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Role of arachidonic acid cascade in Rhinella arenarum oocyte
maturation
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Summary

There are no studies that document the production of prostaglandins (PGs) or their role in Rhinella
arenarum oocyte maturation. In this study, we analysed the effect of arachidonic acid (AA) and
prostaglandins (PGs) on maturation, activation and pronuclear formation in R. arenarum oocytes.
Our results demonstrated that AA was capable of inducing maturation in time-dependent and
dose-dependent manner. Arachidonic acid-induced maturation was inhibited by indomethacin.
Prostaglandins from AA hydrolysis, such as prostaglandin F2� (PGF2�) and, to a lesser extent, PGE2,
induced meiosis resumption. Oocyte maturation in response to PGF2� was similar to that produced
by progesterone (P4). Oocyte response to PGE1 was scarce. Rhinella arenarum oocyte PGF2�-induced
maturation showed seasonal variation. From February to June, oocytes presented low sensitivity to
PGF2�. In following periods, this response increased until a maximum was reached during October to
January, a close temporal correlation with oocyte response to P4 being observed. The effect of PGF2� on
maturation was verified by analysing the capacity of oocytes to activate and form pronuclei after being
injected with homologous sperm. The cytological analysis of activated oocytes demonstrated the absence
of cortical granules in oocytes, suggesting that PGF2� induces germinal vesicle breakdown (GVBD) and
meiosis resumption up to metaphase II. In turn, oocytes matured by the action of PGF2� were able to
form pronuclei after fertilization in a similar way to oocyte maturated by P4. In microinjection of mature
cytoplasm experiments, the transformation of pre-maturation promoting factor (pre-MPF) to MPF was
observed when oocytes were treated with PGF2�. In summary, our results illustrated the participation of
the AA cascade and its metabolites in maturation, activation and pronuclei formation in R. arenarum.
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Introduction27

In amphibians, as in almost all vertebrates, oocytes are28
arrested in meiotic prophase I. Just before ovulation a29
surge in luteinizing hormone (LH) stimulates ovarian30
follicles to unleash multiple signals that ultimately31
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trigger oocytes to re-enter the cell cycle in a process 32
called maturation (Albertini & Carabatsos, 1998). 33
Oocytes progress through meiosis to metaphase II, 34
where they are again arrested until after fertilization, 35
when meiosis is completed. Oocytes arrested at 36
prophase I have a nucleus with an intact nuclear 37
envelope or germinal vesicle (GV). Germinal vesicle 38
breakdown (GVBD) is the first clearly visible marker 39
of meiosis resumption (Brunet & Maro, 2005). 40

For oocyte maturation to occur in amphibians, a 41
surge in LH secretion must stimulate a follicular 42
production of progesterone (P4). This hormone acts 43
non-transcriptionally to cause GVBD by interaction 44
with a receptor located at the cell membrane, and 45
that was demonstrated in Xenopus oocytes (Maller, 46
2001). P4 starts a cascade of transmembrane signaling 47
events (Zelarayán et al., 2007; 2012), leading to the 48
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activation of a key regulator of the G2–M phase49
transition (Liu et al., 2005), the cytoplasmic maturation50
promoting factor (MPF), a complex of the cyclin-51
dependent kinase p34cdc2 and cyclin B that induces52
GVBD (Sánchez Toranzo et al., 2006). However, the53
mechanisms involved in this process have not been54
fully elucidated yet.55

Large numbers of signaling mechanisms and second56
messengers have been implicated in P4-induced oocyte57
maturation. There is a general consensus that a transi-58
ent decrease in cAMP intracellular levels, resulting at59
least partly from the inhibition of membrane adenylyl60
cyclase (AC) activity, is an obligatory step in the61
mechanism by which P4 induces oocyte maturation62
(Kwon et al., 1989; Zelarayán et al., 2012). In addition63
to cAMP, other second messengers have been studied64
in the P4-induced maturation of Rhinella arenarum65
(ex Bufo arenarum) oocytes (Zelarayán et al., 2000).66
However, the role of arachidonic acid (AA) metabolites67
in P4-induced oocyte maturation in amphibians has68
not been clarified.69

Prostaglandins (PGs), produced in almost all cells,70
are important mediators of functions in the female71
reproductive tract. They result from the hydrolysis72
of polyunsaturated fatty acids (PUFAs), which are73
natural constituents of cell membranes. They may74
derive from 8,11,14-eicosatrienoic acid (PGE1) or75
from 5,8,11,14-eicosatetraenoic acid or AA (PGF2�76
and PGE2). Cyclo-oxygenases (COX) catalyze their77
conversion to PGs (Grosser et al., 2002; Sirois et al.,78
2004), considered to be important physiological79
regulators of ovarian functions. Other eicosanoids,80
such as leukotrienes, can be formed from PUFAs by the81
action of lipoxygenases (LOX).82

Although PGs have been associated with ovulation83
and their relevance has been acknowledged in many84
vertebrates, studies conducted in zebrafish oocytes85
have demonstrated their role during maturation86
(Lister & Van Der Kraak, 2008). However, their87
participation during meiosis resumption and their role88
as paracrine regulation agents are not yet definitely89
known.90

Arachidonic acid and its metabolites may induce91
meiosis resumption in oocytes of some species of92
starfish (Meijer et al, 1986), fish (Sorbera et al., 1998),93
mice (Downs & Longo, 1983) and sheep (Murdoch,94
1988). Patiño et al. (2003) demonstrated that AA95
metabolites may induce ovulation in ovarian follicles96
of Atlantic croaker and may have a permissive role97
in oocyte maturation. In this sense, AA seems to has98
an important role in signal transduction leading to99
ovulation but its role regarding meiosis resumption in100
certain teleosts is unclear.101

In amphibians, in R. arenarum in particular, the role102
of fatty acids and their metabolites during oocyte103
maturation has been scarcely analyzed. In R. arenarum104

we showed that AA metabolites produced through 105
COX and LOX pathways play an important role 106
in P4-induced oocyte maturation. In agreement with 107
this finding, we demonstrated that phospholipase 108
A2 (PLA2) activation and the consequent AA release 109
induced maturation in R. arenarum oocytes in a 110
dose-dependent manner, but PLA2 inactivation did 111
not affect P4-induced maturation. It seems probable 112
that other phospholipases are involved in P4-induced 113
maturation in this species. Our results suggest that AA 114
metabolites resulting from the COX or LOX pathways 115
would be involved in P4-induced R. arenarum oocyte 116
maturation (Ortiz et al., 2013). 117

Although in R. arenarum oocytes P4-induced matur- 118
ation takes place throughout the year, oocytes showed 119
a different P4 response capacity dependent upon the 120
period in which animals were captured. During the 121
reproduction period, R. arenarum oocytes reinitiate 122
meiosis with no need of an exogenous hormonal stim- 123
ulus when they are deprived of their enveloping cells 124
(Zelarayán et al., 1995), a process known as spontan- 125
eous maturation. Oocytes that undergo spontaneous 126
maturation are considered to be competent. Coincid- 127
entally, during this period, oocytes and follicles exhibit 128
a maximum response to P4-induced maturation. 129

During fertilization, fusion with the fertilizing 130
sperm triggers a series of morphological and biochem- 131
ical changes in the oocyte that initiate a program that 132
will allow the development of a new individual. This 133
response of the oocyte arrested in metaphase II to make 134
contact with the sperm is known as oocyte activation 135
and includes a series of events such as exocytosis of 136
cortical granules (CG), end of meiosis II, extrusion of 137
the second polar body, pronuclei formation, DNA rep- 138
lication and reorganization of the cytoskeleton. During 139
the process of activation, sperm act as a signal that 140
causes cytoplasmic and nuclear changes in the oocyte. 141
In experimental conditions, this signal can be replaced 142
by different stimuli (electric shock or puncture with 143
a fine glass needle) that generate the same initial 144
response in the oocyte. However, later in the course 145
of development, the need for genetic information 146
provided by the sperm is required for normal 147
development to occur (Oterino, 2003; Ph.D. Thesis). 148

The present work aims to investigate the role of AA 149
and PGs during R. arenarum oocyte maturation, with 150
special focus on the potential participation of PGF2� in 151
oocyte activation and pronuclear formation. 152

Materials and methods 153

Animals 154

Adult Rhinella arenarum males and females were 155
caught throughout the year in the surrounding areas 156
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of San Miguel de Tucumán (northwestern Argentina).157
They were kept in captivity at room temperature with158
natural light–dark cycles until use, up to 15 days after159
collection.160

Reagents161

Prostaglandins (PGE1, PGE2 and PGF2�) and AA were162
tested for their ability to induce maturation. It is163
important to emphasize that AA is easily oxidized by164
oxygen, light, and heat; so, a 20 mM stock solution165
(dissolved in dimethylsulfoxide) was aliquoted in166
Eppendorf tubes (100 �l), covered with aluminum foil,167
sealed with parafilm and stored in a N2 atmosphere168
at –20°C for almost 1 month. During each experiment169
one fraction was completely used. Indomethacin was170
used as a COX inhibitor. Amphibian Ringer solution171
(AR) (6.60 g NaCl/l, 0.15 g CaCl2/l, and 0.15 g KCl/l)172
with penicillin G-sodium (30 mg/l) and streptomycin173
sulphate (50 mg/l), pH 7.4, was used as a culture174
medium in all routine incubations. P4 (1 �M) was used175
as a positive control for maturation. All reagents were176
purchased from Sigma or Merck.177

In vitro cultures178

Fully grown follicles (1.6–1.8 mm in diameter) were179
isolated from ovarian tissues using watchmaker’s180
forceps. Denuded oocytes were obtained by manually181
pulling off the follicle epithelium and the theca layer182
with fine forceps. Follicle cells were removed by183
incubation of defolliculated oocytes in AR for 5 min184
with gentle shaking (100 oscillations/min) (Zelarayán185
et al., 1995). The incubations were performed at 26°C186
in multiwell culture dishes (Costar 3524, Cambridge,187
MA, USA) with randomized samples of 20 oocytes or188
follicles distributed into separate wells that contained189
2 ml of AR. Two-well duplicates were run in each190
experimental group.191

Dose–response curves of PGs were performed by192
incubating denuded oocytes or follicles for 22–24 h in193
the presence of different doses of the compound (0–194
200 ng/ml). In the case of AA, dose–response curves195
were carried out in the dark by incubating samples196
for only 60 min in the presence of different doses197
of the substance (0–200 �M). Then the samples were198
transferred to AR and incubated in the dark. Oocyte199
maturation was assessed 24 h after reagent addition.200

Time–response curves of PGF2� were conducted201
with oocytes and follicles using the dose that had202
induced the best response. Samples were incubated for203
0, 3, 6, 9, 12, 15, 18, 21 or 24 h.204

Inhibition experiments were performed by pre-205
incubating the samples for 60 min in the presence of206
different doses of indomethacin (0–100 �M). Then, AA207
was added at the dose that had induced the highest208
maturation response. Both substances were kept209

together during an additional 60 min period. Finally, 210
samples were transferred to AR plus indomethacin 211
and incubated overnight in the dark. 212

Maturation criteria 213

After incubation, samples were fixed overnight at 214
room temperature in Ancel & Vintemberger’s solution 215
(10% formol, 0.5% acetic acid and 0.5% NaCl). Meiosis 216
resumption was assessed both by the presence of 217
a transient white spot in the animal pole and by 218
GVBD when fixed samples were dissected under a 219
stereoscopic microscope. 220

Mature cytoplasm transfers 221

Cytoplasm from mature oocytes was obtained using 222
a modified Hedeimann’s method (Bühler & Petrino, 223
1983). Briefly, oocytes matured with PGF2� (200 ng/ml) 224
were suspended at the interface of 60% Ficoll (v/v) 225
in AR and then centrifuged (10,000 g, 20 min) 226
at 4°C (Eppendorf centrifuge 5417C). After this 227
procedure, oocytes displayed four distinct phases: yolk 228
platelets, pigment granules, clear cytoplasm, and a 229
lipid layer. Denuded fully grown immature oocytes 230
were microinjected with 40 nl of cytoplasm obtained 231
from the clear cytoplasm layer, which contains MPF. 232
Microinjection was performed using intracytoplasmic 233
sperm injection (ICSI) micropipettes (HumagenTM 234
Fertility Diagnostics) attached to a micromanipulator 235
(Leitz Wetzlar). After microinjection, oocytes were 236
incubated in AR for 18–20 h, fixed and GVBD was 237
scored. As the negative control, a batch of immature 238
oocytes was microinjected with the same volume of 239
cytoplasm obtained from immature oocytes (immature 240
cytoplasm). Another batch was microinjected with 241
mature cytoplasm obtained from P4-treated oocytes 242
(1 �M) as the positive control. 243

Oocytes activation techniques 244

Oocyte activation was carried out in oocytes matured 245
with PGF2� (200 ng/ml) or P4 (1 �M) (control) by 246
using the following techniques: 247

� Mechanical activation: by puncture in the animal 248
hemisphere with a glass needle. 249

� Electric activation: by electric shock using an acrylic 250
chamber (25 × 20 × 0.5 mm) with a platinum 251
electrode connected to an electrical stimulator; 252
20 oocytes were placed in the chamber with 2 ml 253
of AR and stimulated with 10 manual pulses of 254
direct current (DC) (pulse duration: 2 sec; intensity: 255
220 mV) (Oterino 2003; PhD thesis). 256

The activation parameters used were: disappearance 257
of the white spot, elevation of the vitelline envelope 258
and exocytosis of CG. Twenty minutes after activation, 259
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oocytes were fixed and the presence or absence of CG260
was analyzed by a histochemical technique (Alcian261
Blue, pH 2.5).262

Sperm extract preparation and microinjection263

Sperm suspensions were obtained by gently disrupt-264
ing the testes in 4 ml AR and centrifuging at 1085 g for265
10 min. The resulting pellet was resuspended in 2 ml of266
10% AR and kept at 4°C until use. Sperm concentration267
was determined by counting in a Neubauer chamber268
and adjusted to 2 × 106 sperm/ml (Bonilla et al., 2008).269

Sperm microinjections were performed in denuded270
oocytes matured with PGF2� (200 ng/ml) and P4271
(1 �M) as positive control. Oocytes that showed272
a white spot were transferred to calcium-free Tris-273
buffered saline. The sperm suspension was injected274
into the animal pole of matured oocytes (30–275
40 nl/oocyte) using ICSI micropipettes (HumagenTM276
Fertility Diagnostics) attached to a micromanipulator277
as described above. Buffer microinjection did not278
result in pronuclei formation in the oocytes (negative279
control). Two hours after microinjection, the oocytes280
were fixed overnight in Ancel & Vintemberger’s281
solution, subjected to histological technique (Manes &282
Nieto, 1983) and stained with Ehrlich’s hematoxylin-283
eosin to visualize pronuclei formation (Bühler et al.,284
1987).285

Statistical analysis286

Results are expressed as means ± standard deviation287
(SD) from experiments carried out in triplicate using288
different animals in each experiment. Comparisons289
among different treatments were carried out using290
one-way ANOVA (analysis of variance) followed by291
Tukey’s honest significant difference (HSD) test. A292
value of P < 0.05 was considered to be statistically293
significant.294

Results295

In vitro incubation of follicles and oocytes in AA296

In a previous work we demonstrated the role of PLA2297
in meiosis resumption in R. arenarum oocytes (Ortiz298
et al., 2013). It is possible that their activation may lead299
to maturation as a result of PUFAs release, which have300
been involved in maturation in other species (Sorbera301
et al., 2001). On the basis of these results, experiments302
were conducted to analyse the effect of AA on the303
maturation of oocytes and follicles of R. arenarum.304

PUFAs such as AA are extremely labile and undergo305
rapid oxidation by exposure to light, so that their306
availability as a source of metabolites is short-lived. In307
preliminary experiments we observed that continuous308

Figure 1 Effect of arachidonic acid (AA) on maturation.
Oocytes and follicles were incubated with increasing doses
of AA (12.5–200 �M) in the dark. Samples incubated with
P4 (1 �M) were used as positive control. Amphibian Ringer
(AR) negative control was performed only with oocytes.
Germinal vesicle breakdown (GVBD) was assessed after 18–
24 h of incubation. Data represent the mean ± standard
deviation (SD) (n = 8) of experiments performed in triplicate
with different animals. a–dMeans with different letters are
significantly different (P < 0.05).

exposure of denuded oocytes and follicles to AA at any 309
of the doses assayed was toxic and caused a gradual 310
lysis or an excessive increase in cell volume during 311
the first few hours of incubation. Considering these 312
unexpected effects, the experiments were conducted as 313
indicated in the Materials and methods section. 314

The results obtained show that incubation in AA 315
stimulates the maturation of denuded oocytes and 316
follicles in a dose-dependent manner, maximum 317
response being obtained with the dose of 150 �M (25 ± 318
2% and 36 ± 5%, respectively) (Fig. 1). In all cases, the 319
response of the follicles was higher than that obtained 320
in denuded oocytes. Larger doses were less effective. 321

When AA-induced maturation was studied in 322
comparison with maturation induced by P4, a steroid 323
considered the physiological maturation inducer in R. 324
arenarum (Zelarayán et al., 1995), the response of both 325
denuded oocytes and follicles to AA was twice as slow 326
as their response to P4. After 20 h of incubation in the 327
presence of AA, signs of maturation were observed. In 328
contrast, 50% of the oocytes and follicles treated with 329
P4 revealed a white spot at 8–10 h after the hormonal 330
stimulus. 331

Inhibition of AA-induced maturation with 332
indomethacin 333

Arachidonic acid is usually metabolized by an oxida- 334
tion process in which COX and/or LOX participate. In 335
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Figure 2 Effect of indomethacin on arachidonic acid (AA)-
induced maturation. Oocytes and follicles were preincubated
for 1 h with different indomethacin doses (0–100 �M).
Maturation was induced with AA (150 �M). Incubations
were performed in triplicate in the dark. Samples incubated
with progesterone (P4) (1 �M) were used as positive control.
Amphibian Ringer (AR) negative control was performed
only with oocytes. Germinal vesicle breakdown (GVBD) was
assessed after 24 h of incubation. Values represent the mean
± standard deviation (SD) (n = 6) of experiments performed
on different animals. a–cMeans with different letters are
significantly different (P < 0.05).

this sense, in a previous work we demonstrated that336
P4-induced maturation in R. arenarum can be partially337
inhibited when oocytes are treated with indomethacin338
(Ortiz et al., 2013). This finding suggests that COX339
would participate in meiosis reinitiation in R. arenarum340
oocytes. In order to verify if the AA metabolites341
resulting from the action of COX were involved in342
AA-induced maturation in R. arenarum oocytes, we343
examined the effect of indomethacin, an inhibitor of344
the enzyme.345

The effect of indomethacin on AA-induced mat-346
uration was effective as preincubation of follicles347
and oocytes with indomethacin (0–100 �M) inhibited348
AA-induced maturation in a dose-dependent manner349
(Fig. 2). Doses of 100 �M of indomethacin inhibited350
AA-induced maturation in both oocytes and follicles351
(7 ± 3% and 6 ± 2% GVBD, respectively). These results352
agree with those obtained previously with P4 in this353
species (Ortiz et al., 2013).354

Involvement of PGs in oocyte maturation355

The participation of PGs in the maturation process was356
studied in denuded oocytes and follicles incubated357
with PGF2�, PGE1 and PGE2 (25–200 ng/ml). The358
results indicated that these PUFA metabolites induce359

Figure 3 Dose–response curves of oocytes and follicles
treated with prostaglandin F2� (PGF2�), PGE1 and PGE2.
Oocytes and follicles were incubated in the presence of
increasing doses of PGF2�, PGE1 and PGE2 (25–200 ng/ml).
The incubations were performed in triplicate. Germinal
vesicle breakdown (GVBD) was assessed after 18–24 h of
incubation. Values represent the mean ± standard deviation
(SD) (n = 20) of experiments performed on different animals.
a–dMeans with different letters are significantly different (P <

0.05).

maturation in both oocytes and follicles and this 360
response is dose dependent. However, PGF2� is more 361
potent than PGE1 and PGE2 (Fig. 3) and produces 362
results similar to those obtained when maturation 363
is induced by P4. With doses of 200 ng/ml of 364
PGF2�, maximum maturation response was obtained 365
in both oocytes and follicles (94 ± 5% and 89 ± 4%, 366
respectively). Higher doses of PGF2� failed to induce 367
a greater response (data not shown). As PGF2� is the 368
strongest prostaglandin to induce meiosis resumption 369
in oocytes or follicles of R. arenarum and it is also an AA 370
metabolite, the following experiments were designed 371
only in the presence of this prostaglandin. 372

PGF2� induces maturation in R. arenarum oocytes 373
and follicles in a time-dependent manner, maximum 374
GVBD percentages being reached at 18 h of incubation 375
(90 ± 6% and 45 ± 5% GVBD, respectively) with the 376
dose of 200 ng/ml (Fig. 4). The onset of the white spot 377
as an external sign of maturation was slower with 378
respect to P4-induced maturation. 379

Annual variation of oocyte response to P4 and PGF2� 380
action 381

In amphibians, as in other vertebrates, the physiology 382
of the ovary is subject to seasonal variations in 383
the environment. The ability of denuded oocytes 384
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Figure 4 Time course of maturation induced by
prostaglandin F2� (PGF2�) on oocytes and follicles.
Maturation was induced with PGF2� (200 ng/ml) in
oocytes and follicles. Samples were fixed at 3, 6, 9, 12, 15, 18,
21 and 24 h of incubation and germinal vesicle breakdown
(GVBD) was assessed. Data are represented as the mean ±
standard deviation (SD) (n = 9) of experiments performed in
triplicate on different animals. a,bMeans with different letters
are significantly different (P < 0.05).

of R. arenarum to resume meiosis under the action385
of P4 varies throughout the year. Thus, previous386
observations showed that the oocytes of this species387

present a higher response to the action of the 388
hormone during the reproductive period (Ortiz et al., 389
2013), coincidentally with their ability for spontaneous 390
maturation (Zelarayán et al., 1995). Our experience 391
during the last 4 years allows us to infer that the 392
response of R. arenarum denuded oocytes and follicles 393
to P4 varies seasonally and agrees with the reports of 394
Valdéz Toledo & Pisanó (1980) and Medina et al. (2004), 395
which strengthen this idea. Our results in vitro could be 396
grouped into three periods according to the seasonal 397
variations of the ovary (Fig. 5). 398

From February to June, which represents a recovery 399
stage after the summer, non-competent oocytes and 400
follicles exhibit a low ability to respond to P4 401
in vitro (56 ± 6% and 32 ± 6% of maturation, 402
respectively), a gradual increase in this response 403
being observed during subsequent periods. During 404
the July to September period, oocytes respond to the 405
hormonal stimulus but do not mature spontaneously 406
(incompetent oocytes). During the October to January 407
period, animals ovulate in response to the photoperiod 408
and to the increase in gonadotropins. During this 409
period, oocytes can mature spontaneously in vitro if 410
they are deprived of their enveloping follicle cells 411
(competent oocytes) (51 ± 5%) and reach maximum 412
GVBD values in response to P4 (97 ± 3%). Similarly, 413
during this period, follicles also reach their maximum 414
response to the hormone (96 ± 4%) (Fig. 5). The 415
ovary shows its highest activity (ovulation and 416
oviposition). This time is a period of high P4 response 417
capacity. 418

Figure 5 Seasonal response of oocytes and follicles to progesterone (P4) and prostaglandin F2� (PGF2�). Oocytes and follicles
obtained during February to June, July to September and October to January were incubated in the presence of P4 (1 �M)
or PGF2� (100 and 200 ng/ml). Values represent the mean ± standard deviation (SD) (n = 9) of experiments in triplicate
with different animals. Amphibian Ringer (AR) control was performed only with oocytes. a–fMeans with different letters are
significantly different (P < 0.05).
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Figure 6 Effect of the combined action of prostaglandin
F2� (PGF2�) and progesterone (P4) on meiosis resumption.
Oocytes and follicles from animals captured during the July
to September period were incubated in the presence of P4

(0.01 �M) and of PGF2� (100 ng/ml). Values represent the
mean ± standard deviation (SD) (n = 8) of experiments
performed in triplicate with different animals. Germinal
vesicle breakdown (GVBD) was assessed after 24 h of
incubation. a–cMeans with different letters are significantly
different (P < 0.05).

Based on the seasonal variation of the oocyte419
response to P4 in vitro, we investigated the effect420
of PGF2� on maturation in the three periods in the421
year. The results obtained in the February to June422
period indicate that oocytes present low sensitivity423
to PGF2�, reaching a maturation percentage of 15 ±424
5% and 47 ± 7% for doses of 100 and 200 ng/ml,425
respectively (Fig. 5). In contrast, during the October-426
January period, maturation indices were highest, no427
significant differences being observed between the428
doses used (95 ± 3% and 97 ± 6%). In the July-429
September period, the response to PGF2� presented430
differences according to the dose used (36 ± 8% and431
94 ± 6% for 100 and 200 ng/ml, respectively). Follicles432
also exhibited a seasonal response to PGF2�. These433
results indicate that oocytes and follicles of R. arenarum434
mature under the action of this prostaglandin, showing435
a correlation with the response to P4 throughout the436
year.437

Additionally, during the July-September period,438
experiments were conducted with PGF2� (100 ng/ml)439
in combination with a suboptimal dose of P4440
(0.01 �M) in order to analyze if synergistic effects441
appeared. Incompetent oocytes and whole follicles442
were incubated in the presence of both substances443
for 24 h. Results are shown in Fig. 6. The maturation444
induced by PGF2� (100 ng/ml) (35 ± 6% in oocytes445
and 28 ± 4% in follicles) was potentiated by the446

Figure 7 MPF amplification in denuded oocytes. Immature
incompetent oocytes were microinjected with 40 nl of
(I) immature cytoplasm, (II) cytoplasm matured with
progesterone (P4) (1 �M) and (III) cytoplasm matured with
prostaglandin F2� (PGF2�) (200 ng/ml). After microinjection,
oocytes were incubated in Amphibian Ringer (AR) solution
for 20 h and germinal vesicle breakdown (GVBD) was
assessed. Each bar represents the mean ± standard deviation
(SD) (n = 4) of experiments performed in duplicate
on different animals. a,bMeans with different letters are
significantly different (P < 0.05).

addition of a suboptimal concentration of P4 (0.01 447
�M), so that oocytes and follicles reached significantly 448
greater percentages of GVBD (64 ± 5% and 58 ± 449
5%, respectively) (P < 0.05). The treatment of denuded 450
oocytes with PGF2� in combination with a suboptimal 451
dose of P4 showed a synergistic effect of both 452
substances on the maturation process. 453

PGF2� -induced maturation and its relationship with 454
MPF activation 455

In a previous study, our research group demonstrated 456
that microinjection of mature cytoplasm from P4- 457
treated oocytes into R. arenarum immature oocytes 458
(intact GV) is sufficient to activate an amplification 459
loop that induces the conversion of pre-MPF into 460
active MPF, leading to meiosis resumption (Sánchez 461
Toranzo et al., 2006). In order to analyze in this 462
species if PGF2�-induced maturation activates MPF, its 463
amplification was analyzed with a microinjection of 464
cytoplasm from mature oocytes. 465

When immature oocytes were microinjected 466
with cytoplasm from oocytes treated with PGF2� 467
(200 ng/ml), they matured (63 ± 5% of GVBD) after 468
20 h of incubation (Fig. 7 III). Cytoplasm transfer from 469
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Figure 8 Activation capacity of oocytes matured with
prostaglandin F2� (PGF2�). Maturation was induced with
PGF2� (200 ng/ml) or progesterone (P4) (1 �M) (control).
Oocytes were stimulated mechanically or with electric
pulses. After 20 min external signs of activation were
assessed. The samples were subjected to conventional
histological technique and staining with Alcian Blue dye,
pH 2.5, to assess cortical granules (CG) exocytosis. Values
represent the mean ± standard deviation (SD) (n = 4) of
experiments performed in triplicate on different animals.
a–cMeans with different letters are significantly different (P
< 0.05).

PGF2�-matured oocytes produced results statistically470
similar to those obtained with microinjection of471
cytoplasm from P4-treated oocytes (65 ± 6%) (P472
< 0.05) (Fig. 7 II). The oocytes microinjected with473
immature cytoplasm did not resume meiosis (negative474
control) (Fig. 7 I). Donor oocytes (those from which475
cytoplasm was obtained) reached 94 ± 3% and 84 ±476
6% GVBD when they were treated with P4 (1 �M) and477
PGF2� (200 ng/ml), respectively.478

Activation and formation of pronuclei in479
PGF2� -matured oocytes480

To further the study of the role of PGs in meiosis481
resumption, we analyzed if PGF2�-induced maturation482
is a physiological phenomenon that allows the later483
activation of R. arenarum oocytes. For that purpose,484
the maturation of denuded oocytes was induced with485
PGF2� (200 ng/ml) or P4 (1 �M) as control. After486
20–22 h of incubation, the oocytes were stimulated487
mechanically or with electric pulses. The data obtained488
indicate that at 20 min post-activation 79 ± 4% of489
the oocytes stimulated with electric pulses and 64 ±490
3% of those stimulated mechanically showed signs491
of activation (Fig. 8). Higher results were observed492

in oocytes treated with P4 (87 ± 3% and 90 ± 3 % 493
of activation, respectively). The oocytes showed the 494
external signs characteristic of activation: flattening 495
of the animal pole and disappearance of the white 496
spot (Fig. 9A). Conventional histological technique 497
and staining with Alcian Blue, pH 2.5, verified the 498
complete exocytosis of CG (Fig. 9B). Non-activated 499
oocyte is shown in Fig. 9C. 500

In order to verify if PGF2�-induced maturation 501
capacitates R. arenarum oocytes to form pronuclei, 502
homologous sperm were microinjected into denuded 503
oocytes previously matured in vitro with PGF2� 504
(200 ng/ml) or P4 (1 �M) (control). PGF2�-matured 505
oocytes were able to form pronuclei in similar time 506
periods (2 h) to control treated with P4 (1 �M). The 507
cytological analysis at 120 min of the microinjected 508
and fixed, oocytes revealed the presence of female 509
and male pronuclei (Fig. 10A and 10B, respectively). 510
In the sperm microinjection experiments it is required 511
an incubation time of 2 h to visualize the pronuclei 512
formation. We did not perform assays for longer times 513
due to the development of the embryos was abortive 514
after 3–4 h of incubation when oocyte maturation was 515
induced by P4 (Oterino et al, 1997). 516

Discussion 517

The results of this work constitute the first study that 518
examines the effect of AA and its metabolites, PGs, 519
on R. arenarum oocyte maturation, their potential role 520
in the regulation of P4-induced maturation and their 521
effect on oocyte activation and pronuclei formation. 522

In this study, induction of in vitro oocyte maturation 523
by AA treatment was observed. Although AA induces 524
maturation of oocytes and follicles in a dose- and time- 525
dependent manner, the maturation rate is lower than 526
in the presence of P4. AA-induced meiosis resumption 527
is a slower process. These results agree with the ones 528
obtained in starfish where AA and eicosapentaenoic 529
acid were found to induce maturation in the same way 530
as the natural hormone, 1-MeAde (Meijer et al., 1984). 531
In fish oocytes, AA mobilization and PGs formation 532
are required to induce GVBD (Sorbera et al., 2001; 533
Lister & Van Der Kraak, 2008). However, when oocytes 534
and follicles of R. arenarum were exposed to AA in 535
doses higher than 150 �M, the maturation values 536
reached were lower. Our results are similar to those 537
obtained in fish oocytes, in which the low response 538
could be attributed to different causes, such as the 539
rapid oxidation of high AA doses, AA transformation 540
into other compounds (Mercure & Van Der Kraak, 541
1995) or its low availability to be transformed into 542
PGs. In this paper we only analyze the role of AA in 543
oocyte maturation. However, other PUFAs have been 544
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Figure 9 Activation of oocytes matured with prostaglandin F2� (PGF2�). (A) External signs of activation can be observed in the
oocytes: flattening of the animal pole, separation of the vitelline envelope and disappearance of the white spot. Stereoscopic
microscope observations, ×30. (B) CG exocytosis. Activated oocyte stained with Alcian Blue dye. Absence of cortical granules
(CG) can be observed, ×400 magnification. (C) Non-activated oocyte stained with Alcian Blue dye. The presence of stained CG
can be observed, ×400 magnification.

Figure 10 Fully grown denuded oocytes matured with PGF2� were injected with a homologous sperm suspension and fixed 2
h later. Photographs show: (A) female pronucleus; (B) male pronuclei; ×600 magnification.

investigated. In fish, their importance in ovulation545
has been demonstrated when specimens were treated546
with diets enriched with PUFAs. In that case, the547
effect of high AA doses (300 �M) was analyzed548
during oocyte maturation (Sorbera et al., 2001). In549
our experiments, lower doses were used. Our results550
indicate that AA-induced maturation can be inhibited551
by indomethacin, a COX inhibitor, suggesting that552
PGs could be implicated in meiosis resumption in553
R. arenarum. In a similar way to the results found by554

Van Der Kraak & Chang (1990) for goldfish oocytes, the

Q2

555
effect of PGF2� was blocked by drugs that inhibit COX 556
activation, preventing the formation of PGs from AA. 557
In the ovary of gold fish, the mechanism by which AA 558
affects oocyte maturation is still poorly understood. 559
In other tissues, many experiments indicate that 560
calcium is a mediator of AA action (Törnquist et al., 561
1994). We may tentatively assume that AA causes the 562
mobilization of Ca2+ and such mobilization would 563
be related to the maturation of R. arenarum oocytes. 564



10 Ortiz et al.

In this respect, our research group has previously565
demonstrated the participation of this cation in566
spontaneous and P4-induced maturation (Zelarayán567
et al., 2004). However, AA-induced oocyte maturation568
requires further experiments to clarify it.569

In Rana pipiens oocytes the participation of fatty570
acids and different types of 1,2-diacylglycerol (1,2-571
DAG) has been demonstrated in P4-induced matur-572
ation. In the oocytes of this species the increase of573
DAGs in their plasmatic membranes is sufficient to574
trigger meiosis. In fact, P4 acts on cell surface receptors575
to initiate the sequential release of fatty acids from576
the different isoforms of DAGs, among them AA577
(Morrill et al., 2000). These authors propose that this578
mobilization could be associated with the maturation579
process. In this respect, Buschiazzo & Alonso (2005)580
demonstrated that the reinitiation of meiosis induced581
by P4 in R. arenarum is accompanied by an increase582
in PUFAs such as AA with no significant variations583
in DAGs in the vitelline platelets. In this sense, it is584
possible that during R. arenarum oocyte maturation585
a fatty acids mobilization occurs, among which AA586
would be preponderant, in a similar way to teleosts587
and starfish. In our species, such mobilization could588
result from the activation of PLA2, since its inhibition589
with quinacrine prevents meiosis resumption (Ortiz590
et al., 2013).591

Up to the present, there are no studies that document592
the production of PGs in the ovary of R. arenarum.593
However, our in vitro studies demonstrated the role594
of AA and its metabolites in the maturation process.595
In this work we demonstrated that PGs from the596
hydrolysis of AA such as PGF2�, and to a lesser597
extent PGE2, induce meiosis resumption in R. arenarum598
oocytes. In this species, oocyte response to PGE1 is599
scarce, in a similar way to the response observed in600
fish oocytes (Sorbera et al., 2001). In agreement with601
this situation, previous studies have demonstrated the602
participation of PGs in the maturation of Xenopus603
oocytes, in which a gradual increase in the levels of604
PGF2� was observed when follicles were treated with605
hCG, this effect being lower for PGE2 (Sena & Liu,606
2008). In R. arenarum, the effects of PGF2� on the607
maturation of oocytes and follicles are very similar to608
those produced by P4, its natural inducer. This fact609
would allow us to suggest that PGF2� is a metabolite610
of AA that would mediate its stimulatory effect on611
meiosis resumption in this species.612

The interaction of PGF2� with its receptor is not613
well defined. In hepatocytes it has been suggested614
that this interaction could be coupled to a Gi protein615
as the activation of mitogen activated protein (MAP)616
kinase by PGF2� can be inhibited by pertussis toxin617
(Melien et al., 1998). In a previous study, our research618
group proposed the participation of a Gi protein in P4-619
induced maturation in R. arenarum oocytes (Zelarayán620

et al., 2012). In this species, Toranzo et al. (2011) 621
demonstrated the role of MAP kinases in oocyte 622
maturation. 623

In amphibians, ovarian response is influenced by 624
seasonal changes, R. arenarum being no exception, as 625
shown by our in vitro studies with recently captured 626
animals. In fact, the maturation of oocytes and follicles 627
shows a seasonal response to PGF2� in a similar way to 628
P4, its natural inducer. Thus, during the reproductive 629
period, oocytes and fully grown follicles of R. arenarum 630
respond to favorable environmental conditions and 631
to PGF2�, showing elevated maturation percentages. 632
In denuded oocytes, AA metabolites could promote 633
maturation by a direct effect, potentiating their 634
competence to mature spontaneously when they are 635
deprived of their follicle cells during the October to 636
January period. At this time, the oocytes surrounded 637
by their enveloping follicle cells do not mature 638
spontaneously, but do so under the influence of PGF2� 639
and PGE2. In the case of our species, it is possible 640
that AA metabolites could promote follicle maturation 641
in an indirect, synergistic way, as observed in the 642
follicles of teleost fish where PGs have been associated 643
with ovarian steroidogenesis (Van Der Kraak & Chang, 644
1990). Additionally, treatment of R. arenarum denuded 645
oocytes with PGF2� and low doses of P4 showed a 646
synergistic effect on the maturation process. 647

Taking into account that there are no previous 648
studies on the role of AA metabolites in the maturation 649
of R. arenarum oocytes, the effect of PGF2� on 650
maturation was confirmed by analysing the capacity of 651
the treated oocytes to activate and form pronuclei after 652
being injected with homologous sperm. It is probable 653
that the action of PGF2� only leads to the dissolution 654
of the nuclear envelope due to an unknown cause 655
and not to physiological maturation. The cytological 656
analysis of the oocytes activated with mechanical or 657
electric stimuli allowed us to rule out that possibility 658
and demonstrate the absence of CG in the oocyte 659
cortex, suggesting that PGF2� induces GVBD and the 660
continuation of meiosis until metaphase II. In turn, 661
oocytes matured by the action of PGF2� are capable of 662
forming pronuclei after fertilization in a similar way to 663
P4 for this species (Oterino et al., 1997). 664

The existence of pre-MPF in immature oocytes of 665
R. arenarum was demonstrated by the microinjection of 666
mature cytoplasm assays. Small amounts of cytoplasm 667
from oocytes matured under the action of P4 are 668
sufficient to induce maturation in immature oocytes 669
(Sánchez Toranzo et al., 2006). In a similar way, our 670
MPF amplification experiments with oocytes treated 671
with PGF2� led to the transformation of pre-MPF into 672
active MPF. These data suggest that injection of a small 673
amount of mature cytoplasm was able to induce MPF 674
amplification in immature oocytes and promote its 675
maturation. 676
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This work focuses on the role of AA and PGs,677
especially PGF2�, during the process of R. arenarum678
oocytes maturation. Our results show that AA and679
its metabolite PGF2� induced oocyte maturation and680
increased maturation induced by low doses of P4681
in vitro. Once maturation was reached, the oocytes682
treated with PGF2� were competent to activate and683
form pronuclei. This fact demonstrates the capacity684
of PGF2� to induce physiological maturation and685
represents a novel contribution to the scarce data686
on the participation of the AA cascade in the687
process of amphibian oocyte maturation. Although the688
mechanisms involved in PGF2�-induced maturation689
leading to MPF activation in amphibian oocytes690
have not yet been clarified, the results of this work691
represent an original contribution to the study of692
the maturation process. Further studies would be693
necessary to elucidate the cellular and molecular694
mechanisms of AA metabolites involved in meiosis695
resumption.696
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