Reproductive Medicine and Biology 2005; 4: 101-114

Review Article

Activation of motility and chemotaxis in the spermatozoa:
From invertebrates to humans

MASAAKI MORISAWA* and MANABU YOSHIDA

Misaki Marine Biological Station, Graduate School of Science, The University of Tokyo, Miura-shi, Japan

Activation of the sperm motility and chemotactic behavior
of sperm toward eggs are the first communication between
spermatozoa and eggs at fertilization, and understanding
of the phenomena is a prerequisite for progress of not only
basic biology, but also clinical aspects. The nature of mole-
cules derived from eggs by which sperm are activated and
attracted towards the eggs and the molecular mechanisms
underlying the sperm activation and chemotaxis have been

investigated in only a few invertebrate species, sea urchins,
ascidians and herring fish. However, knowledge on this
phenomena has been ignored in mammalian species includ-
ing humans. The current review first introduces the studies
on the activation and chemotaxis of sperm in marine inverte-
brates, and the same phenomena in mammals including
humans, are described. (Reprod Med Biol 2005; 4: 101-
114)

BASIC AND REGULATORY MECHANISMS
OF SPERM MOTILITY

PERM FLAGELLA CONSISTS of the cylindrical 9 + 2

structure of the axoneme with a double row of
dynein arms along one side of each outer doublet
microtubules. The microtubules are connected to each
other with nexin links and to central singlet microtu-
bules with sets of radial spokes.! The basic mechano-
chemical mechanism which defines flagellar motility is
fairly well understood: the energy derived from hydroly-
sis of adenosine triphosphate (ATP) by ATPase activity
associated with the dynein arms causes the sliding of
the microtubules to produce flagellar wave.” Spermatozoa
commonly move in a straight forward direction with
a symmetrical flagellar wave under the mechanism.

However, change in sperm motility occurs after
spawning as a prerequisite process for the accomplish-
ment of fertilization. Spermatozoa, which are almost
immotile in the male reproductive tract, initiate their
motility upon spawning and ejaculation in the aquatic
environment such as sea and reproductive tract of
female, respectively. The spermatozoa whose motility

*Correspondence: Masaaki Morisawa, Misaki Marine Biological Station,
Graduate School of Science, The University of Tokyo, 1024, Koajiro,
Misaki, Miura, Kanagawa, 238-0225 Japan. Email:
morisawa@mmbs.s.u-tokyo.ac.jp

Received 24 December 2004; accepted 6 January 2005.

101

is initiated, are activated and attracted towards eggs
by some signal substances released from the eggs. The
phenomena of initiation and activation of the sperm
motility and sperm chemotaxis have been well known.
However, mechanochemical regulatory mechanism for
the initiation and activation of motility and chemotaxis
have been poorly studied until Morisawa and Suzuki®
and Morisawa and Okuno® demonstrated that the
changes in extracellular K* and osmolarity, and intracel-
lular cyclic adenosine monophosphate (cAMP) partici-
pate in the initiation of sperm motility in teleost fish.
With regards to the initiation of sperm motility, further
extensive studies by Morisawa et al. have clarified the
cell signaling system for the initiation of sperm motility
in the fish.>”” Furthermore, recent studies render to
increase knowledge on the regulatory mechanism
underlying sperm activation and chemotaxis. This is
the main subject of the current review.

ACTIVATION OF SPERM MOTILITY IN
MARINE INVERTEBRATE

PERM ACTIVATION IN the vicinity of the egg was first

observed in lower marine invertebrates, sea urchin
and annelida in the beginning of the last century.®
Since then several studies have tried to clarify the
mechanism of sperm activation. Intensive works on
sperm activation by the factors released from the egg
coat have been done on sea urchins. Ohtake first found
the factor indispensable for activation of respiration and
motility from the egg jelly that surround the egg in the
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Figure 1 Signaling model for activation of motility in S.
purpuratus sea urchin sperm induced by speract. (1) Binding of
speract to its receptor activates a guanylyl cyclase and increases
[cGMP];, promoting K* efflux through a cGMP-dependent K*
channel. The K* efflux causes a decrease in sperm membrane
potential (E,). The E_ hyperpolarization activates Na*/H*
exchange, adenylyl cyclase, and a hyperpolarization-activated and
cyclic nucleotide-gated K* channel, leading to pH; increase,
elevation of [cAMP];. and Na* influx (E, depolarization),
respectively. Em hyperpolarization enhances Na*/Ca®* exchange
to maintain [Ca”"]; decrease. The increase in [Na‘], and Em
depolarization could lead to reversal of the Na*/Ca** exchange
and [Ca™]; increase.

Japanese sea urchins, Hemicentrotus pulcherrimus.’ After
the discovery, Hansbrough and Garbers have isolated and
purified sperm-activating peptide consisting of 10 amino
acids from the egg jelly of the sea urchin, Strongylocentrotus
purpuratus and named it ‘speract.’® The work was expanded
in the various sea urchin species, and 74 of sperm acti-
vating peptides were identified from 17 species.™

With regards to cell signalings for sperm activation
by the speract (Fig. 1), it was found that the peptide
binds to the receptor, a guanylyl cyclase to increase
intracellular cyclic guanosine monophosphate (GMP)."?
Cyclic GMP induces hyperpolarization of membrane
potential by K* efflux through cGMP-activated K* chan-
nels,’*'* and then the change in the membrane potential
increases intracellular pH, Ca®, and cAMP."> Recently,
precise analysis of intracellular Ca*, [Ca®*]; using
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Figure 2 Chemotactic behavior of the sperm in the ascidian,
Ciona intestinalis. Sperm activating and attracting factor was
packed in a tip of glass capillary with agar and then placed in
sperm suspension which are preactivated with theophylline,
and position of sperm head (white dots) are traced. The photo
was integrated from 100 images taken every 20 ms. Sperm show
chemotactic behavior toward the capillary tip (*) with chemotactic
turn (arrow). Arrowhead show start point of sperm.

caged-speract has showed that the speract initially
decreases [Ca’*]; then induces [Ca**]; oscillations in
the sperm tail.'*'” In the starfish, Asterias amurensis, the
sperm-activating peptide is asterosap and it also binds
to the receptor, guanylyl cyclase to increase cGMP,
resulting in increase of [Ca®];.'%"

In the ascidian Ciona, spermatozoa are immotile or
less motile upon suspending in seawater, and when an
unfertilized egg is placed in the sperm suspension,
sperm near the egg are intensely activated and showed
chemotactic behavior toward the egg. These suggest
that sperm activating and attracting factor (SAAF) will
be released into the seawater. The activation of sperm
motility and sperm chemotaxis are clearly assessed by
‘capillary method’, which is described later (Fig. 2).
With regards to activation of sperm motility, it was
shown that intracellular cAMP increases transiently
by the factor named SAAF in the presence of external
Ca”",*° suggesting that the second messengers, cAMP
and Ca’* are required for the phenomenon. Izumi et al.
further found that hyperpolarization of the plasma
membrane is induced by the SAAF through an increase in
K* permeability, and the change of the membrane poten-
tial causes synthesis of cAMP.** The hyperpolarization
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was observed in only membrane vesicles prepared from
the sperm flagella but not in that from the heads of
Ciona sperm, suggesting that cell signaling for the
SAAF-induced sperm activation occurs in the sperm
flagellum. The sperm activation by the SAAF in Ca*-
containing normal seawater was inhibited by flunar-
izine, a Ca®* channel antagonist, though nitrendipine
and verapamil, 1-type Ca®* channel specific antagonists,
had no effect. Theophylline, a phosphodiesterase inhibitor
induced both increases in cAMP and sperm activation
in Ca’"-free seawater without SAAF. These results sug-
gest that Ca®* intruded in the cell through the Ca*
channel and stimulates the synthesis of cAMP, and it
activates sperm motility.”> However, it has been unclear
whether Ca?* directly participates in cAMP synthesis by
activation of adenylyl cyclase or Ca®* participates in
membrane hyperpolarization through activation of K*
channel. Recently, Nomura et al. showed that Ca**/
calmodulin system participates in K* channel dependent
membrane hyperpolarization before cAMP synthesis.”
Furthermore, it was found that a cAMP-dependent pro-
tein kinase (PKA) inhibitor, H-89, inhibited the sperm
motility. During in vivo and in vitro activation of sperm
motility by SAAF and cAMP, repectively, phosphoryla-
tion of 26 kDa axonemal protein and 21 kDa dynein
light chain has been found,* suggesting the involvement
of PKA-dependent phosphorylation of these proteins in
the activation of Ciona sperm motility.

In conclusion, the mechanism underlying SAAF-
induced activation of sperm motility in ascidians is
regulated as shown in Fig. 3b. A sulfate steroid, SAAE
released from unfertilized eggs binds to the receptor on
the sperm plasma membrane. The binding may cause
opening of the Ca’>* channel, resulting in increase in
intracellular Ca**. Ca**-dependent activation of calmodulin/
calmodulin kinase system causes efflux of K* via the
activated K* channel to hyperpolarize the plasma
membrane, and the membrane hyperpolarization may
activate adenylyl cyclase to synthesize cAMP in the
sperm cells. Cyclic AMP dependent phosphorylation of
both 21 kDa dynein light chain and the axonemal pro-
tein with molecular masses of 26 kDa finally triggers
the activation of sperm motility in the ascidian Ciona.

SPERM CHEMOTAXIS IN MARINE
INVERTEBRATES

Nature of sperm chemoattractants

PERM CHEMOTAXIS TOWARD an egg in the animal
kingdom was first described by Dan in the hydrozoa,
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Figure 3 Structure of sperm activating and attracting factor
(SAAF) and cell signaling for the activation of sperm motility
in the ascidian Ciona intestinalis. (a) SAAF is identified as a
sulfated steroid (3R4R,7R,25S)-3,4,7,26-tetrahydroxycholestane-
3,26-disulfate. (b) SAAF may bind to its receptor that is still
unknown and induces Ca®* influx via a T-type voltage-
dependent Ca** channel, which activates CaM/CaM kinase 11.
CaM kinase II promotes K* efflux through a K* channel, causing
a hyperpolarization of sperm plasma membrane (E,, ). The
hyperpolarization may activate adenylyl cyclase, resulting in
[cAMP]; increase, which activates a cCAMP-dependent protein
kinase (PKA). The PKA phospholylates of 21 kDa dynein light
chain protein and 26 kDa axonemal protein, resulting in
activation of sperm motility.

Spirocodon saltatrix.”® Since then the phenomenon has
been extensively studied in many animal phyla: Cnidaria,
Urochordata, Mollusca and Echinodermata.?*"* Even
though the phenomena of sperm chemotaxis are known
in many animal species nowadays, the chemical nature
of sperm chemoattractants has been identified in several
species (Table 1).

Most of the known sperm chemoattractants and can-
didates of chemoattractants are considered to be amino
acids, peptides or proteins. The chemoattractant in the
abalone Haliotis rufescens was reported as tryptophan,®
and the chemoattractants in the cuttlefish, Sepia offici-
nalis, were identified as peptides.” In the sea urchins,
among the small peptides which were isolated from eggs,
resact from Arbacia punctulata has both sperm-activating
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Table 1 Sperm activators and chemoattractants of which the chemical structures were identified in animals

Animals Trivial name Chemical nature Function Reference number
Coral dodeca-2,4-diynol Fatty alcohol Chemotaxis 33
Abalone L-triptophan Amino acid Chemotaxis 30
Cattle fish Peptide Chemotaxis 31
Sea urchin Speract Peptide Activation 10
Resact Peptide Chemotaxis 27
Starfish Asterosap Peptide Activation 18
Ascidians SAAF Steroid Activation and 36
chemotaxis
Pacific herring HSAP Proteins Activation 117
Xenopus Allurin Protein Chemotaxis 35

HSAP, herring sperm-activating proteins; SAAF, sperm activating and attracting factor.

and -attracting activities.”” Sperm chemoattractants of
the hydrozoa Hippopodius hippopus® with molecular masses
of 25 kDa and the starfish Picnopodia helianthoides®® are
considered to be proteins. However, chemoattractants
from eggs of the coral, Montipora digitata, is considered to
be the unsaturated fatty alcohol, dodeca-2,4-diynol.*
The sperm chemoattractant was found in several non-
mammalian vertebrates such as the Pacific herring
Clupea pallasi** and the amphibian Xenopus laevis.*®

Recently, a novel steroid was identified as a sperm
chemoattractant in the ascidian, Ciona. Egg seawater
(ESW) in ascidians which is obtained as a supernatant
of seawater incubated with the eggs, has both sperm-
activating and sperm-attracting activities, indicating
that some sperm-activating and -attracting factors are
released from the eggs.”® During the purification pro-
cess of the SAAF from ESW using column chromatogra-
phies, sperm-activating and -attracting activities always
comigrated, suggesting that both activities are derived
from a single molecule, thus the substance was named
SAAF (sperm-activating and -attracting factor).”” The
chemical nature of SAAF was determined to be the novel
sulfated steroid, 3,4,7,26-tetrahydroxycholestane-
3,26-disulfate,***” (Fig. 3a). Synthetic SAAF has both
sperm-activating and sperm-attracting activities (Fig. 2)
at <10 nM.*®

Cell signalings for sperm chemotaxis in
hydrozoans and sea urchins

In the hydrozoan, Siphonophore, the radius of curvature
of the sperm trajectory reduces as the spermatozoa gets
close to the source of sperm attractant, cupule.”’ How-
ever, a quick-turning movement termed a ‘chemotactic
turn’ was observed in spermatozoa of other hydrozoans,
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as the sperm exhibits chemotactic behavior.** During
the turning movement, sperm demonstrate a tempo-
rary asymmetrical flagellar beating.***° These suggest
that two ways: reduction of radius of curvature of sperm
trajectory by moderate occurrence of asymmetrical flag-
ellar wave form and ‘chemotactic turn’ by occurrence of
the drastic flagellar asymmetry may induce sperm
chemotaxis. Ishikawa et al. have recently conducted the
numerical analysis on the chemotactic behaviors in the
ascidian and hydrozoa."

The requirement of extracellular Ca®* for chemotaxis
has been known in the hydroids,” sea urchin,?” and
ascidians:?***** Ca”*-chelating agents, for example,
ethylenediaminetetraacetic acid (EDTA) suppresses
chemotactic behavior of the sperm. The reduction of
the diameters of the trajectories that are observed in the
chemotaxis of hydrozoa could not be observed in the
presence of ethylene glycol-bis (2-aminoethylether)-N,
N, N’, N’-tetraacetic acid (EGTA), suggesting that
Ca’* regulates the motility pattern of the flagellum by
changing radius of sperm trajectory.” In the sea urchin,
resact can induce Ca’*-dependent asymmetry of the
flagellum waveform. The same role of extracellular
Ca’*-induced flagellar asymmetry on induction of
sperm chemotaxis has been reported in hydrozoa.*

The cell signaling underlying sperm activation and
chemotaxis by resact has been proposed in the sea
urchin, although the sperm activation and chemotaxis
could not be discussed as the separated event. Resact
binds to the receptor guanylyl cyclase,** and seems to
induce an increase in [Ca”*]; through cGMP and cAMP*
to induce flagellar asymmetry, resulting in sperm chem-
otaxis. The [Ca®"]; elevation may be controlled by a
channel such as the sperm-specific cyclic nucleotide-
gated and voltage-dependent Ca®* channels.**~*
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Cell signaling for induction of sperm
chemotaxis in ascidians

Spermatozoa of the ascidians Ciona intestinalis and
C. savignyi are immotile or less motile upon suspension
in seawater. When an unfertilized egg of the same species
is placed in the sperm suspension, sperm near the egg
are intensely activated and show chemotactic behavior
toward the egg. These suggest that SAAF is released
from the egg into the seawater. The SAAF has been puri-
fied from the ESW, and the molecular structure has
been identified to be a novel steroid as described above.
For an activity assay of sperm attraction, ‘micropipette
assay’? is used as the most common technique. In
the method, samples are enclosed in the tip of a glass
micropipette, and the micropipette is placed in the
sperm suspension and then the sperm trajectories around
the micropipette tip are observed. When a micropipette
containing ESW or purified SAAF is inserted in the
sperm suspension, spiral trajectories exhibiting the
chemotactic turn of sperm toward the micropipette tip
are seen (Fig. 2).

As a result of sperm activation and attraction occur-
ing simultaneously in many species, for example, sea
urchins and ascidians, it seems to be difficult to sepa-
rate each other. Quantitative evaluation of sperm
chemotaxis therefore has not been well established,
although molecular structures of the attractants have
been proposed in several species including sea urchins.
In the ascidians Ciona, however, sperm chemotaxis can
be separated from sperm activation. Sperm chemotaxis
does not require intracellular cAMP, but Ca** is essen-
tial in the species.”” In order to distinguish the chemo-
tactic behavior from the cAMP-dependent activation of
motility in Ciona sperm, spermatozoa are treated first
with 1 mM theophylline for 1 min, in which increase
in intracellular cAMP causes sperm activation with a
circular movement.”> Using the activated sperm and
‘micropipette assay’, a new method for quantitative
evaluation of sperm chemotaxis has been established.*
In the method, linear equation chemotaxis index
(LECI) was established as a parameter that is derived
from the negative value of the coefficient (-a) in a
linear equation (y = ax + b) of time (abscissa in Fig. 4a)
versus the distance between the micropipette tip and
the sperm head (D) (ordinate in Fig. 4a). When the tra-
jectories of sperm around the micropipette containing
ESW are analyzed, D decreases with oscillation. On
the contrary, the parameter does not decrease by the
addition of artificial seawater. The parameter, LECI, can
represent the strength of sperm-attracting activity and
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Figure 4 (a) Definition of the linear equation-based
chemotaxis index (LECI). D, is defined as the distance
between the micropipette tip and the sperm head on the
point P (left). The tip of the micropipette was set as the origin
of coordinates (0). P, and P, represent the points of the
sperm before and after At time, respectively. The right graph
is typical plots of D against time. Line and formula represent
the linear equation and the coefficient of time versus D,
respectively. Negative value of the coefficients of the equation
(a) indicates the chemotaxis index (LECI). (b) Trajectories of
the sperm (left) and plots of D against time around the tip of
micropipette (right) containing SAAF. Arrows indicate points
of the chemotactic turn. Line on the graph and formula
represent the linear equation and the coefficient of time
versus D, respectively.

will offer reliable aspects of the quantification of sperm
chemotaxis (Fig. 4).

Store-operated Ca** channel mediates the asymmetri-
cal flagellar waveform of the ascidian sperm in the
Ca**-essential Ciona chemotaxis.*® The modulators of
store-operated Ca’* channel, SKF96365, Ni**, 2-APB,
and thapsigargin, inhibited sperm chemotactic behavior
of the ascidian sperm, but any blocker for voltage-
dependent Ca®* channel did not,*® while the sperm activa-
tion operated by voltage-dependent Ca** channel did
50.”? These blockers of store-operated Ca’* channel also
inhibited asymmetrical flagellar wave form and turning
movement of sperm that is a typical sign of sperm
chemotaxis. It is known that depletion of intracellular
Ca” stored in the endoplasmic reticulum by thapsi-
gargin induced the capacitative Ca®* entry in the cyto-
plasm of the sperm cells from the outside of the cells,
and the Ca®" entry was blocked by SKF96365. From
the evidence, it was suggested that increase in [Ca®];
through the store-operated Ca** channel causes asym-
metrical flagellar movement which establishes the
chemotactic behavior of Ciona spermatozoa (Fig. 5).

Reproductive Medicine and Biology 2005; 4: 101-114



106 M. Morisawa and M. Yoshida

505
0450 o+ SAAF
JH
* 0321
Vi
recepter? ./
Ca” channel
PLC?
IP:,?‘ [(Caz] 1

‘ Induction of assymmetrical
2
/- IP3R7 flagellar waveform
AVorER (g2 |Depletion of Ca?* store| ¥

Figure 5 Working hypothesis of cell signaling for sperm
chemotaxis in the ascidian Ciona intestinalis induced by sperm
activating and attracting factor (SAAF). Binding of SAAF to its
receptor may activates phospholipase C (PLC), which increases
inositol 1,4,5-trisphosphate (IP;), resulting in Ca** release via
IP, receptor from internal Ca®* store, e.g. endoplasmic reticulum
(ER) or acrosomal vesicle (AV). Depletion of the internal Ca®
store and induce Ca?* influx via a store-operated Ca** channel.
The elevation of [Ca®*]; induces asymmetrical flagellar
waveform and chemotactic turn, causing sperm chemotaxis.

REGULATION OF SPERM MOTILITY IN
MAMMALS

PERM ACTIVATION AND chemotaxis is well known
Sin the species with external fertilization as described
above. However, in internal fertilization mammalian
species, the phenomena are enigmatic for many years,
although numerous studies suggest that sperm motility
is regulated by factors included in fluids which derive
from male and female reproductive organs or cells
(Table 2).

Factors from male reproductive glands
affecting sperm motility

In humans, ejaculated seminal plasma contains fluids
which are secreted from the seminal vesicle, prostate,
epididymis, testes, Cowper’s glands and Littre’s glands.
It has been proposed that the fluids in the epididymis,
seminal vesicles and prostate as well as the female gen-
ital tract contain factors affecting sperm motility. It has
been reported that the epididymal fluid of hamster
contains factors that could stimulate the motility of
hamster spermatozoa.**® The presence of progressive
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Table 2 Substances chemoattractant  for

mammalian sperm

proposed  as

Sperm used for assay and

Substance reference number

N-formylated peptides Bull,'** human'**

Atrial natriuretic peptide Human'?’
Heparin Human'?
Progesteron Human'*
Folicular fluid Human, "' mouse'*’

135

Ligand for odorant receptor Human,"** mouse

motility sustaining factor in the epididymis was also
reported in humans.® Forward motility protein has
also been reported in bovines.”> However, epididymal
factors having detrimental effect for sperm motility
have been mentioned. The viscoelastic factor in rat
epididymal fluid appears to be responsible for the
latency state of epididymal rat spermatozoa.”® In the
bull, a low extracellular pH appears to be responsible for
the dormancy state of epididymal bull spermatozoa.**

The seminal plasma, a mixture of the fluids from the
male reproductive glands, has been considered to con-
tain factors with both beneficial and detrimental effects
on sperm motility. The semen containing prostatic
secretion predominantly enhances human sperm
motility,® while the prostatic-inhibiting factors are
reported.’® The seminal plasma from men whose sperm
show normal motility improves the motility from
oligoasthenozoospermic patients, and conversely, the
seminal plasma from the patients has deterimental
effect on the motility of sperm from normal men.”” It
has been also announced that macromolecular compo-
nents in human seminal plasma initiate progressive
motility.*® Placental protein 5, a normal secrete of pla-
central trophoblast®® and pregnancy-associated plasma
protein A were found in human seminal plasma, both
of them enhance sperm motility.*>®" Prostaglandins are
present at remarkably high concentrations in the seminal,
but their effect on sperm motility has been unclear.®?

It was observed in the mouse that ejaculated sperm
after removal of the seminal vesicle exhibited less pro-
gressive wider head lateral movement associated with a
net decrease in linearity,*® while it has been also reported
that the same fluid contains factors for inhibiting sperm
motility.** These suggest that the balance between detri-
mental and beneficial factors which are present in the
semen may play an important role for sperm motility
at ejaculation. According to Ashizawa and Okauchi, the
addition of fowl seminal plasma to washed fowl sperm
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stimulate sperm motility.*> The stimulatory factor is
considered to be a molecule smaller than 1 kDa. Motil-
ity of bull spermatozoa, which drastically decreases by
washing is restored by the addition of the seminal
plasma.®®¢” Dulation of the sperm motility is depend-
ent on the concentration of the seminal plasma, and
the molecular mass of the beneficial factor is below
500 Da, and that of the detrimental one is considered
to be a macromolecule.®® Furthermore, it was suggested
that the bull seminal plasma can stimulate motility of
hamster spermatozoa.

Mechanism for regulation of sperm motility
by male factors

The first function of the seminal plasma that consisted
of secretions from the various glands, may be dilution
of the concentrated epididymal sperm. The dilution
may decrease concentration of viscoelastic component,
immobilin in rat® and may increase in intracellular
and extracellular pH in bull spermatozoa during ejacu-
lation.* It may be possible to consider that the process
triggers the initiation of sperm motility.

Zinc ion has been noted to be present in the sperm and
concentrated in the seminal plasma in mammals,®~"
and the various roles for the reproductive events,”
including sperm motility were reported” in variety
of mammalian species. For example, albumin which
is produced by the prostate and may play a role as a
detoxicant, binds zinc ions in the seminal plasma, and
the removal of zinc may promote sperm motility.”*”

Studies on the effect of prolactin, a main source of
the seminal plasma’ on sperm motility have yielded
contradictory results: a high level of the prolactin in the
seminal plasma enhances sperm motility,”””® whereas
opposite results have been reported.”® Prolactin
increases cAMP level and ATPase activity,*"*? both of
which cause the increase in sperm motility.**%*

Recently, two factors, seminal plasma motility inhibi-
tor (SPMI) and relaxin, derived from male reproductive
organs have been investigated in special reference to
their inhibitory and accelelative effects on sperm motil-
ity, respectively. It is well known that human semen
spontaneously coagulates following ejaculation and lique-
fies within 5-20 min. The major coagulum components
are originated from the seminal vesicle secretions.* The
molecular structure of the seminal component in
humans was identified as disulfide-linked polypeptide
with molecular masses of 52 kDa and 71-76 kDa which
are named semenogelin I (Sg I) and semenogelin II
(Sg 11), respectively.® The structure of genes and proteins

of the Sg I and II have been investigated.®**” Prostate-
specific antigen (PSA) with chimotrypsin-like proteo-
lytic activity degradates the semenogelins during
liquefaction of the coagulum.® However, the seminal
plasma from various mammalian species contains a factor
inhibiting the reactivated motility of demembranated
spermatozoa.” Iwamoto and Gagnon isolated a protein
of 18-22 kDa associated this activity from human
seminal plasma and named it SPMI.*° The purified
SPMI interferes the motility of intact sperm, although
1000 times concentration is required for inhibition of
motility.” It has been suggested from several resons
such as identical glandular origin, processing by PSA,
association with semen coagulation, similarity of
cDNA sequence, that the SPMI is the same molecular
entity as semenogelin 1.7

Zinc ions are concentrated in the prostate gland in
which PSA and zinc ions are secreted in the semen at
ejaculation. The secreted zinc is tightly bind with Sg 1.7
Protein C inhibitor (PCI), a serine protease inhibitor
which is present in the seminal vesicle together with
semenogelins, binds to both PSA and semenogelin,
and inhibits PSA-mediated degradation of semeno-
gelin. Zinc ions reduce binding of semenogelin to both
PCI and PSA.** Semenogelin and PCI from the seminal
vesicle, and PSA whose activity is inhibited by Zn** in
the prostate, are mixed with spermatozoa at ejacula-
tion. Coagulum established by the binding of Zn®" to
semenogelin, spontaneously traps the spermatozoa
inside in it. It may be possible to consider that sperm
motility is suppressed by SPMI which is suggested to be
identical to semenogelin. A sudden decrease in Zn**
activated PSA by release from inhibitory effect of the
heavy metal ions, and the PSA cleaves the coagulum by
gradual proteolysis of semenogelin. The spematozoa
which is allowed to move by release from tight trap-
ping by coagulum becomes motile during the process
of liquefaction of the semen. The PSA activity will
decrease by the inhibition of the enzyme, PCI. From
these studies, a possible mechanism for semen coagula-
tion and requefaction was proposed (Fig. 6).

Relaxin, a peptide with molecular masses of 6 kDa
and originally described as a hormone of pregnancy,”
has been detected in the seminal plasma of human,
boar, bull, ram and hi-goat.’*™ In the boar, relaxin is
produced in the male accessory glands'” and is secreted
in the seminal plasma.’®"'®° Receptors of the relaxin are
present on spermatozoa,'®'* distributing at the acro-
somal cap surface, midpiece and tail in boar sperm.'™
Binding between the relaxins and their receptors is
thought to promote sperm motility through cAMP

Reproductive Medicine and Biology 2005; 4: 101-114
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Figure 6 Coagulation and liquefaction of human semen by
interaction of Sg, Zn** and PSA. A simplified diagram of the
components of the male reproductive tract is shown.
Semenogelin (Sg) and protein C inhibitor (PCI) in the
seminal vesicles and prostate specific antigen (PSA) and zinc
ions (Zn**) in the prostate are mixed at ejaculation. Binding
of the Sg and zinc ions makes semen coagulation and traps
the ejaculated sperm inside of the coagulum, in which the
sperm are immobilized. Decrease in the concentration of Zn**
in the semen by its binding to Sg, releases Zn’*-dependent
suppression of proteplytic activity of PSA. Activated PSA digests
the Sg, resulting in liquefaction of the semen. The sperm
released from coagulum become motile. PCI inactivates PSA
to prevent further proteolysis of Sg.

synthesis in boar.'?***'% Promoted sperm motility by
relaxin is reported in bovine sperm.'”

Regulation of sperm motility by female
factors

Hyperactivation of sperm motility with high-amplitude
and asymmetric flagellar bending is one of the events
of capacitation that occurs during transit of sperm
through the female reproductive tract.'® The capacita-
tion is induced by only folicular fluid among follicular
components.'” Modification of such as plasma mem-
brane lipid, membrane potential, intracellular Ca** and
cAMP, and protein phosphorylation, are considered to
be involved in the process of the sperm capacitation.'**™"
Cell signaling for induction of hyperactivating sperm
motility is partially understood" as well as one for
acrosome reaction capacity. In the course of hyperacti-
vation of sperm motility, cholesterol may partially be
removed from the plasma membrane, causing increase
in intracellular pH and influx of HCO; which activates
a bicarbonate-dependent adenylyl cyclase."? Intracellu-
lar Ca** concentration increases through an unknown
pathway. Phosphorylation of proteins by cAMP-

Reproductive Medicine and Biology 2005; 4: 101-114

dependnet protein kinase and Ca’* may cause the
hyperactivated sperm motility."

Porcine follicular fluid contains proteinase inhibitors
and the inhibitor increases the motility of porcine sper-
matozoa."*""* However, acrosin inhibitors exist in the
mammalian seminal plasma, are considered to have
significance in the fertilization through the inhibition
of trypsin-like protease, acrosin,'*® although their bio-
logical roles are still remained unclear. The eggs of fish,
the Pacific herring Clupea pallasii release proteinaceous
sperm motility activation-factor into the surrounding
seawater." The factor, herring sperm-activating proteins
(HSAP) with molecular mass of 8084 consisting of 73
amino acids has striking homology with the Kazal-type
trypsin inhibitors."” The enzyme, prolylendopeptidase
present in the herring sperm may be the receptor of
HSAP, suggesting that binding of the protease and the
protease inhibitor occurs in the activation of the her-
ring sperm motility."® The fact that abundant proteinase
inhibitors that are homologs of HSAP exist in the
female and male reproductive tracts, and the inhibitors
and HSAP participate in sperm motility and fertiliza-
tion, suggests new physiological function of the protei-
nase inhibitors in vertebrate fertilization. When these
mammalian sperm-activating factors from follicular
fluid are identified, the relationship of sperm-activating
factors of mammals and fish will be clarified, and the
mechanism of establishment of sperm activation by
eggs in vertebrates will be discussible.

Sperm activation and chemotaxis induced by
factors included in the follicular fluid

Mammalian sperm ejaculated into the female reproductive
tract remain motionless in the storage sites. Their
motility is activated in order to reach the ovulated egg
at fertilization. The nature of signaling for sperm activa-
tion and attraction is not known, but the phenomena
may be caused by a factor released from the egg. Follicular
fluid, granulosa cells and oviductal fluids surrounding
the egg have been extensively studied in rats, humans
and mice."**? The surroundings of the egg influence
sperm motility for example to cause accumulation and
chemotactic behavior. There have been many proposed
candidates of chemoattractants of mammalian sperm
(Table 2). For humans as well as bulls, synthetic N-
formylated peptides,'*'** heparin,'*® progesterone'*
and atrial natriuretic peptide (ANP)'*” were suggested
as a sperm chemoattractant. Progesterone has been
thought to be a major candidate, as it is one of the
main ingredients of follicular fluid, and it really causes

)127



Activation of motility and chemotaxis in the spermatozoa 109

sperm accumulation. However, counter arguments of
these ideas were shown as progesteron and ANP causes
only a few changes in the direction of human sperm
swimming that are characteristic of chemotaxis.'*® Ralt
et al. proposed a possible occurrence of sperm chemo-
taxis to follicular fluid in humans.'”® However, the
results of later studies were not consistent: sperm showed
no chemotactic response to follicular fluid."*® Seventy
percent of sperm has a response to follicular fluid,""
only 2—-12% of the sperm population is responsive to
follicular fluid.'*? Thus, the mammalian sperm attract-
ants including human are still not identified, and the
molecular mechanism of the chemotaxis is not known
in mammalian including human.'*

Testicular odorant receptor has been suggested to
mediate chemotaxis of human sperm.”** When the
odorant receptor, hOR17-4, expressed in testicular
tissue, was transfected into HEK293T cells, some
odorants, cyclamal and bourgeonal, could induce increase
in intracellular Ca** concentration, [Ca®*]; in the trans-
fected cells. Bourgeonal could furthermore, induce
[Ca®*]; increase in human sperm, and the sperm showed
chemotaxis toward the bougeonal. Recently, Fukuda
et al. showed that another odorant, lyral, a cognate
ligand of an olfactory receptor increases intracellular
Ca’* and induced sperm chemotaxis in mouse."** These
suggest that mammalian sperm chemotaxis is mediated
by some odorants and odorant receptor.

Our recent studies have found that follicular fluid
contains factors activating sperm motility in human.
The follicular fluid caused an increase in hyperactivation-
like motility in the non-capacitated sperm within a
short period after contact with the sperm. Percentages
of motile sperm, velocity and amplitude of lateral head
displacement increase, but linearity and beat/cross
frequency did not change in the measurement of sperm
behavior with CellSoft (Cryo Resources, NY, USA).
These changes in parameter of hyperactivation-like sperm
behavior were seen both in the sperm donated from
young volunteers and in those from men visiting infer-
tility clinic, but were conspicuous in the sperm from
young healthy donors. The molecular mass of a factor
in the follicular fluid that activates sperm motility may
be less than 5 kDa. Further studies on purification and
identification of the factor may open a new insight on
the improvement of artificial insemination in humans.

CONCLUSIONS

HE CELL SIGNALINGS underlying regulation of
sperm motility are various. Among them, mechanisms

for the initiation of sperm motility have been well
investigated in various species, although the subject is
excluded from the current review. The external signals for
the initiation of sperm motility may basically be changed
in environmental inorganic atmosphere in the repro-
ductive ground. Most reliable factors are the decrease in
K* and increase or decrease in osmolality surrounding
spawned teleost sperm, and the cell signaling for the
initiation of sperm motility is well established.””” The
osmoregulatory system also contributes to the initiation
of sperm motility in frog,"*® and osmolality and egg-
jelly derived factor play key roles for the phenomenon
in newt."”” The effect of temperature on the initiation
of sperm motility in chicken is obvious.***

Activation of sperm motility and chemotactic behavior
of sperm, in contrast, are mainly caused by organic fac-
tors, amino acid, peptides and proteins, released from
the eggs. Cell signalings for sperm activation and chemo-
taxis induced by peptides, speract and resact, are well
investigated in sea urchins. The roles of proteins, HSAP
and SMIE for sperm activation and chemotaxis in the
herring have been understood."”*

However, SAAF in the ascidians is the non-
protenaceous small molecule, a steroid. The SAAF-
induced cell signaling being well established, is very unique
as one molecule induces two cell signaling pathways, i.e.
cAMP-dependent sperm activation and cAMP-independent
chemotaxis. The problem, how one SAAF molecule can
render stimuli for two different responses, activation
and chemotaxis to a spermatozoon, remains to be solved.

Hyperpolarization of the plasma membrane through
efflux of K" and subsequent cAMP synthesis fundamen-
tally and largely contribute to the initiation of teleost
sperm motility and sperm activation in the ascidian,
sea urchin and mammals. In the ascidians increased
Ca’ in the sperm cell contributes to the membrane
hyperpolarization through calmodulin/calmodulin
kinase system. Roles of increased intracellular Ca** also
fundamentally and largely contributes in the motility
activation and chemotaxis of sperm in marine inverte-
brates, that is, sea urchins, ascidians, and in vertebrates,
for example, fish'*® and mammals. The fact that
chemoattractants modify the flagellar asymmetry in a
Ca’*-dependent manner in siphonophores and Ciona,
suggests a role of the attractants in regulation of intracellular
Ca”. Recent studies in the author’s laboratory showed
the contribution of store-operated Ca** channel in the
phenomenon. The identification of target protein of
the increased Ca’* in the cell signaling underlying
sperm chemotaxis is important for understanding the
phenomenon.
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Much evidence has accumulated in the regulatory
mechanisms for motility activation and attraction of
spermatozoa in marine invertebrates. However, our
knowledge for understanding the regulatory mechanism
of the phenomena in mammals especially in humans is
quite limited, in spite of the announcement of many
factors correlated to sperm motility. Semenogelin and
relaxin has been proposed as the factors indispensable
for suppression and stimulation of sperm motility,
respectively, and roles of the factors for regulation of
sperm motility are under investigation in humans and
boar.

With regards to human sperm chemotaxis, several
factors have been proposed as chemoattractants, how-
ever none have been identified. Despite that, ligands
for sperm chemotaxis is not known in humans as well
as other mammals. Interaction between odorants and
the receptor was recently suggested to mediate Ca’'-
induced chemotaxis in human and mouse spermato-
zoa. Identification of ligand molecules for regulation of
sperm chemotaxis in mammalian species, especially in
humans, will open the future insight for understanding
cell signaling for mammalian sperm chemotaxis.
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