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Improving porcine in vitro 
fertilization output by simulating 
the oviductal environment
Cristina Soriano-Úbeda1,2, Francisco A. García-Vázquez1,2,  
Jon Romero-Aguirregomezcorta1,2,3 & Carmen Matás1,2

Differences between the in vitro and in vivo environment in which fertilization occurs seem to play a key 
role in the low efficiency of porcine in vitro fertilization (IVF). This work proposes an IVF system based on 
the in vivo oviductal periovulatory environment. The combined use of an IVF medium at the pH found 
in the oviduct in the periovulatory stage (pHe 8.0), a mixture of oviductal components (cumulus-oocyte 
complex secretions, follicular fluid and oviductal periovulatory fluid, OFCM) and a device that interposes 
a physical barrier between gametes (an inverted screw cap of a Falcon tube, S) was compared with the 
classical system at pHe 7.4, in a 4-well multidish (W) lacking oviduct biological components. The results 
showed that the new IVF system reduced polyspermy and increased the final efficiency by more than 
48%. This higher efficiency seems to be a direct consequence of a reduced sperm motility and lower 
capacitating status and it could be related to the action of OFCM components over gametes and to the 
increase in the sperm intracellular pH (pHi) caused by the higher pHe used. In conclusion, a medium at 
pH 8.0 supplemented with OFCM reduces polyspermy and improves porcine IVF output.

In pigs, unlike other species, the e�ciency of in vitro embryo production is very low because of the high incidence 
of polyspermy that occurs during in vitro fertilization (IVF)1. Such polyspermic fertilization might be related with 
the high number of spermatozoa required to attain an acceptable penetration rate compared with the number that 
reaches the oviduct in vivo. Another probable cause is that spermatozoa capacitation in vitro is not a sequential 
process that provides capacitated and partially reacted spermatozoa around fertilization time2 as occurs in vivo. 
Numerous IVF systems have been developed using di�erent spermatozoa capacitation methods3,4, fertilization 
media5 or IVF devices1. However, despite the improvements achieved, there is no e�cient and replicable method 
that can be used easily in IVF laboratories.

Under in vivo conditions, millions of spermatozoa are deposited in the female genital tract, but only a small 
subpopulation will reach the oviduct and site of fertilization. In the oviduct, spermatozoa bind to the epithelium 
and form the reservoir, where they will remain in a state of low-activity or uncapacitated status2. When ovulation 
occurs, spermatozoa separate from the epithelium and swim toward the ampullary region, where fertilization 
takes place6. For this purpose, spermatozoa acquire a type of special movement named hyperactivation, which 
is characterized by a high amplitude and an asymmetrical tail bending behaviour which results in a signi�cantly 
higher swimming force than normal motility6.

Mammalian sperm encounter an acidic medium with a low HCO3
− concentration in the epididymis, which 

keeps them quiescent, and in the female the pH changes from acid in the vagina to basic in the oviduct, where 
the luminal �uid has a high concentration of HCO3

−, the increasingly alkaline condition being necessary for  
fertilization7. �e pH of the oviductal lumen, due to the production of HCO3

− in the epithelial cells lining it, 
greatly increases upon ovulation, and reaching a pH of around 8.0 in the oviductal ampulla in the periovulatory 
phase in of porcine2.

Spermatozoa intracellular pH (pHi) is a key regulator of spermatozoa motility and fertilizing ability8. It should 
be noted that several unique sperm ion transporters and enzymes, whose absence causes infertility, are either pHi 
dependent or in some way related to pHi regulation9. It has been shown that a reduction in [H+]i and an increase 
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vin [Ca2+]i are required for the hyperactive movement, which is controlled by the opening of H+ and Ca2+ chan-
nels in the spermatozoa membrane8. �ese channels are in part regulated by the progesterone (P4) released by 
the ovaries and the cumulus cells surrounding the egg, by the glycoproteins of the ZP and by albumin, the main 
protein of the oviductal �uid (OF)10. �e hyperactive movement allows spermatozoa to exit the epithelium folds, 
swim through the viscous OF and penetrate the egg vestments. However, less than 20% of the spermatozoa pop-
ulation develops this kind of movement11.

Once the spermatozoa are released from the reservoir they must �nd the oocyte, but the chances of such a 
low number of spermatozoa successfully reaching the egg without a guidance mechanism are very slim. For this 
reason, it is believed that spermatozoa must be guided along the oviduct in order to reach the oocyte. Indeed, it 
seems that spermatozoa are equipped with a mechanism for moving towards the oocyte in response to thermo-
taxis, rheotaxis and chemotaxis, each depending on a speci�c stimulus: a temperature gradient, �uid �ow and a 
chemoattractant gradient, respectively12.

Several substances that act as spermatozoa attractants in vivo have been identi�ed within the follicular �uid 
(FF) and OF, while others are secreted by cumulus cells and the oocyte (COCs). Among these molecules are P4, 
which is considered the main chemoattractant, nitric oxide13, adenosine14, hyaluronic acid (HA)15 and glycodelin16.  
Spermatozoa chemoattractants, which are not only secreted prior to ovulation within the follicle, but also a�er 
oocyte maturation outside the same, have two origins: the mature oocyte and the surrounding cumulus cells17.

In in vitro conditions the preincubation of oocytes in OF has been demonstrated as a good method for increas-
ing IVF e�ciency in pigs, as the ZP is modi�ed through the binding of speci�c components from the OF18. It has 
also been shown that OF contains P419 and improves embryo quality20.

In order to improve IVF e�ciency in pig, we have designed a system based on some of these in vivo conditions. 
Spermatozoa were physically separated from the oocyte into an alkaline medium supplemented with OF and FF, 
where the capacitation process could start. A�er capacitation, the sperm population, it was thought, would be 
able to respond to the attractants released by COCs and, consequently, swim toward the oocyte and fertilize it.

Results
Experiment 1: Effect of pHe, device and OFCM on in vitro fertilization (IVF). IVF. During fer-
tilization the environment in which gamete interaction takes place has a pH close to 8.02,21 but this encounter 
of gametes does not occur by a random process: rather, the spermatozoa must be guided towards the oocyte by 
di�erent mechanisms12 through the tortuous path that is the isthmus.

So, this experiment was interested to simulate the in vivo fertilization conditions, studying the e�ect of increas-
ing pHe (from 7.4 to 8.0), adding OFCM (formed by FF, OF and COCs secretions) and separating the gametes 
using an S device in which the spermatozoa face a barrier and are physically far from the oocytes (simulating 
isthmus-ampulla conditions). �e IVF results for penetration, monospermy and e�ciency are shown in Table 1, 
where they are expressed as percentages.

The pH increase in the IVF medium and the addition of OFCM affected all three studied parameters 
(P <  0.05). Although penetration rates were lower when pHe 8.0 was used, monospermy was higher, meaning 
higher e�ciency. However, using the S device did not a�ect any of the three parameters studied (P >  0.05). �e 
addition of OFCM to IVF only a�ected the penetration results when pHe 7.4 and the W device were used, pene-
tration in this case decreasing from 76.7% to 58.8%. Monospermy and e�ciency rates increased in the presence 
of OFCM, reaching the highest percentages at pHe 8.0 with the S device. In short, the use of pHe 8.0 and OFCM in 
an S device resulted in the highest e�ciency (putative zygotes) (48.7 ±  4.7%).

pHe Device OFCM Penetration (%) Monospermy (%)* E�ciency (%)†

7.4

W
− 76.7 ±  2.6ª 24.6 ±  3.0a 18.9 ±  2.4a

+ 58.8 ±  3.8b 53.0 ±  5.0b 31.2 ±  3.6abc

S
− 54.0 ±  3.6b 25.5 ±  11.2a 13.8 ±  6.1a

+ 54.6 ±  4.4b 59.1 ±  5.9b 32.3 ±  4.1bcd

8.0

W
− 54.3 ±  3.4b 65.8 ±  4.5bc 35.7 ±  3.3bcd

+ 45.9 ±  3.7b 77.1 ±  4.6bc 35.4 ±  3.6bcd

S
− 55.9 ±  3.7b 69.7 ±  4.6bc 39.0 ±  3.7 cd

+ 54.9 ±  4.7b 88.7 ±  4.0c 48.7 ±  4.7d

P-value

pHe 0.002 0.000 0.000

Device 0.122 0.183 0.273

OFCM 0.011 0.000 0.000

Table 1.  E�ect of pHe, device and OFCM addition to TALP medium on pig IVF results. �e IVF was carried 
out at pH 7.4 or 8.0, in a 4-well multidish (W) or an inverted screw cap of a tube (S) and in presence or absence 
of OFCM (1% OF and 2% CM). Data are expressed as mean ±  SEM. *From the penetrated oocytes. †E�ciency 
was de�ned as the rate of monospermic oocytes with two pronuclei expressed as a percentage of the total 
number of inseminated oocytes. Di�erent (a–d) superscripts in the same column indicate signi�cantly di�erent 
values (P <  0.05).
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ZP solubility. It has been established that the ZP of oocytes matured in vivo is highly resistant to pronase digestion22.  
�is hardening may be the result of the deposition of oviductal secretions and is reversible18. However, it is not 
known if pHe a�ects ZP solubility. �erefore, we measured ZP solubility under di�erent conditions.

ZP resistance to pronase digestion was signi�cantly higher (P <  0.05) in oocytes incubated at pHe 8.0 than at 
pHe 7.4, taking 477.8 ±  30.1 and 332.4 ±  20.3 s, respectively, to dissolve (Fig. 1a). In the presence of spermatozoa, 
pHe-dependent di�erences were noted: ZP resistance a�er the co-culture of oocytes and spermatozoa at pHe 7.4 
was signi�cantly lower than at pHe 8.0 (203.6 ±  8.9 vs. 299.0 ±  14.0 s, P <  0.05) (Fig. 1b). �e results from the 
present study indicate that pHe a�ects ZP solubility both in the presence and absence of spermatozoa. Shorter 
dissolution times were recorded when the pHe used was 7.4, with or without the presence of spermatozoa.

P4 concentration. �e e�ects of P4 on spermatozoa include inducing acrosome reaction (AR), attracting the 
spermatozoa and/or modulating their hyperactivation in a dose-dependent manner. When P4 concentration was 
checked in FF (n =  6), OF (n =  5) and CM (n =  7), the results were 36.9 ±  0.5, 54.0 ±  2.4 and 105.1 ±  4.5 ng/ml  
(mean ±  SEM), respectively. So, P4 concentration in OFCM (1% OF and 2% CM), where spermatozoa were incubated  
to assess functionality, was 2.6 ±  0.2 ng/ml.

Experiment 2: Effect of pHe and OFCM on spermatozoa functionality and pHi. Spermatozoa func-
tionality. In in vivo conditions and before gamete encounter, sperm are exposed to di�erent environments in 
preparation for fertilization. In experiment 1 it was noticed that the presence of pHe 8.0 and oviductal substances 
modi�ed IVF output, so the e�ect of these factors on sperm functionality was investigated. �e samples were 
incubated in a capacitating medium at pH 7.4 or 8.0 and in the presence or absence of OFCM. Several parameters 
of spermatozoa functionality were determined at di�erent times of incubation.

Spermatozoa motility. When ovulation occurs, spermatozoa are released from the sperm reservoir before they 
plunge into the oviduct and swim to the fertilization site at the ampullary-isthmic junction23. During this process, 
the oviductal environment prepares the spermatozoa for fertilization, and, among other events, the oviductal pH 
increases and the motility of the spermatozoa increases (hyperactivation)24. �is experiment studied the e�ect 
that such a periovulatory environment (pHe 8.0 and the presence of OFCM) has on spermatozoa motility, as 
evaluated by CASA (Table 2). All the motility parameters studied were a�ected by pHe (P <  0.05) except MotPro 
and WOB. In general terms, pHe 8.0 produced lower motility parameters than pHe 7.4, with lower velocities 
(VCL, VSL and VAP), linearity (LIN), straightness (STR), amplitude of lateral head displacement (ALH) and beat 
cross-frequency (BCF). When OFCM was added, the motility pattern was similar to that just described or even 
lower since all the motility parameters except WOB were a�ected by its addition. �e combined use of pHe 8.0 
and OFCM (8.0OFCM) a�ected all motility parameters which were all signi�cantly reduced (P <  0.05) compared 
with the 7.4 group, except WOB.

Western blotting (WB): Protein Kinase A substrates and Tyrosine Phosphorylation (PKAs-P and Tyr-P).  
Spermatozoa need to undergo a series of changes before they can fertilize, in a process known as capacitation. 
�is phenomenon involves the early activation of protein kinases and the inactivation of protein phosphatases. To 
investigate the e�ect of the oviductal periovulatory environment (pHe 8.0 and presence of OFCM) on the in vitro 
spermatozoa capacitation process, PKAs-P and Tyr-P were analyzed and quanti�ed by WB (Fig. 2) since they are 
indicative of spermatozoa capacitation status25.

Figure 1. Zona pellucida resistance to pronase digestion in pig oocytes incubated for 180 min in TALP 
medium at two pH values (7.4 and 8.0). (a) Without spermatozoa co-culture. (b) With spermatozoa  
co-culture. Results expressed as mean ±  SEM. Di�erent letters (a,b) show statistical di�erences (P <  0.05).
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�e WB for PKAs-P showed the same degree of phosphorylation in spermatozoa incubated at pHe 7.4 and 8.0. 
However, when spermatozoa were incubated with OFCM, the signal intensity was lower than without it (Fig. 2a and d).  
In the same way, the results showed that increasing pHe is not necessarily associated with an increase or decrease 
in Tyr-P, while adding substances such as OFCM leads to a signi�cantly lower degree of activation of this protein 
or a lower number of spermatozoa with Tyr-P (Fig. 2b and e).

Immunocytochemistry: Tyrosine Phosphorylation (Tyr-P) observed by Indirect Immunofluorescence 
(IIF). Tyr-P localization in the spermatozoa is related to their degree of capacitation (capacitation status)26. In this 
experiment, the immunolocation of Tyr-P was analyzed by IIF, which allowed di�erent spermatozoa subpopula-
tions to be identi�ed within a sample according to their degree of capacitation and hyperactivation (Fig. 3a and b).

�ere were no statistical di�erences between groups as regard the percentage of sperm with a low capacitation 
status (pattern I, P >  0.05). In the case of pattern II (considered as medium capacitation status), it was observed 
that at pHe 8.0 the number of sperm showing this pattern increased. It was also recorded that when pattern II 
increased, pattern III (considered as high capacitation status) decreased, especially with the addition of OFCM. 
�is means that pHe 8.0 maintains spermatozoa in a state of low capacitation, especially in the presence of OFCM.

Figure 3b shows the Tyr-P in the �agellum, independently of other locations related with sperm hypermotility 
(hyperactivation pattern). According to the motion parameters described above, the 7.4 group had the highest 
rate of Tyr-P in the �agellum (P <  0.05).

Acrosome Reaction (AR). Following spermatozoa capacitation, the AR takes place in response to an agonist 
such as P4 or ZP27. In vivo, the oviductal environment to which spermatozoa are exposed protects the spermato-
zoa from a premature AR28,29, which the spermatozoa only undergo when in contact with the oocyte. �erefore, 
this experiment studied the in vitro e�ect of pHe 8.0 and the presence of OFCM on spermatozoa AR at 0 and 
180 min of incubation (Fig. 4).

At the beginning of incubation (0 min), as expected, all groups showed a low proportion of acrosome-reacted 
spermatozoa with no signi�cant di�erences between them (P >  0.05). A�er 180 min of incubation in the medium, 
the proportion of acrosome-reacted spermatozoa had increased in all groups but in di�erent ways. �e pHe had 
no statistically relevant e�ect but the addition of OFCM made a great di�erence considerably lowering the per-
centage of acrosome-reacted sperm.

Spermatozoa pHi. During fertilization process spermatozoa are exposed to a varying pHe and capacitation is 
associated to an intracellular alkalinisation in sperm of many mammalian species. On the other hand, the meta-
bolic activity acidi�es the cytosol and changes in pHi a�ect the ionization state of the weak acids and bases pres-
ent in most proteins and many biomolecules. For the reason explained above, it was decided to analyse whether 
OFCM modi�ed the pHi when the pHe increased.

�e results showed the �uorescence ratio at 490/440 nm and the pHi when spermatozoa were exposed to dif-
ferent pHe (Fig. 5a and b). �e spermatozoa had a lower pHi than pHe but they were correlated (r =  0.954) since 
when pHe increased, the pHi increased too. However, for all values of pHe studied the presence of OFCM had no 
e�ect on pHi (P =  0.752).

Discussion
�e current in vitro production of potentially viable porcine embryos is not e�cient mainly due to the high inci-
dence of polyspermy1 and it is clear that the microenvironment in which fertilization occurs plays a key role18,30. 
�e present study attempts to improve previous results by ensuring the presence of conditioned medium [COCs 
secretions, oviductal and follicular �uids (OFCM)], using an IVF device in which spermatozoa are physically 
separated from the oocytes, but in which they can swim towards them, and, �nally, the exposing the gametes to 
speci�c oviductal factors at di�erent pH values.

pHe OFCM Mot (%) MotPro (%) VCL (µm/s) VSL (µm/s) VAP (µm/s) LIN (%) STR (%) WOB (%) ALH (µm) BCF (Hz)

7.4
− 75.3 ±  1.3a 69.8 ±  1.4a 107.2 ±  1.4a 83.2 ±  1.3a 90.1 ±  1.2a 74.6 ±  0.8a 87.6 ±  0.6a 83.0 ±  0.5 1.8 ±  0.0a 16.9 ±  0.2a

+ 54.6 ±  1.5b 44.8 ±  1.5b 94.0 ±  2.0b 70.2 ±  1.8b 77.4 ±  1.7b 69.8 ±  1.0b 84.1 ±  0.8b 80.8 ±  0.7 1.7 ±  0.03b 14.7 ±  0.3b

8.0
− 76.9 ±  1.3a 67.7 ±  1.5a 101.1 ±  1.7a 75.1 ±  1.6b 83.5 ±  1.5c 69.7 ±  0.9b 83.0 ±  0.8bc 81.4 ±  0.6 1.7 ±  0.0ab 15.1 ±  0.3b

+ 60.6 ±  1.6c 41.4 ±  1.6b 75.0 ±  2.3c 55.3 ±  2.0c 62.8 ±  2.0d 68.0 ±  1.1b 80.8 ±  0.9c 81.6 ±  0.7 1.4 ±  0.0c 11.1 ±  0.4c

P-value
pHe 0.008 0.066 0.000 0.000 0.000 0.000 0.000 0.565 0.000 0.000

OFCM 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.114 0.000 0.000

Table 2.  E�ect of pHe and OFCM addition on sperm motility parameters. Spermatozoa were incubated 
in TALP medium for 30 min at pH 7.4 or 8.0 in presence or absence of OFCM (1% OF and 2% CM) and 
motility parameters were measured by CASA. Results are expressed as mean ±  SEM. Two-way ANOVA in 
which dependent variables were: Mot: percentage of total motile spermatozoa; MotPro: percentage of motile 
progressive spermatozoa; VCL: curvilinear velocity; VSL: straight-line velocity; VAP: average path velocity; LIN: 
linearity of the curvilinear trajectory (ratio VSL/VCL); STR: straightness (ratio VSL/VAP); WOB: Wobble (ratio 
VAP/VCL); ALH: amplitude of lateral head displacement; BCF: beat cross-frequency. Di�erent superscripts (a-c) 
in the same column indicate statistically signi�cant di�erences (P <  0.05).
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�e pH in the porcine oviductal ampulla is close to 8.0 during the periovulatory phase2. For this reason, the 
�rst factor analyzed in the present study was the e�ect of increasing the pHe from 7.4 (current IVF system) to 8.0. 
�e IVF results showed that e�ciency was higher at pHe 8.0, which seems reasonable because most biological 
processes that occur in living organisms are regulated by the pH level31 and fertilization is no exception. �e 
slight increase in pHe may be acting in two di�erent ways to decrease polyspermy. On the one hand, it could be 
slowing down the enzymatic activity of the acrosomal content over ZP proteins, which would reduce the number 
of spermatozoa that completely dissolve the ZP proteins in the short time available for fertilization, resulting in 
a protective e�ect against multiple penetrations. On the other hand, pHe 8.0 could be improving the release of 
cortical granules to the perivitelline space, promoting the correct conformational changes of ZP proteins that 
prevent polyspermic penetration5,32. In order to test this possibility, a ZP hardening assay was performed. �e 
results showed that ZP resistance to dissolution was higher in oocytes incubated at pHe 8.0 a�er culture both in 
the presence and in absence of spermatozoa. Nonetheless, the e�ect of pHe on ZP hardening was not comparable 
to the e�ect of using periovulatory OF14.

Figure 2. E�ect of pHe and OFCM on both PKA substrates and Tyrosine phosphorylation (PKAs-P and 
Tyr-P). Sperm were incubated for 180 min under capacitating conditions using both di�erent pHe values 
(7.4 and 8.0) and in the presence (or not) of OFCM. (a and b) Sperm protein extracts were analyzed for 
phosphorylation by western blotting using α -pPKAs or α -pTyr as �rst antibodies, respectively. (c) Loading 
control with β -tubulin (β -TUB). (d and e) Relative amount of signal quanti�ed in each membrane using 
ImageQuant TL v8.1 so�ware for PKAs-P and Tyr-P, respectively. Di�erent letters (a,b) indicate statistically 
signi�cant di�erences (P <  0.05) between groups.
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Porcine IVF is usually carried out without barriers between the spermatozoa and oocytes and with a high 
number of spermatozoa per oocyte. �erefore, the in vitro penetration of oocytes is more a matter of coincidence 
than a competition and selection process that occurs in vivo33. In IVF systems, each oocyte has contact with many 
spermatozoa at the same time. Besides, it has been shown that the presence of a large number of spermatozoa at 
an early stage of the spontaneous AR in co-culture34 results in high polyspermy rates. �erefore, using a device 
in which gametes are separated and which spermatozoa have to swim up to �nd oocytes could be considered a 
good way to improve monospermy. When we used an S device, as used in34, neither monospermy nor e�ciency 
improved. However, these authors used frozen semen, which could mean limited sperm survival. In the present 
work, fresh semen was used, and it is known that the corresponding spermatozoa can penetrate oocytes for up to 
23 h of co-culture35, enabling spermatozoa to undergo capacitation and swim toward the oocyte for a longer time.

�e third condition that could improve e�ciency was to mimic the in vivo fertilization environment by using 
secretions produced in the oviduct during the periovulatory stage. So, OFCM medium was added to the IVF 
system. Our results showed that components of the OFCM seemed to be acting on the gametes and/or their 
interaction, although this e�ect was only relevant when IVF was performed at pHe 7.4. �is result agrees with 
those of other authors, who reported the hardening e�ect of OF on ZP and the consequent prevention of multiple 
penetration18. When a pHe of 8.0 was used, the addition of OFCM did not increase the e�ciency. Perhaps pHe 
8.0 in itself is enough to improve the IVF output, although it has been shown that OF has any bene�cial e�ect on 
subsequent embryo quality20.

Spermatozoa motility, PKA activity, Tyr-P and AR were analysed in order to clarify whether the IVF results 
described above could be attributed to the spermatozoa capacitation status. As has been reported, the pattern 
of spermatozoa movement varies among species and with the physical environment in which the spermato-
zoa swim. However in mammals the motility of recently ejaculated spermatozoa is characterized by a relatively 
low-amplitude and symmetrical tail bending, but, when hyperactivated, this motility changes to a high-amplitude 
accompanied by asymmetrical tail bending (observed close to the site of fertilization)6. �e results of our study 
showed that pHe 8.0 with OFCM led to a decrease in all motility parameters except for WOB although the main 

Figure 3. E�ect of pHe and OFCM on sperm capacitation status according to immunolocation of protein 
tyrosine phosphorylation (Tyr-P). Spermatozoa were incubated for 180 min under capacitating conditions 
using both di�erent pHe values (7.4 and 8.0) and in the presence (or not) of OFCM. Results are shown as 
mean ±  SEM. Di�erent letters (a–d) in the same pattern of each column indicate statistically signi�cant 
di�erences (P <  0.05). (a) Percentage of sperm with low capacitation status (pattern I: non-phosphorylated 
or head- and/or �agellum-phosphorylated spermatozoa), medium capacitation status (pattern II: equatorial 
segment or equatorial segment and �agellum phosphorylated) or high capacitation status (pattern III: equatorial 
segment and head and/or �agellum phosphorylated). (b) Percentage of hyperactivated sperm (pattern IV: 
�agellum phosphorylated regardless in other locations).

Figure 4. E�ect of pHe and OFCM on sperm acrosome reaction (AR). Spermatozoa were incubated for 0 
and 180 min in capacitating medium using both di�erent pHe values (7.4 and 8.0) and in the presence (or not) 
of OFCM. Di�erent letters (a,b) in the same time of incubation indicate statistically signi�cant di�erences 
(P <  0.05).
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factor responsible was the addition of OFCM. Some authors36 observed that a pHe below 7.2 a�ected sperm motil-
ity and capacitation but there was no e�ect between pHe 7.2 and 8.2. �is apparent inconsistency with our results 
could be explained by the di�erent experimental conditions used in the studies, the sperm source (human sperm 
vs. porcine sperm) and the incubation times.

When spermatozoa were incubated with OFCM, the values of all motility parameters decreased, perhaps 
because this medium reverses the in�uence of the capacitating factors present in TALP medium. Besides, it has 
been shown that the pattern of hyperactivation is greatly in�uenced by both the surrounding microstructure and 
the viscosity of the medium37,38. It is known that certain components of OFCM medium, such as P4, are chemoat-
tractants and produce lower hyperactivation39. OF and HA prolong spermatozoa survival and delay destabili-
zation processes at the plasmalemma i.e. spermatozoa capacitation40 and resulting hyperactivation. In fact, the 
sperm reservoir regulates the physiological status of the spermatozoa, particularly the processes of capacitation 
and hyperactivation within the SR to ensure that spermatozoa are in the proper state when ovulation occurs41. 
�e other factor to consider is the medium’s viscosity since viscoelastic �uids can reduce the swimming velocity 
of spermatozoa38. �e OFCM medium is more viscous than TALP30, and an increase in the viscoelasticity has 
been associated with a lower percentage of motile spermatozoa as well as with lower VCL, VAP and ALH42. Some 
authors30,43 also showed that viscosity a�ected the spermatozoa motility parameters but the results varied depend-
ing on the degree of the viscosity of the medium.

Capacitation status has been associated with an increase in PKA activity and phosphorylation in tyrosine res-
idues of general sperm proteins44. Although increasing the pHe to 8.0 provoked an increase of 0.2 points in pHi, it 
seemed to have no signi�cant e�ect on sperm capacitation and pHe 7.4 is enough to reach a high grade of PKAs-P 
and Tyr-P. However, pHe 8.0 had a signi�cant e�ect, increasing ZP resistance to digestion and probably playing 
a key role in gametes interaction. In the present study, we showed that the presence of OFCM in the capacitation 
medium decreased PKA activity and the Tyr-P of sperm proteins, suggesting that OFCM interferes with the cyclic 
AMP (cAMP)/PKA/Tyr-P pathway but in a way that is still unknown. In this same sense, the localization of Tyr-P 
showed that the presence of OFCM produced a lower percentage of highly capacitated spermatozoa, especially at 
pHe 8.0, supporting the idea that their components could act by preserving their function and fertilizing ability.

In in vivo conditions, capacitation is inhibited while the spermatozoa remain in the oviductal reservoir45,28 
despite the abundant presence of bicarbonate (35–90 mM)2 which would normally be su�cient to induce capac-
itation and rapid �agellar activity in vitro. Apart from bicarbonate-induced e�ects during sperm capacitation, 
it is also important to notice how oviduct proteins and �uids may a�ect the composition and organization of 
proteins on the sperm surface46, acting to sequentially activate di�erent signalling pathways. It is known that the 
adenosine present in the FF regulates the adenylyl cyclase (AC)/cAMP signal transduction pathway stimulating 
cAMP production in uncapacitated cells but inhibiting it in capacitated ones14. �e hyaluronic acid (HA) from the 
OF and FF present in the oviduct can modulate sperm capacitation and promote sperm survival2, and HA from 
cumulus cells promote the AR close to the oocyte47. Besides, it has been suggested, some oviductal proteins could 
be involved in modulating sperm function and fertilization28; for example, Glycodelin-A, -S, -F and -C bind to 
the sperm head during their passage through the female genital tract and �rst act by inhibiting the sperm-zona 
pellucida binding and suppressing the P4-induced AR and �nally stimulate sperm-zona pellucida binding16. 
Additionally, the OF contains soluble proteins such as oviduct glutathione peroxidase, superoxide dismutase 
and catalase, that may regulate the balance between reactive oxygen species and antioxidants in sperm -which is 
important for sperm viability and motility48- and so regulate the capacitation process49.

�e oviduct environment acts as the sperm reservoir, maintaining spermatozoa viability and modulating the 
subpopulation of spermatozoa that initiates the capacitation process, preventing a premature AR and resulting in 
a lower rate of polyspermy, as previously described28,29. �e results of the present study showed that OFCM com-
ponents decrease the induced AR a�er incubation of the spermatozoa in capacitation conditions and maintain 
their fertilizing potential probably via AC/cAMP, as has been previously reported14. �is could be attributed to a 
decrease in PKA activation and Tyr-P. It also has been determined that PKA, together with inositol-trisphosphate, 
activates Ca2+ channels in the outer acrosomal membrane, which leads to an increase in cytosolic Ca2+. �e 

Figure 5. E�ect of extracellular pH (pHe) and OFCM on intracellular pH (pHi) in boar spermatozoa 
incubated in TALP medium. (a) Fluorescence emission ratio with BCECF-AM when samples were exposed 
to di�erent pHe values in a range from 7.0 to 8.5 in the absence or presence of OFCM and excited at 490 and 
440 nm. (b) pHi calculated from the emission ratio (490/440 nm) when spermatozoa are exposed to di�erent 
pHe in a range from 7.0 to 8.5 in absence or presence of OFCM.
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depletion of Ca2+ in the acrosome will activate a store-operated Ca2+ entry mechanism in the plasma membrane, 
leading to increase in cytosolic Ca2+ and resulting in membrane fusion and AR50. �erefore, the e�ect of OFCM 
on PKA activity and AR might help to explain the decrease in polyspermy percentage observed. P4, another com-
ponent of OFCM, induces AR but this e�ect seems to be prevented by adenosine and glycodelins in OFCM16. �e 
low concentration of P4 detected in OFCM (much lower concentration than that used for in vitro AR induction51)  
was probably responsible for guiding the spermatozoa to the oocytes but did not produce a higher level of capac-
itation or induce the AR52. However, the proteins of the OFCM could have been responsible for decreasing the 
number of P4 receptors in the sperm membrane, as has been suggested53.

�erefore, the main e�ect on spermatozoa of the substances present in OFCM seems to be keeping them in a 
state of low capacitation, thus regulating the number of spermatozoa ready for fertilization, leading to an increase 
in e�ciency.

In conclusion, the results obtained in this work suggest that the IVF conditions proposed are more similar to 
the in vivo periovulatory environment in the oviduct than can be obtained with the currently used IVF protocol. 
Since the success of fertilization is a multifactorial process that is di�cult to control in vitro, setting several peri-
ovulatory oviductal factors (presence of cumulus cells, follicular and oviductal �uids and adjusted pH) reduces 
polyspermy and increases IVF e�ciency in pig. Manipulation of these components has enabled us to propose a 
new way of performing IVF, resulting in a greater number of potentially viable zygotes. However, more studies 
are necessary to clarify the improvements and to identify new conditions that might contribute to a better under-
standing of swine reproductive physiology.

Material and Methods
Ethics. �e study was carried out following the Spanish Policy for Animal Protection RD 53/2013, which 
meets European Union Directive 2010/63/UE on animal protection. All the procedures carried out in this work 
have been approved by the Ethical Committee of Animal Experimentation of the University of Murcia and by the 
Animal Production Service of the Agriculture Department of the Region of Murcia (Spain) (ref. no. A13160609).

In vitro maturation of oocytes (IVM). COCs were collected from antral follicles (3–6 mm diameter) and 
washed with Dulbecco’s PBS (DPBS). Only COCs with complete and dense cumulus oophorus, in groups of 50, 
were cultured for 42 h in 500 µ l NCSU-37, as previously described54.

Conditioned medium (CM), follicular fluid (FF) and periovulatory oviductal fluid (OF) collection.  
A�er maturation, COCs were pipetted to mix their secretions with the surrounding NCSU-37 medium. �e 
whole content of the wells was collected and centrifuged at 7,000 g for 10 min at 4 °C, discarding the oocytes and 
cumulus cells to obtain the supernatant (CM). �e FF was collected from antral follicles (3–6 mm diameter) of 
prepuberal gilts, as previously described55. �e OF was obtained from a pool of porcine oviducts with ovaries 
close to ovulation, as described56. �e FF and OF were centrifuged as described for CM. �e CM, FF and OF were 
aliquoted and stored at − 20 °C until use.

Sperm collection. �e sperm-rich fraction was collected from boars with proven fertility by the manual 
method. Sperm concentration, motility, acrosome integrity, and normal morphology were microscopically eval-
uated by standard laboratory techniques.

In Vitro Fertilization (IVF). �e medium used for IVF was Tyrode’s albumin lactate pyruvate (TALP)57 
(supplemented or not with OFCM) equilibrated for almost 3 h at 38.5 °C and under 5 or 1.5% of CO2 to adjust 
the pH of the medium to 7.4 or 8.0, respectively (according to the Henderson-Hasselbalch equation). IVF was 
performed with 2 types of device: (i) a 4-well multi-dish containing 500 µ l TALP per well (W)58, and (ii) inverted 
screw cap of a conical centrifuge tube (Falcon®  15 ml high-clarity polypropylene conical centrifuge tubes with 
polyethylene dome seal screw caps) containing 1000 µ l TALP (S). For a full description of the device see59. A�er 
IVM, the oocytes (with or without cumulus cells) were gently deposited in W or in the inner plate of the S device, 
depending on the experimental group (Fig. 6). �e sperm cells were added to W or to the outer plate of the S 
device to give a �nal concentration of 1 ×  105 cells/ml. A�er 18 h of co-culture the putative zygotes were �xed and 
evaluated as previously described4.

Assessment of zona pellucida (ZP) solubility. �e IVM oocytes, before or a�er IVF, were washed by 
pipetting to remove surrounding cells and added to 100 µ l of 0.1% (w/v) pronase solution in PBS. ZPs were con-
tinuously observed for dissolution under an inverted microscope equipped with a warm plate at 37 °C5. �e ZP 
dissolution time of each oocyte was registered as the time elapsing between placing the samples in the pronase 
solution and the time when the ZP was no longer visible at a magni�cation of x200.

Chemiluminiscent microparticle immunoassay (CMIA). �e P4 concentration in FF, OF and CM was 
assessed by chemiluminiscent microparticle immunoassay (CMIA; Architect, Abbott), as described19.

Spermatozoa motion assay. Computer-assisted spermatozoa motility analysis (CASA) was performed using 
ISAS®  system (PROISER R +  D S.L., Valencia, Spain). For this propose, a 6 µ l drop of the sample was placed on a 
warmed (38.5 °C) 20 micron Leja®  slide (SC-20–01–02-B, Leja Products B.V., Nieuw Vennep, �e Netherlands) and 
was analyzed using a phase-contrast microscope (magni�cation x200; Leica DMR, Wetzlar, Germany).

Western blotting (WB). Isolated proteins from 1 ×  106 spermatozoa samples were obtained and immu-
noblotted as described60. �e antibodies used were anti-protein kinase A (9624, Cell Signaling Technology, 
Beverly, USA, 1:2,000), anti-phosphotyrosine (4G10, Millipore, CA, USA, 1:10,000) and anti-β -tubulin (T0198, 
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Sigma-Aldrich® , Madrid, Spain, 1:5,000). Blots were visualized by chemiluminescence (Amersham Imager 600, 
GE Healthcare) using a Pierce®  ECL 2 Western Blotting Substrate (80196, Lumigen Inc, South�eld, MI, USA). 
�e relative amount of signal in each membrane was quanti�ed using the ImageQuant TL v8.1 so�ware (GE 
Healthcare, Life Sciences, Buckinghamshire, UK).

Immunocytochemistry: Tyrosine Phosphorylation (Tyr-P) detection by Indirect 
Immunofluorescence (IIF). IIF was carried out to study Tyr-P location as described58 using the same 
anti-phosphotyrosine as used for Tyr-P detection by WB (1:300 in BSA 1%). �e secondary antibody used was 
�uorescein-conjugated goat anti-mouse (Bio-Rad Laboratories, Madrid, Spain, 1:400 in BSA 1%).

Acrosome Reaction (AR) assay. �e AR was assessed by staining with FITC-conjugated peanut agglutinin 
from Arachis hypogaea (PNA-FITC L7381, Sigma-Aldrich® , Madrid, Spain) as previously used61. Samples were 
analyzed under an epi�uorescence microscope (blue �lter, BP 480/40; emission BP 527/30; Leica®  DM4000 B 
LED, USA) at x400 magni�cation.

Measurement of sperm pHi. Spermatozoa (30 ×  106 cells/ml) were loaded with 5 µ M of the pH-sensitive 
dye BCECF-AM (B1150, Sigma-Aldrich® , Madrid, Spain) for 30 min incubation at 38.5 °C. Extracellular dye 
was removed by centrifugation at 700 g for 3 min. �e spermatozoa were resuspended in PBS without Ca2+ and 
Mg2+ and incubated again for an additional 15 min at 38.5 °C to allow de-esteri�cation of the dye. A�er that, the 
samples were centrifuged and resuspended in the corresponding medium, depending on the experimental group. 
�e �uorescence was immediately monitored using a spectro�uorometer (FP-6300, Jasco® , Cremella, Italy). �e 
system was �rst calibrated using BCECF-AM equilibrated spermatozoa at pH 7.0, 7.4, 8.0 and 8.5 in the presence 
of 0.1% Triton X-100 and adjusting the pH with HCl and NaOH62. �e cells were excited at both 490 and 440 nm 
wavelength and the emission spectra were recorded at 535 nm. �e emitted �uorescence ratio from the excitation 
at 490/440 nm was calculated and the regression line for pHe vs. the 490/440 nm ratio was plotted. Finally, the pHi 
values of the sperm cells was estimated from that regression line.

Figure 6. Experimental design. (a) Experiment 1.1: analysis of the e�ect of pHe (7.4; 8.0), device (W: 4-well 
multi-dish; S: inverted screw cap of a conical tube) and OFCM (1% OF and 2% CM) on IVF parameters 
(percentages of penetration, monospermy and e�ciency). (b) Experiment 1.2: analysis of the e�ect of 
pHe on zona pellucida solubility a�er 180 min of incubation with or without spermatozoa. (c) Experiment 
2.1: assessment of the e�ect of pHe and OFCM addition on spermatozoa functionality: motility, tyrosine 
phosphorylation (Tyr-P), protein kinase A substrates phosphorylation (PKAs-P) and acrosome reaction (AR). 
(d) Experiment 2.2: assessment of the e�ect of pHe and OFCM addition on spermatozoa pHi.
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Experimental Design
�is study aimed to mimic several in vivo conditions during fertilization to improve IVF e�ciency. In persuit of 
these conditions, we used TALP medium supplemented with OFCM, pH 8.0 and a device (S) which separated 
sperm and COCs. �e OFCM was composed of OF (1%) and CM (2%). �e OF concentration was based on pre-
vious studies63,64. However, the reasons to supplement with 2% CM were basically mechanical (because 50 COCs 
were taken in a volume of 20 µ l) and to ensure that the P4 concentration was within the range of values that occur 
in the oviduct during fertilization19. �e spermatozoa capacitation status a�er incubation at pHe 8.0 and the addi-
tion of OFCM was also evaluated. For this purpose, two experiments were performed (Fig. 6).

Experiment 1: Effect of pHe, device and medium supplementation on IVF. IVF. �e IVF exper-
imental groups were established depending on the pH of the TALP medium (7.4 or 8.0), the device used (W or S) 
and the presence or absence of OFCM as additive to the medium (Table 1). �e experimental groups were: 7.4W 
(pHe 7.4 and 4-well multidish), 8.0W (pHe 8.0 and 4-well multidish), 7.4S (pHe 7.4 and screw cap device), 8.0S 
(pHe 8.0 and screw cap device), 7.4W-OFCM (pHe 7.4, 4-well multidish and OFCM addition), 8.0W-OFCM (pHe 
8.0, 4-well multidish and OFCM addition), 7.4S-OFCM (pHe 7.4, screw cap device and OFCM addition) and 
8.0S-OFCM (pHe 8.0, screw cap device and OFCM addition). A total of 1079 oocytes were used in 4 replicates to 
determine the percentage of penetrated oocytes (Penetration, %), monospermy percentage of penetrated oocytes 
(Monospermy, %) and e�ciency (E�ciency, %), which represents the �nal number of putative zygotes in each 
group per 100 penetrated oocytes.

ZP solubility. In vitro matured oocytes incubated for 3 h in TALP (at pH 7.4 and 8.0) and oocytes collected 3 h 
post-IVF (at pH 7.4 and 8.0) were subjected to ZP solubility analysis. 20 oocytes/zygotes per experimental group 
were used (4 replicates).

Experiment 2: Effect of pHe and OFCM on spermatozoa functionality and pHi. Spermatozoa 
functionality. Spermatozoa were incubated in TALP medium at pH 7.4 or 8.0 and supplemented or not with 
OFCM. �erefore, the experimental groups were: 7.4: pHe 7.4 and non-supplemented TALP; 7.4OFCM: pHe 7.4 
and TALP supplemented with OFCM; 8.0: pHe 8.0 and non-supplemented TALP; 8.0OFCM: pHe 8.0 and TALP 
supplemented with OFCM. Several parameters of spermatozoa functionality were determined at di�erent times 
of incubation.

Spermatozoa motility. Spermatozoa motility was determined at 30 min of incubation (4 replicates) in 3 di�erent 
�elds per sample. �e parameters observed were the percentage of total motile spermatozoa (Mot, %), motile pro-
gressive spermatozoa (MotPro, %), curvilinear velocity (VCL, µ m/s), straight line velocity (VSL, µ m/s), average 
path velocity (VAP, µ m/s), linearity of the curvilinear trajectory (LIN, ratio of VSL/VCL, %), straightness (STR, 
ratio of VSL/VAP, %), amplitude of lateral head displacement (ALH, µm), wobble of the curvilinear trajectory 
(WOB, ratio of VAP/VCL, %), and beat cross-frequency (BCF, Hz). Western blotting (WB): Protein Kinase A 
substrates and Tyrosine Phosphorylation (PKAs-P and Tyr-P).

A�er 180 min of incubation, PKAs-P and Tyr-P were determined by WB and semi-quanti�ed in each experi-
mental group in 4 replicates. β -tubulin (β -TUB) was used as loading control.

Immunocytochemistry: Tyrosine Phosphorylation (Tyr-P) by Indirect Immuno�uorescence (IIF). �e Tyr-P 
location in the spermatozoa was evaluated by IIF a�er 180 min incubation. Two-hundred spermatozoa per sam-
ple were analyzed in 4 replicates. �en, the Tyr-P location of the spermatozoa proteins was classi�ed and grouped 
into three di�erent categories according to the patterns given by Luño et al.26: Pattern I (low capacitation) includes 
spermatozoa without �uorescence, those with phosphorylated acrosome, those with phosphorylated tail and 
those with phosphorylated acrosome and tail. Pattern II (medium capacitation) includes spermatozoa with �u-
orescence in the equatorial subsegment with or without the presence of signal in the �agellum. Pattern III (high 
capacitation) includes spermatozoa with signal in the equatorial subsegment and acrosome area and with or 
without the presence of signal in the �agellum. In addition, a fourth pattern was established related with the 
hypermotility capacity, which included those spermatozoa with a signal in the �agellum regardless of other loca-
tions (hyperactivation pattern).

Acrosome Reaction (AR). �e AR was analyzed at 0 and 180 min of incubation in 4 replicates. Two-hundred 
spermatozoa per sample were analyzed and classi�ed as reacted-sperm or non reacted-sperm (without or with 
�uorescence in the acrosomal region, respectively).

Spermatozoa pHi. BCECF-AM stained and de-esteri�ed spermatozoa were resuspended in TALP medium at pH 
7.0, 7.4, 8.0 or 8.5 in presence or absence of OFCM. �e �uorescence was monitored for 90s by spectro�uorim-
etry. �e 490/440 nm ratio was recorded and the regression line for presence or absence of OFCM for all pHe 
studied was calculated. �e pHi was determined from the regression lines in 4 replicates.

Statistical Analysis. All statistical analyses were performed using SPSS v.20 (SPSS Inc. Chicago, IL, USA). 
Data are presented as mean ±  SEM and were �tted to the binomial variable model. In Experiment 1, the rates of 
oocyte penetration, monospermy and e�ciency were analyzed by three-way ANOVA, considering pHe, device 
and OFCM addition as the main variables. E�ciency was de�ned as the rate of monospermic oocytes with two 
pronuclei arising from the total number of inseminated oocytes. In Experiment 2.1, the data were analyzed 
by two-way ANOVA, considering pHe and OFCM addition as the main variables. When ANOVA revealed a 
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signi�cant e�ect, values were compared using the least signi�cant di�erence pairwise multiple comparison post 
hoc test (Tukey). In Experiment 2.2, regression lines were plotted and a non-parametric Kolmogórov-Smirnov 
test for normality of variables was applied. Mean values were analyzed and compared by Student’s t-test for two 
independent samples and correlation coe�cients of Pearson were calculated. For all experiments, the level of 
signi�cance was set at P <  0.05.
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