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ABSTRACT 47 

 48 
Fusion of cortical granules with oocyte plasma membrane is one of the most significant 49 

secretory events to prevent polyspermy during oocyte activation. Cortical granule 50 
exocytosis (CGE) is distinct from most other exocytosis because cortical granules are not 51 
renewed after secretion. However, it is thought to be mediated by SNARE complex, which 52 
mediates membrane fusion in other exocytoses. SNAREs proteins are divided into Q 53 
(glutamine)- and R (arginine)-SNAREs. Q-SNAREs include Syntaxins and SNAP25 54 

family, and R-SNAREs include VAMPs family. In mouse oocytes, Syntaxin4 and SNAP23 55 
have been involved in CGE; nevertheless, it is unknown if VAMP is required. Here, we 56 
demonstrated by RT-PCR and immunoblotting that VAMP1 and VAMP3 are expressed in 57 
mouse oocyte, and they localized in the cortical region of this cell. Using a functional assay 58 
to quantify CGE, we showed that tetanus toxin –which specifically cleavages VAMP1, 59 

VAMP2 or VAMP3– inhibited CGE suggesting that at least one VAMP was necessary. 60 
Function blocking assays demonstrated that only the microinjection of anti-VAMP1 or anti-61 

VAMP3 antibodies abolished CGE in activated oocytes. These findings demonstrate that 62 

R-SNAREs sensitive to tetanus toxin, VAMP1 and VAMP3 –but not VAMP2-, are 63 
required for CGE and demonstrate that CGE is mediated by the SNARE complex. 64 

 65 
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1. INTRODUCTION 94 
 95 
The fusion of cortical granules (CG) with the oocyte plasma membrane (oolema) is one 96 

of the most significant events to prevent polyspermy. To guarantee the fertilization’s 97 
success and embryo development, a definitive block to polyspermy is necessary since 98 
oocyte’s fertilization by more than one sperm is embryonic lethal. Three postfertilization 99 
blocks to polyspermic fertilization have been described in mouse. The first two occur 100 
rapidly and their molecular basis remains unknown. The third, slow and definitive, 101 

correlates with the exocytosis of CG during Metaphase II (MII) oocytes´ activation [10]. 102 
Cortical granule exocytosis (CGE), also known as the cortical reaction, is regulated by 103 

calcium and triggered by sperm after fertilization. CGE is distinct from most other 104 
regulated secretory vesicles because CG are not renewed after their fusion with the oocyte 105 
plasma membrane [20]. Despite being first described in mammals many decades ago [3], 106 

the molecular components and the molecular mechanism of CGE remain enigmatic. 107 
Fusion of secretory granules and synaptic vesicles with the plasma membrane is driven 108 

by SNARE protein interactions. SNARE proteins are generally divided into two groups 109 

according to their cellular locations and functionalities: the v-SNAREs and the t-SNAREs 110 
[45;46]. The v-SNAREs are synaptic vesicle associated membrane proteins (VAMPs) that 111 
reside on the synaptic vesicles [50]. The t-SNAREs –represented by Syntaxin1 and 112 

synaptosomal-associated protein 25 kDa (SNAP25) and their variants– are cell presynaptic 113 
membrane proteins [6;37]. Both VAMP and Syntaxin have their C-terminal residues 114 

inserted in the membrane, whereas SNAP25 is anchored to the plasma membrane by 115 
palmitoylated cysteine residues in the central region [24;30;50;53]. Depending on which 116 
amino acid of the SNARE protein is involved in the SNARE core complex, SNAREs have 117 

been reclassified and divided into Q- and R-SNAREs [17]. Q-SNAREs include the t-118 

SNARE proteins –the Syntaxin and SNAP25 family– as they contribute a glutamine (Q), 119 
whereas R-SNAREs include v-SNAREs –the VAMPs family– as they contribute an 120 
arginine (R) [17]. In neurotransmitter release, the Q- and R-SNAREs form a tight complex 121 

during the membrane fusion process, which is highly resistant to clostridium toxins [23;39]. 122 
This heterotrimeric complex is known as trans-SNARE complex because it pulls from two 123 

different membranes during membrane fusion: the synaptic vesicle and the plasma 124 
membrane. After membrane fusion, SNARE complex remains on the plasma membrane –125 

cis-SNARE– and is disassembled by an accessory complex formed by alpha-SNAP and 126 
NSF [45;46]. This disassembling is necessary to allow a new round of membrane fusion 127 
during neurosecretion, a process in which synaptic vesicles are renewed or recycled. 128 

The signal-transducing pathway accountable for CGE in mammals is not yet 129 
completely understood and is thought to be mediated by SNARE complexes, even when 130 

CG are not recycled after secretion. Thus, CGE only occurs once in the oocyte´s life since 131 
this secretory process is no further needed for the development of the embryo. 132 

Nevertheless, it is worth pointing out that the plasma membrane and its components may be 133 
retrieved during the compensatory endocytosis [21;44]. In porcine oocytes, it has been 134 
shown that the SNAREs Syntaxin2, SNAP23, VAMP1, and VAMP2 are expressed [51]. In 135 
mouse oocytes, only two proteins of the SNARE machinery have been identified, the Q-136 
SNAREs SNAP23 and Syntaxin4. SNAP23 has been involved in cortical reaction [34] 137 

[34]; however the participation of Syntaxin4 in this secretory process has not been 138 
confirmed yet [28]. In addition, we have demonstrated that the alpha-SNAP/NSF complex 139 
is required for the cortical reaction and have proposed a working model [13]. However, 140 

Jo
urn

al 
Pre-

pro
of



whether CGE requires VAMP –also called R-SNARE– remains unknown in mouse 141 

oocytes. 142 
VAMPs are a family with 9 predicted isoforms in humans [8]. So far seven VAMP 143 

isoforms have been identified: 1, 2, 3, 4, 5, 7 and 8, which have been characterized mainly 144 
in rodent models. Only the isoforms 1, 2, and 3 are involved in secretion and are the only 145 
ones sensitive to tetanus toxin.  VAMP1 and VAMP2 are also known as synaptobrevin 146 
(syb) 1 and 2, respectively. VAMP1/syb1 is expressed in sensory neurons to regulate pain-147 
peptide exocytosis [36]. VAMP2/syb2 is more abundant in the brain, where it regulates 148 

exocytosis of neurotransmitters from synaptic vesicles [42]. VAMP3, or cellubrevin, is not 149 
expressed in neurons and is thought to be the non-neuronal homologue of VAMP1 and 150 
VAMP2 in other secretory tissues [33].  151 

The aim of this work was to investigate the expression and localization of the VAMPs 152 
isoforms involved exclusively in secretory processes such as VAMP1, VAMP2, and 153 

VAMP3 and to characterize, through functional assays, their participation in the cortical 154 
reaction. Here, we showed that VAMP1 and VAMP3, but not VAMP2, are expressed in 155 

mouse oocytes, and that both proteins participate in cortical granule exocytosis in mouse 156 

oocytes. 157 
 158 
 159 

2. MATERIALS AND METHODS 160 
 161 

2.1. Reagents 162 
 163 
All chemicals, unless stated otherwise, were purchased from Sigma-Aldrich Chemical Inc. 164 

(St. Louis, USA). 165 

 166 
2.2. Animals, superovulation and oocyte collection 167 
  168 

Mouse oocytes were obtained from 8 to 12 weeks old CF-1 females, bred under controlled 169 
conditions of light and temperature. Immature oocytes (GV) were collected from 170 

intraperitoneally stimulated females with 10 IU of pregnant mare’s serum gonadotropin 171 
(PMSG; Syntex, Argentina) and 45-48h later the ovaries were punctured to obtain cumulus 172 

oocytes complexes (COC’s). The COC’s were collected in Earle’s balanced salt solution 173 
with 0.01% PVA, 0,001% Gentamycin, and 25 mM Hepes buffer, pH 7.3 (MEM/HEPES) 174 
supplemented with 2.5 μM Milrinone to prevent oocyte maturation. MII oocytes were 175 
collected from stimulated females with 10 IU of PMSG and 10 IU of human chorionic 176 
gonadotropin (hCG; Syntex, Argentina) at 48h and 13-17h before the collection, 177 

respectively. COC's obtained from the oviductal ampullae were briefly incubated in 0.04% 178 
hyaluronidase to detach the cumulus cells from the oocytes. Until their use, the oocytes 179 

were maintained in M16 medium and covered with mineral oil in a humidified chamber 180 
(37°C, 5% CO2) for the shortest time possible. Controls and experimental oocytes were 181 

subjected to the same incubation times during different treatments. This study was carried 182 
out according to the recommendations described in the Guide for the Care and Use of 183 
Laboratory Animals of the National Institutes of Health. The protocol was approved by the 184 

Institutional Animal Care and Use Committee of the School of Medicine of the National 185 
University of Cuyo (Protocol approval 52/2015).  186 
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 187 

 188 

2.3. RNA extraction and reverse transcription-PCR 189 

 190 
VAMP isoforms in GV oocytes and brain tissue were identified with the complementary 191 

DNA (cDNA) obtained from the retrotranscription of respectively mRNA. The cDNAs 192 

were amplified by Polimerase Chain Reaction (PCR). Total RNA was isolated from 50 to 193 

100 pooled GV oocytes according to the standard protocol provided by the manufacturer of 194 

RNAqueous-Micro Kit (Ambion). Total RNA obtained from mouse brain was isolated with 195 

Trizol reagent (Invitrogen) following the manufacturer´s instructions. Whole isolated RNA 196 

from oocytes and 2 μg of brain RNA were used as template for reverse transcription into 197 

cDNA. cDNA was synthesized by incubating with mouse Moloney Leukaemia Virus (M-198 

MLV) Reverse Transcriptase (Promega) and 1μg of Oligo dT (Biodynamics) during 1 h at 199 

42 °C. To confirm the absence of contaminating residual DNA, the reaction was carried out 200 

without the M-MLV Reverse Transcriptase. The cDNA obtained from the reverse 201 

transcription was amplified by end-point PCR. PCR amplification was performed with 202 

cDNA obtained from 37 oocytes equivalents or 100 ng of brain cDNA, 1μM of each 203 

forward and reverse primer, 200 μM dNTPs (Promega); 5 μl Green GoTaq Reaction Buffer 204 

5X (Promega), and 1 U of GoTaq DNA Polymerase (Promega) in a 25 μl volume reaction. 205 

The specific primers were used as follows: VAMP1 forward, 5’-206 

CATGCGTGTGAATGTGGACAA-3’; VAMP1 reverse, 5’-207 

GATGGCACAGATAGCTCCCAG-3’, PrimerBank ID: 29436399a1;  VAMP2 forward, 208 

5’-GCTGGATGACCGTGCAGAT-3’; VAMP2 reverse, 5’-209 

GATGGCGCAGATCACTCCC-3’, PrimerBank ID: 6678551a1; VAMP3 forward, 5’-210 

CCACTGGCAGTAATCGAAGAC-3’; VAMP3 reverse, 5’-211 

ATCGCCCACATCTTGCAGTTC-3’, PrimerBank ID: 6678553a1. The expected size for 212 

VAMP1, 2, and 3 was 181, 130 and 220 bp, respectively. PCR negative control was carried 213 

out by excluding cDNA from the PCR mixture and substituting its volume for H2O. The 214 

reaction conditions for VAMP isoforms amplification were template denaturation and 215 

polymerase activation at 94 °C for 3 min, followed by 32 cycles of 94 °C denaturation for 1 216 

min, 55,5 °C annealing for 45 s and 72 °C extension for 1.5 min, and a final extension at 72 217 

°C for 5 min. The reactions were carried out using the Mastercycler Personal (Eppendorf) 218 

PCR thermal cycler. The PCR products were visualized on 2% agarose gels stained with 219 

SYBR safe DNA gel stain (Invitrogen) using ImageQuant LAS-4000 (Fujifilm). 220 

 221 
2.4. Immunocytochemistry 222 
 223 

The immunolocalization assays of VAMP isoforms were carried out in GV and MII 224 
oocytes. Zona pellucida was removed after a short incubation in acid Tyrode pH 2.2. 225 

Subsequently, oocytes were washed in MEM/HEPES and in Blocking Solution (BS) (3 226 
mg/ml BSA, 100 mM glycine, 0.01% Tween 20). Cells were fixed for 1 h with 227 
paraformaldehide (PAF) 4% (Merck). Fixed oocytes were permeabilized in Triton X-100 228 
0.1% during 15 min. Following blocking in BS, oocytes were incubated with primary 229 
antibodies overnight at 4 °C. Specific antibodies were used as follows, rabbit polyclonal 230 

anti-VAMP1 (1:10 dilution, Synaptic Systems, catalog number: 104 002); mouse 231 
monoclonal anti-VAMP2 (1:10 dilution, Synaptic Systems, catalog number: 104 211) and 232 
rabbit polyclonal anti-VAMP3 (1:10 dilution, Synaptic Systems, catalog number: 104 103). 233 
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It was previously described that those antibodies are specific and they do not present cross-234 

reactivity with the other two isoforms [51]. Once finished the incubation with the primary 235 
antibodies, cells were washed in BS and incubated with the secondary antibodies for 1 h at 236 

room temperature. The secondary antibodies used were DyLight 488 donkey anti-mouse (3 237 
ng/μl, Jackson InmunoReasearch) and DyLight 488 donkey anti-rabbit (3ng/μl, 238 
JacksonInmunoReasearch). Oocytes were washed in BS and incubated during 30 min in 25 239 
μg/ml lectin Lens Culinaris Agglutinin (LCA) conjugated to rhodamine to stain the CG. 240 
Finally, cells were mounted in Vectashield mounting medium (Vector Laboratories) inside 241 

a chamber under minimal compression. Nonspecific binding of the secondary antibody was 242 
determined by incubation without primary antibody. Confocal images were taken in the 243 
equatorial section of the cells and obtained using an Olympus confocal microscope. 244 
Imaging analysis was performed using ImageJ software (version 1.42l; NIH, MD). 245 
 246 

2.5. Immunoblotting 247 
 248 

Protein extract of 400 MII oocytes were separated on a 15% SDS PAGE gel, transferred to 249 

Immobilon-P, and immunoblotted according to our previous protocol [13]. The same 250 
primary antibodies described in the previous section were used as follows: anti-VAMP1, 251 
1:500 dilution; anti-VAMP2, 1:500 dilution; anti-VAMP3, 1:500 dilution, and anti-β-252 

Tubulin (Sigma-Aldrich, clone TUB 2.1), 1:2000 dilution. The secondary antibodies used 253 
for immunodetecion were: goat anti-mouse IgG-HRP antibody (80 pg/μl, Jackson 254 

ImmunoResearch Inc) or goat anti-rabbit IgG-HRP antibody (1:10000, Cell Signaling 255 
Technology). The immunoreactive signals were visualized using ECL Advance Western 256 
Blotting System (GE Healthcare) and recorded using ImageQuant LAS-4000 (Fujifilm). 257 

 258 

2.6. Oocyte microinjection 259 
 260 
Microinjections were performed according to de Paola et al, 2015. MII oocytes were 261 

microinjected with anti-VAMP1, anti-VAMP2, anti-VAMP3 antibodies, using the same 262 
primary antibodies as in Immunocytochemistry and Immunoblotting sections, mouse IgG 263 

isotype control (Novus Biologicals), or rabbit IgG isotype control (Novus Biologicals). 264 
Concentration was 1 μg/μl for Anti-VAMP2, anti-VAMP3, mouse IgG isotype control 265 

(Novus Biologicals), and rabbit IgG isotype control (Novus Biologicals), the highest 266 
possible for antibodies. For VAMP1 polyclonal rabbit antiserum there is no concentration 267 
information supplied by manufacturer, in this case no dilution was performed; all 268 
antibodies and isotype controls were prepared in PBS.  For tetanus toxin experiments, MII 269 
oocytes were microinjected with 10 μM tetanus toxin (TeTx) and, when indicated, were 270 

treated with 10 μM TPEN during 15 min at 37 °C prior activation with SrCl2. For 271 
microinjection, needles were filled at the indicated concentrations with injection solutions, 272 

and about 7–10 pl were injected into the cytoplasm of MII oocytes by pneumatic pressure 273 
using a Pico-Injector (model PLI-100, Harvard Apparatus, Holliston, MA). Injected oocytes 274 
were used in CGE experiments after at least 1 h incubation in M16 medium, in a 275 
humidified atmosphere with 5% CO2 at 37 °C. The number of oocytes used for each 276 
experiment is indicated in the figure legends. 277 

 278 
2.7. Tetanus toxin (TeTx) recombinant protein purification 279 
  280 
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Plasmid pQE-3 encoding His6-tagged recombinant light chain-tetanus toxin was gently 281 

gifted by Dr. C. Tomes. Purification of His6-tagged recombinant proteins was performed 282 
under native conditions in accordance with Qiagen’s instructions, except for the fact that 283 

the 50 mM phosphate pH 8 was replaced for 50 mM TrisHCl pH 7.4 in the purification 284 
buffers. The concentration of NaCl in all buffers was 500 mM. Lysis buffer, washing buffer 285 
and elution buffer contained 20 mM, 50 mM and 350 mM of imidazole, respectively. 286 
Bradford method (Biorad) was used to determine the protein concentration. Bovine serum 287 
albumin was used as a standard for the calibration curve and the samples were quantified 288 

on a Multiskan FC (Thermo Scientific) microplate reader. For microinjection, the purified 289 
proteins were desalted by Gel filtration using Sephadex G-25 (MP Biomedicals). 290 
 291 
2.8. SrCl2 activation of Metaphase II oocytes 292 
 293 

Strontium chloride (SrCl2) was used for parthenogenetic activation of MII oocytes. The 294 
oocytes were thoroughly washed in calcium/magnesium-free CZB (85,35 mM NaCl, 4,83 295 

mM KCl, 1,18 mM KH2PO4, 110 μM EDTA.2Na, 12 mM NaHCO3 25, 270 μM Na 296 

pyruvate, 52 mM Na lactate, supplemented with 0,001% Gentamicin, 0.01% PVA, 1 mM 297 
Glutamine) and then activated with freshly prepared SrCl2 (30 mM) in calcium/magnesium-298 
free CZB for 1h at 37 °C, in a humidified atmosphere of 5% CO2 in air. Control and 299 

activated oocytes were subjected to the same incubation times. After activation, control and 300 
MII oocytes were immediately processed for CG staining. 301 

 302 
2.9. Cortical granules staining and quantification 303 
 304 

Staining and quantification of CG were performed according to our previous work [4;13]. 305 

Control MII oocytes and parthenogenetically activated oocytes with SrCl2. were briefly 306 
incubated in acidified Tyrode’s solution pH 2.2 to remove zona pellucida. Then, they were 307 
washed in MEM/HEPES and fixed in 3.7% PAF diluted with Dulbecco’s PBS (DPBS) for 308 

1 h at room temperature. After fixation, cells were washed three times in BS and 309 
permeabilized with 0.1% Triton X-100 diluted with DPBS for 15 min. Afterwards, cells 310 

were washed in BS and incubated in FITC-LCA (25 μg/ml) diluted with BS for 30 min. 311 
Finally, cells were washed, mounted under partial compression between slide and coverslip 312 

in Vectashield mounting medium, sealed, and stored at 4 °C. The images on flat optical 313 
fields of cortex were acquired with a confocal laser-scanning microscope (FV1000, 314 
Olympus) using a PLAPON 60 x/NA 1.42 oil-immersion objective lens, 512 x 512 pixel 315 
resolution. The confocal acquisition parameters remained constant for all captured images 316 
within the same experiment. The mean obtained from the counting of CG present in four 317 

non overlapping equal areas from the oocyte cortex, was used to determine CG density per 318 
100 μm2 (CG/100 μm2) for each cell, using the computer-assisted image quantification 319 

software Image J (version 1.42l; NIH, MD). For each condition, relative CG density/100 320 
μm

2
 was calculated from the ratio between the mean density of CGs of the treated group to 321 

the mean density of CGs of the untreated control group, according to the following 322 
equation: [density of CGs in treated group/density of CGs in untreated group] x100, thus 323 
setting density of CGs in untreated group (control condition) as 100%. 324 

 325 
2.10. Data analysis 326 
 327 
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All the presented experiments were repeated at least three times. The number of oocytes 328 

used for each experiment is indicated in the figure legends or below bars in graphs. 329 
Statistical significance was determined by One-Way Analysis of Variance (ANOVA) 330 

followed by Tukey’s test for multiple comparisons using KyPlot software. Data are 331 
expressed as mean ± SEM and only p < 0.05 is considered statistically significant. 332 
 333 

 334 

3. RESULTS 335 
 336 
3.1. Expression and localization of VAMP1, VAMP2 and VAMP3 in mouse oocytes 337 
 338 
It has been described that some components of SNARE complex are present in mouse 339 
oocytes. Indeed, the Q-SNAREs Syntaxin4 and SNAP23 have been previously 340 

characterized [28;34]. However, it is unknown whether the R-SNAREs –or VAMPs- are 341 
involved in CGE. Of all the known VAMP isoforms that might participate as the R-SNARE 342 

in the cortical reaction, only VAMP1, VAMP2 and VAMP3 are involved exclusively in 343 

exocytosis in several secretion models [33;36;42]. So, to further characterize the molecular 344 
mechanism of CGE in mouse oocytes, we focused on these three VAMP isoforms. 345 
Considering that both germinal vesicle (GV)-intact and MII oocytes are transcriptionally 346 

inactive and that during mouse oocyte maturation (from GV to MII stage) there is 347 
significant transcript degradation [38;43;49], we extracted mRNA from GV oocytes to 348 

optimize the results. The presence of mRNA for the VAMP1, VAMP2 and VAMP3 was 349 
assessed by RT-PCR. We reverse transcribed cDNA samples from mRNA isolated from 350 
GV-intact oocytes and amplified them using the respective specific primers (Fig. 1A). The 351 

same amount of oocyte equivalents was used for all reactions. Amplified products were 352 

observed in VAMP1 (Fig. 1B, lane 2) and VAMP3 (Fig. 1B, lane 8) lanes, showing that 353 
VAMP1 and VAMP3 mRNA were expressed in GV-intact ocytes. VAMP2 showed a 354 
barely noticeable band indicating that mRNA from VAMP2 gene was scarcely transcribed 355 

in GV oocytes (Fig. 1B, lane 5). Since the gene expression of VAMP1, VAMP2 and 356 
VAMP3 has already been characterized in brain, this tissue was used as positive control. 357 

Amplification products from mouse brain cDNA were observed in all lines of VAMP (Fig. 358 
1B, lanes 1, 4, 7). No amplified DNA fragments were observed when PCR was performed 359 

without cDNA sample (Fig. 1B, lanes 3, 7, 9) or without reverse transcriptase (Fig. 1B, 360 
lanes 10 and 11). These results showed that the VAMP1 and VAMP3 genes are the genes 361 
that are mainly expressed in mouse oocytes. Our findings are in concordance with the fact 362 
that VAMP2 is the most abundant isoform in brain and the other two isoforms, VAMP1 363 
and VAMP3, are mostly abundant in other secretory tissues.  364 

Then, we determined the expression of VAMP1, VAMP2 and VAMP3 proteins by 365 
Western blot in mouse oocytes. For this purpose, we collected Metaphase II (MII) oocytes, 366 

since this is the oocyte maturation stage in which cortical reaction occurs. Proteins 367 
extracted from MII oocytes and positive control tissue were resolved by SDS-PAGE, 368 
transferred to PVDF membranes and probed with the antibody of interest. We used the 369 
same antibodies used by Gadella´s group to characterize VAMP1, VAMP2, and VAMP3 in 370 
porcine oocytes [51]. For VAMP1 detection, the immunoblot analysis demonstrated the 371 

presence of a protein band that comigrated with mouse brain used as positive control (Fig. 372 
2A, left panel). Western blot analysis for VAMP2 showed that a band of the expected 373 
molecular weight was present in mouse brain, however no band was observed in mouse 374 
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oocytes (Fig. 2B, center panel). Similar assays were performed for VAMP3 detection. In 375 

this case, we showed adipose tissue as a positive control since VAMP3 protein expression 376 
is more abundant in adipocytes [12]. As shown in Figure 2 (right panel), a band of the 377 

expected molecular weight was observed in the positive control and MII oocytes. These 378 
results showed that only VAMP1 and VAMP3 protein are expressed in mouse oocytes and 379 
that, in our work conditions, VAMP2 was not detected in these cells.  380 

Next, we analyzed the localization of VAMP1, VAMP2 and VAMP3 in GV and MII 381 
oocytes. As shown in Figure 2B, VAMP1 staining was mainly concentrated in the cortex 382 

region at both stages (Fig. 2B, left panel). In MII oocytes, the fluorescence´s intensity of 383 
VAMP1 was stronger in the cortical region. When the immunolocalization of VAMP2 was 384 
assayed no signal was observed at any maturation stage. In fact, the central panel of Figure 385 
2B showed no staining for VAMP2 in GV and MII oocytes. Similarly to VAMP1, VAMP3 386 
showed a sharp localization in the cortical region of GV and MII oocytes (Fig. 2, right 387 

panel). For all immunofluorescence experiments, no signal was observed when the specific 388 
primary antibody was omitted (Fig. 2B, see 2

o 
antibody only panel). Altogether, these 389 

results showed that VAMP1 and VAMP3, but not VAMP2, isoforms are expressed and 390 

localized in the cortical region of MII oocytes, which is enriched with cortical granules (see 391 
LCA staining in Fig. 2B). This cortical localization prompted us to investigate the 392 
involvement of these proteins in CGE. 393 

 394 
3.2. Cortical granule exocytosis is sensitive to tetanus toxin 395 

 396 
Cortical granule exocytosis is a calcium regulated exocytosis, in which CG fuse with the 397 
oocyte´s plasma membrane after mouse oocyte activation. This fusion is thought to be 398 

mediated by SNAREs. The SNARE hypothesis of membrane fusion was first supported by 399 

the demonstration that the neuronal synaptic v-SNARE, VAMP2, and t-SNAREs, 400 
Syntaxin1 and SNAP25, are proteolyzed by the light chains of the clostridial neurotoxins –401 
tetanus toxin and botulinum toxin [26;41]. These toxins have two polypeptide chains: the 402 

heavy and the light chain. The heavy chain mediates binding, internalization, and 403 
translocation of the light chain to the cytosol, and the light chain inhibits synaptic 404 

transmission by cleaving either VAMP2, Syntaxin, or SNAP25 at specific and single sites 405 
[16].  The catalytic activity of the light chain is zinc-dependent and is used as a tool for the 406 

study of exocytosis in different secretory cells [1;7;25]. VAMP1, VAMP2 and VAMP3 are 407 
the only known R-SNAREs to be sensitive to the light chain of tetanus toxin (TeTx) [26]. 408 
However, this toxin is not active when SNARE complex is preassembled [23;39]. Using a 409 
functional assay, we previously demonstrated that alpha-SNAP/NSF complex participates 410 
in CGE [13]. This finding indicates that, unlike other secretory processes, SNARE proteins 411 

are preassembled in mouse oocytes and need to be disassembled by alpha-SNAP/NSF 412 
complex to allow the fusion of CG with the oolema [13]. Therefore, if tetanus toxin were 413 

present during the disassembling of SNARE complexes occurring in activated oocytes, the 414 
identified VAMP isoforms –VAMP1 and VAMP3– might be available for toxin activity. 415 
Hence, the VAMP isoforms would be cleaved and CGE would be impaired. We tested this 416 
hypothesis by microinjecting tetanus toxin in oocytes prior strontium activation. Zona 417 
pellucida of the treated oocytes was removed before fixation and CG were stained with 418 

FITC-Lens Culinaris Agglutinin (LCA) to evaluate CG density as a measure of cortical 419 
reaction (see Materials and Methods section for details). As shown in figure 3, the 420 
microinjection of tetanus toxin significantly inhibited the cortical reaction activated by 421 
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SrCl2 (Fig. 3) indicating that VAMP1 or VAMP3 might be involved in CGE. Tetanus toxin 422 

inhibited significantly cortical reaction by about 50 %, suggesting that other tetanus toxin-423 
insensitive protein might be involved in this secretory process.  424 

Next, considering that the catalytic activity of the light chain of tetanus toxin is zinc-425 
dependent, we analyzed the effect of zinc chelation to demonstrate the specificity of this 426 
toxin effect. We used N,N,N′,N′-Tetrakis(2-pyridylmethyl) ethylenediamine (TPEN), a 427 
cell-permeable zinc chelator with a high affinity for zinc. Incubation of tetanus toxin-428 
microinjected oocytes in 10 µM TPEN prevented the inhibition of CGE, confirming the 429 

specificity of the effect of tetanus toxin (Fig. 3). TPEN incubation alone did not alter the 430 
cortical reaction in presence or absence of SrCl2 (Fig. 3). These results confirmed our 431 
hypothesis and demonstrated that CGE is sensitive to tetanus toxin.  432 
 433 
 434 

3.3. VAMP1 and VAMP3 have an active role in cortical granule exocytosis 435 
  436 

In previous sections we have demonstrated that VAMP1 and VAMP3 are expressed in 437 

mouse oocytes and that the tetanus toxin inhibited cortical reaction. These results suggested 438 
that VAMP1 or VAMP3 might be involved in the cortical reaction. A very useful technique 439 
to demonstrate the participation of a protein in cortical reaction is blocking the function of 440 

endogenous protein by antibody microinjection prior to oocyte activation [4;13].  441 
As we have shown previously, CGE assay is a functional assay that measures the secretory 442 

process of cortical granules and, indirectly, can measure the antibody blocking function by 443 
virtue of specific steric interference. If CGE is activated in oocytes previously 444 
microinjected with a blocking antibody, CGE will be inhibited because the antibody will 445 

block the function of the endogenous protein. On the contrary, if the microinjected antibody 446 

does not block CGE, it means that no protein was recognized by the antibody 447 
microinjected. Even more, to demonstrate that the antibody blocking effect is specific, an 448 
IgG isyotype control antibody is microinjected and it is expected to have no effect. Hence, 449 

to confirm the participation of VAMP1 and VAMP3, but not VAMP2, in the cortical 450 
reaction, we perturbed the endogenous protein by microinjecting mouse MII oocytes with 451 

anti-VAMP1, anti-VAMP2, or anti-VAMP3 antibody prior strontium activation. After cell 452 
fixation and CG staining, the CG density was evaluated as described in the previous section 453 

(Fig. 4). The microinjection of anti-VAMP1 antibody significantly inhibited the CGE (Fig. 454 
4A). This result can be easily observed if control and VAMP1 Ab images are compared; 455 
note that CG density is similar in both images, which indicates that CG were not secreted 456 
when anti-VAMP1 antibody was microinjected. The microinjection of a rabbit IgG isotype 457 
control had no effect, showing that microinjection procedure or an unspecific IgG were not 458 

responsible for the observed inhibition (Fig. 4A). In this case, note that the CG density in 459 
rabbit IgG image is similar to activated oocytes (positive control, SrCl2-activated oocytes), 460 

indicating that CG were secreted in oocytes microinjected with rabbit IgG. In contrast, the 461 
microinjection of anti-VAMP2 antibody in MII oocytes was not able to inhibit the cortical 462 
reaction activated by strontium chloride (Fig. 4B), indicating that this isoform does not 463 
have a role in this secretory process. Here, note that VAMP2 Ab image is similar to both 464 
activated (SrCl2) and isotype IgG (Mouse IgG)-microinjected oocytes, indicating that CGs 465 

were secreted. Finally, the microinjection of the anti-VAMP3 antibody specifically 466 
inhibited the cortical reaction stimulated by SrCl2 (figure 4C), while the rabbit IgG isotype 467 
control had no effect on the cortical reaction. In this case, as VAMP1 Ab image, VAMP3 468 
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Ab image shows similar CG density when compared with control image, indicating that the 469 

CGs were not secreted when anti-VAMP3 antibody was microinjected. Altogether, these 470 
results demonstrate that VAMP1 and VAMP3, but not VAMP2, have an active role and are 471 

required for CGE in mouse oocytes. 472 
 473 
 474 

4. DISCUSSION 475 
 476 

In this work, we aim to investigate if R-SNAREs involved exclusively in secretory 477 
processes –VAMP1, VAMP2, or VAMP3 – participate in CGE. We demonstrated by RT-478 
PCR that VAMP1 and VAMP3 were the isoforms expressed in mouse oocytes (Fig. 1). 479 
Immunoblot also demonstrated that VAMP1 and VAMP3, but not VAMP2, were detected 480 
in these cells (Fig. 2A). The immunolocalization showed that VAMP1 and VAMP3 were 481 

observed in the cortical region of GV and MII mouse oocytes, whereas VAMP2 was not 482 
observed at any of these maturation stages (Fig. 2B). It is worth pointing out that even 483 

using the same VAMPs antibodies than Gadella´s group, our results are different from 484 

those obtained in porcine oocytes, in which the absent isoform was VAMP3 [51]. This 485 
suggests that the molecular components of CGE may be similar but not identical among 486 
mammalians. Knowing that VAMP1, VAMP2, and VAMP3 are the only known R-487 

SNAREs to be sensitive to tetanus toxin [26], we assayed the effect of tetanus toxin during 488 
oocyte activation using the functional assay described by our group [4;13]. Previously, we 489 

demonstrated that alpha-SNAP/NSF complex participates in CGE [13] indicating that 490 
SNARE proteins are preassembled in mouse oocytes and need to be disassembled by alpha-491 
SNAP/NSF complex to allow the fusion of CG with the oolema [13]. According to our 492 

prediction, CGE was impaired when tetanus toxin was present during the mouse oocyte 493 

activation (Fig. 3), indicating that at least one toxin-sensitive VAMP was necessary for 494 
CGE. To demonstrate that VAMP1 or VAMP3 were active during cortical reaction, we 495 
perturbed the endogenous protein by the specific antibody microinjection. Only the 496 

microinjection of anti-VAMP1 or anti-VAMP3 was able to inhibit CGE (Fig. 4), 497 
demonstrating that VAMP1 and VAMP3 participate in CG fusion with the oolema.  498 

Unlike the work of Tsai et al that described the presence of VAMP1 and VAMP2 –but 499 
not VAMP3– by Western blot and indirect immunofluorescence in porcine oocytes [51], 500 

here, we show that VAMP1 and VAMP3 –but not VAMP2– are expressed and localized in 501 
the cortical region of mouse oocytes. Furthermore, we demonstrate the involvement of 502 
these VAMPs sensitive to tetanus toxin in cortical reaction by a functional assay in live 503 
cells. In other words, our work not only reports the expression and localization of VAMP1 504 
and VAMP3 but also shows that blocking of the endogenous proteins by the corresponding 505 

antibody microinjection inhibited CGE in mouse activated oocytes. Nevertheless, 506 
considering that 9 VAMP isoforms have been predicted in humans [8] and that only 7 507 

VAMP isoforms have been characterized in rodent models, we cannot exclude that other 508 
VAMP isoforms insensitive to tetanus toxin may be involved in CGE. In fact, the 509 
microinjection of tetanus toxin inhibited significantly cortical reaction by about 50 %, 510 
suggesting that other tetanus toxin-insensitive protein might be involved in this secretory 511 
process.  512 

SNAREs proteins are the engine of membrane fusion during regulated exocytosis [29]; 513 
however, other conserved sets of protein families that include GTPases of the Rab family, 514 
the Sec1/Munc-18 protein family, and Synaptotagmin family are necessary for this process. 515 
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Rab GTPases are essential regulators of membrane trafficking [48] and can recruit other 516 

Rabs or proteins such as Rabphilin [19;40]. Rab3A and Rab27A can cooperatively regulate 517 
the tethering and docking step of vesicles to the plasma membrane in PC12 cells [52], in 518 

endocrine cells [15] and human sperm [5;11;55]. In mouse oocytes, Rab3A, Rab27A, and 519 
Rabphilin3A have been identified and involved in CGE [4;32;54]. Rabs 3A and 27A 520 
colocalize with cortical granules [54], and microinjection of function-blocking antibodies 521 
[4] or protein depletion using RNAi [54] inhibits CGE [4;54]. Moreover, Rabphilin 3A, an 522 
effector of Rab3A, has been involved in cortical reaction since the microinjection of the 523 

NH2- or COOH-terminal fragment of recombinant Rabphilin-3A into mouse MII oocytes 524 
inhibited CGE in a dose-dependent manner [15]. 525 

Another highly conserved family of proteins is Synaptotagmin [18]. Synaptotagmin1 is 526 
a calcium sensor, abundant in the synaptic vesicle membrane and plays an essential role in 527 
neurotransmitter release. Zanetti et al showed that the C2AB portion of Synaptotagmin1 528 

could self-assemble into calcium-sensitive ring-like oligomers on membranes to regulate 529 
neurotransmitter release [56]. Recently, Zhu et al have shown that Synaptotagmin1 530 

knockdown by Synaptotagmin1 specific-domain morpholino was found to affect 531 

intracellular [Ca2+] oscillations, the F-actin organization, and CGE in mouse oocytes, 532 
demonstrating that Synaptotagmin1 regulates CGE [57]. So far, no studies have been 533 
conducted to investigate if the Sec1/Munc-18 protein family is expressed in mouse oocytes. 534 

Cortical granules are membrane-bound organelles that are derived from Golgi 535 
apparatus and appear in the early stages of oocyte growth. In fact, in mouse oocytes, these 536 

granules are first observed in the unilaminar follicles [31]. During follicular growth, small 537 
vesicles are formed from hypertrophied Golgi complexes and, then, coalesce to form 538 
mature CG [22]. Hence, CG formation and maturation involved previous membrane fusion 539 

steps in which ternary cis-SNARE complexes can be acquired for CG membrane. There is 540 

no evidence about whether SNAREs are forming cis-SNARE complexes in mammalian 541 
oocytes; however, findings from this and our previous work suggest that SNAREs are 542 
preassembled in CG of mouse oocytes [13].  543 

Regarding the Q-SNAREs involved in CGE, only SNAP23 has been identified as a 544 
SNARE component in the membrane fusion of cortical granules with plasma membrane in 545 

mouse oocytes [34]. During two decades it was believed that SNAP25 was present in 546 
mouse oocytes and that it was one of the Q-SNARE required for regulated exocytosis in 547 

mouse eggs [27]. However, a recent work from Mehlman et al. demonstrated that SNAP23, 548 
but not SNAP25, is present in mouse oocytes and that it is required for regulated 549 
exocytosis, exerting its function downstream of Ca2+ release [34].  On the other hand, 550 
Syntaxin4 was identified almost twenty years ago in mouse eggs [28], but its function in 551 
CGE has not been demonstrated. 552 

In order to summarize our results and those of other groups presented throughout this 553 
discussion, we present a working model for membrane fusion during cortical reaction in 554 

mouse oocytes (Fig. 5). We proposed that ternary cis-SNAREs complexes are preformed on 555 
CG (and probably on plasma membrane remnant from constitutive exocytosis [34]). During 556 
mouse oocyte activation, a sudden increase in the amount of calcium ions would activate 557 
alpha-SNAP/NSF complex, which would release cis-SNARE components to allow the 558 
fusion of CG and plasma membrane [13]. Then, Rab3A, Rab27A and Rabphilin, which are 559 

reported to participate in CGE regulation [4;32;54], would facilitate the CG tethering and 560 
docking to the plasma membrane, probably acting as an anchor to the plasma membrane to 561 
control the fusion of cortical granules. Finally, Synaptotagmin1 [57] would detect calcium 562 
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ions and would bind to the cell membrane and the new trans-SNAREs complexes allowing 563 

the secretion of CG content (Fig.5). 564 
One raised question from our work is: why are more than one VAMP isoforms 565 

involved in the cortical reaction? Interestingly, SNAREs can functionally replace each 566 
other to a certain extent. For instance, VAMP2 and VAMP3 are capable of substituting for 567 
each other to a varying degree in the regulated exocytosis of chromaffin cells [9]. Similarly, 568 
SNAP23 can rescue exocytosis in embryonic chromaffin cells from SNAP25 null mice 569 
[47]. Probably the coexistence of more than one isoform allows ensuring an efficient 570 

cortical reaction that avoids polyspermy, securing the development of the embryo. In fact, 571 
if VAMP3 were indispensable for CGE we might predict that VAMP3 knock-out mice 572 
would be infertile. However, VAMP3 knock-out mice are viable and fertile [9]. According 573 
to our findings, we speculate that these mice are fertile because VAMP1 is enough to 574 
support the cortical reaction. Nevertheless, this should be further explored. 575 

Based on published studies which suggest that SNAREs are also important in the 576 
control of tumorigenesis through the regulation of multiple signaling and transportation 577 

pathways [35], we speculate that SNARE and associated proteins would also be a target for 578 

contraception. In fact, we have recently characterized the oocyte phenotype from hyh mice 579 
that have a point mutation in the alpha-SNAP gene and have demonstrated that alterations 580 
in SNARE-related proteins affect female fertility [2;14]. 581 

In conclusion, our results reveal that CGE is sensitive to tetanus toxin and two out of 582 
the three tetanus toxin sensitive VAMPs –VAMP1 and VAMP3– are required for CGE. 583 

This work completes the characterization of the SNARE proteins in the cortical reaction 584 
and finally demonstrates that the fusion of CG with the oolema is mediated by the SNARE 585 
complex. 586 
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 619 

FIGURE LEGENDS 620 

Figure 1.  Gene expression of VAMP1, VAMP2 and VAMP3 in mouse oocyte by RT-621 
PCR. A. Domain diagrams of VAMP1, VAMP2 and VAMP3. Black arrowheads over and 622 
under each protein scheme represent forward and  reverse primers for hybridation zone, 623 

respectively. Numbers under diagrams indicate the number of amino acid of VAMPs 624 

isoforms. B. RT-PCR: Lanes 1–3 and 10–11 were amplified using VAMP1 primers; lanes 625 
4–6, using VAMP2 primers; and lanes 7–9, using VAMP3 primers. All reactions were 626 
performed under the same experimental procedure. Agarose gel was stained with SYBR 627 

Safe. Lanes:  M, molecular weight marker 100-1000 bp; 1, 4, 7, mouse brain cDNA; 2, 5, 8, 628 
GV oocyte cDNA; 3, 6, 9, PCR negative controls without cDNA (non template control); 629 

10, 11, RT-PCR negative controls without reverse transcriptase for brain and oocytes 630 
samples, respectively, using VAMP1 primers. Shown is a representative image of three 631 
independent experiments. 632 

 633 

Figure 2. Expression and immunolocalization of VAMP1, VAMP2, and VAMP3 in 634 
mouse oocytes. A. Immunoblot analysis of VAMP1, 2, and 3 proteins by SDS-PAGE on 635 
15% gel. Lanes: MII oocytes: 400 MII oocytes; Brain: 1,273 μg and 0,6365 μg brain total 636 

proteins for VAMP1 and 2, respectively; Adipose tisuue: 4,74 μg mouse abdominal adipose 637 
tissue total proteins. Detection of β-tubulin was performed as a control of protein loading. 638 

Representative blots are shown (n=3). B. Immunolocalization of VAMP1, 2, and 3 proteins 639 
in GV-intact (GV) and Metaphase II (MII) oocytes. VAMP1, 2, and 3 were detected by 640 

indirect immunofluorescence. Cells were mounted in chamber under minimal compression. 641 
Confocal microscopy images of GV and MII oocytes were taken in the equatorial section of 642 
the cells. Green in each representative photomicrograph indicate positive staining for 643 
primary antibody anti-VAMP 1, 2 or 3 detected by secondary antibodies conjugated to Dye 644 
Light 488. Red represents cortical granules (CG) staining achieved with Lens Culinaris 645 

Aglutinin (LCA) conjugated to rhodamine. Images were taken at equatorial focal plane. 646 
Scale bar: 20 μm. Every experiment was performed at least three times. 647 

 648 
Figure 3. Effect of tetanus toxin microinjection on cortical granule exocytosis. Oocytes 649 
were microinjected with 10 μM tetanus toxin (TeTx), and when indicated, incubated with 650 
TPEN 10 μM. Cortical granule exocytosis was triggered with 30 mM SrCl2. Images were 651 
taken as described in M&M. Left, representative confocal images of oocytes stained with 652 

FITC-LCA for each experimental condition. Scale bar: 20 μm. Right, histogram showing 653 
CG density/100 μm

2  
for different treatments, relative to untreated group (Control) set as 654 

100%.  Data are shown as mean ± SEM from 3 independent experiments. Numbers in 655 
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parentheses below bars represent total number of oocytes.  ***, values compared to control 656 

without stimulus, p ≤ 0,001; ‡ ‡ ‡, values compared to SrCl2, p ≤ 0,001. Statistical tests: 657 
One way ANOVA and Tukey’s test. 658 

 659 

Figure 4. Effect of microinjection of anti-VAMP1, anti-VAMP2 and anti-VAMP3 660 
antibodies on cortical granule exocytosis. Oocytes were microinjected with either anti-661 
VAMP1 (A), anti-VAMP2 (B), or anti-VAMP3 (C) antibodies (1 µg/µl) and the cortical 662 
reaction was triggered with 30 mM SrCl2. Rabbit or mouse IgG were microinjected as 663 

isotype controls. Images were taken as described in M&M. Left, for each panel: 664 
representative confocal microscopic images of oocytes stained with FITC-LCA. Scale bar: 665 
20 μm.  Right, for each panel: histogram showing CG density/100 μm

2 
for different 666 

treatments and relative to untreated group (Control) set as 100%.  Data are shown as mean 667 
± SEM from at least 3 independent experiments. Numbers in parentheses below bars 668 

represent total number of oocytes. ***, values compared to control (without stimulus), p ≤ 669 
0,001; ‡ ‡ ‡, values compared to SrCl2, p ≤ 0,001. Statistical tests: One way ANOVA and 670 

Tukey’s test. 671 

 672 

Figure 5. Working model for membrane fusion during cortical granule exocytosis in 673 
mouse oocytes. Based on our previous and recent results and those published by other 674 

groups, we present this scheme to summarize the proteins that are involved in cortical 675 
granules exocytosis in mouse oocytes and their probable functions.  We proposed that 676 

ternary cis-SNAREs complexes –formed by SNAP23 [34], Syntaxin4 [28]  and VAMP1/3 677 
(this work) are preformed on cortical granules (and probably on plasma membrane remnant 678 
from constitutive exocytosis). Rab3A-GTP [4], Rabphilin3A [32], and Rab27-GTP [54] are 679 

already recruited on cortical granules. During mouse oocyte activation, a sudden increase in 680 

the amount of calcium ions (Ca
2+

) would activate alpha-SNAP/NSF complex and 681 
Synaptotagmin1. Alpha-SNAP/NSF complex would disassemble preformed SNARE 682 
complexes [13] and would release their components to allow the fusion of vesicle granules 683 

and plasma membrane (PM). Meanwhile, Rabs/rabphilin complex would facilitate the 684 
tethering membranes. Finally, Synaptotagmin1[57] would detect calcium ions and would 685 

bind to the cell membrane and the new trans-SNAREs complexes allowing the secretion of 686 
cortical granule content. 687 

 688 
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HIGHLIGHTS 

 Cortical granule exocytosis is sensitive to tetanus toxin in mouse oocytes 

 VAMP1 and VAMP3 proteins participate in cortical granule exocytosis  

 This work confirms that cortical granule exocytosis is mediated by SNARE 

complex  
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