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Abstract

Egg activation in mammals is triggered by oscillations in egg intracellular calcium (Ca2+) level. Ca2+ oscillation patterns can be modified in vitro
by changing the ionic composition of culture media or in vivo by conditions affecting mitochondrial function, such as obesity and inflammation.
In mice, disruption of Ca2+ oscillations in vitro impacts embryo development and offspring growth. Here we tested the hypothesis that, even
without in vitro manipulation, abnormal Ca2+ signaling following fertilization impacts offspring growth. Plasma membrane Ca2+ ATPases (PMCA)
extrude cytosolic Ca2+ to restore Ca2+ homeostasis. To disrupt Ca2+ signaling in vivo, we conditionally deleted PMCA1 (cKO) in oocytes. As
anticipated, in vitro fertilized cKO eggs had increased Ca2+ exposure relative to controls. To assess the impact on offspring growth, cKO females
were mated to wild type males to generate pups that had high Ca2+ exposure at fertilization. Because these offspring would be heterozygous,
we also tested the impact of global PMCA1 heterozygosity on offspring growth. Control heterozygous pups that had normal Ca2+ at fertilization
were generated by mating wild type females to heterozygous males; these control offspring weighed significantly less than their wild type
siblings. However, heterozygous offspring from cKO eggs (and high Ca2+ exposure) were larger than heterozygous controls at 12 week-of-age
and males had altered body composition. Our results show that global PMCA1 haploinsufficiency impacts growth and support that abnormal
Ca2+ signaling after fertilization in vivo has a long-term impact on offspring weight. These findings are relevant for environmental and medical
conditions affecting Ca2+ handling and for design of culture conditions and procedures for domestic animal and human assisted reproduction.

Summary Sentence
Plasma membrane calcium ATPase 1 (PMCA1) in eggs regulates calcium homeostasis at fertilization, and offspring derived from PMCA1-null
eggs (and excess calcium signal at fertilization) weigh more than controls with normal calcium.
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Introduction

The cascade of events that transform an egg into an embryo,
known as “egg activation” events, is initiated by a dramatic
yet transient increase in the egg’s intracellular calcium (Ca2+)
level. Ca2+-mediated egg activation is conserved across the
animal kingdom, but Ca2+ signal dynamics vary extensively.
In mammals, Ca2+ dynamics take the form of multiple tran-
sient increases in cytoplasmic Ca2+, or Ca2+ oscillations.
Based on in vitro studies, Ca2+ oscillations orchestrate the
specialized events of egg activation in a temporally progressive
manner. For example, early egg activation events such as
cortical granule exocytosis and cell cycle resumption require
few Ca2+ oscillations, but late events such as pronucleus
formation require more Ca2+ oscillations [1]. These Ca2+
signals are translated into biochemical information in part
by activating Ca2+/calmodulin-dependent protein kinase II
(CaMKII) gamma, which is the major downstream mediator
of egg activation [2–4]. Progression of egg activation appears
to depend on the total Ca2+ signal over time, which results
from the combined attributes of amplitude, frequency, dura-
tion, and persistence of Ca2+ oscillations [1, 5], although addi-
tional information encoded in the Ca2+ oscillatory pattern
cannot be ruled out. There is also no information available
regarding how much or how little Ca2+ signal is needed for
egg activation in vivo.

In mice, experimental modulation of Ca2+ oscillations in
early one-cell (1C) embryos following in vivo fertilization
impacts embryo development and offspring growth. One-cell
embryos artificially exposed to either suboptimal Ca2+ or
excess Ca2+ have reduced developmental competence; the
exact phenotype depends on the direction in which Ca2+ is
altered [6]. Premature termination of Ca2+ signals negatively
affects implantation rate, whereas Ca2+ hyperstimulation
results in normal implantation but suboptimal postimplan-
tation development. Moreover, embryos exposed to excess
Ca2+ have, after birth, transient yet significant alterations
in body weight during development. Similarly, experimental
alterations in Ca2+ oscillatory patterns induced by changing
the ionic composition of embryo culture medium are
associated with differences in offspring metabolic parameters
[7]. These studies demonstrate that information encoded in
fertilization-induced Ca2+ oscillations persists and impacts
offspring physiology. However, all of these experiments were
performed by in vitro manipulation of early embryos followed
by embryo transfer, and numerous studies have documented
that in vitro manipulation alone is sufficient to affect offspring
outcomes [8–11]. Therefore, it remains unclear whether
these findings are caused by the Ca2+ alterations alone or
by the combined effects of Ca2+ alterations and in vitro
manipulation.

As in somatic cells, Ca2+ signaling during mammalian fer-
tilization is regulated by modulators of Ca2+ storage, release,
and reuptake. Ca2+ accumulates during oocyte maturation
and is stored mainly in the endoplasmic reticulum (ER). At
fertilization, Ca2+ oscillations are triggered following sperm-
egg fusion by sperm-specific phospholipase C zeta (PLCζ ).
PLCζ mediates the production of inositol 1,4,5-trisphosphate
(IP3), which binds the IP3 receptor and causes Ca2+ release
from the ER into the egg cytosol and raises the cytosolic Ca2+
level from a basal level of ∼100 nM to the low μM range [12].
To restore cytosolic Ca2+ to basal levels, sarco/endoplasmic
reticulum Ca2+-ATPases (SERCA) pump Ca2+ back into the

ER. Although it has not yet been documented experimentally
in mammalian eggs, it is likely that as in somatic cells, plasma
membrane Ca2+ ATPases (PMCA) clear excess Ca2+ by mov-
ing it across the plasma membrane to the extracellular milieu
(Ca2+ efflux), resulting in a net loss of Ca2+ from the egg.
Ca2+ oscillations only continue if ER Ca2+ stores are refilled
with extracellular Ca2+ that enters the egg through plasma
membrane Ca2+ channels [13–16]. Overall, although Ca2+
oscillations are triggered by sperm PLCζ , Ca2+ modulators
in the mature egg are crucial for shaping Ca2+ dynamics and,
therefore, to provide the appropriate developmental informa-
tion encoded within the Ca2+ signature.

Expression and function of PMCAs in mammalian eggs are
not yet characterized. In Xenopus oocytes, there is at least one
PMCA based on immunodetection [17]. In mouse eggs, “Ca2+
insulation” using high concentrations of gadolinium in the
extracellular medium, which in somatic cells blocks PMCA
function, prolongs the duration of the first Ca2+ transient
following fertilization by intracytoplasmic sperm injection
[18, 19]. These findings suggest that at least one PMCA iso-
form is present and functional in mouse eggs. There are four
mammalian isoforms of PMCA, encoded by the gene family
Atp2b. PMCA1 and PMCA4 are ubiquitously expressed [20,
21]. PMCA2 is mainly expressed in the nervous system and
mammary gland, whereas PMCA3 is restricted to the nervous
system in adult mice [22]. Global deletion of PMCA1 results
in an embryonic lethal phenotype [20]. Moreover, PMCA1 is
regulated by CaMKII, which is the main downstream effector
of Ca2+ at fertilization, and has a higher affinity for ATP than
other isoforms. These findings led us to speculate that eggs
lacking PMCA1 would have abnormally long duration Ca2+
transients after fertilization.

Here we tested the hypothesis that PMCA1 regulates Ca2+
homeostasis at fertilization and that the resulting changes in
Ca2+ oscillatory dynamics in vivo impact offspring postna-
tal growth and health. Oocyte-specific PMCA1 conditional
knockout (cKO) mice were generated by crossing the Zp3-
cre transgene into an Atp2b1-floxed mouse line. Our key
findings were that PMCA1 is required to limit the length of
each sperm-induced Ca2+ transient, that global PMCA1 hap-
loinsufficiency reduces offspring weight, and that offspring
generated from eggs exposed to increased Ca2+ signal at fertil-
ization have increased weight and altered body composition.
Our results reveal the importance of PMCA1 in maintaining
Ca2+ homeostasis at fertilization and demonstrate that even
without in vitro manipulation, abnormal Ca2+ signaling at
fertilization has a long-term impact on offspring growth.

Methods

Mice

CF-1 females (Hsd:NSA(CF-1)) were purchased from Envigo
(Indianapolis, IN, USA) and used for gamete and embryo col-
lection for the developmental gene expression profile. FVB/NJ
mice (Strain #001800) were purchased from Jackson Lab-
oratory (Bar Harbor, ME, USA) and intercrossed to obtain
pups used for litter size standardization. Zp3-cre males (Strain
#003651; [23]) and C57BL/6J males (Strain #000664) used
for breeding were obtained from Jackson Laboratory (Bar
Harbor). All animal procedures complied with NIH/NIEHS
animal care guidelines.
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To generate oocyte-specific Atp2b1 knockout mice, we
used JM8A3.N1 embryonic stem cells carrying a floxed allele
of Atp2b1 (RRID:MMRRC_052502-UCD; Wellcome Trust
Sanger Institute and Knockout Mouse Project Repository
[24]). These ES cells carried a promoter-driven selection
cassette (FRT-LacZ-Neo-FRT) and a loxP site between
exons 1 and 2 of the Atp2b1 gene and a second loxP
sequence between exons 2 and 3. Chimeric founders
were generated by blastocyst microinjection and embryo
transfer. Following germ-line transmission, female offspring
(B6;Cg-Atp2b1 < tm1a(KOMP)Wtsi>) were mated to CAG-
FLPe males (B6-Tg(ACTB-Flpe)<2Arte > N10; Taconic
Biosciences, Hudson, NY) to remove the selection cassette
and generate Atp2b1-floxed mice [B6;Cg-Atp2b1 < tm1c
(KOMP)Wtsi>]. These mice were bred to Zp3-cre males,
then intercrossed to generate homozygous Atp2b1-floxed
(Atp2b1-f/f) offspring with or without Zp3-cre. Atp2b1-f/f
females were mated to Atp2b1-ff;Zp3-cre males to generate
Atp2b1-f/f (Ctrl) or Atp2b1-f/f;Zp3-cre (cKO) females.

Gamete collection

Gamete collection was performed as previously described
[16]. Briefly, germinal vesicle (GV) stage oocytes were
obtained from 6–12-week-old females, 44–48 h after injection
with 7.5 IU of equine chorionic gonadotropin (eCG, Lee
Biosolutions, Maryland Heights, MO). Minimal Essential
Medium (MEM) with Hepes (Thermo Fisher, Waltham,
MA) containing 0.1% polyvinyl alcohol (PVA) and 2.5 μM
milrinone (both from Sigma, St. Louis, MO) was used to
maintain meiotic arrest. Oocytes with a visible GV were
cultured under oil in drops of MEM-alpha (Thermo Fisher)
containing 5% FBS (Atlanta Biologicals) and milrinone in a
humidified atmosphere of 37◦C and 5% CO2. Metaphase
II-arrested (MII) eggs were recovered from the oviducts
of superovulated 6–12-week-old females. Superovulation
consisted of 7.5 IU eCG, followed 48 h later by 7.5 IU
human chorionic gonadotropin (hCG; Sigma). MII eggs
were collected in MEM with Hepes, 0.1% PVA, and 0.1%
hyaluronidase (Sigma) for removal of cumulus cells.

Growing, meiotically incompetent oocytes were recovered
from 12 to 13-day-old CF-1 females after enzymatic digestion
of ovarian tissue with 1 mg/ml collagenase (Worthington
Biochemical Corp., Lakewood, NJ) and 2 mg/ml DNase I
(Sigma). Embryos were obtained from adult CF-1 females
previously superovulated and mated to 2–12-month-old
B6SJLF1/J males. Embryos were flushed from oviducts and/or
uteri at 16–20, 44, 68 and 96 h post-hCG, to obtain 1-cell
(1C), 2-cell (2C), 8-cell (8C) and blastocyst stage embryos,
respectively. Fifty oocytes/embryos were pooled together and
stored at −80◦C until use.

In vitro fertilization (IVF) and ratiometric Ca2+
imaging

MII eggs were pooled and treated with acid Tyrodes to remove
the zona pellucidae. Following a 30-min recovery period,
zona-free eggs were loaded with the Ca2+ indicator Fura-
2 LR/AM (5 μM; Thermo Fisher) for 30 min in KSOM
(Millipore Sigma) containing 0.02% pluronic F-127 (Thermo
Fisher). Ctrl and cKO eggs were adhered side-by-side to glass-
bottom dishes (MatTek, Ashland, MA) coated with Cell-Tak
(Millipore Sigma) in a 150 μl drop of KSOM without BSA.
After addition of 45 μl of human tubal fluid medium (HTF;

Millipore Sigma) containing 4 mg/ml of AlbuMax I lipid-
rich BSA (Life Technologies) (HTF–BSA), the media drops
were covered with oil and placed on an environmentally
controlled microscope stage (humidified atmosphere, 37◦C
and 5% CO2).

For sperm isolation, the epididymides of an adult B6SJLF1/J
male were placed into a 500 μl drop of HTF–BSA covered
with mineral oil and cut several times. The dish was placed in
the incubator for 15 min at 37◦C and 5% CO2 to allow the
sperm to swim out. Then, the swim-up method was used to
isolate motile sperm, as previously described [15].

Intracellular Ca2+ imaging was performed as previously
described [15]. Briefly, 3–5 min after imaging was started,
5 μl of HTF–BSA containing 4 × 105 sperm/ml were added
to the IVF dish to achieve a final concentration of 1 × 104

sperm/ml. Changes in the egg’s intracellular Ca2+ level were
monitored using a Hamamatsu ORCA-Flash 4.0 LT+ digital
camera (Hamamatsu, Bridgewater, NJ) mounted on a Nikon
Ti inverted microscope with a Nikon S Fluor 20×/0.75 NA
objective (Nikon Instruments, Melville, NY) with excitation at
340 and 380 nM using a Lambda 10-B Optical Filter Changer
(Sutter Instruments) and expressed as a fluorescence ratio
(F340/F380).

Analysis of Ca2+ imaging data was done using custom
R functions [25]. Briefly, for each trace, a custom function
was used to estimate up points (Ca2+ rise) and down points
(return to baseline). Then, non-peak data were used to esti-
mate the baseline and the height of each oscillation and
calculate the mid point as (baseline+peak height/2). Using
this information, data were re-analyzed to determine the
corrected baseline, amplitude, and number of oscillations. The
area under the curve (AUC) was calculated by integration
of peaks within 60 min from the first transient (first rise).
Detailed information regarding the R functions can be found
at (https://www.niehs.nih.gov/research/atniehs/labs/assets/do
cs/q_z/savy_rscript.zip).

ER Ca2+ store assay

Fura-2 LR-loaded eggs were adhered side-by-side to glass-
bottom dishes (MatTek, Ashland, MA) containing 1800 μl
of Ca2+ and magnesium-free CZB (CMF-CZB) without BSA
[26]. The dishes were placed on the environmentally con-
trolled microscope stage and baseline ratiometric imaging was
performed for 3–5 min. Either thapsigargin (TG) (T7459;
Life Technologies) or ionomycin (I0634; Sigma) was added
in 200 μl of CMF-CZB to a final concentration of 10 μM or
5 μM, respectively. Intracellular Ca2+ imaging was performed
as described for IVF.

RNA isolation and reverse transcription
(RT)-quantitative PCR (qPCR)

Total RNA was isolated from matched sets of 18–20 full
grown GV oocytes each from Ctrl or cKO females using an
Arcturus PicoPure RNA Isolation kit (Life Technologies). RT
and amplification were performed as previously described
[27]. For qPCR, one oocyte equivalent of complementary
DNA was used in each reaction and the ��CT method
[28] was used to compare the relative expression between
groups, after Gapdh normalization. Primer sequences are
provided (see Supplementary Table S1). For the Atp2b1 and
Atp2b3 developmental gene expression profile, all samples
were spiked with 1 ng of cRNA encoding enhanced green

https://www.niehs.nih.gov/research/atniehs/labs/assets/docs/q_z/savy_rscript.zip
https://www.niehs.nih.gov/research/atniehs/labs/assets/docs/q_z/savy_rscript.zip
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac180#supplementary-data
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fluorescent protein (EGFP) before RNA isolation. RT and
amplification were performed as previously described [27].
Samples were analyzed by the ��CT method [28] after EGFP
normalization.

Offspring genotypes and growth trajectory

The growth trajectories of three groups of offspring were
assessed. cKO (Atb2b1-f/f;Zp3-Cre) females were mated to
wild type (WT) males to obtain heterozygous (Atp2b1+/−)
offspring exposed to high Ca2+ at fertilization. WT females
were mated to heterozygous (Atp2b1+/−) males to obtain
Atp2b1+/+ (WT) and Atp2b1+/− (HET) siblings that were
exposed to normal Ca2+ at fertilization. These mice were
included to assess whether global PMCA1 haploinsufficiency
affects offspring growth.

Only animals derived from litters with four pups or more
were used in this study. Litter size was standardized at birth
to eight pups, usually four of each sex, using 1–2-day-old
FVB pups. Litter size before standardization was not differ-
ent between groups (Supplementary Figure S1). Mice were
weighed at birth and then weekly for 8 weeks. Pups were
weaned at 3 weeks of age and fed with NIH-31 Rodent Diet.
Starting at 4 weeks of age, pups were fed RD Western High Fat
diet (Research Diets Inc., catalog # D12079Bi) ad libitum with
free access to water until 3 months of age, when animals were
returned to the NIH-31 Rodent Diet. Weight measurements
were performed again at 12 weeks of age.

Glucose and insulin tolerance tests

Two females and two males/dam/group were assessed for
glucose (GTT) and insulin (ITT) tolerance at 4 months of
age. Mice were fasted overnight, with ad libitum access to
water. After fasting, mice were weighed to determine the
proper amount of glucose and insulin to be administered.
Mice were placed in a restraining device for 5–10 s to snip
the tail tip using a sharp blade. Basal blood glucose levels
were determined using a Nova Max® Plus glucometer (Nova
Biomedical, Waltham, MA). For GTT, 2 mg D-glucose/g body
weight (Mallinckrodt Baker, Germany) was administered by
i.p. injection. Mice were placed back in their cages and blood
samples were collected for plasma glucose measurement at 15,
30, 45, 60, 90, 120, and 150 min after the injection, from the
lifted tail of the mouse. For ITT, 0.75 IU insulin/g body weight
(Humulin®-R U100, Lilly USA, IN) was injected i.p. and
plasma glucose was determined at 15, 30, 45, 60, 75, 90, 120,
and 180 min after the injection. Mice showing clinical signs of
hypoglycemia during ITT were injected i.p. with 0.25 ml/20
grams of glucose solution and removed from the assay; <10%
of the mice were removed. When possible, different animals
were assessed for GTT and ITT. Otherwise, mice were allowed
to recover for 2 weeks before performing ITT.

Body composition and femur length analysis

Body composition, including fat, lean and fluid content, was
determined using a Bruker LF90 minispec (Bruker Optics, Inc.,
Billerica, MA). A daily quality control check was performed
before the measurements using a standard provided by the
manufacturer. Mice were weighed and placed in a restraint
cylinder. The restrainer was lowered into the nuclear magnetic
resonance system and measurements recorded using the min-
ispec plus NF software.

Heterozygous offspring obtained from WT or cKO females
were euthanized after 12 month of age. The right femur of

Table 1. PMCA transcript abundance in GV oocytes

Gene Calcium pump Mean Ct SEM

Atp2b1 PMCA1 30.32 0.12
Atp2b2 PMCA2 35.76 0.82
Atp2b3 PMCA3 28.20 0.39
Atp2b4 PMCA4 nd -

Ct, threshold cycle; SEM, standard error of the mean; nd, not detected.

each mouse was excised and incubated for 1 h at 60◦C in
0.2 M NaOH for soft tissue digestion. Femurs were imaged
using a Faxitron X-ray system (Faxitron Bioptics Ultrafo-
cus DXA) and total femur length (mm) from the greater
trochanter to the medial condyle was measured using Biop-
ticsVision software.

Statistics

Statistical analysis was performed using GraphPad Prism,
version 9.0.2. Normally distributed data were analyzed with
two-tailed t tests, whereas Mann–Whitney tests were used
for non-parametric data. Data sets containing more than two
groups were analyzed using ANOVA or Kruskal–Wallis tests
for normally distributed or non-parametric data, respectively.

GTT and ITT data from male and female mice were ana-
lyzed separately. Linear mixed models were used with random
intercept for animal ID nested within cage ID. The fixed effect
terms included time as a categorical variable, experimental
group, and their interactions. Heterogenous residual variances
were allowed across the different time points. We tested dif-
ferences between the two groups across different time points
and adjusted P-values with Šidák correction.

Results

Atp2b1 is highly expressed in oocytes but is not
essential for female fertility

To explore whether PMCA isoforms are expressed in the
mouse oocyte and embryo, the mRNA levels of the different
isoforms were measured by RT-qPCR. Atp2b1, Atp2b2, and
Atp2b3 mRNAs were present in GV oocytes but Atp2b4 was
undetectable (Table 1). Moreover, Atp2b1 and Atp2b3 were
highly expressed relative to Atp2b2, assuming similar primer
efficiency. Atp2b1 and Atp2b3 shared similar expression pro-
files across the different developmental stages, from growing
oocyte (GO) to the blastocyst stage (Figure 1A and B). mRNA
levels increased from GO to GV stage and remained high
until the 2C stage. Transcript levels of both Atp2b1 and
Atp2b3 were barely detectable between the 2C and 8C stages.
However, by the blastocyst stage, Atp2b1 relative abundance
increased, whereas Atp2b3 levels remained barely detectable.
Based on these results, both PMCA1 and PMCA3 could play
an important role during fertilization and/or early embryo
development.

Proteins critical for fertilization and early embryo devel-
opment are often encoded by maternal mRNAs whose trans-
lation markedly increases during oocyte maturation [29]. A
hallmark of such maternal mRNAs is the presence of cytoplas-
mic polyadenylation elements (CPEs) in the 3′-untranslated
region (3′ UTR). Seven CPEs were present upstream from the
polyadenylation signal in the Atp2b1 3′UTR (GenBank Acces-
sion No. NM_026482.2). In contrast, there were no CPEs in
the Atp2b3 3′UTR (GenBank Accession No. NM_177236.4).
Moreover, although the only phenotype detected in

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac180#supplementary-data
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Figure 1. Atp2b1 is highly expressed in oocytes but not essential for female fertility. (A–B) Developmental profile of Atp2b1 and Atp2b3 expression
normalized to that in GV stage as mean +/− SEM. Each dot represents one biological replicate with 50 oocytes or embryos. GO, growing oocyte; GV,
germinal vesicle stage oocyte; MII, metaphase II egg; 1C, 2C, 4C, 8C: 1-cell, 2-cell, 4-cell, 8-cell embryos; Blast, blastocyst. (C–D) Fertility assessment of
control and cKO females mated to WT males; each dot represents one female. (C) Dot plot of live pups per litter and (D) days to first litter after mating.
ns, not significant; Mann–Whitney test. (E–G) Expression of PMCA isoforms in control (Ctrl) and cKO oocytes. Each dot represents one biological
replicate from matched sets of 18–20 full grown GV oocytes. Statistical analysis was done by Mann–Whitney test.

Atp2b3-null mice is a sleep disorder [30], the Atp2b1-null
mice have an embryonic lethal phenotype [20]. These obser-
vations suggested that, unlike Atp2b3, Atp2b1 is likely to
play a role during fertilization or early embryo development.
Unfortunately, despite testing multiple antibodies, the lack of
a suitable antibody against PMCA1 hindered any attempt to
assess the protein by immunofluorescence. Nevertheless, these
findings led us to focus on Atp2b1 for further analysis.

To determine the potential role of maternal PMCA1 in
fertility, cKO (Atp2b1-f/f;Zp3-cre) and Ctrl (Atp2b1-f/f)
females were mated to WT C57BL/6J males. No difference in
the litter size or time to first litter was found between groups
(Figure 1C and D). To determine whether the role of PMCA1
was masked by compensatory upregulation of other PMCA
isoforms, the relative abundance of all Atp2b isoforms was
assessed by RT-qPCR in cKO and Ctrl oocytes. As expected,
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cKO GV oocytes lacked Atp2b1 transcripts (Figure 1E).
Atp2b2 and Atp2b3 mRNA abundance was comparable
between control and cKO GV oocytes (Figure 1F and G).
Atp2b4 mRNA was not detectable either in cKO or Ctrl
oocytes. Altogether, these results indicate that PMCA1 is
not essential for female fertility and that loss of the Atp2b1
isoform does not lead to compensatory upregulation of
alternative isoforms.

Atp2b1 cKO eggs show aberrant Ca2+ responses at
fertilization

To determine the functional presence and role of PMCA1
in mediating Ca2+ homeostasis at fertilization, MII eggs
obtained from cKO and Ctrl females were in vitro fertilized
while monitoring intracellular Ca2+ levels. Several parameters
of Ca2+ dynamics, including length of the first transient, AUC
of Ca2+ signal, and oscillation frequency were compared
between groups. Differences in Ca2+ behavior between cKO
and Ctrl eggs were evident, confirming at a functional level
that the cKO strategy had worked well. The first Ca2+
transient was ∼3 times longer in cKO eggs than controls
(Figure 2A and B). Although the number of oscillations was
not different, the total AUC of Ca2+ peaks in 60 min indicated
that cKO eggs had ∼65% more Ca2+ signal than controls
(Figure 2C and D). The increased Ca2+ signal was not due
exclusively to the increased length of the first transient, as
the AUC excluding the first transient was also increased in
cKO eggs, suggesting that each subsequent transient was also
longer (Figure 2E).

To determine if Atp2b1 heterozygosity led to haploinsuf-
ficiency in the Ca2+ response, WT females were mated to
Atp2b1+/− (heterozygous) males to generate heterozygous
and WT female siblings. The first Ca2+ transient was
on average 1.5 times longer in eggs from heterozygous
females than in WT eggs from siblings and was more
variable (Figure 2F and G). However, no differences were
found in any of the other parameters analyzed, including
the total AUC, which indicates the accumulated level of
Ca2+ exposure during fertilization (Figure 2H, I, and J).
These results indicate that eggs from heterozygous females
had only a mild abnormality in the Ca2+ response at
fertilization during the first hour. Altogether, the abnormal
Ca2+ dynamics observed at fertilization in cKO eggs, together
with the haploinsufficient phenotype exhibited by eggs from
heterozygous females, confirmed that MII eggs normally
express a functional PMCA1 pump that regulates Ca2+
dynamics during fertilization.

Atp2b1 cKO eggs have increased internal Ca2+
stores

The length of the first Ca2+ transient is generally thought
to reflect the amount of Ca2+ stored in the ER, but this
parameter is also influenced by modulators of Ca2+ reuptake
and Ca2+ efflux. The finding that the length of the first
transient was longer in cKO and heterozygote-derived eggs
compared with their controls suggested the possibility that
lack of PMCA1 results in larger Ca2+ stores. A common assay
for ER Ca2+ stores is treatment of cells with TG, an inhibitor
of Ca2+ reuptake [31], which results in Ca2+ leak from the ER
in proportion to the total amount of ER Ca2+. TG treatment
caused ∼30% more Ca2+ release from cKO eggs than control
eggs, based on measurement of the AUC (Figure 3A and B).

However, AUC depends on both Ca2+ release from the ER
and Ca2+ clearance from the cytoplasm, and we expected
that the cytoplasmic clearance rate was lower in cKO than
control eggs because cKO eggs lacked PMCA1, a major Ca2+
efflux pump. For this reason, we also assayed total internal
Ca2+ stores using the Ca2+ ionophore, ionomycin. Ionomycin
rapidly releases Ca2+ from all internal cellular stores, of
which the ER is the major store, and the measurement of
the Ca2+ peak immediately following treatment should reflect
Ca2+ stores independent of the cytoplasmic Ca2+ efflux rate.
Using this assay, we found that cKO eggs had ∼16% more
stored Ca2+ than controls (Figure 3C and D). We next tested
whether eggs from heterozygous females (HET eggs) had
altered Ca2+ stores. A 16% increase in TG-induced Ca2+
release was found in HET eggs relative to WT eggs from
sibling controls (Figure 3E and F). Moreover, the ionomycin
assay revealed that HET eggs had 7% more internal Ca2+
than WT eggs (Figure 3G and H), supporting the idea that
HET eggs are haploinsufficient. These results indicate that
lack of PMCA1 causes slightly increased internal Ca2+ store
content and highlight the role of PMCA1 in maintaining Ca2+
homeostasis in the MII egg.

Increased Ca2+ at fertilization has long-term effects
on offspring growth

Experimental modulation of Ca2+ levels following fertiliza-
tion impacts embryo development and offspring growth [6].
However, it is possible that the in vitro manipulations utilized
in this study sensitize the eggs to the effects of abnormal
Ca2+ exposure, such as by increasing exposure to reactive
oxygen species or altering embryo metabolism. We used the
PMCA1 cKO mouse line to determine whether increased Ca2+
exposure without in vitro manipulation impacts offspring
growth and metabolic parameters. This strategy makes the
assumption that Ca2+ dynamics at fertilization in vivo are
relatively similar to the dynamics observed in vitro for cKO
and control eggs. cKO females were mated to WT males to
generate pups that had high Ca2+ exposure at fertilization.
Because these offspring were heterozygous (Atp2b1+/−), con-
trol heterozygous pups that had normal Ca2+ at fertilization
were generated by mating WT females to heterozygous males.
WT littermates obtained from these matings served as WT
controls.

Interestingly, heterozygous controls were smaller than
their WT siblings after weaning even though all mice were
derived from WT eggs (Figure 4A and B). Comparison of
body weights at week 12 revealed that WT females were 9%
heavier than heterozygous females, whereas WT males were
14% heavier than heterozygous males (Figure 4C and D).
The observed difference in weight was not related to a
difference in body length, as the femur length was comparable
for both females and males (Figure 4E and F). In addition,
heterozygous females were less able to regulate a glucose load,
whereas males were more sensitive to insulin than WT siblings
(Figure 4G and H). Body composition analysis revealed that
heterozygous females also had less lean content at 12 weeks,
but no other differences were observed (Figure 4I–L). These
results indicate that global PMCA1 haploinsufficiency
affects offspring weight and metabolic parameters. The
mechanism(s) underlying this phenotype are likely complex
due to ubiquitous expression of PMCA1.

To determine if abnormal Ca2+ exposure at fertilization
impacts offspring growth in genotype-matched offspring,
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Figure 2. PMCA1 cKO eggs show aberrant Ca2+ responses at fertilization. (A–E) Ratiometric Ca2+ imaging during IVF of control (blue) and cKO
(green) eggs. (F–J) Ratiometric Ca2+ imaging during IVF of control (blue) and heterozygous (HET, orange) eggs. N = 3 independent experiments. Each dot
represents a single fertilized egg. (A, F) Representative Ca2+ traces. (B, G) Length in minutes of the first Ca2+ transient. (C, H) Number of oscillations in
60 min. (D, I) AUC for 60 min. (E, J) AUC for 60 min excluding the first transient. Mann–Whitney test; ∗∗∗∗p < 0.0001; ∗∗ p < 0.002; ns, not significant;
AUC, area under the curve.

heterozygous controls from WT dams and heterozygous
offspring from cKO dams were compared. Notably, the
growth of heterozygous offspring derived from cKO dams,
and high Ca2+ at fertilization, was different than heterozy-
gous controls derived from WT dams, and the differ-
ence was apparent by 1 week of age (Figure 5A and B).
Comparison of body weights at week 12 revealed that

cKO-derived females were 6% heavier than heterozygous
control females, whereas cKO-derived males were 9%
heavier than heterozygous control males (Figure 5C and D).
Interestingly, heterozygous offspring that had high Ca2+
at fertilization were similar in weight to WT offspring
(Figure 4C and D and Figure 5C and D). Despite the differ-
ence in weight, femur length was comparable between groups
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Figure 3. PMCA1 cKO eggs have increased internal Ca2+ stores. Measurement of Ca2+ stores in eggs from control (blue) and cKO (green) females
(A–D) or eggs from WT (blue) and heterozygous (orange) siblings (E–H). TG was used to deplete ER Ca2+ stores and ionomycin was used to determine
relative levels of total Ca2+ stored in the cell. (A, C, E, G) Representative traces are shown in color, whereas gray traces are individual measurements.
(B, F) AUC following TG treatment. (D, H) Peak amplitude following ionomycin treatment. Each experiment was performed three times. Each dot
represents a single egg and data are presented normalized to the control. Normally distributed data were analyzed by t-test (B,D,F). Otherwise,
Mann–Whitney test was used (H). ∗∗p < 0.01; ∗∗∗∗p < 0.0001; AUC, area under the curve.

for both females and males (Figure 5E and F). These results
support the idea that abnormal Ca2+ signaling in the first few
hours following fertilization impacts offspring weight and
that the weight difference cannot be explained by an impact
on overall body length.

No significant differences were found in glucose toler-
ance or insulin tolerance, even though experimental males
appeared to have lower glucose tolerance based on mean AUC
(Figure 5G and H). However, comparison of body composi-
tion revealed that males, but not females, had significantly
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Figure 4. Global PMCA1 haploinsufficiency affects offspring weight and metabolic parameters. Growth trajectories of females (A) and males (B)
shown as mean weight ± SEM over time. Offspring were obtained from WT females and heterozygous males, from 11 different dams. N = 21
heterozygous females (blue, solid line), N = 25 WT females (gray, dotted line), N = 20 heterozygous males (blue, solid line) and 14 WT males (gray, dotted
line). ∗p < 0.05, uncorrected t-tests. (C) Female weight at 12 weeks of age. Median and all values shown. ∗∗p < 0.005, Mann–Whitney test. (D) Male
weight at 12 weeks of age. Mean ± SEM. ∗∗∗∗p < 0.0001, t-test. (E,F) Femur length. Mean ± SEM; t-test; ns, not significant. (G) Glucose tolerance test
and (H) insulin tolerance test; females in upper panels and males in lower panels. Mean blood glucose ± SEM over time. Linear mixed model with Šidák
correction, ∗p < 0.05. (I–L) Body composition analysis. Percentage lean content (I,J) and percentage fat content (K,L). Mean ± SEM. ∗∗∗p < 0.0005,
t-test. •, females; �, males.
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Figure 5. Abnormal Ca2+ at fertilization impacts offspring growth and male body composition. Growth trajectories of females (A) and males (B)
shown as mean weight ± SEM over time. N = 21 heterozygous female and 20 heterozygous male pups from WT females (blue solid line, control Ca2+
at fertilization). N = 31 heterozygous female and 22 heterozygous male pups from cKO dams (red dashed line, high Ca2+ at fertilization). Pups from each
genotype were obtained from at least eight different dams. ∗p < 0.05, uncorrected t-tests. (C,D) Weight at 12 weeks of age. Mean ± SEM. ∗p < 0.02,
t-test. (E,F) Femur length. t-test; ns, not significant. (G) Glucose tolerance test and (H) insulin tolerance test; females in upper panels and males in lower
panels. Mean blood glucose ± SEM over time. Linear mixed model with Šidák correction, not significantly different. (I-L) Body composition analysis.
Percentage of lean content (I,J) and percentage of fat content (K,L). Mean ± SEM. ∗∗p < 0.005, t-test. •, females; �, males. Note that the data plotted
for heterozygous offspring from WT females are the same as the data plotted in Figure 4.
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less lean content and tended to have more fat (Figure 5I–L).
Altogether, our results suggest that abnormal Ca2+ signaling
at fertilization in vivo results in long-term changes in offspring
growth in females and males and in body composition in
males.

Discussion

Numerous in vitro studies support the notion that Ca2+
signaling is exceptionally important for fertilization, egg acti-
vation and proper embryo development [32, 33]. Here we gen-
erated a new genetic model of Ca2+ overexposure following
fertilization, an oocyte-specific cKO of PMCA1, so that we
could test whether this was also true when fertilization occurs
in vivo, in the highly specialized environment of the oviduct.
Using the PMCA1 cKO mouse model, we discovered a requi-
site role for PMCA1 in supporting Ca2+ efflux at fertilization.
Second, we determined that mice globally haploinsufficient
for PMCA1 (Atp2b1+/−) have a clear growth defect relative
to their WT siblings. We were surprised by this finding because
previous studies did not report differences between PMCA1
heterozygous and WT mice [20, 34] and even indicated that
“PMCA1Ht mice were indistinguishable by eye from WT”
[20]; however, these studies did not report any data on growth
or weight. Finally, we found that heterozygous (Atp2b1+/−)
offspring derived from cKO eggs were heavier than genotype-
matched offspring derived from control eggs and that the
heterozygous males from cKO eggs had less lean content than
heterozygous controls. Our results indicate that abnormal
Ca2+ signaling at fertilization in vivo has a long-term impact
on offspring weight and body composition.

By comparing the Ca2+ dynamics of cKO and control eggs
at fertilization, we determined that PMCA1 clearly functions
in Ca2+ homeostasis at fertilization by supporting the reduc-
tion in cytoplasmic Ca2+ levels following each Ca2+ transient.
This finding was most obvious in the 3-fold increase in the
length of the first transient, but also was observed as an
ongoing impact on the subsequent transients. However, even
without PMCA1, the cytoplasmic Ca2+ levels returned to
baseline after each transient, indicating that other mechanisms
that support Ca2+ reuptake and efflux are operational in
eggs. These additional mediators likely include SERCA2B,
which supports Ca2+ reuptake into the ER [19], and PMCA3,
which we showed was expressed in mouse oocytes at the
RNA level (Figure 1). Although mitochondrial Ca2+ uptake
occurs during egg activation [35] and, in principle, could
affect cytoplasmic Ca2+ levels, it is not clear that the amount
of Ca2+ that enters the mitochondria significantly impacts
the overall cytoplasmic Ca2+ level in any way other than
its impact on generation of ATP, which is essential for both
SERCA and PMCA function.

Although PMCA1 cKO eggs had more total Ca2+ exposure
at fertilization than controls, cKO females were fertile and
had normal litter sizes. It was previously shown that mouse
eggs can tolerate an overdose of Ca2+ during or after egg
activation [5, 6]. Both freshly ovulated eggs and fertilized
eggs (1C embryos) exposed to high Ca2+ levels in vitro
efficiently activate as indicated by pronuclear formation, blas-
tocyst development, and implantation. However, in contrast to
our in vivo model, fertilized eggs exposed to high Ca2+ in vitro
resulted in lower development to term after embryo transfer
[6]. It is possible that the difference in developmental potential
in these two models is due to a difference in the total Ca2+

exposure. A rough estimation suggests that the Ca2+ overdose
treatment utilized by Ozil et al. [6] (20 electropermeabilization
pulses in 40 min) results in 300% more Ca2+ exposure in the
first hour than controls, which is about four times more Ca2+
than our in vivo model. Because eggs integrate the Ca2+ signal
over time [5], a 4-fold difference in total Ca2+ exposure could
explain the more dramatic phenotype reported. Moreover,
electropermeabilization increases cytoplasmic Ca2+ by allow-
ing extracellular Ca2+ to enter the cell, so spatial information
normally encoded in IP3 receptor-mediated Ca2+ release is
lost in the in vitro model. Besides extracellular Ca2+, other
components of the culture medium such as antibiotics, lactate,
pyruvate or glucose could pass through the temporary pores
into the egg cytosol and contribute to metabolic disrup-
tion. Results of our experiments demonstrate that PMCA1
is important for Ca2+ homeostasis at fertilization and that
eggs can tolerate at least a 65% increase in Ca2+ exposure
at fertilization in vivo with no compromise in developmental
competence necessary to support live birth. It remains unclear
what is the maximum amount of Ca2+ eggs can tolerate at
fertilization in vivo before development to term is affected.

An important finding from our experiments is that excess
Ca2+ at fertilization in vivo appears to impact postnatal
growth and offspring weight. Previous studies reported com-
pelling evidence of a long-term impact of abnormal Ca2+
signaling after fertilization in vitro. By using electroperme-
abilization, Ozil et al. [6] demonstrated that fertilized eggs
exposed to an excess Ca2+ signal have lower body weight than
controls. In contrast, when Ca2+ signals were manipulated
to be subnormal, implantation was impaired but postnatal
growth was unaffected. Although these in vitro studies were
revealing, it is unclear if the outcomes reported resulted from
the combined effects of in vitro manipulation and altered
Ca2+ signaling, or were a consequence of altered Ca2+ signal-
ing alone. We previously demonstrated that subnormal Ca2+
exposure in vivo impacts offspring growth trajectory using a
mouse model in which eggs lacked TRPM7 (transient receptor
potential cation channel subfamily M member 7) and CaV3.2,
two Ca2+ channels responsible for Ca2+ influx at fertiliza-
tion. Lack of these channels in eggs dramatically diminishes
total Ca2+ signal at fertilization and causes subfertility and
alterations in postnatal weight variability [16]. It is likely that
the Ca2+ threshold needed for proper embryo development
is not reached in these eggs, interfering with proper postnatal
growth. Our results expand the understanding of the impor-
tance of Ca2+ homeostasis at fertilization by demonstrating
that not only subnormal Ca2+ exposure in vivo, but also
excess Ca2+ signaling in vivo, impacts postnatal offspring
growth and body composition.

It is possible that factors other than altered Ca2+ in the
egg following fertilization could have influenced offspring
weight. A well-established contributor to offspring weight
is differences in litter size. It is highly unlikely that litter
size could have affected our results because the sizes were
not significantly different, the pup birth weights were not
different, and all litters were standardized to eight pups.
Another potential contributor to the weight differences is
differences in the epigenetic payload of sperm derived from
heterozygous PMCA1 males, which we demonstrated weighed
less than WT males. For example, differences in sperm epi-
genetic marks or differences in small RNAs that enter the
egg with sperm-egg fusion can impact offspring metabolism
[36–38]. Unfortunately, testing this idea is not possible with
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the genetic models we generated. Offspring from matings
of heterozygous females to WT males could be tested for
weight differences; however, the longer first Ca2+ transient
observed in the eggs from these females would make these
results difficult to interpret. Although we cannot rule out
some impact of epigenetic differences in the sperm, we do
not believe that this is the primary reason for the weight
differences observed. The clear experimental differences in
Ca2+ signaling, combined with previous findings regarding
Ca2+ signals influencing growth when Ca2+ was manipulated
in vitro, lead us to conclude that the differences are most likely
due to the altered Ca2+ signaling at fertilization.

The developmental origins of health and disease (DOHaD)
hypothesis proposes that there is a link between in utero expo-
sure to environmental stressors and permanent alterations
observed in offspring physiology [39]. Our data regarding
the long-term impact of abnormal Ca2+ signaling at fertiliza-
tion in vivo support previous evidence that DOHaD can be
“extrapolated back” to the fertilization period [6, 40]. From
this perspective, our findings are particularly relevant for
environmental conditions that affect the egg’s ability to handle
Ca2+. Ca2+ oscillation patterns can be modified in vitro by
changing the ionic composition of culture media, such as in
assisted reproduction [7, 16, 41]. Indeed, a variety of culture
conditions are used by different practitioners of both domestic
animal and human assisted reproduction. Concentrations of
Ca2+ and magnesium, which are critical for proper Ca2+ sig-
naling at fertilization, vary widely among commercially avail-
able culture media [42, 43]. Moreover, ionomycin treatment
is used in some human clinical settings to induce a dramatic
rise in the cytoplasmic Ca2+ level and promote egg activation
after intracytoplasmic sperm injection [44, 45]. Although an
improvement in development to term after ionomycin use is
reported, it remains unclear if this treatment has negative long-
term effects on offspring physiology.

In addition to in vitro manipulation, Ca2+ dynamics could
be altered by mutations in Ca2+ modulators or conditions
affecting mitochondrial function [46]. For example, numerous
mutations in the ATP2B1 sequence have been identified in
humans, including one loss of function and 271 missense
mutations (Genome Aggregation Database browser at gnoma
d.broadinstitute.org). Interestingly, a single nucleotide poly-
morphism in maternal ATP2B1 is associated with higher risk
of preeclampsia and low birth weight [47]. This finding could
be explained by a role for PMCA1 in placental function
[48]; however, a contribution of abnormal Ca2+ signaling
during egg activation to this phenotype cannot be ruled out.
Moreover, Ca2+ oscillations can be altered by obesity and
inflammation through their impact on redox balance and
mitochondrial function [46, 49]. Our results raise awareness
of the importance of appropriate Ca2+ signaling at fertiliza-
tion to ensure proper offspring growth and health.
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