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Abstract

Upon fertilization or parthenogenesis, zinc is released into the extracellular space through a series 

of exocytic events termed zinc sparks, which are tightly coordinated with intracellular calcium 

transients. The zinc spark reduces the total amount of intracellular zinc, and this reduction is 

necessary and sufficient to induce egg activation even in the absence of calcium transients. In 

addition, this zinc release contributes to the block to polyspermy through modification of the zona 

pellucida. The zinc spark has been documented in all organisms examined to date including the 

mouse, two species of nonhuman primates, and human. Here we determined whether zinc sparks 

occur in the bovine, an important model of gamete development in mono-ovulatory mammalian 

species. We obtained metaphase ll-arrested (MII) bovine eggs following in vitro maturation. Total 

zinc, assessed in single cells using X-Ray Fluorescence Microscopy, was significantly more 

abundant in the bovine egg compared to iron and copper. Studies with intracellular fluorescent 

probes revealed that labile zinc pools are localized to discrete cytoplasmic punctae enriched at the 

cortex. To determine whether zinc undergoes dynamic fluxes during egg activation, we 

parthenogenetically activated bovine eggs using two approaches: ionomycin or bovine 

phospholipase C zeta (bPIcζ). Both these methods induced zinc sparks coordinately with 

intracellular calcium transients. The zinc spark was also observed in bovine eggs following 

intracytoplasmic sperm injection. These results establish that zinc is the most abundant transition 
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metal in the bovine egg, and zinc flux during egg activation - induced by chemical activation or 

sperm - is a highly conserved event across mammalian species.

1. Introduction

Coordinated fluctuations in concentration and localization of zinc ions (Zn2+), like calcium 

ions (Ca2+), play central roles in oocyte maturation, fertilization, and embryogenesis [[1], 

[2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19], [20], 

[21]]. In the mouse model, zinc is the most abundant transition metal in the female gamete, 

and the total cellular Zn2+ content in the egg increases by ca. 20 billion atoms (a 50% 

increase) as it progresses from the prophase I arrest (oocyte) to the arrest at metaphase of 

meiosis II (M II, egg). Following fertilization, total Zn2+ content decreases by ca. 12 billion 

atoms (a 20% decrease) [5]. Zn2+ influx during meiosis is required to advance the oocyte 

through anaphase by binding the Zn2+-dependent factor Emi2 [2].

Subsequent efflux of Zn2+ signals a transition between the meiotic and mitotic cell cycle, 

and artificially lowering Zn2+ availability at the MII stage results in parthenogenetic 

activation in multiple species including the mouse, nonhuman primate, and human 

[3,4,10,17], Zn2+ loss from the Mil egg at fertilization is achieved through the exocytosis of 

thousands of Zn2+-enriched cortical vesicles in a biological process we have termed the 

‘zinc spark’ [4,9], The high micromolar concentration of Zn2+ released at fertilization not 

only regulates the activity of the cell cycle regulator Emi2, but Zn2+ exocytosis causes zona 

hardening and prevention of polyspermy in mice [20,21], Studies in the murine model 

demonstrate that the Zn2+ release measured immediately after fertilization can be correlated 

with embryo development - with higher amplitude zinc sparks corresponding to better 

quality embryos [14]. Zn2+ is also critical for preimplantation embryo development where it 

has been implicated in mitotic cell division and chromatin configuration and transcriptional 

regulation [8].

While the mouse has been one of the most common model systems for studying Zn2+ fluxes 

in the context of the reproductive biology of eggs and embryos, the bovine is an attractive 

model system for several reasons. First, the bovine is mono-ovulatory and has a longer 

lifespan relative to the mouse. Second, bovine ovaries are similar to human ovaries with 

respect to size, architecture, and follicle distribution within the tissue. Third, there are 

parallel follicle development patterns in the bovine and human, including distinct follicular 

and luteal phases and similar endocrine profiles, especially with respect to inhibin [22,23], 

Finally, there are parallels in bovine and human egg biology in regards to the size of the egg 

[24,25], the morphology and positioning of the meiotic spindle [[26], [27], [28]], and 

features of the zona pellucida are also similar [29,30].

Existing studies investigating Zn2+ roles in the bovine ovary and oocyte suggest that this 

transition metal may have an important function in these reproductive tissues and cells. X-

ray Fluorescence Microscopy (XFM), a technique that can be used to quantify and visualize 

the metal content of biological samples, demonstrated that bovine ovarian tissue, including 

follicles, contains Cu, Fe, Zn, Se, and Br [31,32], Furthermore, other studies suggest that 

supplementation of in vitro maturation media with Zn2+ can improve fertilization and 
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preimplantation embryo outcomes following in vitro fertilization [33,34], The goal of this 

work is to further characterize Zn2+ in the bovine egg and determine whether it undergoes 

dynamic changes during fertilization using state-of-the-art probes and imaging modalities. 

Employing the bovine model system to evaluate models for the roles of zinc fluxes in 

regulation of fertility will advance our knowledge of the basic biology of fertilization in 

large monovulatory mammalian species and is directly relevant to both livestock husbandry 

and human Assisted Reproduction Technologies (ART).

2. Materials and methods

2.1. Bovine gamete collection and in vitro maturation (IVM)

Bovine ovaries were obtained from Aurora Packing Company (Aurora, IL) and transported 

in prewarmed BoviPRO Oocyte Holding Media (1182/1210, MOFA, Verona, WI) by courier 

service to Northwestern University within 2 h of slaughter. The Aurora Packing Company is 

an abattoir that processes cattle from multiple sites across the Midwest within a 300 mile 

radius of Chicago. Thus, we were unable to control the source of the material we received 

for our studies. However, the majority of samples are from beef cattle (Angus breed), and 

the heifers are post-pubertal and reproductively adult (between 24 and 30 months). 

Immediately upon arrival, COCs were harvested from whole ovaries by slashing small antral 

follicles (3–6 mm) with a scalpel directly into Oocyte Holding Media. The media was then 

passed through a 70 μm mesh filter to remove small cells. COCs were then rinsed off the 

mesh, and only intact and healthy appearing COCs were selected for further IVM. 

Unhealthy appearing COCs and denuded oocytes were avoided. For IVM, COCs were 

transferred to BoviPRO Oocyte Shipping and Maturation Media (19982/1231, MOFA) with 

20 COCs added per vial. The media was overlaid with 500 μI of mineral oil, and IVM was 

performed at 39 °C for specified times. For the IVM time course, IVM was performed for 

between 4 and 24 h. For all other experiments, IVM was performed for between 22 and 24 h. 

Following IVM, COCs were removed from each vial and cumulus cells were removed either 

mechanically or by a brief incubation in Oocyte Holding Media supplemented with 3 mg/ml 

hyaluronidase (Sigma-Aldrich, St. Louis, MO). Transmitted light images were taken using a 

Leica DM IRB inverted microscope (Leica Microsystems, Heidelberg, Germany). Cells 

were then used for live imaging experiments as described below. To obtain diameter 

measurements, transmitted light images of cells at each stage of meiosis were taken, and 

ImageJ software [35] was used to take two perpendicular diameter measurements from 

plasma membrane-to-plasma membrane. The average diameter per oocyte was reported.

2.2. Whole mount immunocytochemistry

Cells were fixed in 3.8% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) 

containing 0.1% Triton-X-100 (Sigma-Aldrich, St. Louis, MO) at 1 h at 37 °C. Cells were 

rinsed briefly in phosphate buffered saline (PBS) containing 0.3% bovine serum albumin 

(BSA) (MP Biomedicals, Santa Ana, CA) and 0.01% Tween-20 (Sigma-Aldrich, St. Louis, 

MO) (blocking buffer) and permeabilized for 30 min in PBS containing 0.3% BSA and 0.1% 

Triton X-100. Eggs were incubated in mouse anti-bovine alpha-tubulin antibody (A11126; 

Life Technologies, Carlsbad, CA, 1:50 dilution) overnight at 4 °C, rinsed in blocking buffer, 

and then incubated in donkey anti-mouse Alexa Fluor 488 (Life Technologies, Carlsbad, 
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CA; 1:100 dilution) and rhodamine-phalloidin (Life Technologies, Carlsbad, CA; 1:50 

dilution). Cells were then rinsed in blocking buffer and mounted in Vectashield containing 

DAPI (Vector Laboratories, Burlingame, CA). Immunofluorescence was visualized using a 

Leica SP5 inverted laser scanning confocal microscope (Leica Microsystems, Heidelberg, 

Germany) using 405 nm, 488 nm, and 543 nm lasers.

2.3. Synchrotron-based x-ray fluorescence microscopy (XFM)

Bovine eggs were collected as described above and cells that displayed a clear polar body 

and were completely free from cumulus cells were selected for XFM analysis. Cells were 

washed into 100 mM NH40Ac buffer and air-dried onto SiN windows (Silson, 

Warwickshire, England). XFM was performed at Beamline 2-ID-E at the Advanced Photon 

Source (Argonne National Laboratory). With a singlebounce Si(111) monochromator, 10-

keV X-rays were monochromatized and focused to a spot size of 0.5 × 0.6 μm using Fresnel-

zone plate optics (X-radia, Pleasanton, CA). Fly scans were done in steps of 0.3 μm. 

Fluorescence spectra were collected with a 30 ms dwell time using a silicon drift detector 

(Vortex-EM, Hitachi, Northridge, CA). Per pixel spectrum fitting was performed using 

MAPS [36]. The elemental concentration in μg/cm2 was determined by comparing the 

signal intensity of the samples with that from an AXO standard (RF8–2000s2453), i.e. a thin 

film with known elemental concentration, under the same experimental condition. For thin 

sections, μg/cm2 values were converted to per volume concentration by taking into account 

the known sample thickness.

2.4. Intracellular labile Zn2+ imaging

Bovine eggs were incubated in 5 pM FluoZin-3-AM and 0.2% Pluronic® F-127 for 30 min 

prior to imaging. Fluorescence images were obtained using 488 nm laser excitation on a 

Leica SP5 confocal microscope. Following initial imaging, the same cells were incubated in 

10 μM TPEN for 30 min and were re-imaged using the same imaging conditions.

2.5. Fluorescence monitoring of activation with Ca-ionomycin

Activation with Ca-ionomycin was carried out in Ca-free Hepes-buffered CZB (HCZB, 

Chatot, Ziomek, and Bavister) medium and was monitored using a Leica SP5 confocal 

microscope. FluoZin-3 acid (50 μM) was used to monitor extracellular Zn2+ and either 

Fluo-4-AM or Fura-2-AM (5 μM) was used to monitor intracellular Ca2+. Cells were 

incubated with a mixture of Ca2+probe and 0.2% F124 Pluronic® (Life Technologies, 

Carlsbad, CA) for 30 min at 37 °C. For imaging, cells were placed at one end of a 360 μL 

oblong droplet of HCZB containing FZ3 in a Fluorodish® (WPI Inc., Sarasota, FL) at 37 °C 

under mineral oil. After focusing, a 40 μL aliquot of Ca-ionmycin in DMSO/HCZB was 

added to give a final concentration of 50 μM. Images were taken every 2–3 s using a 405 nm 

laser for Fura-2 excitation and/or a 488 nm laser for Fluo-4 and/or FluoZin-3 excitation. 

Image analysis was performed using ImageJ.

2.6. Fluorescence monitoring of activation with bovine PLC-ζ (bPLC-ζ)

Full-length bPLC-ζ was kindly provided by Dr. Nancy D’Cruz (Monash Institute, 

Melbourne, Australia). bPLC-ζ was subcloned into the pGEM tEASY 3.1 vector between 
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the Apal and Sail restriction sites. To generate cRNA, the plasmid was linearized and in vitro 

transcribed using the T7 mMESSAGE mMACHINE kit (Ambion, Austin, TX) according to 

the manufacturer’s instructions. Then, a poly-A tail was added to the cRNA using the Poly-

A tail kit (Ambion, Austin, TX). cRNA was purified using the MEGA clear kit (Ambion, 

Austin, TX), and stored at −80 °C in use aliquots. Microinjection techniques were carried 

out as described [37], In brief, bovine eggs were microinjected using Narishige manipulators 

mounted on a Nikon diaphot microscope (Nikon). Glass micropipettes filled by suction of a 

microdrop containing 0.5 μg/μI bPLC-ζ cRNA and injected into the cytoplasm by pico-

injector (PLI-100, Harvard Apparatus, Cambridge, MA). Injection volumes ranged from 15 

to 20 pl in bovine eggs. All injections were carried out at room temperature in TL-HEPES 

5% FCS and 2.5% sucrose. Before injection, bovine eggs were centrifuged in TL-HEPES at 

5000×g for 8 min to allow for easier visualization of the injection. All eggs injected with 

bPLC-ζ cRNA were incubated for 1 h prior to initiating fluorescence imaging to allow for 

sufficient protein expression. Bovine eggs were injected with the fluorescent dye Fura-2 

dextran (Life Technologies, Carlsbad, CA) at room temperature. Ca2+ imaging was carried 

out as described [38]. In brief, excitation wavelengths were at 340 and 380 nm and the 

emitted light was quantified, after passing through a 510 nm barrier filter. Neutral density 

filters attenuated the intensity of the excitation light, and the fluorescent signal was averaged 

for the whole cell. Eggs were monitored in groups of 6–9 in 200 μI drops of TL-HEPES on a 

glass bottom dish (MatTek Corp., Ashland, MA) under mineral oil. Fluorescence ratios were 

taken every 10–20 s for various time points depending on the experiment. Time laps image 

files were then transported to numeric values reported as the ratios of 340/380 nm 

fluorescence. Files were imported to Microsoft Excel and representative Ca2+ traces were 

graphed as the ratio of 340/380 nm fluorescence.

2.7. Fluorescence monitoring of activation following intracytoplasmic sperm injection 
(ICSI)

Bovine sperm was purchased from commercially available frozen spermatozoa (Cattle 

Visions, MO. USA) from a bull with proven fertility, thawed, and separated using a 45%, 

90% Isolate gradient (Irvine Scientific, CA. USA). These spermatozoa (5 × 106 

spermatozoa/mL) were then washed in Sperm-Tyrode’s albumin lactate pyruvate (Sp-TALP) 

medium [39] for 5 min and then used for ICSI as previously described [40,41] using 

Eppendorf manipulators (Eppendorf TransferMan NK2, Hamburg, Germany) mounted on a 

Nikon Eclipse TE300 microscope (Nikon Inc., Garden City, NY). Before ICSI, bovine eggs 

were centrifuged in TL-HEPES at 5000×g for 8 min to allow for easier visualization of 

sperm injection. ICSI was performed in HCZB medium [42] at room temperature using 

bovine MII eggs obtained following IVM. The bovine sperm were sonicated to decapitate 

the heads [43]; sonication (B2500A-MTH, VWR, Radnor, PA) was carried out for 20 s at 

4 °C. The sperm suspension was mixed in a ratio of 1:1 with injection buffer containing 12% 

polyvinyl pyrrolidone (PVP, M.W. 360 kDa; Sigma).

The working concentration was 6% PVP with sperm. Sperm was delivered into the egg 

cytosol using a PMM (Piezo Micromanipulator, Prime Tech LTD. Japan) with an Eppendorf 

injection pipette (Piezo Drill Tip Mouse ICSI, Eppendorf, Hamburg. Germany). After ICSI, 

sperm injected eggs were transferred to a glass bottom dish to monitor zinc and calcium 
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[44], Fura 2-AM dye was excited between 340 nm and 380 nm, and FluoZin-3 was excited 

at 488 nm by a filter wheel (Lambda 10–3, Sutter Instrument), and fluorescence was 

captured every 10 s.

2.8. Statistical analysis

Statistical tests (ANOVA) were performed using the software Prism 5.0 (GraphPad). P < 

0.05 was considered statistically significant.

3. Results

3.1. Bovine eggs contain high amounts of Zn2+, with labile Zn2+ localized to cortical 
vesicles

To obtain mature bovine eggs for zinc analysis and egg activation studies, we performed in 

vitro maturation (IVM) of cumulus oocyte complexes isolated from small antral follicles 

from bovine ovaries harvested at a local abattoir. We first performed a time course to 

determine the time post-IVM where there were maximum numbers of mature MII eggs as 

confirmed by chromatin configuration analysis. The majority of mature eggs were observed 

at 22–24 h post-IVM, with >40% of the cells arrested at MII (Fig. 1A). Oocytes exhibited a 

size-dependent ability to progress through meiosis. Cells that reached MII had a diameter of 

124.1 ± 10.1 μm, whereas those that failed to resume meiosis and were arrested in prophase 

I were significantly smaller (p < 0.004) with an average diameter of 113.1 ±10.6 μm, (Fig. 

1B). MII-arrested eggs obtained through IVM had characteristic morphology, including 

enrichment of cortical actin, an asymmetrically positioned meiotic spindle with 

chromosomes tightly aligned on the metaphase plate, and a small polar body (Fig. 1C). 

Using this cell population, we performed XFM to determine the elemental composition of 

the bovine egg (Fig. 2). Individual MII eggs obtained following IVM (n = 13) were mounted 

for analysis. This technique enables quantitation of the total metal ion pool, which consists 

of labile (loosely bound) metals as well as metals tightly bound to proteins, membranes etc. 

Similar to our observations in the mouse, bovine MII eggs contained significantly more Zn 

relative to Fe and Cu (Fig. 2A and B) [5,9]. Specifically, there were 1.4 (±0.7) × 1011 atoms 

of Zn, 2.6 (±1.4) × 1010 atoms of Fe, and 1.5 (±0.9) × 1010 atoms of Cu in the bovine MII 

egg (Fig. 2B). In all samples examined, total Fe, Cu, and Zn localized throughout the 

cytoplasm in a uniform fashion (Fig. 2A), which is in contrast to the hemispherical total Zn 

distribution pattern observed in mouse eggs which have a prominent polarity at this stage of 

meiosis unlike bovine eggs [4].

To examine the distribution of labile Zn2+ in bovine MII eggs, we performed live cell 

imaging using the cell-permeable Zn2+-responsive fluorophore, FluoZin-3-AM. Labile Zn 

localized to discrete punctate structures at the cell periphery (Figure C, white arrow). The 

fluorescence signal was depleted following treatment with the heavy metal chelator 

N,N,N’,N’-tetrakis(2-pyridylmethyl)ethane-1,2-diamine (TPEN) that has high affinity for 

Zn2+, suggesting that observed fluorescence is specific to Zn2+ and not simply due to dye 

accumulation (Fig. 2D) [4,9,45]. These data indicate that labile Zn2+ in bovine eggs is 

sequestered in cortical compartments. These Zn2+-enriched vesicles are analogous to the 
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Zn2+-enriched cortical vesicles that have been observed in mouse and human eggs [4,7,9], 

and have recently been shown to be part of cortical granules in mice [21].

3.2. lonomycin treatment induces a single zinc spark in bovine eggs

Fertilization and the activation of embryonic development in the bovine is triggered by a 

series of long-lasting oscillations of intracellular free calcium [Ca2+]i [37], The pattern of 

[Ca2+]i oscillations is species-specific, and in bovine these oscillations have been observed 

to occur over a 16–18 h time period. Treatment with ionomycin can be used to activate 

bovine eggs parthenogenetically. lonomycin is a Ca2+ ionophore that induces a single large 

rise in cytosolic Ca2+ concentration due to delivery of exogenous Ca2+into the cell and/or 

release of intracellular Ca2+ stores [46].

To probe the relationship between intracellular Ca2+ ([Ca2+]i) and extracellular Zn2+ 

dynamics during bovine egg activation, we simultaneously monitored intracellular Ca2+ 

(Fluo-4-AM or Fura-2-AM) and extracellular Zn2+ (FluoZin-3) following activation with 

Ca-ionomycin (ionomycin pre-bound with Ca2+) (Fig. 3A and B, Video S1). Exposure to 

ionomycin in the presence of extracellular Ca2+, which is how this ionophore is routinely 

used in bovine oocytes, causes influx of exogenous Ca2+ into the cells in addition to release 

of intracellular stores. As expected, after the addition of Ca-ionomycin, a rise in [Ca2+]i was 

observed concurrently with an increase in extracellular Zn2+ (N = 22 eggs) (Fig. 3A and B). 

Thus, consistent with what we have observed in mouse and human eggs, there is a 

correlation between Ca2+ signaling and the zinc spark in bovine eggs as well [3,4].

To exclude any potential artifacts from intracellular dye treatment, we monitored Zn2+ 

exocytosis in response to ionomycin-induced egg activation using only FluoZin-3, which 

does not go into the cell in this form because it is not modified with acetoxymethyl (AM) 

esters (Fig. 3C and D, Video S2). The zinc spark was observed using only extracellular 

FluoZin-3, demonstrating that the fluorescence signal is due specifically to Zn2+ exocytosis 

(Fig. 3C). We observed a high degree of variability in the intensity of zinc sparks among 

eggs (total N = 32), with some not exhibiting a spark (N = 4) and others having low (N = 

14), medium (N = 13), and high (N = 1) zinc spark intensity profiles (Fig. 3D). This 

heterogeneity has been observed previously in mouse and human eggs and suggests potential 

underlying differences in egg quality [3,14].

3.3. PLC-ζ activation and intracytoplasmic sperm injection (ICSI) induce zinc sparks in 
bovine eggs

While ionophore treatment is a convenient method to induce rises in [Ca2+]i, it bypasses 

endogenous Ca2+ stores in the egg. To test if zinc sparks can be induced using a more 

physiologic approach, we activated eggs using bPLC-ζ cRNA (Fig. 4). This method induces 

[Ca2+]i oscillations, downregulates the IP3 receptor, and supports high rates of 

parthenogenesis [41]. Extracellular Zn2+ was monitored with FluoZin-3, and [Ca2+]i was 

monitored in a subset of eggs using Fura-dextran because this impermeable dye is necessary 

to monitor [Ca2+]i over prolonged time periods. In 9 of the 12 eggs monitored, we observed 

between 1 and 3 zinc sparks; 3 eggs did not produce observable zinc sparks (Fig. 4). In eggs 
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that were monitored for both Ca2+ and Zn2+, zinc sparks immediately followed rises in 

[Ca2+]i.

To examine whether sperm-induced egg activation could elicit the zinc spark, we attempted 

in vitro fertilization (IVF). While bovine IVF performed under optimal conditions (media, 

temperature, gas) in our hands resulted in 49% of the fertilized zygotes cleaving to the 2-cell 

stage, bovine IVF was not successful when performed under the conditions required to 

monitor the zinc spark, which requires fluorescence microscopy (data not shown). To 

overcome this technical limitation, we performed ICSI whereby fertilization is induced 

through microinjection of sperm directly into the cytoplasm of the egg. In general, ICSI is 

not efficient in the bovine system, so we had to inject multiple sperm into a single egg to 

trigger egg activation. However, when egg activation was successful as evidenced by a rise 

in [Ca2+]i., we observed a corresponding zinc spark (Fig. 5). Taken together, these results 

demonstrate that zinc sparks are a hallmark of bovine egg activation that can be induced by 

multiple parthenogenetic methods as well as sperm. The zinc spark is a highly conserved 

event during egg activation in all large mammalian species examined to date.

4. Discussion

The egg-to-embryo transition requires events collectively referred to as egg activation, 

including completion of meiosis, zona pellucida modification, pronuclear formation, and 

maternal mRNA recruitment [47], Cytoplasmic [Ca2+]i transients in the egg, triggered by 

sperm PLC-ζ, are important for activating downstream signaling molecules involved in egg 

activation [[48], [49], [50], [51]]. Distinct [Ca2+]i oscillatory patterns dictate specific events 

of egg activation and are directly related to embryo quality [[52], [53], [54]]. For example, 

fertilized post-ovulatory aged eggs, which have reduced developmental competence, have 

altered [Ca2+]i profiles compared to controls [55,56]. Zinc sparks and intracellular [Ca2+]i 

transients are linked, with [Ca2+]i rises immediately preceding rises in extracellular 

Zn2+ [4], As such, extracellular Zn2+ may be a viable surrogate for [Ca2+]i and we have 

previously demonstrated a link between zinc spark intensity following egg activation and 

blastocyst quality [14].

While most previous studies have focused on mouse, the results presented here expand these 

studies to bovine. Similar to mouse eggs, the bovine egg contains an order of magnitude 

more total Zn than either Fe or Cu; this unusual metal content ratio implies a similar role for 

zinc in bovine eggs as in mouse. The total Zn content of the bovine MII egg was ~2.5 times 

greater than what we observed in the mouse MII egg [5], consistent with the larger volume 

of the bovine egg. Labile zinc is localized to cortical vesicles in both species, and data in 

mouse indicates that these structures are cortical granules or a subset thereof [9,21], In 

mouse eggs, both total and labile Zn2+ have an asymmetric distribution in MII eggs, the 

pattern of which is quite similar to the polarized distribution of cortical granules, and the 

substantial cortical granule free domain (CGFD) in this cell type [4,9]. Both human and 

bovine eggs, on the other hand, display a uniform distribution of total and labile Zn2+, 

consistent with the lack of prominent polarity and CGFD in both bovine and human eggs 

([3] and unpublished).
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Here we report for the first time that bovine eggs undergo activation-induced zinc sparks 

similarly to murine, nonhuman primate, and human species, as both Ca-ionomycin and PLC-

ζ activation methods as well as sperm induce Zn2+ release from these cells. The zinc spark 

profiles of individual eggs varied, suggesting underlying differences in quality. This 

variability is observed in mouse [14] and human [3] as well, but is more pronounced in 

human and bovine than in mouse. This may have origins in how eggs are collected in each 

species. In mouse studies, MII eggs were collected from reproductively young mice that 

were housed in controlled research facilities and were primed with gonadotropins, making 

the population of eggs uniform in quality [4,9,14], Human eggs used for zinc spark studies, 

however, were collected from IVF patients and were received at various meiotic stages [3], 

Thus, the samples had greater variability in terms of origin and once received, eggs 

underwent IVM until the MII stage was achieved. In this study, bovine eggs were obtained 

from whole ovaries following isolation of COCs from small antral follicles and then were 

matured in vitro. Thus, in both the human and bovine studies, IVM was used to obtain eggs 

meiotically competent for activation. Several studies demonstrate how IVM impairs the 

quality of MII eggs, resulting in defects in spindle formation, production of cytoplasmic 

components important for cell cycle regulation, and exocytosis of cortical granules [[57], 

[58], [59]]. In addition, there was heterogeneity in our bovine samples with respect to 

potential differences in animal breed, age, diet (especially with respect to zinc content), and 

fertility status, which may impact the zinc spark profile. Future studies in more controlled 

animal populations would be of significant value.

Consistent with previous studies [3,4], zinc sparks in bovine display tight temporal 

coordination with intracellular [Ca2+]i transients during both Ca-ionomycin and bPLC-ζ-

induced egg activation. The number of sparks varies in all of the activation methods. Ca-

ionomycin activation produces a single [Ca2+]i transient and a single zinc spark in all 

species studied to date [3,4], SrCI2 activation in mouse, which induces repetitive [Ca2+]i 

transients, induces between one and five zinc sparks per egg [4], It is worth noting that we 

were unable to use SrCI2 to monitor zinc sparks in bovine or human eggs, as it does not 

causes oscillations in the eggs of these species [60]. PLC-ζ activation in human and bovine 

produced fewer zinc sparks despite inducing multiple [Ca2+]i transients. Since introduction 

of exogenous PLC-ζ induces activation that most closely mimics fertilization-induced 

[Ca2+]i transients [61], this finding is consistent with previous results in mouse eggs, where 

IVF-activation on average results in fewer zinc sparks than SrCI2 activation [4,14], In 

human, only one zinc spark is observed following hPLC-ζ activation. In bovine, on the other 

hand, between one and three zinc sparks are observed following bPLC-ζ activation. The zinc 

spark has been observed in response to sperm during the process of IVF in mice 

demonstrating that this biological process is not an artifact of parthenogenetic activation 

methods [14,21], Unfortunately, we were not able to successfully monitor calcium and zinc 

during bovine IVF due to technical limitations, but we did observe the zinc spark following 

ICSI. Determining the precise activation-dependent patterns of the zinc spark as well as the 

relationship between the number of [Ca2+]i transients and zinc sparks in different systems 

remains an active area of research.

We have now established that bovine eggs release zinc sparks following activation, likely 

originating from cortically localized Zn2+-enriched vesicles. Studies in bovine have the 
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potential for dual impact -on both human and livestock reproductive health. For example, 

zinc insufficiency in the maternal diet during the periovulatory period can influence ovarian 

function and embryonic development in a mouse model and whether this translates into the 

settings of clinical ART or agriculture warrants further investigation [[11], [12], [13]]. 

Animal models of human disease are often employed to examine processes that are difficult 

to study in the human system. This is particularly relevant in the field of human reproductive 

biology, where sample availability and regulations limit the feasibility of studies in human 

eggs [[62], [63], [64]]. Since the development of IVF, there has been little improvement in 

the overall fertilization rate of oocytes collect; moreover, ART in women over 40 largely 

relies on donor eggs [65,66]. To increase ART success rates, multiple embryo transfers are 

performed routinely, which has resulted in the economic and public health burden of 

multiple gestations. Moreover, children born by ART procedures are at a small but 

significantly increased risk of imprinting disorders [67,68]. This impediment in the field is 

largely because of difficulties in studying the human follicle and gamete; ovaries with 

immature follicles are rarely harvested from young women except under the extraordinary 

circumstances of fertility preservation for cancer patients [[69], [70], [71]]. Moreover, 

although the mouse is an important model for many human conditions, including 

reproductive ones, the female mouse gamete is markedly different from the human. Further 

studies into the connection between zinc spark profiles and embryo development in bovine 

from more controlled populations are particularly relevant, as they will help determine if this 

correlation extends to larger, monoovulatory species.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Characteristics of bovine eggs obtained through in vitro maturation (IVM). (a) The percent 

of bovine oocytes at each stage of meiosis (scored by chromatin configuration) following 

specific times of IVM. (b) Average diameter of bovine eggs at different meiotic stages 

following IVM (**, p = 0.0037; ***, p < 0.0001; ns, not significant). (c) Bovine eggs 

arrested at metaphase of meiosis II were fixed and stained for actin, tubulin, and DNA to 

assess cytoskeleton morphology (Scale bars, 20 μm). A representative image is shown, and 

the meiotic MII spindle is highlighted in the inset. The asterisk marks the first polar body.
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Fig. 2. 
Zinc is abundant in bovine eggs and labile zinc is localized to cortical structures. (a) X-ray 

fluorescence microscopy (XFM) elemental maps were obtained for bovine MII eggs (n = 

13). Representative images are shown. Uniform distributions of Fe, Cu, and Zn are observed. 

The minimum and maximum elemental threshold values are shown above each image. (b) 

Quantification of the number of Fe, Cu, and Zn atoms in bovine MII eggs. Zn was present in 

significantly higher quantities (1.4 × 1011 atoms/cell) than Fe (2.6 × 1010 atoms/cell) and 

Cu (1.5 × 1010 atoms/cell) (p < 0.0001). Average elemental content ± SEM (standard error 

of the mean) are displayed. (c) Live cell fluorescence image of a bovine MII egg stained 

with 5 μM FluoZin-3 AM. Fluorescence is observed in cortical structures (arrow) and in 

cumulus cells attached to the zona pellucida (*). Image represents an optical section imaged 

near the middle of the egg. (d) Live cell fluorescence image of the same cell after treatment 

with the Zn2+ chelator TPEN (N,N,N′,N′-tetrakis(2-pyridylmethyl)ethane-1,2-diamine, 10 

μM), for 30 min where the fluorescence signal is greatly reduced. All scale bars, 20 μm.
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Fig. 3. 
Ionomycin treatment induces a zinc spark in bovine eggs. (a) Time course montage of Zn2+ 

and Ca2+ fluxes in a bovine egg treated with 50 μM Ca-ionomycin. Extracellular Zn2+ and 

intracellular Ca2+ were monitored using 50 μM FZ3 and 5 μM Fluo4-AM (Fluo4) 

respectively. (b) Representative time traces of normalized Fluo4 (black) and FZ3 (green) 

fluorescence. Zn2+ release occurs simultaneously with the rise in [Ca2+]i within the 

experimental time resolution (2 s). Scale bars, 20 μm. (c) Time course montage of Zn2+ 

release from a bovine egg treated with 50 μM Ca-ionomycin. Extracellular Zn2+ was 

monitored using 50 μM Fluozin-3 (FZ3). We note that the zona pellucida in these cells 

contains enhanced Fluozin-3 fluorescence, as is seen in the ring structure (white arrow, 

leftmost panel) surrounding the main body of the egg (*). (d) Representative time traces of 

normalized FZ3 extracellular fluorescence (F/F0) showing the range of signal intensities 

observed. Of the 33 eggs monitored, 14 displayed a small spark intensity, 13 displayed a 

medium spark intensity, 1 displayed a large spark intensity, and 4 did not spark. Please see 

Videos S1 and S2 for live imaging of zinc sparks. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. 
Activation by PLC-ζ induces multiple zinc sparks in bovine eggs. Bovine MII eggs (n = 12) 

were activated by injection with 0.5 μg/μL bPLCZ1 cDNA. Extracellular Zn2+ was 

monitored using 50 μM FZ3. In 8/12 of the eggs, [Ca2+]i was monitored using Fura2-dextran 

(Fura2). Time traces of intensities for FZ3 (normalized F/F0, green) and Fura2 (F340/F380 

ratio, black) are shown for representative samples. The x-axis represents time after bPLCZ1 

injection and traces include first calcium transient. Eggs displayed three (a, n = 2), two (b, n 

= 5), one (c, n = 2) and zero (d, n = 3) zinc sparks (*). Zn2+ release correlates with rises in 

intracellular Ca2+ (see insets, panel a). (For interpretation of the references to colour in this 

figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. 
Intracytoplasmic sperm injection in bovine eggs induces the zinc spark. Time traces of 

intensities for FZ3 (normalized F/F0, green) and Fura2 (F340/F380 ratio, black) are shown 

for a bovine egg that was injected with multiple sperm heads. The x-axis represents time 

after sperm injection. The Zn2+ release correlates to a rise in intracellular Ca2+. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

Web version of this article.)
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