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The mechanisms involved in fertilization are the centre of
attention in order to determine the conditions required to
reproduce in vitro the events that take place in vivo, with
special interest in endangered species. Previous data from
mouse sperm, where acrosome reaction (AR) occurs more
often in the interstitium of the cumulus oophorus, contribute
to strengthen the use of progesterone as a physiological
inducer of this process. We studied the participation of
protein kinase A (PKA), phospholipases A2 and C (PLA2,
PLC) in the AR induced by progesterone from Chinchilla
epididymal spermatozoa. The addition of db-cAMP to the
incubation medium caused an increase of 58% in the AR,
while the use of H89 (30 lM), a PKA inhibitor, reflected a
decrease of 40% in the percentage of reacted gametes. The
assays conducted with arachidonic acid showed a maximum
increase of 23% in the AR. When gametes were pre-incubated
with PLA2 inhibitors, a dose-dependent inhibitory effect was
observed. The addition of phorbol12-myristate13-acetate
(10 lM) revealed higher percentages of AR induction (60%).
When PLC was inhibited with neomycin and U73122, a dose-
dependent decrease in AR percentages was observed. Com-
bined inhibition of PKA, PLA2 and PLC, AR values similar
to control were obtained. This work shows evidence, for the
first time in Chinchilla, that progesterone activates the AC/
cAMP/PKA system as well as sperm phospholipases and that
these signalling pathways participate jointly and cooperatively
in AR. These results contribute to the understanding of the
complex regulation that is triggered in sperm after the effect
of progesterone.

Introduction

Sperm capacitation and the subsequent acrosome reac-
tion (AR) are essential prerequisites for successful
fertilization (Yanagimachi 1994). Even more, only those
sperm that have undergone acrosome exocytosis have
the capacity to fuse with the oocyte plasmatic membrane
and fertilize it.
Until recently it was assumed that sperm had to reach

the zona pellucida (ZP) with an intact acrosome and
interact in the ZP with the glycoprotein ZP3 in order to
undergo AR. However, the findings of Jin et al. (2011)
provided a different picture of the process, showing that
AR in transgenic mice takes place before contact with
the ZP in the interstitium of the cumulus oophorus.
Besides, the above authors reported that reacted game-
tes were able to become attached, pass through the ZP
and fertilize the egg. Obviously, this fact has important
implications in the molecular study not only of the AR

but also in the sperm–egg interaction in eutherian
mammals.
In view of the above findings, it may be supposed that

substances present in the cumulus oophorus might act as
physiological inducers of acrosomal exocytosis. In this
sense, progesterone, a steroid hormone secreted by the
cumulus cells, has been extensively studied in several
mammalian species such as humans (Osman et al.
1989), hamsters (Llanos and Anabalon 1996), mice
(Roldan et al. 1994a), dogs (Brewis et al. 2001), horses
(Meyers et al. 1995) and bulls (Th�erien and Manjunath
2003) because of its ability to induce AR in capacitated
sperm.
The action of progesterone on surface receptors

causes a non-genomic effect (Meizel and Turner 1991)
resulting in an increase in intracellular calcium, stim-
ulation of the phospholipase (PL) activity and phos-
phorylation of proteins with tyrosine residues (Baldi
et al. 2002). Previous studies in human sperm (De
Jonge et al. 1989) showed the participation of the AC/
AMPc/PKA system when the AR is induced with
progesterone, but the molecular mechanisms of this
signalling pathway have not been sufficiently clarified
yet.
Among the sperm PLs, we find phospholipase A2,

which hydrolyses phosphatidylcholine, a membrane
phospholipid, originating lysophosphatidylcholine and
free fatty acids. This enzyme would play a key role
during the AR of guinea pig, hamster, bull and human
sperm treated with progesterone (Llanos et al. 1982;
Lax et al. 1990; Dom�ınguez et al. 1996; Chen et al.
2005).
Other PLs such as PLC constitute an important signal

transduction mechanism in somatic cells (Berridge 1987)
and belong to a group of hydrolases that produce 1,2-
diacylglycerol (DAG) from membrane phospholipids.
DAG generation plays a key role in the regulatory
mechanisms of acrosomal exocytosis. Besides, it is
known that this metabolite is capable of activating
PKC (O’Toole et al. 1996) and PLA2 (Roldan et al.
1994b) and even further, evidence has been shown that it
may have an effect of positive feedback with PLC
specific for phosphatidylcholine (Roldan and Murase
1994).
The mechanisms involved in fertilization are still the

focus of study in numerous species in order to define the
conditions required to reproduce in vitro the events that
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take place in vivo. This goal is particularly important in
the case of endangered species.
Chinchilla sp., included in Appendix I of the CITES,

represents a challenge to reproductive biology due to its
seasonal reproductive periods and its low reproductive
rate in captivity. In previous studies, we showed that
progesterone induces in vitro AR of sperm of Chinchilla
lanigera, a domestic species bred in captivity (Gramajo-
B€uhler et al. 2012). However, there are no reports for
this species concerning the signalling pathways involved
in the process.
The aim of this work is to study the signal transduc-

tion pathways involved in the acrosome reaction in
epididymal sperm of Chinchilla lanigera grey under the
stimulus of progesterone. The present study was con-
ducted in order to determine the possible role of PKA,
PLA2 and PLC in this process.

Materials and Methods

Animals

The animals used in this study were provided by a
commercial hatchery enabled for production skin. We
selected 9 sexually mature male specimens from 11 to
12 months of age with a body mass of 600–650 g. All
animals were housed under a 12-h dark–light cycle at a
constant temperature of 22 � 1°C and received water
and food ad libitum. The animals were sacrificed by
cervical dislocation and immediately taken to the
laboratory in thermal containers to maintain constant
temperature.

Reagents and incubation media

PBS 1X (Dulbecco’s phosphate-buffered saline solution)
Irvine Scientific� (Santa Ana, CA, USA). Dimethyl
sulfoxide (DMSO), dibutyryl cyclic AMP, H89 dihy-
drochloride hydrate, arachidonic acid (AA), quinacrine,
aristolochic acid (ATA), U73122 hydrate, phorbol12-
myristate13-acetate (PMA) and progesterone from
Sigma Aldrich. Co. St. Louis, MO, USA). Coomassie
Brilliant Blue G250 from Biopack� (Aut�onoma de
Buenos Aires, Argentina).

Modified HTF medium hepes

To 750 ml of purified water, add 5.931 g of NaCl,
0.35 g of potassium chloride (KCl), 0.05 g of magne-
sium sulphate heptahydrate (MgSO4.7H2O), 0.05 g of
potassium dihydrogen phosphate(KH2PO4), 0.366 g of
sodium bicarbonate (NaHCO3), 0.5 g of d-glucose,
0.036 g of sodium pyruvate, 0.3 g of calcium chloridedi-
hydrate (CaCl2.2H2O) and 4.0 g of sodium dl-lactate
(60%(v/v) syrup). To 1 ml of the above medium, add
10 lg phenol red, 100 U penicillin and 50 lg strepto-
mycin sulphate. Adjust the pH to 7.4 with 1 mol/l
hydrochloric acid (HCl). Add 20 mmol/l Hepes (Na
salt: 5.21 g/l).

Collection and preparation of spermatozoa

Immediately after slaughtering, spermatozoa were col-
lected by puncture from the cauda epididymis. The
samples were washed twice in PBS and centrifuged at
1000 9 g for 10 min. All materials used for the sample
collection and subsequent trials were under strict
temperature control (37 � 0.5°C).
We only used samples with a vitality percentage equal

to or >85%, using the eosin test 0.5% (w/v) with an
inverted microscopy at 4009. Counts were performed
on 200 cells per replicate.

Capacitation of spermatozoa

The washed spermatozoa were separated into aliquots
(final concentration 4–5 9 106 cells/ml) and incubated
with HTFm (modified human tubal fluid) supplemented
with 2.5 g/l albumin fraction V for 2.30 h at 37°C in an
atmosphere containing 5% CO2.

Determination of downstream signalling components
activated with progesterone mediated induction of
acrosomal exocytosis

In order to determine whether the activation of cAMP-
dependent PKA has a role in the AR, we used an analog
of cAMP mimicking activation of AC/cAMP system.
The dibutyryl-cAMP (db-cAMP) was used, which is
able to pass easily through the plasma membrane.
Aliquots of the sperm suspensions capacitated were
incubated with increasing db-cAMP concentrations (0–
1 mM) for 15 min (Moseley et al. 2005).
In the same way, to analyse the participation of

phospholipase A2 in this process, aliquots of capacitated
sperm were co-incubated with increasing concentrations
(12.5–100 lM) of arachidonic acid (AA) for 15 min, a
metabolite of the hydrolysis of membrane phospholipids
(PL) by the action of PLA2.
Following the same schemes, to study the involvement

of PLC, we first activated the signalling cascade with a
metabolite or a product of the PLC. We added to
the culture medium a synthetic analog of DAG, phorbol
12-myristate 13-acetate (PMA), at increasing concen-
trations (0.05–10 lM) to which the capacitated sperma-
tozoa were exposed for 15 min.
To understand the mechanism of action progesterone-

mediated acrosome reaction, capacitated spermatozoa
were pre-treated with various pharmacological inhibi-
tors of this key enzymes such as H89 (0–30 lM) – PKA
inhibitor, 30 min; aristolochic acid (ATA) at increasing
concentrations (0–320 lM); and quinacrine (0–40 lM) –
PLA2 specific inhibitors, 5 and 15 min, respectively;
neomycin (0–800 lM) and U73122 (0–20 lM) – PLC
inhibitors. After incubation with the inhibitors, AR was
induced with progesterone 20 lM (Gramajo-B€uhler
et al. 2012).
When the protocol included the addition of two or

more drugs, each of them was left alone the time
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specified above, the sperm before the addition of the
following one after washing in HTFm with centrifuga-
tion. The control experiments were run for the same
time periods. Controls were performed adding the
corresponding solvent.
The doses and incubation times used in this study

were selected from the literature and/or from prelimi-
nary experiments and the same final concentration was
always used.

Evaluation of acrosomal status by Coomassie Blue stain

In all incubations, the reactions were stopped with the
addition of buffered formalin (final concentration 4%),
samples being fixed at 4°C for 10 min. Then they were
washed twice with a solution of 0.1 M ammonium
acetate, pH 9, followed by centrifuging for 5 min at
1200 9 g. The smears were air-dried and hydrated in
distilled water for 5 min, dyed with Coomassie Blue
G250 solution and finally washed with distilled water
for 5 min.
A total of 200 cells were analysed by light microscopy

at 10009, taking as a positive response the absence of
acrosome, and as a negative response the presence of the
acrosomal vesicle, which is evident in the brilliant blue
band in the anterior region of the head.

Statistical analysis

Means and standard errors were calculated for all data
sets. Differences between groups were evaluated using
one-way analysis of variance (ANOVA). A p value of
<0.05 was considered as statistically significant.

Results

Participation of PKA in acrosomal exocytosis

We have studied the participation of PKA in the
process of epididymal sperm acrosome reaction. In a
first stage, the sperm suspensions were incubated with
an analog cAMP. The dose–response curve (Fig. 1)
shows a significant increase in the acrosome reaction
percentages in the samples incubated with 0.250 mM of
db-cAMP, the highest increase in the AR (58%) being
reached with a concentration of 0.500 mM. This
effect was not modified when the concentration was
doubled.
Previously capacitated sperm suspensions were pre-

incubated with H89, a PKA inhibitor prior to addition
progesterone. The Fig. 1 showed a decrease in the
percentage of sperm that underwent total acrosome
exocytosis, observed significantly lower values com-
pared with a control group from a concentration of
5 lM of H89. The highest inhibitory effect of H89 was
obtained in sperm treated with concentrations of 30 lM.
This effect is shown in a decrease of approximately 40%
in AR with respect to the control.

Assessment of the role of PLA2 in the acrosome reaction

Capacitated spermatozoa exposed to different concen-
trations of exogenous AA showed a significant increase
in AR (Fig. 2a) at all concentrations assayed.
However, no significant variations were observed

between the doses tested, maximum response of 35%
being found in the samples treated with 50 lM of AA,
showing an increase in AR of 23% compared with the
spontaneous acrosome reaction (SAR).
The role of PLA2 activation in the AR was analysed

using two specific inhibitors of the enzyme, aristolochic
acid (ATA) and quinacrine. After incubation with the
inhibitors, AR was induced with progesterone.
Figure 2b shows the effect of PLA2 inhibition on

progesterone-induced AR. Remarkably low AR values
were obtained in samples pre-incubated with concen-
trations of 80 lM of ATA; this inhibitory effect
remained with no changes at higher concentrations.
With respect to quinacrine, a significant inhibitory effect
was found at the lowest concentration assayed (5 lM),
while values obtained at higher concentrations, of up to
8 times the initial one, caused no significant changes
compared with those obtained at the dose of 5 lM.

Participation of PLC in the acrosome reaction

When is added to the culture medium, a mimetic of
DAG (PMA) at increasing concentrations are recorded
increases in dose-dependent manner of the percentages
of AR at all concentrations assayed. The results
obtained are shown in Fig. 3a. The 15% increase
obtained with the lowest concentration assayed is
significant and concentrations of 10 lM caused maxi-
mum response (60%).

Fig. 1. Effect of increasing concentrations (0.062; 0.125; 0.250; 0.500;
1 mM) of db-cAMP on the acrosome reaction in capacitated sperm and
effect of the PKA inhibitor (H89) on sperm later stimulated with
progesterone 20 lM. The controls have the same volume of vehicle and
represent spontaneous acrosome reaction. The results are the mean �
SEM of four experiments with different animals
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Together with the data from the previous assay, we
might infer the participation of PLC in the AR.
The role of PLC in this progesterone-induced process

was studied by pre-incubating the capacitated sperm in
the presence of inhibitors of the enzyme, neomycin and
U73122.
In both cases, we observed an inhibitory effect of the

exocytosis of the acrosome compared with the controls.
The assays conducted with neomycin at different

concentrations showed significant differences since
400 lM, maximum inhibitory effect being reached with
600 lM (Fig. 3b). Doses of 20 lM of U73122 produced
similar results. However, at the lowest concentration
assayed (2.5 lM), a significant decrease in sperm with
total acrosome exocytosis was observed compared with
the control.

Study of interrelations between PKA, PLA2 and PLC 2

PKA activation – inhibition of PLA2 and PLC

Capacitated spermatozoa were pre-treated with inhibi-
tors of PLA2 (ATA-160 lM) and PLC (U73122-20 lM)

separately. The cAMP analog was added to the culture
medium and incubation continued for 15 more min in
order to activate PKA.
The data obtained from the samples pre-incubated

with the inhibitors of the PLs show lower percentages of
AR induced compared with the samples stimulated only
with db-AMPc (Fig. 4). However, the inhibition iso-
lated from the PLs shows a sperm population (30%) in
which PKA activation still triggers the AR.

Inhibition of PKA-PLA2-PLC

In order to analyse the process when progesterone acts
as the trigger of the AR, epididymal spermatozoa
capacitated in vitro were subjected to inhibition of only
PKA (H89-30 min), PLA2 (ATA-5 min), PLC (U73122-
30 min) or jointly (PKA-PLA2-PLC) and later stimu-
lated with progesterone. The data obtained (Fig. 5)
revealed the following: First, when each enzyme was
inhibited individually, significant decreases in AR were
found in all cases assayed comparing the results with the
samples stimulated with progesterone without the addi-
tion of inhibitors, a greater inhibitory effect being found
when PKA was blocked (31.1%).

Fig. 2. (a) Effect of different concentrations of arachidonic acid (AA)
(12.5; 25; 50; and 100 lM) on capacitated sperm. The control has
DMSO and its AR value corresponds to SAR (12.5%). Results are
expressed as mean� SEM of 4 experiments carried out with con
different animals. (b) Effect of increasing concentrations of aristolochic
acid (ATA) and quinacrine on the AR of capacitated epididymal
sperm stimulated with progesterone (20 lM). Data represent the mean
� SEM of 5 experiments with different animals. SAR of 14.1% (data
not shown)

Fig. 3. (a) Effect of increasing concentrations of phorbol 12-myristate
13-acetate (PMA) on capacitated sperm. The control has the same
volume of DMSO and its value corresponds to SAR. Results are
expressed as the mean� SEM of 5 experiments with different animals.
(b) Effect of PLC inhibitors, neomycin (200–800 lM) and U73122(2.5–
20 lM), on progesterone-induced AR in capacitated sperm. Values
represent the mean� SEM of 5 experiments with different animals
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Second, when the enzymes were inhibited jointly, the
values obtained were similar to those of the controls,
which showed the effect of spontaneous AR (Fig. 6).

Discussion

In a biological response, the specific signal transduction
pathway or one of its components is often multifactorial
and in the specific case of the actions of progesterone,
the evidence shows that it is not an exception.
The inductor role of the AR in vitro has been

demonstrated in eutherian mammals. In spite of the
large number of investigations to determine the signal
transduction pathways involved in this process, they
have not been completely elucidated yet.
Mammalian spermatozoa have a single soluble form

of AC besides the enzyme with transmembrane
domains. Its function is limited to cAMP formation,

which exerts an allosteric effect on PKA regulatory
subunits, producing their activation.
In Chinchilla epididymal spermatozoa, we demon-

strated that treatment with a cAMP analog (db-AMPc)
results in an increase in AR percentages, a maximum
response of 58% being obtained with a 0.5 lM concen-
tration. Even further, when PKA activity was prevented
by the addition of H89 before progesterone stimulation,
an inhibitory effect on AR was evidenced. The above
results allow us to suggest the participation of the AC/
AMPc/PKA system in the progesterone-induced acro-
somal exocytosis in this species.
In agreement with our results, the studies conducted

in humans by Liu et al. (2013) show that in normo-
spermic individuals, the prevalent cause of infertility is a
failure in signal transduction when PKA is defective,
reinforcing the key role played by cAMP-dependent
kinase.
Over 40 years ago, Allison and Hartee (1970) discov-

ered a phospholipase A2, an phospholipase present in
the acrosome of mammalian sperm, and its participa-
tion in the process of membrane fusion has been
suggested.
PLA2 produces the hydrolysis of membrane lipids,

releasing lyso-phosphatidylcholine (LPC) and fatty
acids. Numerous investigations were conducted bypass-
ing PLA2, adding its metabolites to the culture media, in
order to verify their participation, and were reported as
effective fusogenic agents (Creutz 1981). LPC was tested
in guinea pig epididymal sperm (Fleming and Yanag-
imachi 1981) and ejaculated sperm of hamsters (Ohzu
and Yanagimachi 1982) and humans (Kyono et al.
1984).
The results presented in this work show that the

addition of arachidonic acid (AA) exogenous to the
culture medium is capable of triggering AR in capac-
itated epididymal sperm of Chinchilla lanigera, obtain-
ing a response of 30%, with low concentrations
(12.5 lM). Similar observations were reported by Meizel
and Turner (1983) in hamster sperm.
Stimulation of capacitated gametes with progesterone

showed changes in membrane lipids, indicating PLA2

participation in humans (Baldi et al. 1993) and guinea
pigs (Shi et al. 2005). On the basis of these findings, we
inhibited directly PLA2 with quinacrine and aristolochic
acid and obtained AR percentages in Chinchilla lanig-
era, which suggests the participation of this pathway
when sperm are stimulated with progesterone. As in
hamster, Lui and Meizel (1979) proposed its key role in
the acrosome reaction by demonstrating that blocking
the enzyme with quinacrine or mepacrine would cause a
decrease in the percentage of cells with total exocytosis
of their acrosome.
On the other hand, 1,2-diacylglycerol (DAG), a

product of the hydrolysis of PLC, has been studied in
several experimental models in order to determine its
role in the AR. The stimulation with different inducers
showed an increase in DAG concentration in human
sperm treated with progesterone, calcium ionophore

Fig. 4. Effect of the activation of PKA (db-cAMP) and inhibition of
PLA2 (ATA) and PLC (U73122) on the AR in capacitated epididymal
sperm. The control corresponds to samples with the same volume of
DMSO and its value represent to spontaneous acrosome reaction. The
data are the mean� SEM of 4 experiments with different animals

Fig. 5. Effect of PKA (H89), PLC (U73122) and PLA2 (ATA)
inhibitors on the AR, added in combination or singly to capacitated
epididymal sperm stimulated with progesterone. The samples without
inhibitors or progesterone have the same volume of vehicle. The
negative control represents SAR (13.9%). Results are expressed as the
mean � SEM of 5 experiments with different animals
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A23187 and ZP (Roldan and Murase 1994), in mouse
(O’Toole et al. 1996), in ram (Roldan and Harrison
1992) and in boar (V�azquez and Roldan 1997).
This metabolite plays a key role as a second lipidic

messenger and it is known to be an effective PKC
activator (Roldan and Fragio 1994). Besides, studies
conducted by Roldan and Murase (1994) reported a
positive feedback with PLC specific for phosphatidyl-
choline.
In Chinchilla lanigera, we demonstrated an increase in

AR percentages when capacitated spermatozoa were
coincubated with PMA, a DAG analog, triggering AR
in a dose-dependent manner.
From the above results, we could infer the participa-

tion of PLC in this process. Even further, when
capacitated spermatozoa previously treated with two
PLC inhibitors (neomycin and U73122) were stimulated
with progesterone, in both cases a decrease similar to the
inducer effect of the hormone was observed, verifying
the activation of this pathway.
We have shown evidence that AR process induced by

progesterone all the pathways studied here are activated
to transduce the signal, but we are wondering if the
pathways function independently one another or
whether interaction occurs between them. Leclerc and
Kopf (1999) assert that in mouse sperm, the simple
stimulation with cAMP triggers the direct activation of
PLA2. In this sense, we studied the different inducers
and inhibitors of the pathways in a combined way.
When analysing the assays in which, in separate

experiments, a PKA such as db-cAMP was combined
with inhibitors of the enzymes PLC and PLA2; signif-
icant decreases in AR induction were observed.
These assays strongly suggest a relationship or points

in common, in the transduction of the signal to trigger

exocytosis. However, a sperm population of approxi-
mately 30% remains that, despite the inhibition of the
PLs, continues to respond to the effect of db-cAMP in
both treatments. However, when all the inhibitors of the
key enzymes were conjugated, an almost total inhibition
of the inducer effect of progesterone was observed,
values similar to those corresponding to the sponta-
neous acrosome reaction of the controls. This is why we
might infer that there is total inhibition of the stimu-
lation caused by progesterone, indicating the participa-
tion in the process of the pathways studied.
These results reflect the coordinated participation of

these signalling pathways and contribute to the global
understanding of the complicated network of regulation
or modulation that takes place in male gametes after the
effect of progesterone.
Numerous publications have revealed that, at a

certain DAG concentration, PKC is activated, and
studies performed by Cobb et al.(1991) suggest that
MAP kinase activation can occur through a PKC-
dependent mechanism. The activated MAP kinase can
then phosphorylate PLA2 at Ser-505, causing an
increase in PLA2 activity (Lin et al. 1992, 1993). In
other reports, DAG itself would act directly on this
enzyme with no PKC participation (Kramer et al.
1987). Consequently, DAG is capable of modulating
these activations via PKC (O’Toole et al. 1996) and
MAPK (De Lamirande and Gagnon 2000; Du Plessis
et al. 2001); since these elements of signal transduction
are presents in the sperm, they could also regulate
signalling through PKA/MAPK/PLA2-PLC.
In view of the numerous possibilities that gamete

interaction presents in the complex process of sexual
reproduction, knowledge is still far from complete. In
particular, the success of the acrosome reaction depends

Fig. 6. Diagram of the signalling
pathways that participate in the
progesterone acrosome reaction-
induced in epididymal sperm of
Chinchilla lanigera. P4:
progesterone; tmAC:
transmembrane adenylatecyclase;
ACs: soluble adenylatecyclase;
LPC: lysophosphatidylcholine; and
AA: arachidonic acid
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on a strict sequence and coordination of multiple
signals, so that it can take place at the right moment,
thus ensuring successful fertilization and consequently
the possibility of perpetuating the species.
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