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Abstract

Fusion of cortical granules with the oocyte plasma membrane is the most significant event to 

prevent polyspermy. This particular exocytosis, also known as cortical reaction, is regulated by 

calcium and its molecular mechanism is still not known. Rab3A, a member of the small GTP-

binding protein superfamily, has been implicated in calcium-dependent exocytosis and is not yet 

clear whether Rab3A participates in cortical granules exocytosis. Here, we examine the 

involvement of Rab3A in the physiology of cortical granules, particularly, in their distribution 

during oocyte maturation and activation, and their participation in membrane fusion during 

cortical granule exocytosis. Immunofluorescence and Western blot analysis showed that Rab3A 

and cortical granules have a similar migration pattern during oocyte maturation, and that Rab3A is 

no longer detected after cortical granule exocytosis. These results suggested that Rab3A might be 

a marker of cortical granules. Overexpression of EGFP-Rab3A colocalized with cortical granules 

with a Pearson correlation coefficient of +0.967, indicating that Rab3A and cortical granules have 

almost a perfect colocalization in the egg cortical region. Using a functional assay, we 

demonstrated that microinjection of recombinant, prenylated and active GST-Rab3A triggered 

cortical granule exocytosis, indicating that Rab3A has an active role in this secretory pathway. To 

confirm this active role, we inhibited the function of endogenous Rab3A by microinjecting a 

polyclonal antibody raised against Rab3A prior to parthenogenetic activation. Our results showed 
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that Rab3A antibody microinjection abolished cortical granule exocytosis in parthenogenetically 

activated oocytes. Altogether, our findings confirm that Rab3A might function as a marker of 

cortical granules and participates in cortical granule exocytosis in mouse eggs.
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INTRODUCTION

Cortical granules derive from Golgi apparatus and are membrane-bound organelles. As their 

name indicates, these granules are concentrated in the cortex of the unfertilized eggs, the 

outermost few microns of the egg that are distinct both morphologically and biochemically 

from the inner cytoplasm [28]. Fertilization stimulates cortical granule movement toward the 

plasma membrane and fusion. In fact, mammalian cortical granules were first described by 

C.R. Austin studying fertilization in hamster oocytes [2]. Austin showed that these granules 

disappeared almost completely after spermatozoon penetration.

Fusion of cortical granules with the oocyte plasma membrane is the most significant event to 

prevent polyspermy. This particular secretory process, also known as cortical reaction, is 

regulated by calcium like other exocytoses. Cortical granule exocytosis is distinct from most 

other regulated secretory vesicles because cortical granules are not renewed after their fusion 

with plasma membrane [25] and despite being first described 60 years ago, its mechanistic 

basis remains a mystery [15].

Regulated exocytosis in eukaryotic cells is mediated through a series of protein interactions 

which are responsible for the correct trafficking, tethering/docking, and fusion of secretory 

vesicles with a target membrane. Different members of the Rab family of monomeric 

guanosine triphosphatases (GTPases) are involved in the interaction and fusion of 

intracellular membrane-bound compartments. Considerable amounts of research have shown 

that Rab3A participates in calcium-regulated exocytosis in neurons[41], chromaffin cells 

[20;22;27], pancreatic cells [35;50], melanotrophs [42], and mammalian sperm [5;6]. 

Nevertheless, the function of Rab3A in exocytosis still remains elusive.

In sea urchin oocytes, it is known that Rab3A mediates cortical granule exocytosis [9]; 

however, it is not clear whether or not Rab3A participates in this secretory process in 

mammalian oocytes. First, Masumoto and collaborators documented the expression and 

localization of Rab3A in mouse oocyte and suggested, based on the cortical localization of 

Rab3A observed by immunofluorescence staining, that this protein might be involved in 

cortical granules exocytosis [29]. In contrast and very recently, Dr. Sun’s group has reported 

that Rab3A is distributed in the cytoplasm of mouse oocytes and, using RNAi, they propose 

that Rab3A would have a role in cortical granule distribution and /or assimetric division 

during meiotic maturation of mouse oocytes [47]. Therefore, it is not clear if Rab3A is 

involved in cortical granule exocytosis and it has not been investigated carefully.
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The aim of this work was to examine in deep the involvement of Rab3A in the physiology of 

cortical granules, particularly, in their distribution and secretion. We reported that Rab3A 

overlaps with cortical granules during their migration during oocyte maturation and egg 

activation, and, based on the colocalization of EGFP-Rab3A with cortical granules, we 

proposed Rab3A as a possible marker of these granules. Using a functional assay to measure 

cortical granule exocytosis, we also documented that the microinjection of active Rab3A 

triggers cortical reaction, and that this activation is not dependent on extracellular calcium. 

Finally, blocking endogenous Rab3A by microinjecting an anti-Rab3A antibody, we 

demonstrated that Rab3A participates in cortical granule exocytosis.

MATERIALS AND METHODS

Reagents

Purified equine chorionic gonadotrophin (PMSG) and human chorionic gonadotropin (hCG) 

were generously donated by Syntex SA (Buenos Aires, Argentina). Glutathione sepharose 

were from GE Healthcare (Buenos Aires, Argentina). Ni-NTA-agarose was from Qiagen 

(Hilden, Germany).Sephadex G-25 was from Pharmacia (Uppsala, Sweden). Vectashield 

mounting medium and rhodamine-conjugated Lens Culinaris Agglutinin (LCA) were from 

Vector Laboratories (CA, USA). Rabbit polyclonal IgG directed against Rab3A (anti-

Rab3A) was purchased from Stressgen Biotechnologies Corporation (CA, USA). Goat anti-

rabbit IgG conjugated to DyLigth488, and horseradish peroxidase were purchased from 

Jackson Immuno Research Laboratories (PA, USA). All other reagents were obtained from 

Sigma Chemical (MO, USA) or from ICN Biochemicals (Buenos Aires, Argentina).

Oocyte collection

All animal experiments were approved by the Institutional Animal Care and Use Committee 

of the School of Medicine (Protocol approval 25-2014). Six-to-twelve-week-old females 

CF-1 were superovulated with intraperitoneal (i.p.) injection of 5 IU pregnant mare’s serum 

gonadotropin (PMSG) followed 48 h later by i.p. injection of 5 IU of human chorionic 

gonadotropin (hCG) as previously described [33]. Germinal Vesical (GV)-intact oocytes 

were recovered 42–46 h after PMSG injection in HEPES-buffered culture medium (M2 

medium). To prevent oocyte maturation, milrinone (final concentration 2.5 μM) was added. 

Ovulated (Metaphase II, MII) eggs were obtained by pulling the oviducts open with fine 

forceps into M2 medium 15–17 h after administration of hCG. Cumulus cells were dispersed 

with 0.3 % hyaluronidase and gentle aspiration through a pipette. After collection, both GV-

intact oocytes and MII eggs were cultured in CZB medium [7] until use.

Recombinant proteins

Plasmid encoding Rab3A was generously provided by Dr. P. Stahl (Washington University, 

St. Louis, MO, USA). Plasmid fused to GST in pGEX-2T was transformed in BL21 (DE3) 

cells (Stratagene, La Jolla, CA, USA) and expression was induced overnight at 22 °C with 

0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Recombinant proteins were purified 

by affinity chromatography on glutathione–sepharose beads as previously described [51]. 

Rab3A was always used prenylated and loaded with guanosine 5′-[γ-thio] triphosphate as 

described in [51]. Prior to microinjection, Rab3A protein was filtered on a column of 
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Sephadex G-25 previously equilibrated with microinjection buffer (120 mM KCl, 20 mM 

Hepes, pH 7.4).

Plasmid Construction

The EGFP fragment was excised from the pEGFP-N1 vector (Clontech-Takara Bio Inc., 

Shiga, Japan) by SalI/NotI double digestion and inserted into the SalI/NotI site of the 

pGEM-T Easy vector (Promega, Madison, WI). Similarly, the EGFP-Rab3A fragment was 

excised from the pEGFP-C1-Rab3A vector [45] by NheI/SacII double digestion and inserted 

into the SpeI/SacII site of the pGEM-T Easy vector. The inserts of the resultant pGEM-T-

EGFP and pGEM-T-EGFP-Rab3A vectors were verified with an automated sequencer.

Complementary RNA synthesis

Complementary RNA (cRNA) was synthesized from linearized plasmid DNA using SP6 

RNA polymerase and the mMESSAGE mMACHINE kit (Ambion,) according to the 

manufacturer’s instructions. The cRNA was polyadenilated using Poly(A) tailing kit 

(Ambion) and purified by using MEGAclear (Ambion). The final cRNA concentration was 

determined by spectrophotometry, and cRNA integrity was confirmed by analyzing a sample 

on a formaldehyde gel.

Microinjection experiments

Eggs from CF-1 mice were microinjected using Narishige manipulators coupled to an 

Olimpus transmitted light microscope. Microinjection and holding pipettes were prepared 

using an automated capillary extruder P-97 puller (Sutter Instrument) and a Narishigue 

MF-830 microforge, respectively. Microinjection pipettes were filled by suction from a 

microdrop containing recombinant proteins, antibodies or cRNA and the solution was 

expelled into the cytoplasm of eggs by pneumatic pressure using a PLI-100 picoinjector 

(Harvard Apparatus, Cambridge, MA). Oocytes were microinjected into 30 μl drops of M2 

medium placed in Petri dishes and covered with mineral oil. Twenty oocytes were 

microinjected in each condition with approximately the same volume (7–10 pl).

Immunocytochemistry

For immunocytochemistry analysis, anti-Rab3A and DyLigth488-conjugated goat anti-rabbit 

IgG antibodies were used at the final concentration of 0.85 and 4 μg/ml, respectively. 

Briefly, the zona pellucida was removed by exposure briefly in an acid Tyrode's solution 

(1min., pH 2.5). The cells were fixed in 3.7 % paraformaldehyde for 1 h, washed in blocking 

solution (BS, 0.1 % BSA, 0.01 % Tween-20 in PBS for 5 min) and permeabilized in 0.1 % 

Tritón X-100 in PBS. After washed again in BS, the cells were blocked in 3 mg/ml BSA, 0.1 

M glycine in PBS for 1 h RT, and incubated with the primary antibody diluted in BS for 1 h 

at RT or overnight (ON) at 4 °C. The samples were then washed in BS and incubated in the 

appropriate secondary antibody for 1 h. The samples were finally washed and placed onto a 

slide in a drop of Vectashield mounting medium containing Hoescht 33342 for DNA 

staining. The preparations were stored in the dark at 4 °C until observation. To evaluate the 

colocalization with the cortical granules, 1 μM of LCA lectin (conjugated with rhodamine or 
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FITC) was added in the last 30 minutes of the secondary antibody incubation. All samples 

were observed in a confocal microscope Olympus Fluoview FV1000 (Olympus, Japan).

Immunoblotting

Protein extracts from equal numbers of MII eggs (100 eggs) were separated on a 10 % SDS-

PAGE gel, transferred to Immobilon-P, and immunoblotted according to standard 

procedures. The anti-Rab3A antibody was used at a final dilution of 1 μg/ml, and the 

secondary antibody was a horseradish peroxidase conjugated anti-rabbit IgG. 

Immunoreactive proteins were detected using an ECL ADVANCE Western blotting 

Detection Kit (GE Healthcare) and a Fuji Film LAS-4000 Luminescent Image Analyzer.

In vitro fertilization

IVF were performed 14–15 hours post hCG injection using HTF medium as previously 

described [4;12]. Briefly, MII eggs were obtained as described above and only eggs with 

visible polar body were collected. After capacitation, mouse sperm were diluted to 2–4 x 105 

sperm/ml. Eggs and sperm were mixed in a 500 μl fertilization drop of HTF medium 

containing 0.5 % BSA, and then cultured at 37 °C in an atmosphere of 5 % CO2/95 % air. 

After 3 hours, eggs were washed six times to remove any loosely attached sperm, and then 

cultured for 5 h. Fertilization was evaluated by the presence of the second polar body and the 

formation of both the male and female pronuclei by epifluorescence microscopy. Finally, 

embryos were fixed in 3.7 % paraformaldehyde and mounted as indicated below for cortical 

granules’ quantification.

Artificial activation of mouse eggs

After microinjection, MII eggs were activated with either 5 μM A23187 or 10 mM SrCl2 in 

calcium-depleted CZB (or M16) medium as previously described [12]. All ovulated eggs 

were treated with the indicated reagent within 1 hr of their collection to avoid deleterious 

effects of egg aging.

Cortical Granule Staining and Quantification

LCA conjugated with FITC or rhodamine was used for cortical granule staining as 

previously described and cortical granules were quantified according to de Paola et al [12]. 

Briefly, oocytes were compressed under a coverslip in order to provide a large flat field of 

granules for quantification as well as rapid qualitative assessments of cortical granules 

distribution (in both coverslip and slide associated cortical fields). Cortical granules (CG) 

density was computed as the mean of four non-overlapping cortical areas per egg (CG/100 

μm2) and included only CGs in the cortex. After a threshold was applied, cortical granules 

were quantified using the Image J program. To illustrate the results, cortical granules density 

in the control condition was considered as 100 %.

Statistical analyses

All experiments were conducted at least 3 times on independent samples. Each group 

analyzed contained a minimum of 15–20 cells and results were evaluated using one-way 

ANOVA and post hoc tests. Differences were considered significant at the p<0.05 level.
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RESULTS

Rab3A distribution during mouse oocyte maturation and egg activation

As mentioned previously, the localization of Rab3A in mouse oocytes is controversial since 

two different works have reported either cortical localization [29] or cytosolic distribution 

[47] associated to cortical granules. To resolve this discrepancy and having in mind that 

Rab3A has been involved in transport of synaptic vesicles to the active zone in mouse brain 

nerve terminals [26], we hypothesized that Rab3A is associated to cortical granules and, 

hence, Rab3A would have a similar pattern of distribution during oocyte maturation. Using 

indirect immunofluorescence, we analyzed the localization of Rab3A and cortical granules 

in two stages of mouse oocyte maturation: germinal vesicle (GV)-intact oocytes and 

metaphase II (MII) eggs. In GV-intact oocytes, Rab3A was present throughout the cytoplasm 

and in the cortical region (Fig 1A, b), following a similar pattern to cortical granules (Fig 

1A, a). In MII eggs, Rab3A staining was enriched in the cortex region (Fig 1A, f), in 

coincidence with previous findings [29] . Furthermore, we observed that Rab3A was present 

in the cortical region enriched in cortical granules (Fig 1A, f and g).Fluorescence-intensity 

distribution analysis of Rab3A and cortical granules showed that Rab3A had a similar 

pattern to cortical granule distribution in GV-intact oocytes and MII eggs (Fig. 1B). From 

these results, we inferred that Rab3A and cortical granules have a similar distribution during 

oocyte maturation.

Then, because cortical granules are not renewed after their fusion with plasma membrane, 

we hypothesized that, if Rab3A is associated to cortical granules, it might no longer be 

detected after cortical granule exocytosis during egg activation. Mouse eggs can be 

parthenogenetically activated by different activators such as calcium ionophore and 

strontium, which induce cortical granule exocytosis [12]. By indirect immunofluorescence, 

we analyzed Rab3A distribution in MII eggs after parthenogenetic activation with strontium 

chloride (SrCl2, 10 mM) at different times. Cells were fixed after 10, 20, and 40 minutes in 

SrCl2 incubation. Interestingly, the fluorescence intensity of Rab3A decreased significantly 

after 40 minutes (Fig. 2A, top row), following the decrease of cortical granule staining (see 

Fig. 2A, middle row). Fluorescence-intensity distribution analysis showed that both Rab3A 

and cortical granule staining diminished over time (Fig. 2C). To corroborate the reduction of 

Rab3A expression, we performed western blot assays. As shown in Fig 2B, western blot 

results also showed that Rab3A expression was reduced after 40 minutes of parthenogenetic 

activation. To confirm the decline of cortical granules, we quantified cortical granules for 

each time analyzed as previously described in de Paola and collaborators [12]. As shown in 

Fig. 2C, cortical granules density measured as cortical granules per 100 μm2 (CG/100 μm2) 

decreased after 40 min. Altogether, these results confirm our hypothesis that Rab3A is 

associated to cortical granules and both have a similar pattern of distribution during oocyte 

maturation and egg activation.

Overexpressed EGFP-Rab3A colocalizes with cortical granules

Based on the finding that Rab3A and cortical granules have a similar pattern of distribution 

during oocyte maturation and egg activation, we hypothesized that Rab3A might be a 

potential marker of cortical granules. To test this hypothesis we overexpressed EGFP-Rab3A 
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and EGFP by microinjecting their cRNA in mouse oocytes to analyze the localization of the 

Rab3A- and EGFP- fluorescent protein. GV-intact oocytes were collected and microinjected 

with either EGFP cRNA or EGFP-Rab3A cRNA in presence of milrinone to allow cRNA 

translation. After 4 h of incubation, oocytes were washed out from milrinone and matured 

overnight. As shown in Figure 3, EGFP-Rab3A (green, middle row) colocalized with 

cortical granules stained with rhodamine (red, middle row) in the cortical region enriched in 

these granules and it was absent in the cortical granules free domain. In addition, 

overexpressed EGFP-Rab3A was also observed in the cytoplasm of the cells.To quantify the 

degree of colocalization between the two fluorophores, EGFP and rhodamine in the cortical 

region, we determined the Pearson correlation coefficient according to [1]. This coefficient 

has a range of +1 (perfect correlation) to -1 (perfect but negative correlation) with 0 (zero) 

denoting the absence of a relationship. The cortical region was operationally defined as all 

cytoplasm 2 μm below the plasma membrane [18]. The Pearson correlation coefficient for 

EGFP and rhodamine colocalization in the cortical region was +0.967 for the MII egg 

showed in the middle panel of Fig. 3. This indicates that Rab3A and cortical granules have 

almost a perfect correlation or colocalization. On the other hand, EGFP, used as a control, 

showed a uniform distribution all over the cytoplasm and did not colocalize with cortical 

granules (green, top row). In effect, Pearson correlation coefficient for EGFP and cortical 

granules was +0.149 for the image showed on the top panel of Fig 3. Similar results were 

obtained in all analyzed cells. Therefore, these findings confirm that Rab3A colocalizes with 

cortical granules in cortical region of mouse oocytes.

Cortical granule exocytosis is a calcium-regulated secretion that represents a membrane 

fusion process essential for fertilization. Following sperm fusion, cortical granules undergo 

exocytosis to release their content into the perivitelline space. The secretion diffuses into the 

zona pellucida and transforms it into a physical barrier, avoiding polyspermy and ensuring 

normal embryonic development. The molecular mechanism of membrane fusion during 

cortical granule exocytosis is still poorly understood and finding a marker of cortical 

granules to analyze cortical reaction in vivo is a long-standing aim still not reached by 

reproductive biologists (Dr. Ducibella, Dr. Schultz, and Dr. Williams, personal 

communications). Our results show that Rab3A can be proposed as a marker of cortical 

granules.

Active Rab3A triggers cortical granule exocytosis

Rab3 is a small GTPase that has been conspicuously involved in calcium-dependent 

exocytosis as a membrane organizer [52]. Rab3 GTPase cycles between GTP-bound and 

GDP-bound state and undergoes membrane insertion through an isoprenyl lipid moiety. 

GTP-bound and GDP- bound Rab3 are known as the active and inactive Rabs protein, 

respectively [17]. To address the possibility that Rab3A was involved in cortical granule 

exocytosis, we attempted to perturb the endogenous Rab3A function by microinjecting both 

active or inactive recombinant Rab3A and analyzing its effect on cortical granule exocytosis.

Using our functional assay that measures cortical granule exocytosis in fixed cells [12], we 

first quantified this secretion process in metaphase II eggs activated by in vitro fertilization 

or by parthenogenetic activators such as calcium ionophore and strontium chloride. After 
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each treatment, the zona pellucida was removed before fixation and cortical granules were 

stained with Lens Culinaris Agglutinin (LCA) conjugated with FITC. Cortical granule 

exocytosis was evaluated by cortical granules density as described in Materials and 

Methods. Figure 4A shows representative images for each condition mentioned above. We 

found that MII eggs in control conditions had 40 ±11 cortical granules per 100 μm2 (CG/100 

μm2). After in vitro fertilization, the number of cortical granules remaining in the cell 

decreased approximately 80 % (IVF, 10 ± 5 CG/100 μm2) compared to control cells. 

Similarly, cortical granule exocytosis triggered by parthenogenetic activators, A23187 and 

strontium, decreased the number of cortical granules around 50 % (A23187, 18 ± 3 CG/100 

μm2; SrCl2, 19 ±5 CG/100 μm2) compared to not activated MII eggs (Figure 4B). To analyze 

the effect of microinjected Rab3A on cortical granule exocytosis, Rab3A was produced in 

bacteria as a GST fusion protein, prenylated in vitro, and loaded with either GTP or GDP as 

described in Materials and Methods. Unbound nucleotides were eliminated by gel filtration. 

As shown in Figure 4, the microinjection of activated Rab3A (GTP, Fig. 4C) triggered the 

cortical reaction, whereas the GDP-bound form had no effect (GDP, Fig. 4C). Even more, 

Rab3A was able to activate cortical granule exocytosis in a similar magnitude to strontium 

chloride (positive control, SrCl2, Fig. 4C). Preparations in which Rab3A was omitted but 

received the same treatment with nucleotides had no effect (mock, Fig. 4C), indicating that 

residual GTPγS was not responsible for the stimulation. In addition, control microinjections 

of either GST (GST, Fig. 4C) or non-prenylated, unloaded Rab3A (none, Fig. 4C) were not 

able to activate cortical granule exocytosis.

It has been reported that calcium influx across the plasma membrane is a requisite of egg 

activation signaling [32]. To determine whether extracellular calcium is required for Rab3A 

activation, we performed cortical granule exocytosis assay with active Rab3A in presence or 

absence of extracellular calcium. CZB medium was prepared with or without calcium and 

cells were microinjected and incubated in medium as indicated. As shown in Fig. 4D, 

prenylated and active Rab3A triggered cortical granule exocytosis in both conditions. These 

results show that prenylated and active Rab3A triggers cortical reaction, and that this 

activation is independent of extracellular calcium.

Rab3A participates in cortical granule exocytosis

Rab3A has been implicated in different calcium-regulated exocytoses and involved 

specifically in tethering and docking of secretory vesicles prior to fusion. The exact 

mechanism by which Rab3A participates in exocytosis is still not known. In fact, Rab3Ahas 

been shown to be inhibitory in several exocytotic events [14;21] and, on the contrary, other 

studies described Rab3A as a positive regulator in other secretion models [8;39].

Based on our findings, we hypothesized that Rab3A participates in cortical granule 

exocytosis as a positive regulator. To test this hypothesis, we attempted to inhibit the 

function of the endogenous protein by microinjecting a polyclonal antibody raised against 

Rab3A. Increased concentrations of anti-Rab3A were microinjected into mouse eggs 

cytoplasm 15–30 min prior to activating cortical granule exocytosis by parthenogenetic 

activation with SrCl2. After 1 h of incubation with SrCl2, the zona pellucida of the treated 

eggs was removed before fixation. Cortical granule were stained with FITC-LCA and 
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exocytosis was evaluated by cortical granules density as described in [12]. As shown in Fig. 

5, anti-Rab3A antibody was able to inhibit cortical granule exocytosis in a concentration-

dependent manner, when MII eggs were activated with SrCl2. The microinjection of a non-

immune rabbit IgG protein showed no effect. Hence, these results confirm that Rab3A has 

an active role in cortical granule exocytosis.

DISCUSSION

The purpose of this work was to examine the involvement of Rab3A in the physiology of 

cortical granules, particularly, in their distribution and cortical granule exocytosis. A 

previous report showed that Rab3A and Rab3D are expressed in mouse eggs and that Rab3A 

localizes at cortical region in unfertilized oocytes and two-cell embryos [29]. In contrast, it 

was reported very recently that Rab3A presents a cytoplasmic distribution in mouse eggs 

[47].

In this study, we described the localization and distribution of Rab3A in GV-intact oocytes, 

MII eggs and early activated MII eggs. Our results showed that in GV oocytes, Rab3A was 

present throughout the cytoplasm and in the cortical region following a similar pattern to 

cortical granule distribution. In MII eggs, Rab3A was mainly enriched in the cortex region. 

These results are coincident to those obtained previously by Masumoto and collaborators 

[29]; in addition, we report that Rab3A is not expressed in the cortical granule free domain 

around the meiotic spindle. Our findings do not support the exclusive cytosolic localization 

of Rab3A during oocyte maturation and egg activation published recently by Dr. Sun’s 

group [47]. Considering that localization studies are based on immunostaining methods, one 

possible explanation for this discrepancy might be given by the different antibodies used.

In mouse egg, actin microfilaments are important for the migration of mouse cortical 

granules to the cortex during oocyte maturation and it has been hypothesized that 

microfilament-based motor such as a myosin-like motor might be involved in this movement 

[10]. Rab GTPases have been identified as a link between Myosin V -a motor protein 

involved in vesicle movement on the actin cytoskeleton- and vesicle transport in different 

cell types [3;37;38]. In fact, Rab3A and Myosin Va are direct binding partners, interact on 

synaptic vesicles, and it has been shown that the Rab3A/Myosin Va complex is involved in 

transport of neuronal vesicles [49]. Even though the presence of Myosin Va and Myosin Vb 

hasbeen described in ovary and oocyte by immunocytochemistry [31], the function of 

Myosin V has not been explored in mouse eggs. According to our observations that Rab3A 

and cortical granules have a similar pattern of distribution during oocyte maturation, and a 

similar association between Rab3 and cortical granules migration throughout oogenesis has 

been postulated in sea urchin eggs [9], we proposed that Rab3A might be associated with 

Myosin V in cortical granules distribution and/or migration during mouse oocyte maturation. 

Nevertheless, this hypothesis needs to be tested. Because Rab3D is also expressed in mouse 

oocyte we cannot discard that Rab3D might participate in the migration and/or maturation of 

cortical granules. In fact, Rab3D has been involved in the maturation of secretory vesicles in 

pancreas [36], neurons [23], and PC12 cells [24]. These evidences support the idea that 

Rab3A might be involved in the migration of cortical granules during meiotic maturation 

probably through Myosin V. Although a role for Rab3A in cortical granule migration was 
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recently suggested [47], more studies are needed to demonstrate a direct interaction between 

Rab3 isoforms and the maturation and migration of cortical granules in mouse eggs.

We also showed that Rab3A disappeared along with cortical granules after cortical granule 

exocytosis stimulated by strontium chloride. After exocytosis, the membrane that is 

incorporated into the plasma membrane needs to be retrieved by compensatory endocytosis 

[19]. Vogel and his colleagues have described in detail the retrieval of membranes by 

endocytosis after cortical reaction in sea urchin eggs [43;44;46]. Even more, they have 

described two independent forms of endocytosis in this model that maintain the cell surface 

homeostasis [11]. Even though the retrieval of membrane after cortical granules exocytosis 

has not been investigated in mammalian eggs, it is thought that such membrane recycling 

would also take place in human and mouse eggs [40]. Thus, considering that the retrieval of 

cortical granule membrane occurs in mouse egg, the disappearance of Rab3A means that 

Rab3A protein is being degraded after endocytosis. At least two possible mechanisms of 

protein degradation might be postulated: 1) degradation through a degradative pathway 

following the massive membrane retrieval after cortical granule exocytosis, and 2) ubiquitin 

degradation. Interestingly, Rab3A contains several lysine residues that can be ubiquitined for 

protein degradation when their sequence is analyzed in a predictor program of protein 

ubiquitination sites (http://www.ubpred.org). Further studies are needed to elucidate how 

Rab3A is degraded after cortical granule exocytosis.

Based on the observations that Rab3A and cortical granules have a similar pattern of 

distribution during oocyte maturation and that Rab3A expression diminished along with 

cortical granules after egg activation, we propose Rab3A as a possible marker of cortical 

granules. The fact that overexpressed EGFP-Rab3A and cortical granules have a Pearson 

correlation coefficient of +0.967 (very close to +1) means that the colocalization between 

Rab3A and cortical granules is almost perfect in the cortical region. Many attempts to 

generate a transgenic mouse with a fluorescent marker of cortical granules content have been 

tried and have failed (Dr. Ducibella, Dr. Schultz, and Dr. Williams, personal 

communications). Because of this, we propound that EGFP-Rab3A might function as a new 

marker of cortical granule membrane; nevertheless, more studies are needed.

The molecular mechanism by which Rab3 may regulate fusion in exocytosis is not clear yet 

[48]. In most fusion-dependent transport steps, the Rabs seem to promote fusion by inducing 

the formation of a multiprotein complex on the membranes that would be necessary for 

specific docking and SNARE activation [8;39]. However Rab3A, the Rab participating in 

synaptic vesicle fusion, one of the best characterized fusion processes, has been shown to be 

inhibitory in several exocytotic events [14;21]. The only evidence that Rab3 might mediate 

cortical granule exocytosis has been shown in sea urchin eggs [9], in which cortical granules 

are docked to plasma membrane. In these cells, the microinjection of a peptide 

corresponding to the effector domain of Rab3A inhibited cortical granule exocytosis; 

however, the microinjection of affinity-purified polyclonal antibodies, raised to a region 

encompassing the Rab3 effector domain had no effect on cortical granule exocytosis [9]. 

Therefore, these findings are not conclusive on the function of Rab3A in cortical reaction.
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So far, Rab3A expression had been described having two different distributions, which 

suggest different functions of Rab3A in mouse oocytes. One, the cortical localization, in 

which it was thought to participate in cortical granules exocytosis [29], and, the other, the 

cytosolic localization, in which Rab3A was suggested to participate in cortical granule 

distribution [47]. It is worth to notice that no strong evidence was provided to conclude that 

Rab3A does not participate in cortical granule exocytosis in this last report. To determine 

whether Rab3A participates in cortical granule exocytosis, we used a functional assay that 

measures this secretory process quantifying cortical granules density after MII egg 

activation. We microinjected recombinant proteins and antibodies prior to parthenogenetic 

eggs activation. Our results show that: 1) the microinjection of recombinant Rab3A in MII 

eggs in its active form (GTP-bound) promoted cortical granule exocytosis, and 2) the 

microinjection of an anti-Rab3A antibody blocked cortical granule exocytosis in a 

concentration-dependent manner. Rab3 is a positive regulator of calcium-dependent 

exocytosis in human sperm [51] and pituitary melanotrophs [42]. Our findings strongly 

indicate that Rab3A acts as a positive regulator of cortical granule exocytosis in mouse eggs. 

Nevertheless, we cannot discard that Rab3D may also play a role in cortical reaction since it 

has been involved in non neuronal exocytosis [34]. Even more, mice with knockout mutation 

in Rab3A are fertile [16] and, even though the fertility rate for Rab3A-knockout female has 

not been reported, it is thought that Rab3D may function in CG exocytosis instead of Rab3A 

in these mutant mice.

How is active Rab3A able to trigger cortical granule exocytosis? It is known that Rabphilin 

3A is an effector of Rab3A, and that only GTP-Rab3A (active form) is able to recruit 

Rabphilin 3A to vesicles in neurons [13;41]. Rabphilin 3A has been involved in cortical 

granule exocytosis in mouse eggs [30]. One possible answer to that question is that active 

Rab3A may recruit Rabphilin 3A to cortical granules facilitating the docking and fusion of 

cortical granules. More work will be necessary to better characterize how Rab3 is activated 

during cortical granule exocytosis, which Rab3-interacting factors are involved, and what is 

the function of each of them. In conclusion, the findings presented here propose that Rab3A 

might be used as a marker of cortical granules membrane and demonstrate that Rab3A has 

an active role in the release of cortical granules during cortical reaction.
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HIGHLIGTHS

• Rab3A has a similar migration pattern to cortical granules in mouse oocytes

• Rab3A can be a marker of cortical granules

• Active Rab3A triggered cortical granule exocytosis

• Blocking endogenous Rab3A inhibits cortical granule exocytosis

• Rab3A participates in cortical reaction in mouse oocytes
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Figure 1. 
Immunolocalization of Rab3A. A) GV-intact oocytes (a–d) and MII eggs (e–g) were 

immunostained using anti-Rab3A (green; b, f); cortical granules were stained with LCA 

conjugated with rhodamine (red; a, e); and DNA (blue) was stained with Hoechst 33342. 

Merged (c, g) and DIC images (d, h) are showed for each cell. Shown are representative 

images of three independent experiments. Scale bar, 20 μM. B) Analysis of fluorescence-

intensity distribution (measured in arbitrary intensity units, A.I.U.) of Rab3A (green) and 

cortical granules (CG, red) in GV-intact oocytes (upper panel) and MII eggs (lower panel) 

using ImageJ. Fluorescence intensities were measured along lines traced in images c and g 

of panel A.
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Figure 2. 
Rab3A distribution during egg activation. A) MII eggs were collected and activated with 10 

mMSrCl2. After 0, 10, 20, and 40 min of activation, cells were fixed, permeabilized and 

immunostained with anti-Rab3A antibody (top row). Cortical granules were stained with 

LCA conjugated with rhodamine and DNA was stained with Hoechst 33342 (middle row). 

Bottom row shows merged images from top and middle row. Shown are representative 

images of three independent experiments. Scale bar, 50 μM. B) Immunoblot analysis of 

Rab3A protein in protein extracts derived from 100 non activated MII eggs (Ctrl) and 100 

activated MII eggs (SrCl2). Proteins were resolved on 10 % SDS-PAGE gel and 

immunoblotted with anti-Rab3A as described in Materials and Methods. The experiment 

was performed 3 times and a representative blot is shown. C) Analysis of fluorescence-

intensity distribution (measured in arbitrary intensity units, A.I.U.) of Rab3A and cortical 

granules (CG) for the MII egg showed in A. On the right, the graph also shows cortical 

granules density (CG/100 μm2) corresponding for each time of activation (for more details 

see text).
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Figure 3. 
EGFP-Rab3A colocalizes with cortical granules in MII eggs. GV- intact oocytes were 

microinjected with EGFP cRNA (top row) or EGFP-Rab3A cRNA (middle row) in presence 

of milrinone to allow cRNA translation. After 4 hours, milrinone was washed out and the 

microinjected GV-intact oocytes were matured overnight. Shown are equatorial planes of 

representative images of MII eggs overexpressing EGFP (b) and EGFP-Rab3A (e). Cortical 

granules were stained with LCA conjugated with rhodamine (a, d). Merged images (c, f, i) 

are shown at the end of each row. Bottom row shows a surface view to highlight the 

colocalization of EGFP-RAb3A and cortical granules. Scale bar, 20 μM.
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Figure 4. 
Active Rab3A triggers cortical granule exocytosis. A) MII eggs were collected and cortical 

granule exocytosis was not triggered (control) or triggered by in vitro fertilization (IVF), by 

calcium ionophore (A23187), and SrCl2 (SrCl2). After removing the zona pellucida, cells 

were fixed and mounted for cortical granules’ quantification. Shown are representative 

images for each condition. Cortical granules were stained with LCA conjugated with FITC 

(LCA-FITC) and DNA was stained with Hoechst 33342 (DIC-Hoechst). B) Quantification 

of cortical granules density (CG/100 μm2) in MII eggs activated by in vitro fertilization 

(IVF), calcium ionophore(A23187) and SrCl2(SrCl2). The graph shows raw data for each 

condition (not normalized). Data represent the means ± SEM of at least three independent 

experiments. The asterisks indicate significant differences from control condition (***, p< 

0.001). C) Quantification of cortical granules density (% CG/100 μm2) in MII eggs activated 

by SrCl2 (SrCl2) and after microinjection of purified and prenylated GST-Rab3A loaded 

with GTPγS (GTP) or GDPβS (GDP). As negative controls, non-prenylated GST-Rab3A 

(none), mock preparations without recombinant Rab3A (mock) and glutathione-S-

transferase (GST) were tested in the assay. Data were normalized as explained in Materials 

and Methods and represent the means ± SEM of at least three independent experiments. The 

asterisks indicate significant differences from control condition (***, p<0.001). D) 

Quantification of cortical granules density (% CG/100 μm2) in MII eggs activated by SrCl2 

(SrCl2) and active Rab3A (microinjected Rab3A-GTP) in CZB prepared without (−Ca2+) or 
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with calcium (+Ca2+). Data represent the means ± SEM of at least three independent 

experiments. The asterisks indicate significant differences from control condition (***, p< 

0.001).
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Figure 5. 
Microinjection of anti-Rab3A inhibits cortical granule exocytosis. A) Cortical granules of 

MII eggs microinjected with increasing concentrations of anti- Rab3A antibody (anti-

Rab3A) or preimmune serum (IgG) prior to the activation of cortical granule exocytosis with 

SrCl2. After removing zona pellucida, cells were fixed, and mounted for cortical granules’ 

quantification. Shown are representative images for each condition in B. Scale bar, 50 μM. 

B) Quantification of the cortical granules’ density (% CG/100 μm2) in MII eggs 

microinjected with increasing anti-Rab3A concentrations or with IgG and activated with 

SrCl2. Data represent the means ± SEM of at least three independent experiments. The 

asterisks indicate significant differences from control condition (*, p<0.05; ***, p<0.001).
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