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A B S T R A C T

Prior to maturation, mouse oocytes are arrested at the germinal vesicle (GV) stage during which they experience
constitutive calcium (Ca2+) influx and spontaneous Ca2+ oscillations. The oscillations cease during maturation
but Ca2+ influx continues, as the oocytes’ internal stores attain maximal content at the culmination of ma-
turation, the metaphase II stage. The identity of the channel(s) that underlie this Ca2+ influx has not been
completely determined. GV and matured oocytes are known to express three Ca2+ channels, CaV3.2, TRPV3 and
TRPM7, but females null for each of these channels are fertile and their oocytes display minor modifications in
Ca2+ homeostasis, suggesting a complex regulation of Ca2+ influx. To define the contribution of these channels
at the GV stage, we used different divalent cations, pharmacological inhibitors and genetic models. We found
that the three channels are active at this stage. CaV3.2 and TRPM7 channels contributed the majority of Ca2+

influx, as inhibitors and oocytes from homologous knockout (KO) lines showed severely reduced Ca2+ entry.
Sr2+ influx was promoted by CaV3.2 channels, as Sr2+ oscillations were negligible in CaV3.2-KO oocytes but
robust in control and Trpv3-KO GV oocytes. Mn2+ entry relied on expression of CaV3.2 and TRPM7 channels, but
Ni2+ entry depended on the latter. CaV3.2 and TRPV3 channels combined to fill the Ca2+ stores, although
CaV3.2 was the most impactful. Studies with pharmacological inhibitors effectively blocked the influx of divalent
cations, but displayed off-target effects, and occasionally agonist-like properties. In conclusion, GV oocytes
express channels mediating Ca2+ and other divalent cation influx that are pivotal for fertilization and early
development. These channels may serve as targets for intervention to improve the success of assisted re-
productive technologies.

1. Introduction

A wide range of cellular processes such as gene expression, muscle
contraction, secretion, cell division, fertilization and apoptosis are
regulated by changes in the intracellular concentration of free calcium
([Ca2+]i) [1]. To accomplish this, cells devote significant amounts of
their energy reserves to create and maintain Ca2+ gradients between
the extracellular and intracellular environments as well as between
cellular compartments such that brief changes in [Ca2+]i can have
profound signaling effects [2].

Transient rises in [Ca2+]i as well as Ca2+ influx from the extra-
cellular environment ([Ca2+]o) play important roles in unfertilized and

fertilized oocytes in all animal species from marine invertebrates to
mammals [3–5]. In mammals, [Ca2+]i rises in MII oocytes, henceforth
called eggs, induce exit from the meiotic arrest triggering egg activation
and initiation of embryo development [6]. Prior to this stage, changes
in Ca2+ homeostasis also occur during maturation, including sponta-
neous oscillations at the GV stage, and accumulation of Ca2+ in the
endoplasmic reticulum (ER), the main internal Ca2+ store ([Ca2+]ER)
[7]. The function of these Ca2+ changes prior to fertilization is not well
established, although Ca2+ content in the ER is necessary to support the
protein synthesis required for meiosis progression, and for the initial
[Ca2+]i rises post fertilization [8,9]. Remarkably, even though extra-
cellular Ca2+ underlies both the spontaneous oscillations and the filling
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of [Ca2+]ER stores [10–12], the plasma membrane (PM) channel(s) that
underpin Ca2+ influx at GV stage have remained uncharacterized.

Cells have at their disposal multiple PM channel(s) and transporters
to maintain Ca2+ homeostasis [11,13]. Oocytes and eggs are not an
exception, and divalent cation permeable PM channel(s) were detected
early on in these cells using electrophysiology [14,15]. It was noted that
voltage-dependent Ca2+ currents were present in GV oocytes and in MII
eggs [16,17], and that the presence of this current was associated with
acquisition of meiotic competence [15]. Predictably, CaV3.2 (member
of the T-type Cav sub-group [18]), which are voltage gated Ca2+

channels, were the first channels whose functional expression was de-
monstrated in eggs and zygotes [19,20]. Although readily detectable,
genetic studies found that mice lacking CaV3.2 are fertile and their
oocytes and eggs display only slightly reduced [Ca2+]ER content [21].
Importantly, how CaV3.2 channels affected spontaneous oscillations or
divalent cation plasma membrane fluxes in GV oocytes and during
maturation was not examined.

Given that CaV3.2-KO mice are fertile, other Ca2+ influx mechanism
(s) must be functional in mammalian oocytes and eggs. A proposed
mechanism of Ca2+ influx was the Store Operated Ca2+ Entry (SOCE),
which is composed of STIM1, that acts as the sensor of ER Ca2+ levels,
and ORAI1, which is the PM channel [22,23]. Although STIM1 and
ORAI1 appear to be expressed at the molecular level in mouse oocytes
[10], the functional expression of ORAI1 via electrophysiology has not
been confirmed, and single or combined genetic deletion of Stim1/2 and
Orai1 failed to affect Ca2+ influx in mouse oocytes and/or eggs [24].
The transient receptor potential (TRP) family of channels could also
mediate Ca2+ influx in mouse oocytes and eggs. TRP channels are
grouped into six subfamilies: TRPC, TRPM, TRPV, TRPA, TRPML, and
TRPP (or PKD) [25,26]. These channels are, in general, nonselective,
weakly voltage-dependent, and display widespread expression. We
have previously reported functional expression of TRPV3 and TRPM7 in
mouse oocytes and eggs [27,28], and showed that they are under dis-
tinct regulation during oocyte maturation. For example, TRPV3 ex-
pression was undetectable by electrophysiology at the GV stage, but its
activity increased gradually during maturation and peaked at the MII
stage [27]. It was not examined however if TRPV3 impacts [Ca2+]ER
content in GV oocytes, and whether it mediates entry of other divalent
cations at this stage. Importantly, just like CaV3.2 null mice, Trpv3-KO
mice are fertile [27]. Unlike TRPV3, the functional expression of
TRPM7 is more prominent in GV oocytes than in MII eggs, and its
functional expression experiences a rebound after fertilization in 2-cell
embryos [28]. Whole-animal deletion of Trpm7 is embryonically lethal,
which has prevented the study of its function in gametes of Trpm7-null
mice. However, a recently generated conditional allele showed that
TRPM7 mediates Ca2+ influx in GV oocytes and in eggs post-fertiliza-
tion, although conditional KO (cKO) females displayed normal fertility
[29]. TRPM7 displays permeability to a range of trace metal ions [30]
including Mg2+ and Zn2+. It has been shown that Zn2+ plays a critical
role in oocyte maturation and fertilization [31]. Therefore, it cannot be
ruled out that besides permeating Ca2+, this channel plays a primary
role in permeating other divalent cations in mouse oocytes and eggs
[28].

In this study, we used a combination of techniques including
fluorescence imaging, genetic models and pharmacological agents to
identify the contribution of the three known channels to divalent cation
influx in mouse GV oocytes. We aimed to determine their preference for
specific divalent cations measured by fluorescence, establish their
contributions to [Ca2+]ER content, and test the specificity of commonly
used pharmacological inhibitors. We found that all three channels
CaV3.2, TRPV3, and TRPM7 are active at this stage, although CaV3.2
and TRPM7 are largely responsible for Ca2+ influx. These channels
supply the [Ca2+]ER of GV oocytes, albeit CaV3.2 seems the most im-
portant. Lastly, multiple divalent cations pass through these channels,
but not to the same extent, as determined by the inability of certain
divalent cations to induce intracellular responses in oocytes from KO

models and/or in the presence of inhibitors, some of which displayed
off-target effects and/or agonist-like properties.

2. Materials and methods

2.1. Mouse strains and collection of mouse oocytes

CaV3.2-KO mice were purchased from Jackson Laboratory JAX stock
#013770; Bar Harbor, ME [32]. Trpv3-KO mice with mixed background
of C57BL/6 and 129/SvEvTac, were the generous gift from Dr. Cheng
(University of Michigan, Ann Arbor, MI) [33]. To generate Trpv3-
CaV3.2-KO (double knockout) colony, single KO mice were mated to-
gether. Double heterozygotes males and females mated to achieve
double knockout animals. CD1 females and WT C57BL/6 females were
used as controls.

GV oocytes were collected from ovaries of 6- to 10-week-old female
mice 44–46 h after injection of 5 IU of pregnant mare serum gonado-
tropin (PMSG; Sigma; Saint Louis, MO). Immediately after euthanasia,
MII eggs were collected from the oviducts (CD1 females) 12–14 h after
administration of 5 IU of human chorionic gonadotropin (hCG), which
was administered 46–48 h after PMSG. Cumulus cells were removed
with 0.1 % bovine testes hyaluronidase (Sigma). HEPES–buffered
Tyrode’s lactate solution (TL-HEPES) containing 5% heat-treated fetal
calf serum (FCS; Gibco/ThermoFisher; Waltham, MA) and 100 μM
IBMX was used to collect cumulus intact GV oocytes. Cumulus cells
were removed by repetitive pipetting and denuded oocytes were kept in
Chatot, Ziomek, and Bavister (CZB) media supplemented with 3 mg/ml
bovine serum albumin (BSA) and IBMX and were incubated under
mineral oil at 37 °C in a humidified atmosphere of 5% CO2. All animal
procedures were performed according to research animal protocols
approved by the University of Massachusetts Institutional Animal Care
and Use Committee.

2.2. PCR genotyping

PCR genotyping were performed using ear punch samples to con-
firm Trpv3-KO line, using primers as previously described [33]. Jackson
Laboratory protocol was followed to confirm CaV3.2-KO line [32]. Both
sets of primers were used to confirm Trpv3-CaV3.2-KO line.

2.3. Total RNA extraction and real time PCR

High Pure RNA Isolation Kit (11828665001; Roche Life Sciences)
was used to extract total RNA from GV oocytes (n = 50) and MII eggs (n
= 50) of CD1 females. iScript cDNA Synthesis kit (1708890; Bio Rad)
was used for cDNA synthesis. Taqman qPCR was performed using gene
expression assays to detect the three ion channels in both GV oocytes
and MII eggs using following primers: TRPV3 (Mm00455003_m1),
TRPM7 (Mm00457998_m1), CaV3.2 (Mm00445382_m1)
(ThermoFisher SCIENTIFIC).

2.4. Western blot

Mouse GV oocytes and MII eggs (n = 200 or 400) were collected
from CD1 females as described above. Whole lysates were prepared by
the immediate addition of 2X-Laemmli sample buffer and frozen at
−80 °C until use. Whole tissue lysates were prepared as previously
described by our laboratory (Wu et al., 1998, and He et al., 1997).
Thawed samples were boiled for 3 min, mixed well and loaded onto 5.0-
% SDS-PAGE gels, and the resolved polypeptides were transferred onto
Nitrocellulose membranes (FisherScientific, Cat # 45-004-002) using a
Mini Trans-Blot Cell (Bio-Rad, Hercules, CA). Transfer was done using
transfer buffer (4X) without methanol. The membranes were blocked in
6% nonfat dry milk in PBS– 0.1 % Tween, and incubated overnight at 4
°C with the selected primary antibody; this was followed by multiple
washes and finally for 1 h of incubation with a horseradish
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peroxidase–labeled secondary antibody (BioRad, Cat # 170-6515,
1:2000). Immunoreactivity was detected using chemiluminescence re-
agents (NEN Life Science Products, Boston, MA) and visualized using a
G-box imaging system (Syngene). The primary antibodies were a rabbit
anti-TRPM7 monoclonal (Abcam, Cat # EPR4582, 1:1000 dilution); a
rabbit anti-CaV3.2 polyclonal antibody (Alomone, Cat # ACC-025,
1:500); and an anti-TRPV3 (N15/4) (Neuromab Cat # 75-043). Western
blots were repeated at least two times.

2.5. Imaging procedures and monitoring of divalent cation influx

Ca2+ imaging was performed as previously described by our la-
boratory [34], using a Ca2+ sensitive dye Fura-2-acetoxymethyl ester
(Fura 2-AM, Invitrogen/ThermoFisher). Oocytes were loaded with 1.25
μM Fura-2AM supplemented with 0.02 % Pluronic acid (Invitrogen) for
20 min at room temperature (RT). Oocytes were placed in micro-drops
of TL-HEPES on glass bottom dish (Mat-Tek Corp., Ashland, MA) under
mineral oil. Oocytes were monitored simultaneously using an inverted
microscope (Nikon, Melville, NY) outfitted for fluorescence measure-
ments. Fura 2-AM was excited between 340 and 380 nm wavelengths
using a 75 W Xenon arc lamp and a filter wheel (Ludl Electronic Pro-
ducts Ltd., Hawthorne, NY), and fluorescence was captured every 20 s.
The emitted light above 510 nm was collected by a cooled Photometrics
SenSys CCD camera (Roper Scientific, Tucson, AZ). Nikon Element
software was used to coordinate the filter wheel and data acquisition.
The acquired data were saved and analyzed using Microsoft Excel and
GraphPad Prism Version 5.0 (GraphPad Software, La Jolla, CA). Ca2+

influx and spontaneous Ca2+ oscillations were measured using TL-
HEPES media containing the standard concentration of 2 mM CaCl2. We
also induced Ca2+ influx and oscillations by adding extra Ca2+ to a
final concentration of 5 mM, 10 min after the initiation of Ca2+ mon-
itoring. Assessment of Sr2+ influx and oscillations were carried out in
Ca2+ free TL-HEPES supplemented with 10 mM Sr2+ throughout the
monitoring period. Mn2+ influx studies were performed in TL-HEPES
media containing 2 mM CaCl2, which 100 μM Mn2+ were added 5 min
after the initiation of monitoring. Mn2+ influx was estimated by the
quenching of Fura-2′s fluorescence intensity at the 360 nm wavelength,
which is the isosbestic point. To detect Ni2+ influx, oocytes were loaded
with 0.5 μM Mag-Fura-2AM (Invitrogen) supplemented with 0.02 %
Pluronic acid for 10 min at RT. Monitoring of Ni2+ influx, which caused
a decrease in the intensity of Mag-Fura-2 at both wavelengths was
performed in nominal Divalent Free Media (DFM, nominal Ca2+ and
Mg2+ free TL-HEPES). Mag-Fura-2 was excited as for Fura-2 and
fluorescence captured every 20 s. Ca2+ influx studies following emp-
tying of the stores by thapsigargin (TG) were performed in nominal
Ca2+ free TL-HEPES. Ca2+ was added to a final concentration of 5 mM
at the indicated time point several minutes after the initial Ca2+ rise
caused by TG, had reached baseline values.

2.6. Measurement of Ca2+ store content

GV oocytes were kept in CZB media supplemented with IBMX and
0.01 % polyvinyl alcohol (PVA; Sigma) at 37 °C in a humidified at-
mosphere of 5% CO2 for 1 h in the presence of specific inhibitors. The
specific inhibitors were kept during loading of Fura-2AM and Ca2+

monitoring. Emptying of the stores was performed in nominal Ca2+ free
TL-HEPES following the addition of Ionomycin (IO) (2.5 μM) or thap-
sigargin (10 μM) at the indicated time points. Amplitude and area under
the curve (AUC) of Ca2+ rise was assessed.

2.7. Pharmacological agents

NS8593 (N2538), NiCl2.6H2O (N6136) and MgCl2.6H2O (M2393)
were purchased from Sigma Aldrich. Mibefradil (2198) was from
Tocris. 2-APB (100065), Thapsigargin (586005) and Ionomycin
(407592) were from Calbiochem. Waixenicin A was provided as a

generous gift from Dr. F. David Horgen, Hawaii Pacific University,
Kaneohe, HI. Stock solutions were made following manufacturers’ re-
commendations and kept in -80 °C.

2.8. Slope calculations

The slope of the decline of the fluorescence intensity caused by the
addition of Mn2+ and Ni2+ was used to estimate the influx of these
ions. The rate of quenching (ΔF360 and ΔF380) was measured by
analyzing the slope of the fluorescence decline for 4 min between X1:

the first value after addition of the divalent cation where noticeable
quenching was observed, and X2: the value after 4 min had elapsed from
X1. ΔF360 and ΔF380 was normalized relative to the fluorescence level
at inflection point. This method was chosen as it permitted to compare
the effects of all the inhibitors on the rate of influx of Mn2+ and Ni2+

influx with a single slope. Corresponding values for each oocyte were
collected, averaged and statistically compared.

2.9. Statistical analysis

Values from at least three different experiments were used for
evaluation of statistical significance for each of the comparisons per-
formed. The Prism software (GraphPad Software) was used to perform
the statistical comparisons using Student’s t-test or one-way ANOVA or
Chi Square test, according to the experiment analyzed. All bar graphs
are presented as mean± SEM. Significant differences were considered
at P values< 0.05.

3. Results

3.1. Assessing divalent cation influx in GV oocytes

Mouse GV oocytes display spontaneous oscillations in the presence
of [Ca2+]o or [Sr2+]o [7,35], which suggests the expression of non-
selective cation channel(s) in these cells. This is in agreement with
reports describing functional expression in oocytes and/or eggs of
CaV3.2 and TRPM7 channels, which are all capable of permeating a
variety of divalent cations [21,24,27,29]. However, whether the level
of expression of Cav3.2 and TRPM7 channels change during matura-
tion, and which or if all these channel(s) are responsible for the influx of
divalent cations in GV oocytes is unknown. To gain insight into these
questions, we tested the expression of the channels in GV oocytes and
MII eggs. We first used quantitative reverse transcriptase PCR, and our
results show that the expression of these channels does not change
between these stages (Supp. Fig. 1). Next, we performed western blot-
ting with commercially available antibodies and whole cell lysates
containing between 200–400 oocytes/eggs. A prominent im-
munoreactive band corresponding to TRPM7, approximate MW of 220
kDa (Fig. 1A), was observed in oocyte and eggs, whereas we failed to
detect immunoreactivity for the other two channels in these cells (Supp.
Fig. 2A and data not shown). Remarkably, the TRPM7 levels seemed to
increase during maturation, and its relative MW in MII eggs appeared
higher than in GV oocytes, which suggests that TRPM7 undergoes
phosphorylation during this process. The antibody used to detect
TRMP7, was also reactive against TRPM6. Whereas we detected TRPM6
prominently in three different tissues (Fig. 1B), we did not detect it in
oocytes and/or eggs (Fig. 1A), in agreement with previous reports [28],
although a faint band corresponding to TRPM7 was apparent in the
kidney lane (Fig. 1B). Brain showed immunoreactivity against Cav3.2
(Suppl. Fig. 2B), although immunoreactivity to TRPV3 was difficult to
judge due to many non-specific bands (data not shown); noteworthy,
TRPV3 expression in eggs was previously reported by us using elec-
trophysiology and immunofluorescence [27]. It is worth noting that
CaV3.2 has been functionally tested by Ca2+ imaging and electro-
physiology in MII eggs [21].

Given the higher sensitivity of Ca2+ imaging to detect functional
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expression of channels vs. western blotting, and the need to ascertain
the active channels in GV oocytes, we used this approach to probe the
active channels in oocytes. We monitored the influx of various divalent
cations besides Ca2+ and Sr2+ such as Mn2+ and Ni2+. Mn2+ has been
widely used to test divalent influx in cells and eggs [36,37], whereas
Ni2+, which effectively inhibits voltage-gated Ca2+ channels especially
CaV3.2 [38], efficiently permeates through TRPM7 [30]. We used
fluorometric dyes to monitor the influx of these cations [39]. Our re-
sults show that all the aforementioned divalent cations persistently
enter the ooplasm. The influx of Ca2+ and Sr2+ induced oscillations,
although of different frequencies (Fig. 2A, B), while Mn2+ and Ni2+

caused sustained fluorescence quenching (Fig. 2C, D). In addition,

whereas Ca2+, Sr2+, and Mn2+ gained rapid access into the ooplasm,
Ni2+ required several min (Fig. 2D). These results show that the PM of
GV oocytes is permeable to multiple divalent cations, and suggest that
the level(s) of expression and function of the underlying channels is
closely regulated.

3.2. Several channels contribute to spontaneous and induced Ca2+ influx in
GV oocytes

We next examined which of the aforementioned PM channels un-
derlies the spontaneous [Ca2+]i oscillations in GV oocytes. For this we
first used oocytes from mice null for specific channels. We tested
[Ca2+]i oscillations in oocytes from CaV3.2, Trpv3 and Trpv3-CaV3.2
null mice (see Materials and Methods). We found that Trpv3-KO oocytes
showed spontaneous oscillations similar to those of WT and CD1 oo-
cytes, whereas fewer oocytes from CaV3.2 and Trpv3-CaV3.2-KO mice
exhibited oscillations, which also were of much shorter duration
(Fig. 3A). These results suggest that expression of CaV3.2 channels is
necessary to support the spontaneous Ca2+ oscillations in GV oocytes
(Fig. 3D; P<0.5).

Ca2+ influx can be abruptly induced in GV oocytes, and we there-
fore examined if this type of influx was mediated by the same channel
(s). To accomplish this we used two well established methods [40]:
first, we raised [Ca2+]o from 2 mM to 5 mM, and second, after emp-
tying the stores with TG, we raised [Ca2+]o from 0 mM to 5 mM.
Baseline [Ca2+]i levels were monitored prior to increasing [Ca2+]o, and
monitoring continued after the addition of Ca2+. We found that raising
[Ca2+]o stimulated Ca2+ influx in oocytes of all strains (Fig. 3B, E),
although with slightly greater initial rise (amplitude) and persistence in
WT, Trpv3, and Trpv3-CaV3.2-KO oocytes than in oocytes of CaV3.2-KO
mice. Significant differences were detected when applying the TG
protocol (Fig. 3C); we observed a time delay to the first [Ca2+]i rise in
both CaV3.2- and Trpv3-CaV3.2-KO oocytes (Fig. 3F; P< 0.05), and in
CaV3.2-KO oocytes [Ca2+]i levels quickly returned to the original
baseline values, which was not the case for oocytes of the other strains
that continued to oscillate above the baseline. These results suggest that
CaV3.2 channels play an important role in the influx of Ca2+ in GV
oocytes, although other channels, especially following abrupt increases,
are also involved in Ca2+ entry in these cells. How CaV3.2 channels
participate in this influx is unknown, but it is possible that they mediate
an initial influx of Ca2+ that causes changes in membrane potential

Fig. 1. TRPM7 protein is expressed in mouse GV oocytes and MII eggs.
Immunoreactivity of TRPM7 was detected using an anti-TRPM7 + TRPM6
antibody. (A) The immunoreactive band in oocytes and eggs is likely TRPM7
given the ∼MW of 220 kDa, and because its functional expression was con-
firmed by electrophysiology [28]. (B) In all tissues tested here, TRPM6 ex-
pression (∼MW 240 kDa) appears to be clearly predominant over TRPM7. Red
arrows indicate the expected locations of TRPM7 (dark red) and TRPM6 (light
red). Representative blots are shown.

Fig. 2. Divalent cations permeate the plasma membrane
of GV oocytes. Divalent cation influx was examined in GV
oocytes. (A) Representative traces of Ca2+ oscillations caused
by enhanced influx after increasing [Ca2+]o from 2 mM to 5
mM. (B) Sr2+ induced oscillations. (C) Fluorescence
quenching at F360 following Mn2+ addition (100 μM). (D)
Fluorescence quenching at F380 following Ni2+ addition (500
μM) in oocytes loaded with Mag-Fura-2AM in DFM media.
Horizontal bars above each panel show the time during which
divalent cations were added to the media. All experiments
were replicated 4 times. In all panels in this figure and
throughout the manuscript, representative traces are shown;
darker traces represent the most common response; n: total
number of oocytes examined.
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and/or activate nearby channels triggering the opening of these Ca2+

channels that are ultimately responsible for the large influx, but these
possibilities remain to be established.

To identify the channel(s) capable of mediating the remaining influx
associated with abrupt Ca2+ increases, we made use of pharmacological
inhibitors (see Suppl. Table 1 for summary of inhibitors and suggested
specificity). We first examined the effects of common CaV3.2 channel
inhibitors such as Mibefradil (1μM) and Ni2+ (100μM) [41]. These
inhibitors failed to prevent the initiation of oscillations following

addition of extra [Ca2+]o, confirming that Ca2+ can permeate through
other channel(s) (Fig. 4A, B). It is worth noting that whereas mibefradil
eventually terminated the oscillations, Ni2+ had negligible effect and it
might have slightly prolonged the responses. We next examined the
participation of TRPM7 channels, as we have previously shown that its
inhibition abrogated Ca2+ influx in GV oocytes [28]. We first used two
general inhibitors: 2-APB (50 μM) and MgCl2 (10 mM). These inhibitors
prevented oscillations, although MgCl2 was more effective (Fig. 4C). We
then examined more specific inhibitors of TRPM7, and showed that

Fig. 3. Ca2+ influx in GV oocytes is
mediated by multiple channels.
Presence of spontaneous oscillations
and Ca2+ influx examined in WT oo-
cytes and oocytes lacking TRPV3,
CaV3.2 & V3-CaV3.2 channels. (A-four
upper panels) Spontaneous Ca2+ oscil-
lations in WT and KO oocytes in media
containing basal Ca2+ levels (2 mM).
Fewer oocytes of the CaV3.2 and V3-
CaV3.2 KO lines display oscillations,
which are also of decreased frequency
(D) (P< 0.05). (B-four medium pa-
nels) Ca2+ influx triggered by in-
creasing [Ca2+]o from 2 mM to 5 mM
induces oscillations in all WT and KO
lines, which appear of equal initial
frequency (E). (C-four lower panels)
After addition of TG (10 μM), Ca2+

influx resulted in reduced responses in
CaV3.2 and V3-CaV3.2 KO oocytes,
especially in the interval from
Ca2+addition to the 1st Ca2+ peak
(P< 0.05) (F). Filled horizontal bars
above each panel show the time of ad-
dition of Ca2+ (black) or TG (grey) to
the media. All experiments were 4 re-
plicated for times. Asterisk(s) above
columns in bar graphs denote sig-
nificant differences from other condi-
tions here and throughout the manu-
script.

Fig. 4. Pharmacological inhibitors disrupt Ca2+ influx/
oscillations in GV oocytes. Ca2+ influx in GV oocytes was
tested by increasing [Ca2+]o from 2- to 5 mM (white/black
horizontal bars above each panel) in the presence of phar-
macological inhibitors (dashed bars). Increasing [Ca2+]o in
(A) control, untreated oocytes, or oocytes treated with (B)
CaV3.2 inhibitors: MBF (1 μM) or Ni2+ (100 μM) induced
oscillations in the majority of oocytes. Conversely, Increasing
[Ca2+]o in the presence of the (C) general TRP channel in-
hibitors 2-APB (50 μM) or MgCl2 (10 mM), or (D) in the
presence of the TRPM7 inhibitors NS8593 (10 μM) or waix-
enicin-A (5 μM) failed to induce oscillations (P<0.05). All
experiments were performed in 4 replicates.
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NS8593 (10 μM) had a strong inhibitory effect (Fig. 4D), which is
consistent with our previous results [28]. We also used waixenicin-A
(WA, 5 μM), which purportedly has the highest specificity against
TRPM7 [42,43]; WA also effectively suppressed Ca2+ influx and os-
cillations (Fig. 4D). We repeated these studies using the TG approach
(Suppl. Fig. 3). Our results were mostly consistent with the previous
data in that CaV3.2 inhibitors were ineffective at reducing the initial
Ca2+ influx, and 2-APB (100 μM) and MgCl2 (10 mM) were very potent
inhibitors, especially the latter. Of the TRPM7 inhibitors, NS8593 (10
μM) successfully inhibited the responses, but WA was not effective,
although due to cell toxicity we only used low concentrations of it (5
μM). Altogether, the data suggest that besides CaV3.2, TRPM7 is an
important contributor to Ca2+ influx in GV oocytes. We further con-
firmed this by demonstrating that Ca2+ influx in TRPV3-CaV3.2-KO
oocytes is abrogated by treatment with the TRPM7 inhibitor NS8593
(10 μM) (Suppl. Fig. 4). These results are consistent with a recent report
showing greatly reduced TG-induced Ca2+ influx in Trpm7-cKO GV
oocytes [29,44,45].

3.3. Sr2+ induced oscillations in GV oocytes are greatly diminished in the
absence of CaV3.2 channels

[Sr2+]o was shown to generate action potentials in mouse MII eggs
[17], and later studies showed that it is capable of inducing sponta-
neous oscillations in GV oocytes and MII eggs [12,46]. These oscilla-
tions likely represent, at least initially, intracellular changes in the
concentrations of both Ca2+ and Sr2+, although they are induced by
the influx of Sr2+ from the extracellular media, which for these ex-
periments is nominally Ca2+ free. However, the channel(s) responsible
for mediating Sr2+ influx were unknown until recently when we
showed TRPV3 mediates Sr2+ influx in MII eggs [27]. This study also
reported that the functional expression of TRPV3 was low in GV oo-
cytes, raising doubts whether it could mediate Sr2+ influx at this stage.
We examined this question using Trpv3-KO GV oocytes, which showed
robust Sr2+ oscillations, as we reported previously [28], although of
lower frequency than WT oocytes (Fig. 5A, B, F; P< 0.05). Conversely,
Sr2+ oscillations were severely curtailed in CaV3.2-KO, and almost
absent in Trpv3-CaV3.2-KO oocytes suggesting that CaV3.2 channels
play a pivotal role in mediating Sr2+ influx in GV oocytes (Fig. 5C-F;
P<0.05). Nevertheless, the fact that a few oscillations were still

detectable in Trpv3-CaV3.2-KO oocytes suggests the presence of an ad-
ditional channel(s).

To identify other channel(s) mediating Sr2+ influx in WT GV oo-
cytes, we used the same series of pharmacological inhibitors. Consistent
with genetic studies, the CaV3.2 inhibitors, mibefradil (1 μM) and Ni2+

(100 μM), immediately terminated Sr2+ oscillations in all treated oo-
cytes (Fig. 6A-B). Among the broad-range inhibitors, MgCl2 (10 mM)
also immediately stopped the oscillations, although the non-specific
inhibitor 2-APB (50 μM) only protractedly attenuated the oscillations
(Fig. 6C). Remarkably, higher concentrations of 2-APB caused a large
Sr2+ influx (100 μM, Suppl Fig. 5A-C), which is consistent with its role
as an agonist of TRPV3 channels [47]; it also demonstrated for the first
time functional expression, albeit incipient, of TRPV3 channels in GV
oocytes. The inhibitors of TRPM7 channels showed dissimilar effects, as
whereas addition of NS8593 (10 μM) terminated the oscillations after a
short delay, WA (5 μM), the most specific TRPM7 inhibitor, was almost
without effect (Fig. 6D). It is worth noting that we did not use inhibitors
against TRPV3 channel in this study or throughout the manuscript, as
none of the inhibitors tested blocked Sr2+ oscillations in MII eggs (data
not shown). Collectively, our results show that CaV3.2 and to a lesser
extent TRPV3 channels, contribute to Sr2+ influx in GV oocytes. The
delayed inhibition of Sr2+ influx caused by NS8593, suggests this
compound displays some off-target effects even when used at the re-
commended concentrations.

3.4. Mn2+ influx causes persistent quenching of Fura-2AM fluorescence

Mn2+ has long been used to study general pathways of divalent ion
influx in cells, as its entry causes marked quenching of Fura-2 fluores-
cence that is easily detectable [48]. Mn2+ influx has been observed in
both unfertilized and fertilized eggs [36], although the channel(s) that
mediate(s) this influx remain(s) unknown. To address this question, we
combined analysis of genetic KO models with results from pharmaco-
logical inhibitors. The addition of Mn2+ caused the expected quenching
of Fura-2 fluorescence intensity in all oocytes, although the rate of
decrease of the slope, assessed by percent of change in fluorescence,
was reduced in CaV3.2-KO oocytes compared to WT, Trpv3-KO and
Trpv3-CaV3.2-KO oocytes (Fig. 7A-D), suggesting that CaV3.2 channels
are involved in Mn2+ influx at this stage. Remarkably, not only the rate
of Mn2+ influx was increased in Trpv3-CaV3.2-KO oocytes, but also the

Fig. 5. Sr2+-induced oscillations are diminished in
CaV3.2- and V3-CaV3.2-KO oocytes. Sr2+ induced
oscillations were tested in WT and in oocytes lacking
TRPV3, or CaV3.2 or V3-CaV3.2 channels. Experiments
were performed in nominal Ca2+-free media con-
taining 10 mM Sr2+. (A) Sr2+ induced the expected
oscillations in WT oocytes, and largely similar re-
sponses in (B) TRPV3-KO oocytes. Sr2+ induced os-
cillations were reduced in (C) CaV3.2-KO and in (D)
V3-CaV3.2-KO oocytes both in the (E) number of cells
showing oscillations, and in the (F) number of rises
during the first 1 h of imaging (P<0.05). Horizontal
bars above each panel denote the time during which
Sr2+ was present in the media. All experiments were
performed in 3-4 replicates.
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time from addition to inflection was significantly shortened (Fig. 7E-F),
suggesting that in these oocytes the expression of other channel(s)
contributing to Mn2+ influx might be enhanced.

Further studies using mibefradil (1 μM) and Ni2+ (100 μM) con-
firmed the role of CaV3.2 channels, as they delayed and reduced the
rate of fluorescence quenching compared to that of controls (Fig. 8A-B).
2-APB (50 μM) and MgCl2 (10 mM) provided maximal inhibition, as
they nearly eliminated influx, especially MgCl2 (Fig. 8C), whereas
TRPM7 inhibitors, delayed and reduced Mn2+ influx but did not abolish
it (Fig. 8D). Altogether, these results suggest that Mn2+ influx in GV
oocytes occurs through several channels mostly CaV3.2 [49] and
TRPM7 [50], although their individual contributions still needs to be
parsed out (Fig. 8E & F). The role of these channels was confirmed using
NS8593 (10 μM) in TRPV3-CaV3.2-KO oocytes, which abrogated Mn2+

influx (Suppl. Fig. 6).

3.5. Ni2+ influx causes protracted and persistent quenching of Mag-Fura-
2AM fluorescence

Ni2+ selectively blocks T-type channels [51] but is known to
permeate other channels [30]. Ni2+ influx can be followed by the
quenching it produces on the fluorescence of Fura-2 and Mag-Fura-2
[37,39,52]. We selected Mag-Fura-2 because is much less sensitive to
the [Ca2+]i increases induced by a variety of methods used in cells
(Suppl. Fig. 7). Addition of Ni2+ caused a marked and comparable re-
duction in Mag-Fura-2 intensity in WT, Trpv3-KO and CaV3.2-KO oo-
cytes suggesting that these channels are unlikely to participate in its
influx (Fig. 9A-C). However, Ni2+ induced quenching was significantly
increased in Trpv3-CaV3.2-KO oocytes (Fig. 9D-E), which is also re-
flected by the shortened time to inflection, implying that the re-
sponsible channel(s) permeating Ni2+ is still present in these KO

Fig. 6. CaV3.2 channels inhibitors rapidly terminate Sr2+

induced oscillations. Experiments were performed in nom-
inal Ca2+-free media containing 10 mM Sr2+ (black bar) and
pharmacological inhibitors (dashed horizontal bars) were
added 25 min following initiation of imaging. (A) Control,
untreated oocytes showed normal oscillations, which were
immediately terminated (B) by the addition of the CaV3.2
inhibitors MBF (1 μM) and Ni2+ (100 μM). (C) The general
TRP channels inhibitors 2-APB (50 μM) & MgCl2 (5 mM) and
(D) the TRPM7 inhibitor NS8593 (10 μM) also terminated
oscillations but more protractedly especially by the latter;
waixenicin-A (5 μM) was without effect. All experiments were
replicated 4 times.

Fig. 7. Multiple channels enable Mn2+ entry.Mn2+

influx was tested in WT and in oocytes lacking TRPV3,
or CaV3.2 or V3-CaV3.2 channels. Experiments were
performed in media containing 2 mM Ca2+. (A) Mn2+

influx in WT oocytes, (B) TRPV3-KO oocytes, (C)
CaV3.2-KO oocytes, (D) V3-CaV3.2-KO oocytes. (E)
Fluorescence quenching assessed by the rate of F360
nm fluorescence decrease per minute relative to
baseline fluorescence (P<0.05). (F) Time to inflec-
tion measured from the time of Mn2+ addition (5 min)
to the time of first significant change in fluorescence
values, which shortened in V3-CaV3.2-KO oocytes
(P< 0.05). Black horizontal bars denote addition of
100 μM Mn2+. Experiments were replicated 4 times.
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oocytes (Fig. 9F). Our pharmacological studies showed that mibefradil
(1 μM) had no effect on blocking Ni2+ influx (Fig. 10A, B) and that
whereas both general inhibitors of TRP channels markedly reduced

Ni2+ influx, MgCl2 (10 mM) outperformed 2-APB (100 μM) (Fig. 10C).
TRPM7 inhibitors abrogated Ni2+ influx, with NS8593 (10 μM) being
the most potent of all inhibitors tested (Fig. 10D). Altogether, our

Fig. 8. Inhibitors of CaV3.2 & TRPM7 channels suppress
Mn2+ influx. Mn2+ influx monitored using traces depicting
quenching of F360 nm fluorescence. Experiments were per-
formed in media containing 2 mM Ca2+ in the absence/pre-
sence of specific pharmacological inhibitors (dashed bars)
after addition of Mn2+ (black bars): (A) control untreated
oocytes, (B) oocytes treated with the CaV3.2 inhibitors MBF (1
μM) or Ni2+ (100 μM), (C) or with the general TRP inhibitors
2-APB (50 μM) and MgCl2 (10 mM), or (D) with the TRPM7
inhibitors NS8593 (10 μM) or waixenicin-A (1 μM). (E) Rate of
fluorescence quenching per minute at F360 nm relative to
baseline fluorescence was reduced by all inhibitors examined
(P< 0.05), and (F) time to inflection measured from the time
of addition (5 min) to the time fluorescence quenching begins
was prolonged by all inhibitors examined(P<0.05).
Experiments were replicated 3 times.

Fig. 9. Enhanced Ni2+ influx in V3-CaV3.2-KO oo-
cytes. Ni2+ influx was tested in WT and oocytes
lacking TRPV3, CaV3.2 or V3-CaV3.2 channels.
Experiments were performed using Mag-Fura-2AM
loaded oocytes in divalent free medium (DFM). Ni2+

influx in (A) WT oocytes, (B) TRPV3-KO oocytes, (C)
CaV3.2-KO oocytes, (D) V3-CaV3.2-KO oocytes. (E)
Fluorescence quenching at F380 assessed by the rate of
fluorescence decrease per minute relative to baseline
fluorescence (*P< 0.05). (F) Time to inflection mea-
sured from the time of addition (5 min) to the time
fluorescence quenching begins (*P< 0.05). Black bars
show the time at which Ni2+ was added. Experiments
were replicated three times.
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results show that TRPM7 is likely to serve as the major pathway for
Ni2+ influx in GV oocytes (Fig. 10E & F).

3.6. Different contribution of Ca2+ channels to the Ca2+ store content of
GV oocytes

We next examined how the previously identified divalent cation
permeable channels affect the intracellular Ca2+ content of GV oocytes.
We used TG to evaluate the ER content in the null mouse lines described
above. A significant reduction in the amplitude of the response was only
observed in CaV3.2-KO oocytes (Fig. 11A & C), whereas the AUC
measurements were not different for any of the groups (P> 0.05; data
not shown). Similar results were obtained by Bernhardt et al., 2015
[21]. To measure total store content, we used IO in a similar cohort of
oocytes. We found that the amplitude of the response was reduced in
oocytes of all lines, but significantly in Trpv3- and Trpv3-CaV3.2-KO
oocytes (Fig. 11B & D; P< 0.05), whereas the AUC response was re-
duced in all KO oocytes (Fig. 11E; P< 0.05).

We extended the above studies by incubating GV oocytes with the
aforementioned inhibitors for 1 h, after which TG or IO was added and
Ca2+ responses were monitored. The CaV3.2 inhibitors, mibefradil (1
μM) and Ni2+ (100 μM) significantly reduced the response to TG, and
similar effects were observed in the presence of the general inhibitors 2-
APB (100 μM) and MgCl2 (10 mM) (Fig. 12A, B). The TRPM7 inhibitors
were less effective (Fig. 12C). The responses to IO displayed a similar
trend, with CaV3.2 inhibitors and general inhibitors providing the
strongest inhibition, whereas the other inhibitors only displayed mar-
ginal effects, although NS8593 (10 μM) still reduced the amplitude of
the response (Fig. 12, D–F). Altogether, these results reveal that under
steady-state conditions, CaV3.2 channels are mostly responsible for the

Ca2+ store content of GV oocytes, but contributions by TRPV3 and
TRPM7 channels are also evident.

4. Discussion

In this study we examined the presence and function of channels
that mediate divalent cation influx in mouse GV oocytes. We found that
the three channels whose expression has been identified by electro-
physiology in mouse oocytes and/or eggs are active at the GV stage.
However, we observed that they respond distinctively to divalent cation
exposure. We found for example that Ca2+ and Mn2+ influx is mostly
dependent on CaV3.2 and TRPM7 channels, whereas Sr2+ induced os-
cillations largely rely on CaV3.2 expression and much less on TRPV3,
and TRPM7 appears to mediate the totality of Ni2+ influx. Under
steady-state conditions, CaV3.2 channels are primarily responsible for
maintaining Ca2+ store content, although TRPM7 is able to mediate
acute, induced Ca2+ influx demands. Lastly, as reported in other sys-
tems, broadly used inhibitors such as 2-APB and Ni2+ showed dual
properties, as they effectively inhibited the influx of certain cations/
channel(s), while simultaneously working as agonists for other chan-
nels; other inhibitors showed more uniform and specific effects.
Identification of the channels responsible for Ca2+ and divalent cation
homeostasis in GV oocytes and their molecular regulation during oo-
cyte maturation could be used to improve fertility and also to prevent
conception.

4.1. Non-selective channels mediate divalent cation influx in GV oocytes

The changes in Ca2+ homeostasis that occur in GV oocytes and the
mechanisms that underpin them are less characterized than those in MII

Fig. 10. TRPM7 channel inhibitors block Ni2+ influx.
Inhibition of Ni2+ influx (black bars) was examined in the
absence/presence of pharmacological inhibitors (dashed bars)
and assessed by the rate of fluorescence quenching per minute
at F380 relative to baseline fluorescence. Experiments were
performed using Mag-Fura-2AM loaded oocytes in divalent
free medium. (A) Control, untreated group, (B) CaV3.2 in-
hibitor MBF (1 μM), (C) general inhibitors of TRP channels 2-
APB (100 μM) or MgCl2 (10 mM), (D) TRPM7 inhibitors
NS8593 (10 μM) or waixenicin-A (5 μM). (E) Maximal in-
hibition of fluorescence quenching of Mag-Fura by general
TRP inhibitors, and more specifically by the TRPM7 inhibitor
NS8593 (P< 0.05). (F) Time to inflection measured from the
time of addition (5 min) to the time of fluorescence quenching
begins, was also maximally inhibited by TRP inhibitors and
more specifically by NS8593 (P<0.05). Experiments were
replicated 3 times.
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eggs. Not that they are less significant, as they contribute to maintain
the mitochondrial function of these cells [53] as well as to increase the
ER Ca2+ content during maturation [54]. Therefore, it is not surprising
that several channels sustain Ca2+ influx at the GV stage. One of these
channels is CaV3.2, which was recently suggested to be the sole func-
tional T-type channel in mouse eggs [21]. Here, we found that oocytes
from CaV3.2 null mice failed to show the spontaneous oscillations that
are stereotypical of this stage, a finding that was also replicated using
specific inhibitors. Surprisingly, Ca2+ influx induced by increasing
[Ca2+]o or by re-addition of [Ca2+]o after TG was only somewhat af-
fected by the absence of CaV3.2 channels, and specific pharmacological
inhibitors also caused modest inhibition of this influx. These results
suggest that the expression of CaV3.2 channels mainly contributes to
Ca2+ influx under basal, steady conditions whereas other channels, two
of which are examined here, are capable of mediating Ca2+ influx when
greater or acute demands of Ca2+ arise; these channels may maintain
Ca2+ homeostasis in oocytes null for CaV3.2.

Consistent with the above results and with findings from the lit-
erature using heterologous expression and electrophysiology, CaV3.2
channels showed permeability to several divalent cations in the fol-
lowing order: Mn2+>Ca2+> Sr2+. Therefore, it is not surprising that
CaV3.2 channels appear indispensable for Sr2+ influx at the GV stage,
which may be due in part to its higher permeability ratio for Sr2+ in
relation to other cations [49]. It is intriguing nevertheless that despite
the presence of CaV3.2 channels in mouse MII eggs [19,20,55], Sr2+

influx in these cells requires the expression of TRPV3 channels [27].
The difference between the GV and MII stages could be attributed to
several factors such as higher expression of TRPV3 channels in MII eggs
compared to CaV3.2, or an increase in the open probability of TRPV3 at
the MII stage in relation to CaV3.2, or higher unitary conductance of
TRPV3 channels for Sr2+ than CaV3.2 channels. These results raise the
question of what regulates the expression and function of CaV3.2

channels in GV oocytes and throughout maturation. Whether or not
these channels experience rearrangements in the channel pore that
reshape the selectivity filter, as it is proposed to occur for certain
channels [56], or are partly internalized [57], and/or differentially
affect the function of neighboring channels or proteins during oocyte
maturation will require additional investigation.

Another channel expressed in mouse oocytes and eggs is TRPV3
[27]. Remarkably, electrophysiological recordings and Ca2+ imaging
studies in the presence of extracellular Ca2+ failed to detect functional
expression of TRPV3 channels in GV oocytes [27]. Nevertheless, here
using Sr2+, 100 μM 2-APB and genetic models, we found that TRPV3
channels are functionally expressed in GV oocytes, although they are
not the main mediators of Sr2+ influx at this stage, consistent with
previous findings. The difference between our previous report and the
present, is that the functional expression of TRPV3 in GV oocytes was
tested by patch-clamping and imaging in the presence of Ca2+ but not
of Sr2+ [27], which probably has a higher permeability ratio than
Ca2+. Further, in the present study, we estimated Sr2+ influx by
monitoring Sr2+-induced intracellular oscillations. These oscillations
not only depend on the influx of Sr2+ across the membrane, but also
rely on the modifications of IP3R1 by Ca2+ or Sr2+. Importantly, given
that at the MII stage the sole mediator of Sr2+ influx and oscillations is
TRPV3, and that its PM functional expression experiences a steady in-
crease during maturation, future studies should examine the me-
chanism(s) regulating these changes.

We recently reported functional expression of a third channel in
mouse oocytes and eggs, TRPM7 [28]. In that study we did not examine
its role on Ca2+ influx or its impact on the content of the internal Ca2+

stores. This function however was addressed using a TRPM7 cKO line
[29], which showed that cKO GV oocytes had comparable intracellular
Ca2+ content to those of control eggs suggesting that TRPM7 channels
are not responsible for the basal, steady Ca2+ influx. Remarkably,

Fig. 11. The absence of TRPV3- and
V3-CaV3.2 channels reduces internal
Ca2+ stores. Ca2+ release from ER and
total stores was measured using TG (10
μM) and IO (2.5 μM) in WT and in oo-
cytes lacking TRPV3, CaV3.2, or V3-
CaV3.2 channels. Experiments were
performed in nominal Ca2+-free
medium. (A) TG responses in WT,
TRPV3-, CaV3.2- and V3-CaV3.2-KO
oocytes. (B) Ionomycin responses in
WT, TRPV3-, CaV3.2- and V3-CaV3.2-
KO oocytes. (C) Peak amplitude of TG-
induced Ca2+ release was reduced in
CaV3.2 (P< 0.05). (D) Peak amplitude
of ionomycin-induced Ca2+ release
was reduced V3-CaV3.2 (P<0.05),
whereas (E) AUC response induced by
IO was reduced in all KO lines
(P< 0.05). Open bars indicate nominal
Ca2+ free media; filled gray bars show
the time at which TG/IO was added.
Experiments were replicated 3 times.
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TRPM7 cKO oocytes showed greatly reduced influx following addition
of extra Ca2+ or re-addition of [Ca2+]o after TG, which is indicative of
the so-called SOCE mechanism [29]. Our findings with pharmacological
inhibitors are consistent with these results, as the broad inhibitors,
MgCl2 and 2-APB, and also the TRPM7 inhibitors, NS8593 and WA,
drastically reduced Ca2+ influx stimulated by TG exposure. It is worth
noting that SOCE influx is usually mediated by the combined actions of
Stim1 and Orai1 [58]. However, studies using GV oocytes from Orai1-
KO or Stim1/2-cKO mice failed to show alterations of Ca2+ influx or
spontaneous oscillations [24], which suggests that canonical SOCE
might not play a significant role in mouse GV oocytes. Instead, TRPM7,
which has been shown to modulate SOCE in lymphocytes [44,45],
might be responsible for modulating acute Ca2+ influx and/or demands
in GV oocytes. Future studies should ascertain the precise mechanism(s)
of action whereby TRPM7 modulates this type of Ca2+ influx in GV
oocytes as well as the influx of Ca2+ and other divalent cations during
later stages of maturation, fertilization and early embryonic develop-
ment. It is noteworthy that our western blotting results reveal possible
phosphorylation of TRPM7 channels in mouse oocytes and eggs. It is
well known that TRPM7 is phosphorylated in mammalian cells and it
also undergoes autophosphorylation [59]. The effects of phosphoryla-
tion on TRPM7 are varied, and have been shown to alter the channel
function as well as the stability and distribution of TRPM7 [60,61].
Future studies should examine the site(s) that are possibly modified in
mouse oocytes and eggs and their impact on TRPM7 function(s).

The apparent minor role of TRPM7 in supporting basal Ca2+ influx

in our study was also evidenced by the near absence of spontaneous
Ca2+ oscillations in oocytes from Trpv3-CaV3.2-KO mice, where TRPM7
should feature prominently. Similarly, TRPM7 did not appear to sup-
port steady Sr2+influx in GV oocytes, as Trpv3-CaV3.2-KO oocytes dis-
play greatly reduced oscillations in its presence. The TRPM7-like
channel nevertheless mediated Mn2+ influx, and it appears to be the
sole mediator of Ni2+ influx, which is consistent with its known per-
meability ratio to Ca2+ from electrophysiological studies in somatic
cells [30]. Consistent with this, the influx of Mn2+ and Ni2+ was only
somewhat decreased in oocytes of single channel KO lines, and it was
enhanced in Trpv3-CaV3.2-KO oocytes. Lastly, Mn2+ and Ni2+ influx
were abrogated by NS8593 and greatly diminished by WA – the more
specific of the TRPM7 inhibitors [43]. Our results therefore suggest that
although TRPM7 channels do not contribute to steady-state Ca2+ influx
in GV oocytes, at least under our conditions that contained [Mg2+]o,
they may play an important role when abrupt Ca2+ demands arise.
TRPM7 channels might also mediate the influx of other divalent cations
such as Zn2+, Co2+ and Mg2+, which are all important enzyme-co-
factors [62], and in the case of Zn2+ is also important for post-im-
plantation embryo development [63]. Future studies should determine
whether the early embryonic lethality associated with the loss of
TRPM7 is due to reduced Ca2+ influx or reflects a combined deficiency
in the influx of one or more of the aforementioned divalent cations.
Indeed, genetic ablation of the channel function of TRPM7 in the in-
testine impacts the homeostasis of Zn2+, Mg2+, and Ca2+ at the or-
ganismal level leading to deficiencies that are incompatible with post-

Fig. 12. Internal Ca2+ stores are re-
duced in the presence of CaV3.2 and
general TRP channels inhibitors.
Oocytes were incubated with pharma-
cological inhibitors for 1 h after which
internal Ca2+ store content was tested
following addition of TG and IO-in-
duced. Peak amplitude of intracellular
Ca2+ release was graphed and quanti-
fied. (A and D) the CaV3.2 inhibitors
MBF (1 μM) and Ni2+ (100 μM) re-
duced responses to both treatments
(P< 0.05), and similar effects were
observed after the addition of (B and
E) the TRP channels general inhibitors
2-APB (100 μM) and MgCl2 (5 mM)
(P< 0.05). (C & F) The TRPM7 in-
hibitors NS8593 (10 μM) & waixenicin-
A (1 μM) were without effect
(P> 0.05) regarding TG responses,
while NS8593 affected the amplitude of
the IO response (P> 0.05). Dashed
bars indicate the presence of pharma-
cological inhibitors; black and white
bars indicate the presence/absence of
Ca2+; gray bars show the time at which
IO/TG was added.
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natal survival [64].

4.2. Ca2+ influx and store content in GV oocytes

The increase in the content of the internal Ca2+ stores throughout
oocyte maturation is a well-documented phenomenon [2,8,65]. In GV
oocytes, the internal Ca2+ stores contain low Ca2+, and the content
remains low even if oocytes are arrested at this stage for prolonged
periods of time, which is all the most remarkable because it happens
despite persistent Ca2+ influx [10]. Importantly, GV oocytes contain
some Ca2+ in the stores and if one of the channels under consideration
here, or if other undiscovered channel(s) contribute to their filling is
not presently known. Recent studies used genetic models to address this
question. Unexpectedly, it was found that oocytes lacking the molecular
components of SOCE showed unaltered store content [24], and the
same conclusion was drawn from studies using TRPM7 cKO oocytes
[29]. Conversely, the Ca2+ store of oocytes lacking CaV3.2 was un-
evenly affected, although the TG- sensitive stores were reduced, the
total Ca2+ store content as assessed by IO was unaffected [21]. In the
present study, we found that absence of CaV3.2 channels diminished
both the TG-sensitive stores and the total stores, whereas the absence of
Trpv3-KO channels reduced the total store content. Consistent with
these results, simultaneous deletion of CaV3.2 and Trpv3 synergistically
diminished total store content, findings that were largely replicated by
the addition of pharmacological inhibitors. Of these, the general and
CaV3.2 channel-specific inhibitors maximally reduced Ca2+ store con-
tent, whereas TRPM7 inhibitors had lesser impact, findings that are
consistent with a published genetic study [29]. In those studies, si-
multaneous deletion of CaV3.2 and TRPM7 channels synergistically
reduced TG-sensitive stores in MII eggs and the number of pups per
litter [29]. Together, our studies show that despite functional expres-
sion of at least three divalent cation permeable channels on the PM of
GV oocytes, these channels contribute distinctly to the filling of the
internal stores. Future studies should examine why and how this is
determined, and whether the distribution of these channels on the PM
and/or their relationship to the ER organization impacts the contribu-
tion to the filling of the stores at the GV stage and during maturation.

4.3. Ca2+ channel inhibitors in GV oocytes

Although inhibitors of PM channels have been used for decades to
identify Ca2+ channels and their functions in neurons and other so-
matic cells [37], the use of these blockers in mammalian oocytes and
eggs has been limited. Here we employ a combination of inhibitors to
identify the expression and contribution of PM channels to the Ca2+

homeostasis of GV oocytes. Further, because we contrasted their ef-
fectiveness with cation influx in oocytes null for two of these channels,
we can make inferences about their specificity. Of the two broad in-
hibitors used, MgCl2 seemed to be the ideal compound, as it affects the
conduction properties of all the three channels whose expression is
known in oocytes and eggs [66,67]. Consistent with these reports, 10
mM Mg2+ effectively blocked influx of all divalent cations examined,
although a range of concentrations would be necessary to determine if
differential sensitivity to it exists among these channels. The other
broad inhibitor, 2-APB, produced less consistent responses, as it effec-
tively inhibited Ca2+ influx at all concentrations, while at higher con-
centrations acted as a TRPV3 agonist promoting Sr2+ influx [47]. Thus,
2-APB has disparate effects on divalent cation influx in GV oocytes that
depends on the concentration of the drug, as it was reported in somatic
cells, and the divalent cation under consideration. The inhibitors of
CaV3.2 channels also produced some unexpected results. While 1 μM
mibefradil consistently inhibited the influx of Ca2+, Sr2+ and Mn2+,
100 μM Ni2+ did not attenuate Ca2+ influx when promoted by addition
of extra Ca2+ or following re-addition of Ca2+ after TG. These results
are consistent with Ni2+’s high permeability through TRPM7 [30],
which may also be relieving the block in TRPM7’s pore region induced

by Ca2+ and/or Mg2+ [30], causing Ca2+ to permeate this channel as
well as other present active channel(s) more effectively. Thus, the Ca2+

responses after the addition of Ni2+ should be interpreted with caution,
as its presence simultaneously inverses the functional activity of two
channels expressed in mouse oocytes and eggs. Both TRPM7 inhibitors
used here proved effective at blocking TRPM7-like channels, although
WA was the most specific, as it blocked Ni2+ influx and curtailed sti-
mulated Ca2+ influx without affecting Sr2+ influx; we could not test the
full effectiveness of WA, as the concentrations recommended in somatic
cells of ∼10 μM [43] proved toxic for GV oocytes. NS8593 displayed
stronger inhibitory properties, although it also protractedly inhibited
Sr2+ influx suggesting residual effects on CaV3.2 channels, which may
explain its stronger effect on the content of the internal Ca2+ stores.

4.4. Conclusions

In conclusion, we show that divalent cations permeate GV oocytes
through at least three different channels. These channels are all non-
selective, although they might display different permeability ratios for
the ions tested here. Similarly, we found these channels differentially
contribute to the constitutive, steady-state Ca2+ influx vs. stimulated
Ca2+ influx, and to the filling of internal Ca2+ stores, although the
underlying cellular and/or molecular reasons behind these differences
are unknown. Lastly, we characterized inhibitors and concentrations
that can reliably prevent influx of specific divalent cations and identi-
fied the agonist properties of other inhibitors. Future studies should
examine how changes in Ca2+ homeostasis at the GV stage impact
maturation and oocyte developmental competence.
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