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inhibits tyrosine phosphorylation of 
gelsolin and enhances enzyme activity. In 
conclusion, these data indicate that the 
increase of PIP2 and/or F‑actin in the head 
during capacitation enhances gelsolin 
translocation to the head. As a result, the 
decrease of gelsolin in the tail allows the 
maintenance of high levels of F‑actin in 
this structure, which is essential for the 
development of HA motility.

To acquire the ability to ferti l ize 
t h e  e g g ,  m a m m a l i a n  s p e r m at o z o a 
must undergo several biochemical and 
morphological changes in the female 
reproductive tract, collectively called 
capacitation. These changes include cAMP/
PKA activation, cholesterol efflux from 
the plasma membrane, PKA-dependent 
protein tyrosine phosphorylation, actin 
polymerization and the development of HA 
motility.1,2 In a recent study we suggested a 
mechanism by which the Ser/Thr targeting 
PKA can lead to Tyr phosphorylation of 
proteins in the capacitation process. We 
showed that PKA activates Src which, 
in turn, inhibits the phosphatase PP1, 
leading to CaMKII activation, which 
a c t i v a t e s  P y k 2  t o  p h o s p h o r y l a t e 
phosphatidyl-inositol-3-kinase on tyr-458.3

We have shown elsewhere that actin 
polymerization must take place in order 
to capacitate spermatozoa while very 
fast depolymerization of F-actin occurs 
prior to the acrosome reaction.4 It has 
been suggested that an increase in F-actin 
during capacitation creates a network in the 
sperm head between the plasma membrane 
and the outer acrosomal membrane, and 
the dispersion of this F-actin must occur 
to enable acrosomal exocytosis.4–7 The 
increase in F-actin in the sperm tail 
during capacitation is important for the 
development of HA motility.8 The latter 
is characterized by an increase in flagellar 

Actin polymerization and development 
of hyperactivated (HA) motility are 

two processes that take place during sperm 
capacitation. Actin polymerization occurs 
during capacitation and prior to the 
acrosome reaction, fast F‑actin breakdown 
takes place. The increase in F‑actin during 
capacitation depends upon inactivation 
of the actin severing protein, gelsolin, 
by its binding to phosphatydilinositol‑4, 
5 ‑ b i s p h o s p h a t e   ( P I P 2 )  a n d  i t s 
phosphor ylation on tyrosine‑438 by 
Src. Activation of gelsolin following 
its release from PIP2 is known to cause 
F‑actin breakdown and inhibition of 
sperm motility, which can be restored by 
adding PIP2 to the cells. Reduction of PIP2 
synthesis inhibits actin polymerization 
and motility,  while increasing PIP2 
synthesis enhances these activities. 
Furthermore, sperm demonstrating low 
motility contained low levels of PIP2 
and F‑actin. During capacitation there 
was an increase in PIP2 and F‑actin 
levels in the sperm head and a decrease 
in the tail. In spermatozoa with high 
motility, gelsolin was mainly localized 
to the sperm head before capacitation, 
whereas in low motility sperm, most 
of the gelsolin was localized to the tail 
before capacitation and translocated to 
the head during capacitation. We also 
showed that phosphorylation of gelsolin 
on tyrosine‑438 depends upon its binding 
to PIP2. Stimulation of phospholipase 
C, by Ca2+‑ionophore or by activating 
the epidermal‑growth‑factor‑receptor, 

INVITED RESEARCH HIGHLIGHT 

Regulation of sperm capacitation and the acrosome 
reaction by PIP2 and actin modulation

Haim Breitbart, Maya Finkelstein

Asian Journal of Andrology (2015) 17, 597–600; doi: 10.4103/1008-682X.154305; published online: 11 May 2015

bending amplitude and an increase in 
average lateral  head movement.9,10 It 
was shown that the eff iciency of HA 
sperm to penetrate the egg is  much 
higher than non-HA sperm.11 Sperm 
motility and HA motility are mediated by 
PLD-dependent actin polymerization.8 
It is known that phosphatidylinositol 
4,5-bisphosphate  (PIP2) is a cofactor for 
PLD activation in many cell types.12–16 PIP2 
comprises only 1% of plasma membrane 
phospholipids, however its extraordinary 
versatility puts it in the center of plasma 
membrane dynamics governing cell motility, 
adhesion, endo- and exocytosis.17,18

PIP2 serves as an effector of several 
proteins such as Myristoylated alanine-rich 
C-kinase substrate  (MARCKS), gelsolin, 
PLD and PI3K. These proteins are present 
in spermatozoa19,20 and are involved in the 
regulation of sperm capacitation and/or the 
acrosome reaction. PIP2 binds gelsolin and 
release it from actin filaments ends, exposing 
sites for actin assembly.21 We have shown 
that the release of bound gelsolin from 
PIP2, causes rapid Ca2+-dependent F-actin 
depolymerization as well as an increased 
acrosome reaction.22 We have also shown that 
PIP2 and gelsolin are involved in regulating 
sperm motility and the development of HA 
motility.23

LOCALIZATION OF ACTIN AND GELSOLIN 
BEFORE AND AFTER CAPACITATION
It is shown in Figure 1 and Table 1 that the 
cellular level of F-actin in human spermatozoa 
is relatively low before capacitation but is 
significantly enhanced during capacitation 
mainly in the sperm head but also in the 
tail. Prior to the acrosome reaction (AR) fast 
dispersion of F-actin occurs and this process 
allows the outer acrosomal membrane 
and the overlying plasma membrane to 
interact and fuse to culminate in the AR. 
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Gelsolin, an actin  -severing protein, is 
localized to the G-actin (actin monomers) 
fraction before capacitation but to the 
F-actin  (filamentous actin) fraction at the 
end of the capacitation.22 Moreover, there 
is a significant increase in Ca2+-dependent 
gelsolin translocation to the sperm head 
during capacitation concomitantly with the 
increase in F-actin.

F-actin is also increased in the sperm 
tail during capacitation, and is thought to 
be required for the development of HA 
motility.8 Thus it is likely that there are two 
reasons for the translocation of gelsolin from 
the tail to the head; first gelsolin is required 
in the head to depolymerize F-actin to allow 
the occurrence of the AR and second the 
exclusion of gelsolin from the tail prevents 
F-actin depolymerization in the tail allowing 
the development of HA motility. It is 
known that PIP2  (4,5) binds gelsolin and we 
suggest that this binding keeps gelsolin in 
an inactive/phosphorylated form allowing 
F-actin formation during capacitation.22 
We found an increase in PIP2 in the sperm 
head during capacitation simultaneously 
to the increase in F-actin and gelsolin 
in the head. These findings support our 
hypothesis that PIP2 elevation in the sperm 
head keeps gelsolin inactive and enables the 
assembly of F-actin in the head. Interestingly, 
examination of gelsolin location in ejaculated 
human sperm with high motility revealed 
high level of gelsolin in the head, while in 
human spermatozoa with poor motility, a 
large proportion of gelsolin was localized in 
the tail and translocated to the sperm head 
only after capacitation.23 Moreover, releasing 
of gelsolin from binding to PIP2 by activation 
of phosphlipase C (PLC) to hydrolyse PIP2 
or using PBP10, a peptide derived from 
PIP2-binding domain of gelsolin which 
competes with gelsolin binding to PIP2, 
induced the reverse translocation of gelsolin 
from the head to the tail. Also, inhibition of 
PIP2 synthesis prevented the translocation 
of gelsolin to the head while enhancing 
PIP2 synthesis significantly increased 
it.23 Furthermore, we found that tyr-438 
phosphorylation/inhibition of gelsolin is 
reduced when PIP2 levels are decreased 
and vice versa.24 These data indicate that 
the cellular levels of PIP2 regulate gelsolin 
phosphorylation and activation.

ACT IVAT ION  OF  GELSOL IN  IN 
CAPACITATED SPERM
G els ol in  ac t ivat ion  i s  regu lated  by 
calcium ions, phosphoinositides18,24,25 and 
by Src-dependent phosphorylation on 

Figure 1: Actin remodeling in sperm capacitation 
and prior to acrosome reaction: human spermatozoa 
were incubated under capacitation conditions in 
Ham’s F‑10 medium and after 3 h of incubation 
the Ca2+‑ionophore A23187 was added (upper 
figure). At the indicated times cell samples 
were stained for F‑actin using FITC‑phalloidin, 
photographed under fluorescence microscope, and 
analysed for fluorescence intensity in the sperm 
cells (upper figure). A picture of the stained cells 
is seen in the lower figure.

Figure 2: PIP2 and phopholiase C mediate actin 
modulation: binding of gelsolin to PIP2 causes its 
inactivation. Activation of PLCγ by the epidermal‑
grwth‑factor‑receptor (EGFR) leads to PIP2 
hydrolysis and the release of bound gelsolin, which 
activates and causes F‑actin depolymerization.

Figure 3: Inactivation of gelsolin by Src‑dependent tyrosine phosphorylation: the tyrosine kinase Src is activated 
by the HCO3

−/sAC/cAMP/PKA system leading to gelsolin phosphorylation on Tyr‑483 which is stimulated 
by gelsolin binding to PIP2. Under these conditions p‑gelsolin is inactive and actin polymerization occurs.

tyr-438.26 Low concentration of calcium 
ions cause conformational changes in the 
C-terminus of gelsolin, which expose its 
F-actin binding site while higher calcium 
levels cause a second conformational 
change exposing the catalyt ic  s ite. 27 
In human spermatozoa, activation of 
gelsolin by enhancing intracellular calcium 
concentration or by using the peptide PBP10 
causes fast depolymerization of F-actin and 
induction of the AR in capacitated sperm.22 
In Sertoli cells, the hydrolysis of PIP2 by 

PLC resulted in the release the bound 
gelsolin and its activation.28 A scheme 
describing the physiological activation 
of PLC is seen in Figure  2 .  It is well 
known that activation of EGFR by EGF or 
elevation of intra-spermatozoal [Ca2+] using 
Ca2+-ionophore activates PLCγ.22 In Table 2 
we show that EGF or Ca2+-ionophore 
induces fast F-actin depolymerization and 
the AR while both are blocked by inhibiting 
PLC. The induction of F-actin breakdown 
or AR by PBP10 is not affected by inhibiting 
PLC, indicating the specificity of PLC 
inhibition to PIP2 hydrolysis.

It is well known that there is high increase 
in intracellular Ca2+  concentrations as a 
result of the interaction between capacitated 
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In conclusion, our data suggest the 
following model  (Figures  4 and 5): the 

Table 1: Effect of various factors on actin 
modulation during sperm capacitation

Time 
(min)

Relative fluorescence 
(percentage of control)

Control 0 100±14.80

Phosphatidic acid 3 188±15.12

Control 30 98±14.75

Spermin 30 212±11.74

Wortmannin 30 95±22.42

Control 180 185±16.20

PBP10 180 111±11.77

Wortmannin 180 112±6.839

See legend to Figure 1 for experimental details

Figure 4: A model describing the biochemical cascade in sperm capacitation: intracellular HCO3
− activates 

sAC to generate cAMP leading to PKA activation and cholesterol efflux from the sperm plasma membrane 
which further stimulate the HCO3

−/sAC/cAMP/PKA cascade. PKA activates Src to phosphorylate/inactivate 
PIP2‑bound gelsolin. PIP2 is a cofactor for PLD activation and this activation is stimulated by PKCα, 
leading to phosphatidylcholine hydrolysis and production of phosphatidic acid (PA) which mediates 
the conversion of G‑actin to F‑actin. Thus, activation of PLD and prevention of F‑actin dispersion by 
inhibiting gelsolin, allows F‑actin formation. F‑actin in the head prevents immature acrosome reaction 
and in the tail F‑actin regulates sperm motility including HA motility.

suggesting that binding of gelsolin to PIP2 
increase its phosphorylation/inhibition. These 
findings are further supported by showing a 
decrease in tyr-p-gelsolin by activation of 
PLC to hydrolyse PIP2 or by releasing gelsolin 
from PIP2 using PBP10. These observations 
also suggest that free tyr-p-gelsolin is more 
sensitive to tyr-phosphatase activity compared 
to the PIP2-bound p-gelsolin. Also, activation 
of sperm EGFR caused PLC-dependent 
dephosphorylation of p-gelsolin, after 1 h of 
incubation under capacitation conditions.24 
These results confirm our hypothesis that 
gelsolin is inhibited during capacitation due 
to its binding to PIP2 and tyr-phosphorylation 
by Src.

Figure 5: A model describing the biochemical cascade that leads to the acrosome reaction (AR): the 
binding of capacitated spermatozoa to the egg zona pellucida causes a fast and high increase in intra‑
spermatozoal Ca2+ concentration. As a result, active PLC catalyses PIP2 hydrolysis to produce IP3 and 
diacylglycerol (DAG) and the release of bound p‑gelsolin. The p‑gelsolin undergoes dephosphorylation/
activation by tyrosine phosphatase leadin to conversion of F‑actin to G‑actin. IP3 activates Ca2+ channel 
in the outer acrosomal membrane which reduces intra‑acrosomal Ca2+ leading to the activation of Ca2+‑
dependent‑Ca2+channel in the plasma membrane which causes further increase in intracellular Ca2+ 
which together with DAG activate PKC which mediates the acrosome reaction. Also, PKA‑dependent PI3K 
activation occurs towards the end of the capacitation process, involves in the mechanism leding to the AR.

sperm and the egg zona pellucida.29 This 
increase in calcium is essential for the 
occurrence of the AR which is known to be 
mediated by PLC activity.30 Interestingly, 
activation of gelsolin by PBP10 in capacitated 
sperm, which induces the AR, occurs 
under conditions in which intracellular 
Ca2+concentration is relatively low, further 
indicating that the increase in intracellular 
Ca2+is essential for the activation of PLC to 
hydrolyse PIP2 leading to the release of bound 
gelsolin, thereby activating this molecule and 
stimulating the depolymerization of F-actin, 
an essential step for the AR to occur.

GELSOLIN ACTIVITY IS INHIBITED 
DURING CAPACITATION
Since F-actin levels are increased during 
capacitation, it is likely that gelsolin is 
inactive during this period of time. Gelsolin 
can be inhibited by its Src-dependent 
phosphorylation on tyr-438  and/or it’s 
binding to PIP2, two processes that occur 
during sperm capacitation. In human sperm, 
Src is involved in regulating capacitation, 
Ca fluxes, protein tyrosine phosphorylation 
and the AR.31–33 Previous studies suggested 
that Src is not directly involved in protein 
tyrosine phosphorylation but rather inhibits 
protein phosphatase resulting in an increase 
in tyrosine phosphorylation of proteins.34 
It was shown elsewhere that capacitation is 
regulated by two parallel pathways, activation 
of PKA activates Src leading to inactivation 
of Ser/Thr phosphatase.32,35  (Figure  3). We 
have recently shown that activation of Src 
by PKA, inhibits the Ser/Thr phosphatase 
PP1 resulting in CaMKII activation leading 
to activation of Pyk2 which phosphorylates 
PI3K on tyrosine-845.3 Src was found 
in sperm tail and head and is localized 
to the membrane fraction,35 similar to 
gelsolin localization and consistent with our 
assumption about its inactivating function. 
These assumptions were verified when 
Src-dependent phosphorylation of gelsolin 
on tyr-438 during sperm capacitation was 
found.23 In addition, we found that activation 
of PKA/Src caused F-actin formation, 
which was inhibited by inhibiting Src 
activity,22 suggesting that activation of Src 
causes gelsolin inhibition and an increase 
in F-actin. Also, PBP10-induced F-actin 
depolymerization is inhibited by activating 
Src or by inhibition of tyrosine-phosphatase 
suggesting that although gelsolin is released 
from its binding to PIP2, it is still highly 
phosphorylated and inactive. The levels of 
tyr-p-gelsolin are enhanced by elevating 
the cellular levels of PIP2 and vice versa,23 
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relatively small increase in  [Ca2+]i during 
capacitation leads to conformational 
changes in gelsolin revealing the F-actin 
binding site. This change and the increase 
in F-actin and PIP2 in the sperm head, 
result in gelsolin being translocated to 
this region of the cel l.  Nevertheless, 
the elevation of PIP2 levels and PKA/
Src activation, maintain gelsolin in a 
phosphorylated/inactivated state and actin 
polymerization occurs. The increase in 
F-actin in the tail leads to the development 
of hyper-activated motility as part of the 
capacitation process. Immediately prior to 
the AR (Figure 5), the egg zona-pellucida 
activates GPCR36 and/or the EGFR37 leading 
to an increase in [Ca2+]i, and activation of 
PLC to hydrolyse PIP2, resulting in the 
release of PIP2-bound p-gelsolin which 
undergoes dephosphorylation/activation 
by tyrosine-phosphatase, leading to F-actin 
dispersion in the head and the occurrence 
of the AR.
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