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Manner of Sperm Entry in Herring Egg, with
Special Reference to the Role ot Calcium
Ions in Fertilization!)

By
Ryuzo Yanagimachi and Yasuhiko Kanoh

(Zoological Institute, Faculty of Science, Hokkaido University)

{(With 2 Text-figures)

The effect of egg secretions on spermatozoa in fertilization lias recently
attracted the attention of many authors. DBut our knowledge has remained very
poor in the case of fish gametes. The important role of calcium ions in the process
of fertilization has been recognized since Locb ('14, ’15), and it has become clear
in sea urchins that the agglutination of spermatozoa and also their oxygen uptake
are increased by clacium ions (Loeb '14, Vasseur 49 a & b). Yamamoto (T.)
('44) has also confirmed the importance of calcium ions at fertilization in a fresh
water fish, Medaka (Oryzias latipes). Defore analysing the mechanism of fertiliza-
tion in fish eggs, it is highly desirable to make clear the manner of sperm entry in
the egg, especially behavior of spermatozoa on the egg surface. The present study
has been undertaken to learn the behavior of spermatozoa at fertilization in her-
ring, in connection with the role of calcium ions, consulting the studies of Kanoh
(*49, ’53) on the morphological or cvtological changes in the eggs of this fish at the
time of fertilization.

Before going further the authors desire to express thanks here to the
members of Hokkaido Fisheries Scientific Institution for their supports to this
investigation. The authors also wish to acknowledge the valuable cooperation
of Mr. S. Ito® and Mr. T. S. Yamamoto. The expenses the of the study were partly
defrayed by a grant from the Scientific Research Fund of the Department of
Education.

Material and Method

Materials used in the present investigation were all taken from fully matured
individuals of the Pacific herring (Clupea pallasii) by vivisection. Since eggs in
1) Contribution No. 308 from the Zoological Tnstitute, Faculty of Science, Hokkaido
University, Sapporo, Japau.
2) Present address: the Biological Institute, Kumamoto University.
Jour. Fac. Sci. Hokkaido Univ. Ser. VI, Zool., 11. 1958.
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the isotonic Ringer's solution? retain, as stated in the preceding paper (Yanagi-
machi '53a), their fertilizability for longer period of time than in ordinary sea
water and are fertilized normally, the isotonic Ringer’s soution was used in stead
of sea water as an external medium. Tn all the cases in which observations and
experiments were performed, a certain number of unfertilized eggs were separately
stuck on the bottom of Petri-dish or on a slide glass and then immersed in the
isotonic Ringer’s solution. The insemination was performed with a small amount
of sperm suspension, keeping close microscopical observation on the egg surface
by means of a water immersion objective lens.

Results

Behaviorof Spermatozoa at fertilization, especially on the Lgg Surface

The herring spermatozoén belongs to the flagellate type, being composed
of a round head (2 u in diameter), a middle piece (1 x in diameter), and a long tail
(42 g in length). The acrosome was not distinguishable at least in a living state.
Under usual condition they were 16t very active or almost motionless in either sea
water or Ringer's solution, i.e., iiicy vibrated merely their heads, only stiring
at times; whereas on the surface of inseminated eggs they showed a peculiar
active movement which continued without decline for a considerable long time
(for more than two hours after insemination at 10°C). This fact indicates,
therefore, that spermatozoa begin to move actively or are activated on contact
with egg surface. Careful observations revealed that the most active movement
of spermatozoa occurs inside of the depression of adhesive layer around the
micropyle ; in this arca a number of spermatozoa are silding actively on the egg
surface, describing circles of varying diameters (in most cases, anticlockwise?’ with
reference to the surface of contact). The same movement was also observed at
the time of fertilization, finally resulting in the penétration of spermatozoa into
the micorpyle, and even just after insemination the micropyle was swarmed with
such active spermatozoa (cf. Fig. 1).

No striking movement was found on the surface of the vegetal hemisphere,
that is to say, in this area only few spermatozoa were active, but the most of them
vibrated merely their heads. Excepting in the depression area around the
micropyle, some spermatozoa in the animal hemisphere moved actively as those
found inside of the depression, but the others there were almost the same with
those found on the sufrace of vegetal hemisphere. Thus it is evident that activa-
tion of spermatozoa on egg surface is induced most highly in the vicinity of the
micrpyle.

1) Constitution of isotonic Ringer’s solution : M/4.5 NaCl 100 parts 4+ M/4.5 KCl
3.5 parts + M/8.75 CaCl; 1.5 parts -+ M/6.75 MgCl, 2.4 parts ; pH was adjusted to 7.6
by NaHCOj3;.

2} Some spermatozoa show a serpentine movement, sliding on the surface.
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Mainner of Sperm Entry into the Micropyle

The micropyle of an unfertilized egg was brought in view under a water
immersion objective lens and a small amount of diluted sperm suspeunsion was
added. Within a few seconds after insemination, several spermatozoa reached
the vicinity of micropyvle to begin the active sliding movement, as described in the
preceding paragraph, on contact with egg surface, and entered into micropyle one
by one (Fig. 1A). At this time they advanced in a file, since the canal of the

Iig. 1. Successive steps after insemination, at 10°C (Semi-schematic figures).

Numbers represent the time in minutes after insemination. A, just after insemination ;

B, the first spermatozotn has penetrated into the egg cortex ; C, beginning of formation

of the perivitelline space ; P extrusion of supernumerary spermatoroa from the
canal of micropyle ; , the subsequent step, two spermatozoa have cntered the canal
again, but cannot pass through it ; I'. spermatozoa swarm as cver at the opening of the
canal without euntry. a, adhesive laver; ¢, egg cortex; ¢, egg membrane ; m,

micropyle ; p, perivitelline space.

micropyle 1s nearly as wide as the head of spermatozodn.  In this way, as a rule,
it is only the first one that can reach the egg cortex and takes share in fertilization.
The second spermatozodn, even if it follows just behind the first, is not permitted
the entry into the egg cortex, coming unavoidably to standstill at the inner end
of the canal. The third strikes on the second, and so on. Thus, soon after the
insemination the canal of micropyle became to ke filled with quiescent super-
numerary spermatozoa, whereas the spermatozoa outside the canal were still moving
as ever (Fig. 1B & C).

In thirty to forty minutes after insemination, however, all or almost all the
supernumerary spermatozoa in the canal were extruded rather suddenly {rom it
(Fig. 1 D), but in the following instance a few or several of them were observed to
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advance inwards the canal again, after moving forwards and backwards. They
were not able to pass, as a rule, through the inner end of the canal® (Fig. 1 E),
but were completely extruded again sooner or later and never entered the canal
at last. Even in this time it was striking that spermatozoa swarmed actively at
the mouth of the canal as usual (FFig. 1 F).

Extrusion of supernumerary spermatozoa from the micropyle has also been
reported in the egg of a marine fish, flounder (Limanda schrenki) by Yamamoto
(K.) (*52) who has observed further that along with the elevation of egg membrane
a ball-like body is fequently formed at the mouth part of the micropyle. However,
in herring eggs we have not found such a body at least during the course of the
present investigation.

In about two minutes after insemination, alveoli embedded in the cortical
cytoplasm (cortical alveoli) began to break down, subsequently the formation of
perivitelline space and a raised blastodisc occured. Two and half hours later the
first cleavage plane divided the blastodisc into two blastomeres (10° C).

In short, it may be concluded from the facts mentioned abiove that egg has
a sperm activating property, accordingly fertilization procceds in such a way that
spermatozoa rcached in the vicinity of the micropyle are highly activated and
one of them penetrates in the egg cortex through the micropyle.

Role of Calcium Ions in the Process of Fertilization or Aciivation

It has been well known, since the time of Leob (’14, '15), that eggs of some
animals lose their capacity for normal fertilization under Ca-free condition. So
the authors undertook the experiments to ascertain whether this is true in the
case of herring. ‘

When unfertilized eggs were washed several times with an isotonic Ca-free
Ringer’s solution (pH 7.6) for forty minutes or with an isotonic Na,-oxalate solution
(M/6, pH 7.6) for fifteen minutes and then inseminated with a small amount of
fresh milt diluted with Ca-free Ringer's solution, none of them was fertilized (at
10°C). Having put into the normal Ringer's solution, however, they were
fertilized at once quite normally. Such failure of fertilization in Ca-free condition
was, thus, reversible. The same has been already confirmed accurately in fresh
water fish, Medaka (Oryzias latipes) by Yamamoto (T.) ("44), who has supposed that
calcium ions seem necessary for the union of spermatozoa and egg cortex, because
the spermatozoa are found to be quite active in the Ca-free Ringer's solution. As
is described above, herring spermatozoa, however, do not usually move actively
in Ringer’s solution, but are activated when they come in contact with egg surface,
Hence, the authors observed the behavior of spermatozoa on egg surface in Ca-
free Ringer’s solution in which fertilization is inhibited. The observation revealed
that the active sliding movement of spermatozoa did not occur on egg surface,

1) On a rare occasion it happeus that some of them can pass through the inner end
of the canal (cf. Kanoh ’§3).
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i.e., in this condition they were inactive even if they came in contact with egg
surface in the vicinity of micropyle, and they vibrated merely their heads and
stired at times. Entry in the micropyle, consequently penetration in the egg
cortex, did not occur under this condition®. On the addition of a small amount
of an isotonic CaCl, solution (M/6.75, pH 7.6), however, the spermatozoa in the
vicinity of the micropyle was observed to begin the remarkable active movement
and to advance into the canal one by one, in consequence all the eggs werc fertilized
normally (10°C). It became obvious, therefore, that calcium ions play an ex-
tremely important role in the activation process of herring spermatozoa, in other
words sperm activating property of the egg surface is reversibly inhibited when
calcium ions is deficient in medium.
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Amount of isotonic CaCl, or MgCl, solution added to 103.5cc of Ca-Mg-free
Ringer’s solution.

Tig. 2. Percentage of fertilization in mixture of a Ca-Mg-free Ringer's solution and
the isotonic CaCl, or MgCly solution in various proportions (10°C).

Then in order to find out the concentration of calcium ions necessary for
fertilization and to determine whether or not calcium ions can be replaced by
magnecium ions the following experiments were performed. Unferitlized cggs
were washed several times for forty minutes with mixture of a Ca-Mg-free Ringer’s
solution and the isotonic CaCl, or MgCl, solution in various proportions, and then

1) In isotonic Najy-oxalate solution spermatozoa showed in some cases comparatively
active movement, mode of which was at random in reference to the micropyle, and at least
in our observation sperm entry into the canal did not occur, even if they came to the mouth

part.
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inseminated uniformly with a small amount of fresh milt diluted with Ca-Mg-free
Ringer’s solution (1/100 sperm suspension). The resultant percentages of fer-
tilization are shown in Figure 2, from which it can be found that fertilization takes
place completely when about one cc of the isotonic CaCl, solution is added to 100
cc of the Ca-Mg-free Ringer’s solution, and that calcium ions can be replaced by
magnecium ions, though the latter are less effective.

n addition, lack of calcium ions inhibits also the activation of egg itself.
Eggs are easily activated parthenogenetically by pricking with glass needle (Kanch
'53), but in the case when they were pricked after repeated washing with the Ca-
Mg-free Ringer’s solution for forty minutes or with the isotonic Na,-oxalate
solution for fifteen minutes, no cgg was activated. If, however, the same eggs
were put back into the isotonic Ringer’s solution, all of them were activated at
once without further pricking. This suggests, therefore, that presence of calcium
ions is also of great importance in the activation process of egg itself.

Discussion

Calcium ions seem necessary, according to T. Yamamoto ('44), for the union
of spermatozoa and egg cortex, but judging from the results of the present
investigation, the failure of fertilization under Ca-free condition may te, partly
at least, due to the loss of positive movement of spermatozoa in the direction of
the micropyle, and this phenomenon may also happen in other fishes. Therefore,
the authors undertook observation in eggs of Oryzias and of the dog-salmon
(Oncorhynchus keta). As was expected, results definitely indicated that in noimal
fertilization spermatozoa are highly activated in the vicinity of micropyle (at the
mouth part of micropyle) and enter into the canal to fill it within few seconds,
while if is not the case when clacium ions are absent in medium : ie., under the
latter condition thie entry of few spermatozoa into the canal occur ed probably
owing to their random movement without positive reaction to the egg, and no
penetration of spermatozodn into the egg cortex took palce; and such failure of
fertilization was also quite reversible as in case of herring.  Thus it may be said
that the entrance of fish spermatozoa in the cggs at the time of normal fertilization
is not induced by random movement of spermatozoa but by their positive move-
ment towards the egg, and for this movement the presence of calcium ions is of
great importance. '

Loeb ('14, ’15) has stated that sea urchin spermatozoa are active even in
Ca-free sca water in which no fertilization occurs. He is of poinion from this fact
that the failure of fertilization under this condition may te due te some physical
changes (such as surface tension) provoked in the surface of egg and of spermato-
zoon. This fact has been re-examined and ascertained by many workers, but
unfortunately, on the behavior of spermatozoa in these cases careful observation
has not been performed. To compare with the case of fish eggs mentioned akove
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some observations were performed with the eggs of sea urchins, Strongylocentrotus
nudus and S. intermedius (Yanagimachi '53 b). When sea water was free or
lacking in calcium ions no boring movement of spermatozoa was found on egg
surfacc and none of the spermatozoa penetrated into the egg.  On adding a small
amount of CaCl, solution, however, they began the boring movement with higher
activity and all the eggs were fertilized. This fact has been more clearly
demonstrated when spermatozoa which had already lost their active movemt
but had still sufficient power of fertilization, were used for insemination.

The conclution drawn from the case of herring may be, therefore, to an
extent generalized ; in the process of normal fertilization the positive movement
of spermatozodn to the egg, which may be induced by a sperm activating property
of the latter, is the prerequisite, in respect to which calcium ions play an important
role.

Regarding egg activation, T. Yamamoto (44) has pointed cut in the case
of Oryzias that a parthenogenetic agent, pricking, when applied to the egg under
the Ca-free condition loses its effectiveness, but other agents such as heat or
chemicals induce activation under the same condition, and also in the salmon egg
it is reported that activation by water occurs under Ca-free condition (Kusa '50,
Kanoh '52). In sea urchins, Moser ('39) who studies in the egg of Arbacia, has
indicated the necessity of calcium ions for egg activation by parthenogenetic agents,
whereas in the eggs of Strongvlocentrotus pulchervimus and Heliocidalis crassipina
the opposite result was obtained by Sugiyama ('49). These facts indicate,
therefore, that calcium ions are not generally indispensable to egg activation. But
since the herring egg was not activated by pricking in the absence of calcium ions,
as mentioned already, it may be supposed at least in the case of herring that
calcium ions exert cerfain effect upon the egg cytoplasm, accordingly {failure of
fertilization of herring egg in Ca-free condition may be partly duc to the cffect of
calcium deficiency upon the egg itself.

Summary

(1) Spermatozoa of herring (Clupea pallasit) are not active when they are
discharged in sea water or exposed to the Ringer's solution, but highly activated
when they come to contact with the egg surface, especially in the vicinity of tle
micropyle. Then they penetrate into the cortex through the micropyle. This
fact suggests that egg possesses a pronounced property to activate the sperm in
the vicinity of the micropyle.

{2) Under the Ca-free condition such an activation of spermatozoa in the
egg surface is not shown, resulting in the failure of sperm entry, while
in addition of a small amount of CaCl,, they begin active movement and penetrate
into the egg cortex. Thus it may be said that calcium ions play an important role
in activation of spermatozoa. In other words, the sperm activating property of
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egg surface is to be inhibited under Ca-free condition.  Calcium ions can be rep-
laced by magnecium ions, though the latter are less effective.

(8) From the additional observations made in the eggs of other fishes
(Orvzias latipes and Oncorlynchus keta) and of sea urchins (Strongylocentrotus nudus
and S. intermedius), it is concluded that in the process of normal fertilization the
positive movement of the spermatozodn towards the egg is of prerequisite, and
calcium ions play an important role.

(4) Furthermore, the failure of fertilization in herring eggs under Ca-free
condition may be partly due to the effect of calcium deficiency upon the egg itself,
because no egg is activated by parthenogenetic agent (pricking) under the same
condition.
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