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Zinc availability regulates exit from meiosis in
maturing mammalian oocytes

Alison M Kim'?, Stefan Vogt?, Thomas V O'Halloran?4>* & Teresa K Woodruff'4*

Cellular metal ion fluxes are known in alkali and alkaline earth metals but are not well documented in transition metals. Here
we describe major changes in the zinc physiology of the mammalian oocyte as it matures and initiates embryonic development.
Single-cell elemental analysis of mouse oocytes by synchrotron-based X-ray fluorescence microscopy (XFM) revealed a 50%
increase in total zinc content within the 12-14-h period of meiotic maturation. Perturbation of zinc homeostasis with a cell-
permeable small-molecule chelator blocked meiotic progression past telophase I. Zinc supplementation rescued this phenotype
when administered before this meiotic block. However, after telophase arrest, zinc triggered parthenogenesis, suggesting that
exit from this meiotic step is tightly regulated by the availability of a zinc-dependent signal. These results implicate the zinc
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bolus acquired during meiotic maturation as an important part of the maternal legacy to the embryo.

ron, copper and zinc are three of the most abundant transition

metals in biology and are essential components of most cells'~.

They play many well-established roles as structural and catalytic
components of a myriad of proteins and may also have intracellular
signaling functions** akin to those performed by the alkaline earth
metal calcium. The intracellular availability of these transition
metals is tightly regulated®®, as both metal deficiency and excess
are potentially toxic to a cell’. Accordingly, there is a growing body
of evidence indicating that cells maintain total concentrations of
these transition metal ions within a narrow conserved range, which
is defined as the resting or minimal “metal quota”®'®!!. Bulk ana-
lytical methods such as ICP-MS can be used to monitor concentra-
tion changes in samples available in large quantities, such as cells in
culture®. For rare cells such as mammalian oocytes, however, there
are few quantitative approaches appropriate for single-cell analysis,
making it difficult to establish the concentration of essential metals
and their functions at key points in development.

Though unique in its singular ability to give rise to an
entirely new organism, the oocyte shares many of the signal-
ing mechanisms and nutritional needs of somatic cells. To date,
transition metal physiology within the oocyte has been studied
exclusively using nonmammalian model systems in which the
cells are larger and easily isolated in significant quantities, such
as Xenopus laevis and Caenorhabditis elegans'>'. Zinc is accu-
mulated during oocyte growth in these systems and is thought
to be stored in lipoproteins in preparation for later stages such
as embryonic development'>'®. Additionally, zinc-dependent
kinases have been implicated in the control of cell cycle progres-
sion in maturing X. laevis oocytes'!. Although many similarities
exist between nonmammalian and mammalian oocytes, a crucial
biological difference lies in the fact that X. laevis and C. elegans
oocytes must prepare for embryonic development completely
outside of the maternal environment. This likely creates differ-
ent demands in elemental composition than those experienced
by mammalian oocytes, which develop entirely in the female
reproductive tract. For this reason, a mouse model system is an
important tool for understanding the roles of transition metals

in the oocyte as it prepares for fertilization and transformation
into a developmentally competent mammalian embryo.

The bulk of the embryo’s cytoplasm originates from the oocyte.
In fact, it is the oocyte that provides the necessary components
to support development (such as mRNA and proteins) until the
embryo’s own genome is activated and it is able to sustain its own
growth?. Therefore, the fate of the embryo relies heavily on the
integrity of its oocyte predecessor'®". An understanding of the bio-
logical processes that create a ‘good egg’ in vitro is important to the
fertility management options for young cancer patients for whom
the culture of immature follicles and oocytes from frozen and fresh
ovarian tissue is becoming a viable option®.

The oocyte undergoes a remarkable array of developmental
changes immediately before and just after fertilization. Fully grown
oocytes have an intact nucleus (or germinal vesicle, GV) and are
maintained in prophase I arrest until they are recruited for ovula-
tion. This arrest can last weeks to months in rodents and months to
decades in humans® and is relieved in oocytes that are ‘selected’ for
ovulation during each hormonal cycle upon a surge in luteinizing
hormone (LH). The short time between the LH surge and ovula-
tion (approximately 12-14 h) is referred to as meiotic maturation,
as the oocyte progresses through the bulk of meiosis during this
period. During meiotic maturation, the nuclear envelope breaks
down (a process known as germinal vesicle breakdown), and the
oocyte proceeds from meiosis I to meiosis II without an intervening
interphase. The maturing oocyte also undergoes cytoplasmic modi-
fications in preparation for early developmental events that occur
upon fertilization, such as sperm nuclear decondensation? and
calcium oscillations®. The end of meiotic maturation is marked by
the establishment of a second meiotic arrest at metaphase II (MII)*,
at which point this single cell is now called an egg.

To determine the transition metal content of maturing mouse
oocytes and early embryos, we have exploited synchrotron-based
X-ray fluorescence microscopy (XFM) for single-cell analysis. We
show that the level of total zinc increases significantly (P < 0.05)
during meiotic maturation and that it is an order of magnitude
more abundant than iron or copper. Furthermore, perturbation of
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Figure 1| Synchrotron-based X-ray fluorescence microscopy reveals intracellular distribution of the transition elements in oocytes and early embryos.
(a) Fully grown oocytes, eggs and two-cell embryos were prepared as whole-mount samples for synchrotron-based X-ray fluorescence microscopy.
Oocytes (N =11) show an intact germinal vesicle (GV, asterisk), whereas mature (MIl) eggs (N = 11) have a visible first polar body (PB). Two-cell embryos
(N = 9) were obtained by in vitro fertilization. (b) Representative bright-field images for each stage, in addition to the elemental maps for iron, copper

and zinc. (¢) The minimum and maximum elemental content (g cm™) are shown above each set of elements. Among the biologically relevant transition
elements, zinc is an order of magnitude more abundant than iron and copper at all developmental stages. Scale bars, 20 um. Data represent mean values £
s.e.m. Letters denote statistically significant differences between developmental stages for individual elements (P < 0.05).

intracellular transition metal homeostasis with a small-molecule che-
lator (N,N,N’,N’-tetrakis(2-pyridylmethyl)ethylenediamine, TPEN)
during in vitro oocyte maturation led to a block in meiosis following
telophase I. Zinc supplementation before the establishment of this
meiotic block restored normal nuclear maturation to metaphase II.
However, supplementation after the meiotic block triggered
parthenogenetic activation of the oocyte. This phenomenon
suggested that exit from meiosis is tightly regulated by a previously
undescribed zinc-dependent signal in the oocyte. TPEN-treated
oocytes (referred to here as ‘zinc insufficient’) were able to undergo a
true fertilization event, but the developmental potential of the result-
ing embryo was severely compromised. Thus, profound changes in
the oocyte’s zinc content over an extremely short period of time are
required for normal progression of meiosis and proper cytoplasmic
maturation in the development of a healthy mouse embryo.

RESULTS

Single-cell elemental analysis of mouse oocytes and embryos
Fully grown but immature mouse oocytes show an intact germi-
nal vesicle (GV). They proceed through the maturation period
described above and establish metaphase II (MII) arrest before
undergoing fertilization and preimplantation embryo development
(Fig. 1a). The subcellular distribution of the elements in individual
mouse oocytes and embryos was determined using synchrotron-
based X-ray fluorescence microscopy (XFM), performed at
Beamline 2-ID-E of the Advanced Photon Source (Argonne
National Laboratory). XFM provides the total elemental content of a
sample through detection of X-ray emission spectra that are unique
to each element. Emission data were integrated along the z axis so
that distributions were presented as two-dimensional images with
total metal content presented in units of ug per cm? after conversion
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using US National Institute of Standards and Technology calibra-
tion standards (representative data are shown in Fig. 1b).

The total number of atoms per cell at each developmental stage
was calculated from the integrated data (Fig. 1c). The number of
iron atoms did not change significantly between the three stages
examined. Copper and zinc levels both rose significantly during
meiotic maturation but decreased between the egg and two-cell
embryo stages. Zinc was the most abundant of these three transi-
tion metals by an order of magnitude (Supplementary Table 1) and
experienced a dynamic change between each of the developmental
stages studied. Although approximately 2 x 10" atoms of zinc were
acquired per oocyte over the 12-14 h required for progression from
the GV to the MII stage, some of this bolus (approximately 1 x 10*
atoms) was lost between the MII egg and the two-cell embryo. The
fact that the total zinc quota is nearly an order of magnitude higher
than that of iron or copper and that the oocyte actively modifies
the zinc quota at key stages in development implied a potentially
important role for this transition metal in the steps leading from
fully grown oocyte to nascent embryo.

Perturbation of intracellular zinc disrupts asymmetric division
The significant increase in total zinc levels that occurs during
meiotic maturation suggested that perturbation of its intracellular
availability would affect the normal course of development.
The heavy metal chelator TPEN or other chelators shown in
Supplementary Scheme 1 were added to the medium during
in vitro oocyte maturation (IVM) to directly test this hypothesis.
TPEN shows high affinity for transition metals such as iron, zinc
and copper but low affinity for other metals such as magnesium
and calcium® and is capable of sequestering kinetically acces-
sible pools of these metals within cells. Oocytes were treated with

675


http://www.nature.com/doifinder/10.1038/nchembio.419

l@a © 2010 Nature America, Inc. All rights reserved.

ARTICLE

)
(o]

100

£ Control =
80 [ TPEN f,_
60
40

20

Percentage of all cleaved eggs

Asymmetric Symmetric

f

E
2
5
5
£
©
2 k
>
3 ~ 30
5 £
5 =
o p.
j9)
< 20
£
5
°
>
g 10
Ne)
N
o
(=

Neocuproine

NATURE CHEMICAL BIOLOGY poi: 10.1038/NCHEMBIO.419

Control Neo  TM

Figure 2 | The heavy-metal chelator TPEN disrupts asymmetric division of the oocyte, which can be rescued by exogenous zinc. (a) Among those
oocytes that extruded a polar body, 100% of control oocytes (N = 62) showed asymmetric division. Only 68% of TPEN-treated oocytes (N = 65) showed
asymmetric division, whereas the remaining 32% were symmetrically divided. (b) Measurement of the polar body diameter at its widest point showed
that TPEN-treated oocytes had significantly larger polar bodies than control oocytes. (¢,d) Representative images of control (¢) and TPEN-treated (d)
oocytes. (e-h) Exogenous sources of magnesium (e), iron (), zinc (g) and copper (h) were added directly to the chelator-containing medium after an

initial maturation period of 4 h. Magnesium was included as a negative control as TPEN has low affinity for this metal. Copper (N = 34) and zinc (N = 71)
supplementation restored polar body diameter more effectively than iron supplementation (N = 38) (b). (i-k) The copper chelators neocuproine (i) and
tetrathiomolybdate (TM, j) did not disrupt asymmetric division, and polar body size remained indistinguishable from that of the control group (k). Scale

bars, 80 um. Data represent mean values £ s.e.m. Letters denote statistically significant differences in polar body diameter in b (P < 0.05).

increasing doses of TPEN. Concentrations lower than 10 uM did
not have any effect on meiotic maturation as evidenced by polar
body extrusion, whereas concentrations of 20 UM or higher resulted
in oocytes that failed to progress through meiosis (Supplementary
Fig. 1). Oocytes treated with 10 UM TPEN were phenotypically
distinct from the oocytes from either the low-concentration or
high-concentration groups. After IVM in the presence or absence
of TPEN, more than 75% of oocytes in both groups emitted the first
polar body (Supplementary Table 2). The remaining cells treated
with vehicle or 10 uM TPEN did not enter meiosis (as evidenced
by lack of germinal vesicle breakdown) or were degenerate. To test
whether maturing oocytes could be deprived of zinc in an alternate
manner, we cultured the GV oocytes in a zinc-reduced maturation
medium produced by treatment with Chelex-100 resin. The lowest
achievable zinc level using methods described previously*® was
80 nM, and this concentration was still sufficient to support normal
oocyte maturation (Supplementary Fig. 2). This protocol reduces
total zinc in the medium from 4 uM to 80 nM; however, the
latter concentration corresponds to an excess of 4 x 10" zinc atoms
in this culture experiment (800 pl medium containing 30 oocytes).
This robust response underscores the efficiency of high-affinity
zinc uptake systems in the oocyte. Consequently, the stage-specific
effects of 10 uM TPEN were investigated in greater detail.
Although polar body emission occurred at a similar frequency
with or without TPEN in the IVM medium, polar body size
was strikingly different between the two groups. Of all eggs that
extruded a polar body, 100% of the control group underwent an
asymmetric division, producing a large egg and a small polar

body (Fig. 2a). In contrast, only 68% of the TPEN-treated group
divided asymmetrically, whereas the remaining 32% divided
symmetrically. Measurement of the polar body diameter at its
widest point revealed that the polar bodies in the TPEN-treated
group were significantly larger than those in the control group
(Fig. 2b). Representative images of control and TPEN-treated
oocytes are shown in Figure 2c¢ and d, respectively.

The observation that zinc was the most abundant transition
metal to undergo significant changes during meiotic maturation
suggested that the phenotypes caused by TPEN might be specifi-
cally due to interference with zinc homeostasis. Therefore, a series
of rescue experiments were performed to determine which metals
could overcome the effect of TPEN and permit progression to
normal meiotic arrest at MII. Oocytes were incubated in maturation
medium containing 10 uM TPEN for 4 h to ensure full penetration
of the chelator into the intracellular space. The chelator-containing
medium was then supplemented with exogenous sources of mag-
nesium (Fig. 2e), iron (Fig. 2f), zinc (Fig. 2g) or copper (Fig. 2h).
Magnesium was included as a negative control because TPEN has
low affinity for Mg** (ref. 27), and therefore it was not expected to
rescue the oocyte phenotype. All three transition metals reduced
polar body size to levels statistically different from TPEN-treated
oocytes, copper and zinc more so than iron (Fig. 2b, P < 0.01).
However, we observed that the spindles in iron-rescued oocytes
(inset in Fig. 2f) were strikingly different than those of copper-
or zinc-rescued oocytes, which showed a metaphase II spindle
as would be expected of a normal, mature egg (insets in Fig. 2g
and h, respectively). This confirmed that rescue with added copper
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Figure 3 | Zinc insufficient oocytes experience a meiotic block following
telophase I. (a-c) Control oocytes show a metaphase Il spindle (a), but
zinc-insufficient oocytes have a telophase I-like spindle with decondensed
chromatin whether they cleave asymmetrically (b) or symmetrically (c).
(d-i) Control oocytes proceed through metaphase | (MI, d), chromosome
segregation (anaphase and telophase |, or A/Tl as shown in e), and
establish a meiotic arrest at metaphase Il (f). Zinc-insufficient oocytes also
proceed through MI (g), and individual chromosomes are segregated to
two poles (A/TI shown in h). However, by the time control oocytes reach
MII, zinc-insufficient oocytes retain a telophase | spindle with decondensed
chromatin at each pole (i). (j-I) Control oocytes remain morphologically
unchanged after a total of 48 h in culture (j). Zinc-insufficient oocytes
become increasingly granular with extended culture (k), and they retain a
telophase-like spindle with decondensed chromatin, although the tubulin
array becomes less compact over time (I). Carets (*) denote cumulus cells.
Scale bars, 20 um (a-c), 10 um (d-i,I) or 80 um (j k).

or zinc, though not iron, could fully restore asymmetric division
and normal spindle morphology.

As TPEN preferentially binds Cu** (K}, = 10"°) over Zn** (K, = 107%)
(ref. 27), we addressed directly whether the effect of TPEN could be
the result of disrupting intracellular copper homeostasis. Membrane-
permeable, copper-selective chelators shown in Supplementary
Scheme 1 were added to the IVM medium to probe directly whether
they caused morphological phenotypes identical to TPEN. Neither
neocuproine nor tetrathiomolybdate (Fig. 2i and j, respectively) had
any effect on asymmetric division at the same concentration as TPEN
(10 uM) or at a tenfold higher concentration (data not shown). They
also did not cause significant differences in polar body diameter when
compared to the control group (Fig. 2k). Given that two independent
copper-selective chelators could not cause the same phenotypes as
TPEN, we concluded that copper was able to rescue by sequestering
the chelator and preventing it from perturbing intracellular zinc levels.

Finally, oocytes matured in the absence (control) or presence
of 10 pM TPEN were analyzed by XFM for their total zinc and
copper content. Notably, although copper content was unchanged
relative to control (Supplementary Fig. 3a), the oocyte’s total zinc
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content was significantly lower in the TPEN-treated group than
in the control group (Supplementary Fig. 3b, Supplementary
Table 3). Intriguingly, TPEN-treated oocytes have the same zinc
content as the GV stage oocytes, providing strong evidence that this
treatment leads to a specific perturbation of zinc in the maturing
oocyte. In light of these results, we modified our terminology to
refer to TPEN-treated oocytes as zinc-insufficient’ oocytes.

Perturbation of intracellular zinc blocks exit from meiosis |
The large polar bodies observed in zinc-insufficient oocytes sug-
gested that they might show defects at the level of the meiotic spin-
dle, which directs the plane of cleavage in the oocyte**?. Therefore,
spindle morphology was interrogated by probing the state of the
chromatin and o-tubulin by immunofluorescence (see Methods).
Following IVM, control oocytes showed a metaphase II spindle
at the oocyte cortex (Fig. 3a); however, 100% of zinc-insufficient
oocytes showed a telophase spindle regardless of gross morphology.
Immunohistochemical staining for F-actin revealed that cytokinesis
was complete for both asymmetrically and symmetrically cleaved
oocytes (Fig. 3b and c, respectively). DNA was separated to the two
poles, but we did not observe individual chromosomes, indicating
that they had decondensed.

The spindle morphologies of control and zinc-insufficient
oocytes were further compared at key steps in meiotic maturation to
determine the precise time when these defects occurred. Germinal
vesicle breakdown, as defined by the absence of a defined nucleus,
proceeded normally whether TPEN was absent or present in the
medium (data not shown). Control oocytes proceeded through
metaphase I (MI) (Fig. 3d), segregated their chromosomes (Fig. 3e)
and established meiotic arrest at metaphase II (MII) (Fig. 3f). Zinc-
insufficient groups also proceeded through MI (Fig. 3g) and chromo-
some segregation (Fig. 3h) but did not proceed to MIL Instead, they
retained a telophase spindle with decondensed chromosomes at each
pole (Fig. 3i). The fact that we observed individual chromosomes
being segregated in zinc-insufficient oocytes suggested that decon-
densation did not occur until the telophase spindle was established.
To address whether TPEN simply caused a developmental delay, we
cultured zinc-insufficient oocytes up to 48 h in chelator-containing
medium. These oocytes maintained their gross morphology,
although their cytoplasm became increasingly granular compared to
control oocytes cultured for the same duration (Fig. 3j.k). A telo-
phase spindle with an intact midbody was maintained, although the
tubulin array had become more diffuse by this point (Fig. 31).

Delayed rescue of zinc insufficiency triggers activation

As zinc-insufficient oocytes proceeded through metaphase I in
the expected time frame (6-8 h) despite the presence of TPEN, we
delayed zinc supplementation of the medium until 7, 8, 9 and 12 h
after maturation to determine when a full rescue of an MII spindle
was no longer possible. Restoration of asymmetric division and an
MII spindle was achieved through the addition of exogenous zinc as
late as 9 h after maturation (Supplementary Fig. 4a-d). The length
and width of the spindle, however, increased significantly (P < 0.05)
with delayed zinc supplementation (Supplementary Fig. 4e.f). This
was also the trend observed with the effects of delayed rescue on
polar body diameter (Supplementary Fig. 4g).

Zinc supplementation later than 10 h after maturation was
unable to restore polar body diameter, as a polar body had already
been extruded by this time. Unlike earlier rescue time points, where
a single metaphase II spindle was restored by the end of the 16-h
duration of IVM, we observed both telophase I and metaphase II
spindles with late rescue (Fig. 4a,b). Strikingly, two metaphase spin-
dles were observed in oocytes that had divided more symmetrically
when compared to control oocytes (Fig. 4c); others showed a diffuse
spindle configuration resembling entry into interphase (Fig. 4d).
The latter observation suggested a possible role for zinc in meiotic
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Figure 4 | Zinc supplementation following telophase-like arrest induces spontaneous activation of the zinc-insufficient oocyte. (a-d) Zinc
supplementation at 12 h after maturation is too late to restore the metaphase Il spindle, and a mixture of spindle configurations are seen. (e-g) After

a full 16-h maturation period, control (e) and zinc-insufficient (f) oocytes were transferred into KSOM medium (Millipore) for further culture. Control
oocytes did not change over the extended culture period in the absence of an activating stimulus. In contrast, all zinc-insufficient oocytes (N = 62) showed
pronuclear structures after 8 h (arrowheads, f and g). Magenta, o.-tubulin; yellow, DNA; green, F-actin. Scale bars, 25 um (a-d) or 80 um (e-g).

exit, so we investigated whether zinc-insufficient oocytes could be
relieved of telophase-like arrest by transfer into a zinc-replete envi-
ronment. Oocytes were matured for 16 h in the absence (control) or
presence of TPEN, then washed and cultured further in chelator-free
medium. Control oocytes did not change over this extended culture
period (Fig. 4e). In contrast, after 8 h, 100% of zinc-insufficient
oocytes (N = 62) formed pronuclear structures (Fig. 4f,g), which
persisted even after a total of 24 h in culture. Seventy-five percent of
the oocytes cleaved after a 48-h culture period, as indicated by the
presence of structures resembling two-cell embryos, but we did not
observe more than two cleavage events even after 96 h in culture.
The release from telophase I arrest was stimulated by the restoration
of zinc and thus implies a role for zinc in meiotic exit.

Fertilized zinc-insufficient oocytes fail to form blastocysts
The presence of TPEN in the maturation medium causes the
meiotic spindle to arrest in telophase I by the time normal oocytes
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establish arrest at metaphase II. We investigated whether zinc-
insufficient oocytes could be fertilized normally in spite of this
phenotype and, if so, how far they could develop as embryos.
Control and zinc-insufficient oocytes were fertilized in vitro under
identical conditions, and embryonic development was monitored
at pronuclear formation (8 h post-fertilization (h.p.f.)) and every
24 h thereafter up to blastocyst formation. Both control and zinc-
insufficient oocytes formed pronuclei by 8 h.p.f. with comparable
rates of fertilization (85% and 77%, respectively). Measurement of
pronuclear diameters at their widest points confirmed that the small
(maternal) and large (paternal) pronuclei had significantly different
diameters in both control and zinc-insufficient groups (data not
shown). Furthermore, it is known that the male pronucleus selec-
tively undergoes demethylation during chromatin remodeling®'.
In all cases, we found that one of the two pronuclei had decreased
5-methylcytidine staining in both control (Fig. 5a, dotted circle)
and zinc-insufficient oocytes (Fig. 5b, dotted circle), suggesting

d e
§ 50 ¢ Control 3 50 Zinc insufficient
g 40 8 40
g i
_g @ 30 S *é 30
o = o
BE20 BE20
© ®
g 10 % 10
= =
0+ T T T T T " 0+ T T T T T ]
0O 30 60 90 120 150 180 0O 30 60 90 120 150 180
Time (min) Time (min)

Figure 5 | Zinc-insufficient eggs can undergo a true fertilization event but show a delayed pronuclear stage and abnormal calcium oscillations upon
activation. (a,b) Fertilized control (a) and zinc-insufficient (b) eggs were fixed 8 h.p.f. for 5-methylcytidine staining. In both groups, one of the two
pronuclei showed an absence of signal (dotted circles), indicating demethylation and a male origin for the genetic material. (¢) By contrast, embryos
derived from zinc-insufficient oocytes experience a delayed pronuclear stage. At 24 h.p.f., when embryos from control eggs have proceeded to the two-cell
stage, embryos from zinc-insufficient eggs still show two pronuclei. (d) Upon activation, control eggs initiate a prolonged first calcium transient (arrow)
followed by a regular series of shorter transients. (e) Zinc-insufficient oocytes lack a large first transient and undergo a fewer total number of transients

within the same imaging period. PB, polar body. Scale bars, 25 um.
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Figure 6 | Summary of results. Normal maturation of fully grown oocytes
begins with the progression of an immature, germinal vesicle (GV)-stage
oocyte to a mature, metaphase Il (MID)-arrested oocyte. Fertilization
triggers the completion of meiosis and the first mitotic division results in
the two-cell embryo, which will in turn develop into a blastocyst. Induction
of zinc insufficiency during meiotic maturation results in oocytes that are
prematurely arrested in meiotic telophase. Fertilization of these oocytes
results in embryos that experience an extended pronuclear stage and
impaired viability. This can be ameliorated with zinc supplementation
before the establishment of telophase arrest. Simply returning zinc-
insufficient oocytes to a zinc-replete environment triggers parthenogenetic
activation in the absence of any other stimulus, leading to approximately
two rounds of division before the parthenotes are no longer viable.

that a male genetic component was indeed integrated during in vitro
fertilization. However, although control embryos progressed to the
two-cell stage by 24 h.p.f., embryos derived from zinc-insufficient
oocytes remained at the pronucleus stage (Fig. 5¢). By 48 h.p.f, a
majority of the control group began to form four-cell embryos, but
the zinc-insufficient group had only gone through the first round
of division. The control group reached the blastocyst stage by 120
h.p.f., but we never observed blastocyst formation among those
embryos originating from zinc-insufficient oocytes.

The compromised quality of embryos derived from zinc-
insufficient oocytes implied that zinc homeostasis makes an impor-
tant contribution to oocyte quality. The earliest known event after
sperm-egg fusion at fertilization is the inception of intracellular
oscillations in calcium, which have been observed in some form in
a wide variety of animals®. It is also believed that the total number
and frequency of the calcium oscillations triggers different physio-
logical responses in the oocyte, including cortical granule exocytosis
and pronuclear formation®**, Therefore, we monitored the pattern
of oscillations for 3 h in the activated oocyte with the fluorophore
Calcium Green-1 AM (Supplementary Methods). Control oocytes
showed a prolonged first calcium transient (Fig. 5d, arrow) that was
followed by shorter transients in a regular pattern. In contrast, all
zinc-insufficient oocytes (Fig. 5e) lacked an extended initial tran-
sient and always showed a fewer total number of transients than
the controls for the same duration of imaging. This lower frequency
of transients may account for the delay at the pronuclear stage
seen in zinc-insufficient oocytes. Overall, zinc-insufficient oocytes
were capable of undergoing a true fertilization event despite their
ability to parthenogenetically activate but showed calcium oscilla-
tions that were variant from normal oocytes. Altogether, our results
(summarizedinFig.6) highlight thelastingeffect of zincinsufficiency
during oocyte development on embryo quality.

DISCUSSION

The brief period of development just before ovulation is a critical
time for the oocyte, as it must proceed through a number of nuclear
and cytoplasmic modifications in preparation for fertilization. The
contribution of essential transition metals to oocyte maturation has
yet to be determined, partially because of the lack of appropriate
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analytical methods for determining total elemental content and
subcellular distributions for small numbers of cells. The oocyte
is a unique cell, one of the largest in the body, which also houses
most of the components to support the early stages of development
of an entirely new organism. It is also a rare cell in mammalian
systems; for example, in mice, only 8-12 oocytes are released during
a natural ovulation®. Therefore, methods of elemental analysis that
rely on large sample volumes are inappropriate and impractical for
the determination of elemental content in this system. Here, using
XFM for the determination of transition metal concentrations
across oocyte development and early embryonic development, we
discovered a unique feature of the oocyte’s inorganic physiology: the
oocyte’s total zinc content is an order of magnitude larger than its
iron or copper content. This represents a departure from the inor-
ganic signatures of many cell types such as Escherichia coli, in which
zinc and iron content are similar and are both higher than copper
content’. Intriguingly, the zinc quota abruptly rises to still higher
levels during the brief course of meiotic maturation and decreases
again after fertilization. Several lines of evidence show that these
extraordinary changes in the zinc quota are important for subse-
quent developmental steps and are consistent with a previously
unrecognized role for zinc-dependent processes that regulate the
exit of the oocyte from meiosis L.

The importance of this developmental flux in the intracellular
abundance of zinc was established by lowering metal availabil-
ity through controlled administration of TPEN, a high-affinity
metal chelating agent. TPEN can sequester transition metals (but
not alkaline earth metals such as calcium) in the growth medium
and, because of the well-established membrane permeability of the
metal-free form, in intracellular pools of labile or kinetically acces-
sible zinc®. Several phenotypes arising from TPEN treatment were
observed, including enlarged polar bodies, an increased rate of sym-
metric division and telophase I arrest. Although supplementation
with either copper or zinc alleviated these phenotypes, XFM analysis
showed that only the concentration of zinc was lowered by the pres-
ence of TPEN. This result suggests that the copper rescue pheno-
type was not the result of a TPEN alteration of copper-dependent
processes in the oocyte. We propose instead that supplementation
of exogenous copper in the rescue experiments sequesters TPEN
outside the cell and prevents it from perturbing zinc activity inside
or outside the cell. The XFM analysis strongly corroborates this
interpretation: the increase in total copper observed in the GV-to-
MII transition also occurred in oocytes grown in the TPEN-treated
medium. In the case of zinc, the XFM data also show that in TPEN-
treated medium, the oocytes failed to accrue the significant zinc
bolus observed for control oocytes, indicating that TPEN induces
a zinc-insufficient state.

We consider three explanations for how 10 uM TPEN may dis-
turb zinc physiology in these conditions: (i) it may work after enter-
ing the cell by binding intracellular zinc and escorting it out of the
cell; (ii) it may act inside the cell and directly affect zinc-dependent
signaling homeostasis processes; or (iii) it may reduce zinc avail-
ability in the medium by complex ion formation, thus preventing
zinc uptake. Given that the zinc-TPEN complex has a 2+ charge,
it is unlikely that TPEN is passively removing zinc from the cell.
The simplest explanation is that TPEN binds available zinc in the
culture medium and that the complexed form of zinc is not a sub-
strate for the oocyte’s high-affinity zinc uptake systems. This would
prevent zinc acquisition at a critical stage when a large bolus of this
metal ion must be taken up over the 12-14-h period of maturation;
however, we underscore the fact that these results do not rule out
intracellular sites of TPEN action.

The disruption of asymmetric division observed in zinc-
insufficient oocytes suggested that the meiotic spindle might be influ-
enced by intracellular zinc availability, as this spindle directs oocyte
division”*. Indeed, 100% of zinc-insufficient oocytes experienced
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an unusual meiotic block in which the spindle was in a telophase
configuration. This was unusual, given that failed meiotic matura-
tion in mouse oocytes is typically manifested as either retention of
prophase I or arrest at metaphase I, A full rescue of the meiotic
spindle could be achieved by exogenous zinc supplementation as late
as 9 h into maturation, corroborating our observation that nuclear
maturation proceeds normally through metaphase I in spite of zinc
insufficiency. However, zinc supplementation 12 h after maturation
was too late to restore metaphase II arrest and resulted in a variety
of spindle phenotypes. As meiotic block was already established by
12 h after maturation, supplementation at this time was too late to
undo the developmental consequences of zinc insufficiency. Instead,
the presence of interphase-like spindles suggested that delayed
rescue had the same effect as transferring zinc-insufficient oocytes to
azinc-replete medium, where artificial activation was induced, as evi-
denced by pronuclear formation. This phenomenon has been seen in
Mos-deficient oocytes, in which nearly half of the knockout oocytes
progressed directly from meiosis I into interphase®. However, Mos-
deficient oocytes spontaneously progress from meiosis I to interphase,
whereas zinc-insufficient oocytes maintain the meiotic block at telo-
phase until exogenous zinc is administered or they are transferred to a
zinc-replete environment. On the basis of these observations, we pro-
pose that the newly acquired zinc bolus participates in a mechanism
regulating the exit of oocytes from meiosis.

Despite their ability to spontaneously activate in a zinc-replete
environment, zinc-insufficient oocytes were fertilized at rates
comparable to control oocytes, and interrogation of the pronuclei
revealed that one pronucleus is selectively demethylated, as occurs
during normal fertilization®*!. This concurs with the observation
that nuclear status is not necessarily a reliable indicator of an oocyte’s
developmental potential. For example, oocytes arrested at meta-
phase I can be fertilized and become blastocysts*. In the case of
zinc-insufficient oocytes, however, blastocyst formation was never
achieved, suggesting that they had not attained full cytoplasmic
maturity. Furthermore, disruption of zinc physiology appears to alter
essential calcium physiology in the oocyte. Calcium oscillations in
activated zinc-insufficient oocytes were missing the initial prolonged
calcium transient, relative to control oocytes, and also showed a
lower frequency of subsequent calcium transients within the same
imaging period. The calcium oscillations that occur at oocyte
activation are critical for driving the events leading to formation
of the zygote. The frequency and the amplitude of the oscillations,
as well as the total number of oscillations, dictate which events are
triggered®****2. Therefore, the deviation in the oscillatory pattern
found in zinc-insufficient oocytes is likely partially responsible for the
compromised developmental competence of the resulting embryo.

In summary, the application of XFM to the elemental analysis of
single mammalian oocytes and embryos spurred the exploration of
a new elemental player, zinc, in the terminal steps of maturation to
the earliest stages of embryonic development. The acute accumula-
tion of zinc during meiotic maturation implicates this element as a
potential player in the cytoplasmic maturation of the oocyte. In par-
ticular, the meiotic block caused by attenuation of intracellular zinc
availability highlights mechanisms within the oocyte that rely on
biochemistry at the most basal, elemental level. Furthermore, this
fluctuation in zinc balance established during oocyte maturation
had lasting effects on early embryonic development, implicating
the metal ion as a critical factor in the maternal legacy from egg to
embryo. These results underscore the idea that inorganic physio-
logy is critical in the making of a competent and mature oocyte that
is able to sustain the early development of a new organism.

METHODS

Oocyte collection. Cumulus—oocyte complexes (COCs) were isolated from the
ovaries of sexually mature (6-8 weeks old) female CD-1 mice primed with 5 IU
pregnant mare’s serum gonadotropin (PMSG, Sigma-Aldrich) 48 h before sample

680

collection. Large follicles were grazed using insulin-gauge needles to liberate
COCs into Leibovitz’s L-15 medium (Invitrogen) supplemented with 1% (v/v) FBS
(Invitrogen) and 0.2 mM 3-isobutyl-1-methylxanthine (IBMX, Sigma-Aldrich).
Prior to culture, COCs were washed through at least three drops of IBMX-free
medium. To collect eggs at the metaphase II (MII) stage, we primed females with
5 IU PMSG and then with 5 IU human chorionic gonadotropin (hCG, Sigma-
Aldrich) 46 h later. Eggs were isolated from the oviducts 13-14 h after administra-
tion of hCG. Cumulus cells were denuded using 0.3% (w/v) hyaluronidase and
gentle aspiration through a narrow-bore pipette. Animals were treated in accord
with the US National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Food and water were given ad libitum. The Northwestern University
Institutional Animal Care and Use Committee (IACUC) approved all protocols.

Synchrotron-based X-ray fluorescence microscopy. Oocytes and embryos were
prepared as whole mounts for synchrotron-based X-ray fluorescence microscopy
(XFM). Cells were transferred with a minimal amount of medium to an intact 5 mm x
5 mm silicon nitride window (Silson) on a heated stage warmed to 37 °C. When
most of the medium had evaporated but the sample had not yet dried out, 1 pl of
ammonium acetate solution (100 mM, 4 °C) was administered to each sample under
a dissection microscope. This facilitated a quick wash and dehydration process, leav-
ing the morphology of the sample intact without causing membrane rupture.

XFM was performed at Beamline 2-ID-E at the Advanced Photon Source
(Argonne National Laboratory). With a single-bounce Si(111) monochromator,
10-keV X-rays were monochromatized and focused to a spot size of 0.5 x 0.6 um
using Fresnel-zone plate optics (X-radia). Raster scans were done in steps of
1 um. Fluorescence spectra were collected with a 1-s dwell time using a silicon
drift detector (Vortex-EM). Quantification and image processing was performed
with MAPS software®. The fluorescence signal was converted to a two-dimensional
concentration in g per cm? by fitting the spectra against the thin-film standards
NBS-1832 and NBS-1833 (US National Bureau of Standards). It was assumed that
no elemental content was lost during sample preparation.

In vitro maturation. Oocytes fully enclosed by cumulus cells were selected and
transferred into in vitro maturation (IVM) medium consisting of minimum
essential medium, alpha (o--MEM, Irvine Scientific) supplemented with 200 mM
L-glutamine, 10% (v/v) FBS, 1.5 IU ml™" hCG and 5 ng ml™' epidermal growth
factor (EGE, Sigma-Aldrich). In some cases, the medium was supplemented with
the chelators TPEN (Sigma-Aldrich), ammonium tetrathiomolybdate (Sigma-
Aldrich) or neocuproine hydrochloride (Sigma-Aldrich). TPEN and ammonium
tetrathiomolybdate were prepared in Milli-Q water at stock concentrations of

1 mM and 10 mM, respectively. Neocuproine was prepared in DMSO at a stock
concentration of 5 mM. All chelators were added at a final concentration of 10 uM
and remained in the culture medium for the duration of each experiment unless
noted otherwise. This concentration of TPEN is below toxic thresholds and is
sufficient to induce a physiological effect (Supplementary Fig. 1).

We cultured 30-40 COCs together in 800 pl of maturation medium in center-
well organ culture dishes, at 37 °C in an atmosphere of 5% CO,. The moment
COC:s were transferred into IVM medium was designated ¢ = 0 h. COCs were
collected after 4, 8, 12, 16 or 48 h. At the end of each culture period, cumulus cells
were removed using 0.3% (w/v) hyaluronidase and gentle aspiration through a
narrow-bore pipette. Bright-field images were captured on a DM IRB inverted
microscope (Leica Microsystems) using 20x or 40x objectives. Polar body diameter
was determined using Image] (US National Institutes of Health) by taking a line
measurement at the widest point of the polar body. For TPEN-treated oocytes,
asymmetrically and symmetrically divided oocytes were pooled separately for
measurement. TPEN affected oocyte morphology in the same manner whether or
not cumulus cells were present (data not shown). Therefore, all experiments were
performed on fully enclosed COCs. For rescue experiments with exogenous metal
supplementation, sulfate derivatives of Mg?**, Fe**, Cu?* and Zn** (all acquired from
Sigma-Aldrich) were prepared as a 10-mM stock solution in Milli-Q water. Metal
solutions were added directly to the medium to a final concentration of 10 pM at
4 h after maturation. For delayed rescue experiments, ZnSO, was added to a final
concentration of 10 UM at 7, 8, 9 and 12 h after maturation.

Immunofluorescence and confocal microscopy. Oocytes were fixed and extracted
in a microtubule-stabilizing buffer* containing 2% (v/v) formaldehyde and 1%
(v/v) Triton X-100 for 30 min at 37 °C. After fixation, samples were washed in a
blocking and washing buffer containing 0.2% (w/v) sodium azide, 0.2% (w/v) milk,
2% (v/v) normal goat serum, 1% (w/v) BSA, 100 mM glycine and 0.1% (v/v) Triton
X-100. After a 60-min blocking step, samples were maintained at 4 °C for short-
term storage. In vitro-matured oocytes were incubated in monoclonal ¢.-tubulin
antibody (1:100, Sigma-Aldrich) for 60 min at 37 °C. After three washes, samples
were incubated in a cocktail of Alexa Fluor 488-conjugated goat anti-mouse IgG
(1:500, Invitrogen) and rhodamine-phalloidin (1:100, Invitrogen) for 60 min at

37 °C. Samples were washed, then mounted, in VectaShield solution containing
DAPI (Vector). Images were acquired on an LSM 510 confocal microscope (Zeiss)
equipped with a 63x oil-immersion objective and UV (405 nm), Ar (488 nm) and
HeNe (543 nm) laser lines. Images were processed using the LSM Image Browser
software (Carl Zeiss Microimaging).
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Statistical analysis. Elemental concentrations, polar body diameters and spindle
parameters were analyzed for statistical significance using one-way ANOVA anal-
ysis. All statistical tests were performed using the software Prism 4.0 (GraphPad
Software). P < 0.05 was considered statistically significant.
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