localization to vesicles in both mouse and human gametes (Kim 

et al., 2011; Kong et al., 2014). In the case of mouse MII eggs, a number of physical 

methods have shown that on average one million zinc atoms are loaded into vesicles with an 

average diameter of 250 nm in diameter (Que et al., 2014). We recently demonstrated that 

two maternally-derived zinc transporters are present in the ooplasmic membrane, ZIP6 and 

ZIP10. They mediate zinc uptake during meiotic progression and also have a cortical 

localization that persists throughout preimplantation embryo development (Kong et al., 

2014). Future studies are warranted to determine whether these transporters or ones that 

have a zygotic pattern of gene expression (ZNT1, ZNT4, or ZNT5) are essential during this 

window of development (Kong et al., 2014).

Interestingly, in contrast to zinc or copper, iron levels increased significantly at the eight-cell 

embryo stage. One explanation for this rise is the role of this transition metal in 

mitochondrial function during aerobic respiration. Mitochondria are largely dormant in the 

oocyte and early embryo, as mitochondrial respiration accounts for less than 10% of glucose 

metabolism but dramatically rises to 85% in the blastocyst (Bavister and Squirrell, 2000). 

Further, the compaction of mitochondrial cristae, the initiation of mitochondrial replication 

and an increase in the utilization of glucose all occur at the blastocyst stage (Houghton and 

Leese, 2004). Thus, the increase in total iron abundance at the eight-cell stage parallels its 

functional utilization in the upcoming developmental stages and may be indicative of the 

embryo’s transition toward a more somatic cell-like inorganic signature, in which the 

concentrations of zinc and iron are more similar to each other and both greater than copper 

(Suhy et al., 1999; Outten and O’Halloran, 2001). The mechanism and significance of this 

increase in intracellular iron at the 8C stage at a time when mitochondria biogenesis is 

beginning will be pursued in future years.
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To determine how the early embryo responds to changes in environmental metal content, we 

cultured embryos in the presence of the heavy metal chelator, TPEN. As has been observed 

in the oocyte, this chelator specifically decreased intracellular populations of zinc in the 

embryo (Kim et al., 2010). When zinc insufficiency was induced at any point during the first 

three mitotic divisions, developmental progression was compromised. Of note, we observed 

significant arrest in development when preimplantation embryos were exposed to 1 μM 

TPEN. This concentration of TPEN is 10-fold less than the minimum TPEN concentration 

required to elicit distinct meiotic cell cycle defects in the oocyte (Kim et al., 2010; Bernhardt 

et al., 2012; Kong et al., 2012). It is also significantly less than the TPEN concentrations 

(20–50 μM) used to induce apoptosis in somatic cells, including thymocytes, lymphocytes, 

keratinocytes and HeLa cells (Zalewski et al., 1993; Treves et al., 1994; Parat et al., 1997; 

Chimienti et al., 2001). These results imply that the preimplantation embryo is more 

sensitive to perturbations in metal homeostasis than the unfertilized gamete or other somatic 

cells. In addition, not all stages of preimplantation embryo development were equally 

responsive to changes in zinc. For example, a significant disruption of the plasma membrane 

was observed in 1C embryos cultured in the presence of even 1 μM TPEN, but this was 

never observed in 2C or 4C embryo cultures at this chelator concentration (Figure 4G). Of 

note, blastocyst stage embryos were the most sensitive to zinc chelation, exhibiting 

significant changes in morphology at 0.5 μM TPEN (data not shown). These findings 

undoubtedly have clinical ramifications, as the egg to embryo transition traverses the entire 

female reproductive system, from the ovarian follicle through the oviduct and into the 

uterus. Slight alterations in zinc availability in any of these environments, whether through 

physiological changes or assisted reproductive technologies, may have profound 

consequences on the success of a fertilization event that gives rise to a healthy offspring. In 

particular, it would be of great interest to determine whether differences in metal content 

exist between embryos derived from in vitro fertilization and natural mating, as this could 

potentially be applied to a clinical setting as a marker of embryo quality.

Our results suggest that zinc insufficiency during early embryo development has a direct or 

indirect effect on cell cycle progression because TPEN exposure resulted in a reduction in 

several mitotic parameters including blastomere number, mitotic index, and midbody 

number. A direct effect on the cell cycle may involve the protein Early Mitotic Inhibitor 1 

(EMI1). EMI1 is the mitotic homolog of EMI2, an Anaphase Promoting Complex (APC/C) 

inhibitor that regulates the meiosis I to meiosis II transition and is a major target of zinc 

activity during meiosis (Suzuki et al., 2010; Bernhardt et al., 2012). Similar to EMI2, EMI1 

also contains a highly conserved zinc-binding region and is known to require zinc for proper 

function. EMI1 is required for early embryogenesis, as the knockout mouse is embryonic 

lethal due to a defect in mitotic progression during preimplantation embryo development 

(Lee et al., 2006). These data raise the distinct possibility that zinc insufficiency prevents the 

proper functioning of EMI1 during embryonic divisions, and thus disrupts the blastomeres 

from progressing through mitosis.

Zinc insufficiency may also indirectly impact the mitotic cell cycle in the preimplantation 

embryo development via disruption of gene transcription, which was observed in response to 

TPEN exposure. In the mouse, the zygotic genome of the early embryo remains largely 

quiescent until the 2C stage, at which point the maternal-to-zygotic transition (MZT) takes 
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place, marking a dramatic shift in transcriptional activity (Zeng and Schultz, 2005; Tadros 

and Lipshitz, 2009). There is a targeted degradation of maternal RNA and proteins that had 

previously supported embryonic growth accompanied by a dramatic increase in the 

biosynthesis of genes from the newly recombined embryonic genome (Flach et al., 1982). If 

the zygotic genome does not activate, embryo development past the early cleavage stages is 

severely compromised (Li et al., 2010). Thus, the observed block in preimplantation embryo 

development in response to zinc chelation may occur in part because of transcriptional 

inhibition. Such a mechanism is likely given that zinc-binding proteins comprise up to 10% 

of the eukaryotic proteome and that zinc is an essential cofactor for many transcriptional 

regulators and polymerases (Andreini et al., 2006a; Andreini et al., 2006b; Fukada et al., 

2011). Whether the developmental arrest we observed is due to failure of global zygotic 

genome activation or to lack of specific gene expression remains to be determined.

The results reported in this manuscript extend our knowledge of inorganic physiology from 

the GV stage oocyte all the way to the 8C stage embryo. A further continuation of this work 

into the later stages of embryo development, including blastocyst formation and 

implantation, is ongoing. Having data on this broader temporal time frame of development 

not only allows us to gain insight into the important role of zinc across the meiotic-mitotic 

transition, but also allows us to appreciate the truly unique and complex events of the egg-

to-embryo transition. The presence of high total zinc levels compared to iron or copper in 

the preimplantation embryo suggests a continued role for this transition metal in regulating 

the developmental potential of the early embryo. Indeed, disruption of zinc homeostasis 

resulted in significant developmental arrest, a reduction in several mitotic parameters, and a 

profound decrease in overall transcriptional activity. Overall, our studies implicate the 

presence of zinc regulation in the control of the cell cycle, both meiotic and mitotic. 

However, unlike the transcriptionally quiescent mature oocyte, the early embryo takes on a 

very active state as it prepares the zygotic machinery necessary to sustain the rest of 

development. Thus, it is possible that multiple zinc-dependent pathways, including both 

specific cell cycle regulators and broad transcriptional mechanisms, may be simultaneously 

impacted during this next stage of development in the egg-to-embryo transition.

Experimental Procedures

Animals

All experiments were performed using CD-1 mice (Harlan Laboratories) in accordance with 

the National Institutes of Health Guide for the Care and Use of Laboratory Animals and 

under protocols approved by the Northwestern University Institutional Animal Care and Use 

Committee (IACUC). Mice were housed and bred in a controlled barrier facility in the 

Center for Comparative Medicine at Northwestern University (Chicago, IL). Food and water 

were provided ad libitum. Temperature, humidity and photoperiod (14L:10D) were kept 

constant.

Embryo collection and culture

Embryos were collected from adult CD1 female mice 6–8 weeks old after superovulation 

and timed mating. Female mice were injected intraperitonealy with 5 IU pregnant mare 
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serum gonadotropin (PMSG; Calbiochem, La Jolla, CA), and 46–48 hr later with 5 IU 

human chorionic gonadotropin (hCG; Sigma-Aldrich, St. Louis, MO). Following hCG 

injection females were mated with male CD1 mice (>10 weeks old). A maximum of two 

females were housed per individual male. 1C, 2C, 4C, and 8C embryos were collected from 

the ampullae or flushed from the oviducts at 18–20 h, 38–42 h, 60–62,h or 66 h post-hCG, 

respectively. All embryo culture was done at 37°C and 5% CO2 in air in potassium simplex 

optimized medium (KSOM; Millipore, Billerica, MA). For chelator experiments, embryos 

were cultured for 24 h in KSOM supplemented with tetrakis-(2-

pyridylmethyl)ethylenediamine (TPEN; 1 μM or 10 μM), neocuproine (1 μM), or TM (1 

μM). All chelators were from Sigma-Aldrich. Control embryos were cultured in media 

alone. Following culture, the number of embryos at each stage of development were scored 

by light microscopy.

TPEN is a heavy metal chelator that binds a variety of metals with high affinity including 

Zn(II) (LogKa = 18.0), Cu(II) (LogKa = 20.6), and Fe(II) (LogKa = 14.6) (Martell, 1977; 

Arslan et al., 1985). Tetrathiomolybdate binds Cu(I) (LogKa = 8) selectively over other 

biological metal ions including Ca(II), Fe(II), Mg(II), and Zn(II) (Juarez et al., 2006). This 

compound has the ability to bind copper in protein active sites (Alvarez et al., 2010). 

Neocuproine forms strong 2:1 complexes with Cu(I) (Logβ2 = 19.5), but has weaker affinity 

for Cu(II) (Logβ1 = 5.2, Logβ2 = 11.0) and Zn(II) (Logβ1 = 4.1, Logβ2 = 7.7) (Irving, 1962; 

Hawkins, 1963).

Synchrotron-based X-ray fluorescence microscopy

1C, 2C, 4C, and 8C embryos were prepared for XFM as previously described for oocytes 

(Kim et al., 2010). Briefly, embryos were transferred from culture medium to a 5 mm X 5 

mm silicon nitride window (Silson, England). To wash away salts transferred with the 

samples, the windows were flushed with 100 mM ammonium acetate solution several times 

under a dissection microscope and allowed to dehydrate. This left the morphology of the 

sample largely intact without causing membrane rupture.

XFM was performed at the Advanced Photon Source (Argonne National Laboratory) on 

Beamline 2-ID-E. Ten keV X-rays were monochromatized and focused to a spot size of 0.5 

μm × 0.6 μm using Fresnel-zone plate optics (X-radia). Scans were done in steps of 2 μm 

and fluorescence spectra were collected with a 1 second dwell time using a silicon drift 

detector (Vortex-EM). Flyscans were taken with 0.5 μm pixel size and a dwell time of 50 

ms. Image processing and quantification were performed with MAPS software. Using thin-

film standards NBS-1832 and NBS-1833 (US National Bureau of Standards), the 

fluorescence signal was converted to a two-dimensional concentration in μg per cm2, which 

was then converted to atom number using the atomic weight for each element and 

Avogadro’s number. To determine total elemental content of various stage embryos, regions 

of interest were designated on the two-dimensional images and analyzed using ImageJ 

software (U.S. National Institutes of Health, Bethesda, MD). It was assumed that no 

elemental content was lost during sample preparation.
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Labile zinc imaging

Live cell imaging was done to detect labile zinc in preimplantation embryos using two zinc-

specific fluorophores: FluoZin-3 AM (Invitrogen, Carlsbad, CA) and ZincBY-1 (Que et al., 

2014). FluoZin3-AM has a Kd = 15 nM and is highly specific for Zn(II) (Gee et al., 2002). 

ZincBY-1 is a newly synthesized fluorescent probe for zinc, and detailed information on its 

synthesis and properties can be found in (Que et al., 2014). In brief, it has a Kd = 2.5 nM and 

is selective for Zn(II) over a range of other biological metals, including Ca2+, Na+, K+, Fe2+, 

and Fe3+. FluoZin3-AM was prepared as a 10 mM stock solution in DMSO and diluted 

1:1000 in KSOM for staining of embryos. ZincBY-1 was prepared as a 50 μM stock solution 

in DMSO and diluted 1:1000 in KSOM. Embryos were either incubated in 10 μM FluoZin-3 

AM or 50 nM ZIncBY-1 for 30 min. To confirm the zinc specificity of fluorescent staining, 

embryos were then incubated in 10 μM TPEN for 10 minutes (for ZincBY-1) or 50 μM 

TPEN for 30 minutes (for FluoZin3-AM) after the initial imaging and then re-imaged. All 

embryos were imaged in drops of KSOM overlaid with embryo culture oil (Irvine Scientific) 

in glass-bottom dishes (Bioptechs Inc, Butler, PA). Images were acquired as Z-stacks with a 

1 μm step size on a TCS SP5 inverted laser-scanning confocal microscope (Leica 

Microsystems, Bannockburn, IL) equipped with a stage top incubator (Tokai Hit, Japan), 

40× oil-immersion objective, and HeNe (543 nm), Ar (488 nm) and near-UV (405 nm) laser 

lines. Images were processed using LAS AF (Leica Microsystems) and ImageJ.

Immunofluorescence and Microscopy

The cytoskeleton morphology and chromatin configuration of 2C and 4C embryos cultured 

in the presence or absence of metal chelators were examined using whole mount 

immunofluorescence methods and confocal microscopy. Except where otherwise specified, 

steps in this protocol were performed at room temperature. Eggs were fixed in 3.8% 

paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield, PA) supplemented with 

0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO) for 1.5 h at 37°C. Embryos were then 

permeabilized in PBS containing 0.1% Triton X-100 and 0.3% bovine serum albumin (BSA; 

MP Biomedicals, Solon, OH) for 15 min and blocked in blocking solution (PBS containing 

0.01% Tween-20 (Sigma-Aldrich) and 0.3% BSA). Embryos were incubated in Alexa Fluor 

488-conjugated α-tubulin antibody (1:100; Cell Signaling Technologies) and rhodamine-

phalloidin (1:50; Invitrogen) diluted in blocking solution overnight at 4°C to visualize the 

microtubule and actin cytoskeletons, respectively. Embryos were washed in blocking 

solution and then mounted in Vectashield with 4(6-diamidino-2-phenylindole) (DAPI; 

Vector Laboratories Inc., Burlingame, CA). Images were acquired as Z-stacks with a 1 μm 

step size on the confocal microscope as described above and processed on ImageJ software.

Optical sections for each embryo were analyzed to assess parameters including blastomere 

and midbody number, mitotic index, and chromatin configuration. The number of 

blastomeres per embryo was determined based on the number of DAPI-positive nuclei. 

Chromatin configuration was classified as euchromatin or heterochromatin based on the 

pattern of DAPI staining (Bouniol-Baly et al., 1999). The mitotic index was calculated as the 

number of blastomeres in metaphase or anaphase (as evidenced by the DNA configuration 

and presence of a mitotic spindle) divided by the total number of blastomeres in the embryo. 

The number of midbodies was determined based on the number of α-tubulin-enriched 
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structures connecting individual blastomeres. See Figures 5A, E and Figure 6A for 

representative images of these parameters.

5-ethynyl uridine (5EU) transcriptional assay

We assessed global transcription using the Click-iT RNA Alexa Fluor 488 Imaging Kit 

according to the manufacturer’s instructions (Invitrogen). Briefly, embryos cultured in the 

presence or absence of chelators were incubated in 4 mM EU in KSOM for 100 mins at 

37°C. Embryos were then fixed in 3.8% PFA for 1 h at room temperature, and washed and 

blocked as described above. After rinsing with blocking buffer, the embryos were incubated 

in the Click-iT cocktail according to the manufacturer’s instructions using a 1:250 dilution 

of Alexa Fluor 488-conjugated azide for 30 mins at room temperature. Stained embryos 

were washed in blocking solution, mounted in Vectashield containing DAPI and imaged by 

confocal microscopy as described above. The mean intensity of the nuclear area was 

quantified using LAS AF software by selecting the region of interest (ROI) in the 5EU 

channel and corrected for background.

Statistical Analysis

Elemental concentrations and embryo parameters were analyzed for statistical significance 

using one-way ANOVA with Bonferroni post-hoc test. All statistical tests were performed 

using the software Prism 4.0 (GraphPad Software, San Diego, CA). p < 0.05 was considered 

statistically significant.
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Key findings

• Zinc is the most abundant transition metal in the mammalian preimplantation 

embryo

• Labile zinc localizes to cortical regions of cells in the early embryo

• Perturbation of zinc homeostasis severely disrupts embryonic mitotic 

progression

• Zinc chelation in the embryo alters chromatin and causes global transcription 

defects

Kong et al. Page 16

Dev Dyn. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Synchrotron-based X-ray fluorescence microscopy reveals the elemental composition 
of the preimplantation embryo
(A) Preimplantation embryos at the 1- (n = 7), 2- (n = 19), 4- (n = 11) and 8-cell (n = 10) 

stages were prepared as whole-mount samples for synchrotron-based XFM. Representative 

bright-field images and the elemental maps for iron, copper and zinc for each stage are 

shown. White areas represent higher elemental abundance and black areas lower abundance. 

Scale bar = 20 μm. (B) Graph represents mean total elemental content for each embryo stage 

± SEM. Letters (a & b) denote statistically significant differences between developmental 

stages for each element (p < 0.05). The superscript1 denotes data that was previously 

published in Kim et al., 2010. GV = germinal vesicle stage oocyte, MII = metaphase II stage 

egg, 1C = one-cell, 2C = two-cell, 4C = four-cell, 8C = eight-cell, Fe = iron, Cu = copper, 

Zn = zinc.
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Figure 2. Labile zinc is enriched in cortical vesicles during preimplantation embryo development
(A) Cleavage stage preimplantation embryos were stained for labile zinc using the zinc 

fluorophore, FluoZin-3 AM, and imaged live. Representative images of both a Z stack-

projection (Ai–iv) and a single optical section are shown for individual embryos (Ai′–iv′). 
(B) As controls for zinc staining specificity, 1C embryos were labeled with two chemically 

distinct fluorophores, FluoZin-3 AM and ZincBY-1, in the presence or absence of TPEN. 

Representative brightfield (Bi–iv) and fluorescence images of optical sections of individual 

embryos are shown (Bi′–iv′). At least 15 embryos at each developmental stage or with each 

fluorophore were imaged Scale bars = 25 μm.
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Figure 3. TPEN exposure results in developmental arrest of cleavage stage preimplantation 
embryos
1C (A), 2C (B), and 4C (C) embryos were cultured in the presence of 0 μM (white bar), 1 

μM (black bar), or 10 μM TPEN (grey bar) for 24 h and developmental progression was 

scored by morphology. The percentage of embryos at each stage of development per 

treatment condition was calculated. Experiments were performed in triplicate with a 

minimum of 20 embryos per group. Results are reported as the mean ± SEM. Asterisks 

represent statistical significance as compared to control embryos at that particular 

developmental stage (**p<0.001). The schematics below each graph depict the experimental 

timing and expected developmental stage for control embryos. 1C = one-cell, 2C = two-cell, 

4C = four-cell, 8C+ = eight-cell, morula and early blastocyst, dpc = days post coitus.
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Figure 4. TPEN-induced arrest of preimplantation embryo development is zinc specific
1C, 2C, and 4C embryos were cultured in media alone (control, D–F) or with 1 μM TPEN 

(G–I), 1 μM neocuproine (neo, J–K) or 1 μM tetrathiomolybdate (TM, M–O) for 24 h and 

developmental progression was scored. (A–C) The percentage of embryos at each 

developmental stage in each treatment condition was calculated. Experiments were 

performed in duplicate with 7–20 embryos per group. Results are reported as the mean ± 

SEM. Asterisks represent statistical significance as compared to control embryos at that 

particular developmental stage (**p<0.001). Representative transmitted light microscopy 

images of embryos in each treatment group are shown. Scale bars = 80 μm. 1C = one-cell, 

2C = two-cell, 4C = four-cell, 8C+ = eight-cell, morula and blastocyst.
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Figure 5. TPEN-induced arrest of preimplantation embryo development is associated with 
compromised mitotic parameters
2C (A–D), or 4C (E–H) embryos cultured in control media or 1 μM TPEN for 24 h were 

fixed for immunostaining to visualize F-actin (red), α-tubulin (green) and chromatin (blue). 

Representative images are shown in (A, E) and mitotic parameters that were assessed are 

highlighted. Asterisks denote blastomere nuclei, arrows denote midbodies, and arrowheads 

denote cells that are undergoing mitotic division. These parameters were used to calculate 

blastomere number (B, F), mitotic index (C, G, calculated as number of cells in metaphase 

or anaphase per total number of blastomeres in embryo), and number of midbodies per 

embryo (D,H). Experiments were performed in duplicate with 7–20 embryos per group. 

Data in (B–H) represent the mean ± SEM. Asterisks represent statistical significance as 

compared to control embryos (*p<0.01, **p<0.001). Schematics at the top of the figure 

depict experimental timing and expected developmental stage for control embryos. Scale bar 

= 20 μM.
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Figure 6. TPEN exposure results in chromatin and global transcription alterations in the 
preimplantation embryo
(A) 2C embryos were cultured for 24 h in control media or media containing 1 μM TPEN, 1 

μM neocuproine, or 1 μM tetrathiomolybdate (TM) for 24 h and then fixed and 

immunostained to visualize chromatin morphology with DAPI. For each treatment group, 

the Z-projection image is shown alongside optical sections where the nuclei were visible in 

each individual blastomere of an embryo. Insets represent brightfield images. Arrows 

highlight blastomeres containing DNA in a euchromatin configuration, arrowheads highlight 

blastomeres containing DNA with a prominent heterochromatin. (B) The percentage of 

embryos with euchromatin and heterchromatin were quantified. Experiments were 

performed in duplicate with 7–20 embryos per group. Data represent the mean ± SEM. 

Asterisks represent statistical significance as compared to control embryos (*p<0.05, 

**p<0.001). (C) Embryos were cultured in the presence or absence of 1 μM TPEN for 24 h 

and processed for 5-ethynyl uridine (5EU) incorporation. Representative brightfield images 

and images of 5EU incorporation are shown for embryos in each treatment group. Insets 

show the nuclear area as defined by DAPI staining. (D) Quantification of global 

transcriptional activity according to the mean intensity of 5EU incorporation within the 

nuclear area. Experiments were performed in duplicate with 12–15 embryos per group. 
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Results represent the mean ± SEM. Asterisks represent statistical significance as compared 

to control embryos in that developmental stage (**p<0.001). Scale bar = 10 μM.
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Table 1

Summary of numerical values for total iron, copper and zinc levels in the preimplantation embryo represented 

as the number of atoms per embryo as determined by synchrotron-based X-ray fluorescence microscopy.

atoms × 109

Fe Cu Zn Total embryo volume (μm3)

One-cell 4.9 ± 0.3 2.1 ± 0.2 41.3 ± 1.3

44 μM 19 μM 370 μM 185,559

Two-cell 5.5 ± 0.2 2.2 ± 0.1 44.3 ± 1.1

40. μM 16 μM 320 μM 230,385

Four-cell 5.5 ± 0.2 2.3 ± 0.2 39.0 ± 1.6

48 μM 20 μM 340 μM 192,325

Eight-cell 8.2 ± 0.5 2.2 ± 0.1 42.2 ± 7.1

79 μM 21 μM 404 μM 173,324

Values in bold represent number of atoms × 109 ± SEM. Values in shaded gray boxes represent approximate molarities (μMF) of total iron, copper, 
and zinc levels as calculated based on atom number per embryo and previously published embryo volumes (Aiken et al., 2004). Fe = iron, Cu = 
copper, Zn = zinc.

Aiken, C.E., Swoboda, P.P., Skepper, J.N., Johnson, M.H., 2004. The direct measurement of embryogenic volume and nucleo-cytoplasmic ratio 
during mouse pre-implantation development. Reproduction 128, 527–535.
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Table 2

Summary of numerical values for percentages of embryos at each stage of development in the presence of 

metal chelators.

Total no. of embryos Percent embryos arrested ± SEM1 Percent embryos progressed ± SEM2

1C culture Control 35 5.0 ± 5.0 95.0 ± 5.0

TPEN 35 90.0 ± 10.0** 10.0 ± 10.0**

Neocuproine 35 0.0 ± 0.0 100.0 ± 0.0

TM 34 2.5 ± 2.5 97.5 ± 2.5

2C culture Control 62 0.0 ± 0.0 100.0 ± 0.0

TPEN 92 41.4 ± 10.2** 58.6 ± 10.2**

Neocuproine 92 1.6 ± 1.6 98.4 ± 1.6

TM 65 1.6 ± 1.6 98.4 ± 1.6

4C culture Control 31 0.0 ± 0.0 100.0 ± 0.0

TPEN 30 88.9 ± 11.1** 11.1 ± 11.1**

Neocuproine 29 0.0 ± 0.0 0.0 ± 0.0

TM 30 11.1 ± 11.1 88.9 ± 11.1

All embryos were cultured for 24 h. 1C = one-cell, 2C = two-cell, 4C = four-cell, TM = tetrathiomolybdate. Asterisks represent statistical 
significance as compared to control embryos

**
p<0.001

1
Embryos were scored as arrested if, after 24h of culture, they were one-cell embryos for the 1C culture, two-cell embryos for the 2C culture, and 

four-cell embryos for the 4C culture.

2
Embryos were scored as progressed if, after 24h of culture, they were two-to-three-cell embryos for the 1C culture, four-to-eight-cell embryos for 

the 2C culture, and eight-cell or beyond embryos for the 4C culture.
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Table 4

Summary of numerical values for percentage of blastomeres with euchromatin and heterochromatin 

configurations in embryos cultured in the presence of metal chelators.

Total no. of 
blastomeres (n)

Percent of blastomeres with 
euchromatin ± SEM%

Percent of blastomeres with 
heterochromatin ± SEM%

Percent of blastomeres in 
mitosis ± SEM%

Control 273 94.1 ± 0.064 0.0 ± 0.0 5.9 ± 0.064

TPEN 150 13.2 ± 0.90** 86.2 ± 1.5** 0.59 ± 0.59*

Neocuproine 248 95.2 ± 0.38 0.0 ± 0.0 4.8 ± 0.38

TM 373 93.9 ± 2.7 0.0 ± 0.0 6.1 ± 2.7

All embryos were cultured for 24 h. TM = tetrathiomolybdate. Asterisks represent statistical significance as compared to control embryos

*
p<0.01

**
p<0.001
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