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Abstract

The medaka, Oryzias latipes, is a well-recognized fish model for biomedical research. An understanding of gamete
characteristics is necessary for experimental manipulations such as artificial fertilization and sperm cryopreservation. The goal
of this study was to investigate sperm characteristics of motility initiation, duration, and retention in medaka. First, motility was
initiated by osmolality values ranging from 25 to 686 mOsm/kg, which included deionized water and hypotonic, isotonic, and
hypertonic Hanks’ balanced salt solution. The percentage of motile sperm was >80% when osmolality was <315 mOsm/kg and
decreased as osmolality increased. This is different from most fish with external fertilization in which sperm motility can be initiated
by hypotonic (for freshwater fish) or hypertonic (for marine fish) solutions or by altering the concentration of specific ions such as
potassium (e.g., in salmonids). Second, upon activation, the sperm remained continuously motile, with reserve capacity, for as long
as 1 wk during storage at4 °C. This was also different from other externally fertilizing fish, in which motility is typically maintained
for seconds to several minutes. Third, after changing the osmolality to 46 to 68 mOsm/kg by adding deionized water, the motility of
sperm held at 274 to 500 mOsm/kg was higher than the original motility (P < 0.035) after 24, 48, and 72 h of storage at 4 °C. Fourth,
the addition of glucose had no effect on maintaining sperm motility during refrigerated storage. To our knowledge, this combination
of sperm motility characteristics is reported for the first time in fish and may be unique to medaka or may represent an undescribed
modality of sperm behavior within euryhaline fish.
© 2009 Elsevier Inc. All rights reserved.
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1. Introduction as small body size, daily spawning activity, transparency

of embryos, short generation time, small genome size,

The medaka, Oryzias latipes, has external fertilization
and is generally considered to be a euryhaline species,
although it cannot withstand direct transfer from
freshwater into seawater [1]. It is a well-recognized fish
model for biomedical research because of features such
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and established transgenic techniques [2-4]. With
extensive use of this fish in various research fields,
techniques for gamete handling have become necessary
for experimental manipulations such as intracytoplasmic
sperm injection, in vitro fertilization, and gamete cry-
opreservation. Currently, most research on gamete
characteristics in medaka has focused on eggs, and little
information is available for sperm, especially sperm
motility.
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Generally, sperm motility initiation in fish can be
grouped roughly into the following modes: (1) For most
fish with external fertilization, sperm motility can be
initiated by either hypotonic (for freshwater fish) or
hypertonic (for marine fish) osmolalities [5,6]. Once
activated, the sperm generally have a short period of
motility (30 s to 5 min), and usually the swimming
duration of sperm from marine fish is longer than that
of sperm from freshwater fish [7]. (2) Sperm motility
can be initiated by alteration of the concentration
of certain ions, such as in salmonid fishes, where
motility can be initiated by reducing the concentration
of potassium ions [8,9]. Or, as another example, in
tilapia, Oreochromis mossambicus, intracellular cal-
cium is required for activation of sperm motility and
can prolong the motility period [10]. (3) For live-
bearing (internal fertilization) fishes, such as those of
the freshwater genus Xiphophorus [11] and the marine
ocean pout Macrozoarces americanus [12,13], sperm
motility can be initiated by isotonic osmolalities but
not by hypotonic or hypertonic osmolalities. Once
initiated, the sperm of these species can remain
continuously motile for as long as 1 wk [14]. To date,
the motility initiation of sperm in fish was generally
considered to be an osmotic-shock—dependent or ionic-
signal-dependent event [15].

In this study, we investigated the characteristics of
sperm motility initiation, duration, and retention during
refrigerated storage in medaka. At present, only two
meeting abstracts [16,17] and one research report [1]
have mentioned the motility initiation of medaka sperm,
but no detailed study has been reported. Our objectives
were to evaluate (1) sperm motility initiation after
suspension in deionized water and different osmolalities
of Hanks’ balanced salt solution (HBSS); (2) duration
of continuous motility at various osmolalities of HBSS;
(3) retention of motility capacity of sperm held at
different osmolalities during refrigerated storage at 4 °C
for as long as 168 h, and (4) the effect of glucose in the
storage buffer on maintaining sperm motility.

2. Materials and methods
2.1. Fish

The medaka used in this study were 6- to 8-mo old
with standard lengths of 2.7 £ 0.1 cm (mean & SD) and
body weights of 0.375 £ 0.090 g. They were cultured in
freshwater aquaria at the University of Georgia and
obtained by overnight shipping to Baton Rouge,
Louisiana. Upon arrival, the fish were maintained in
freshwater aquaria (1 fish/L) with water flow recircu-

lated through an upwelling bead filter at 26 °C and were
fed twice daily with commercial flakes (Aquatic Eco-
system, Apopka, FL, USA) and live Artemia larvae
grown from cysts (INVE group; Grantsville, UT, USA).
The photoperiod was set at 14h light:10 h dark.
Guidelines from the Institutional Animal Care and
Use Committee of the Louisiana State University
Agricultural Center were followed for animal care in
this study.

2.2. Sperm collection

Sperm was collected by crushing of dissected testis.
Male fish were anesthetized on ice for 1 min and
blotted with a paper towel to dry the body. The testes
(2.4 + 0.8 mg) were removed and separated from
surrounding lipid tissues while viewing with a dissect-
ing microscope (x 10 magnification), and transferred to
1.5-mL centrifuge tubes for weighing. Hanks’ balanced
salt solution (HBSS; 0.137 M NaCl, 54 mM KClI,
1.3 mM CaCl,, 1.0 mM MgSOy,, 0.25 mM Na,HPO,,
0.44 mM KH,PO,, 4.2 mM NaHCOj;, and 5.55 mM
glucose, pH =7.2) was used as the extender (storage
buffer) in this study. Various osmolalities of HBSS
(from 92 to 900 mOsm/kg) were prepared by adjusting
the volume of deionized water and were verified by use
of a vapor pressure osmometer (Model 5520; Wescor
Inc., Logan, UT, USA).

2.3. Motility estimation

The motility of sperm was estimated visually by
observing at X200 magnification using dark-field
microscopy (Optiphot 2; Nikon Inc., Garden City,
NY, USA) with an accuracy of &+ 5%. The motility was
expressed as the percentage of sperm that moved
actively in a forward direction; sperm that vibrated in
place were not counted as motile. For each sample, the
sperm motility was estimated at least two times with
three fields observed each time.

2.4. Sperm motility initiation in HBSS with different
osmolalities

Because of the tiny volume (microliters) of sperm
available from these small-bodied fish, testes from nine
males were used, with three individuals pooled as each
replicate. After collection, testes in each replicate were
gently dissociated with scissors and forceps, and 0.2 pL
of dry sperm (undiluted) were placed on a slide and
observed by use of a microscope. For activation, sperm
were mixed on the slide with 20 L. of HBSS at each
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osmolality from 25 to 900 mOsm/kg at intervals of
~50 mOsm/kg. The osmolality of 25 mOsm/kg was
deionized water only, and the osmolalities from 92 to
900 mOsm/kg were diluted or condensed HBSS buffer,
prepared by adjusting the volume of deionized water
and verified by use of a vapor pressure osmometer.

2.5. Duration of sperm continuous motility

To evaluate continuous motility duration, after being
suspended in HBSS with osmolalities ranging from 25
to 900 mOsm/kg, sperm suspensions were stored
refrigerated (4° C), and motility was observed at 4,
24, 48, 72, and 168 h without dilution.

2.6. The retention of motility capability during
refrigerated storage

To test the motility capability after refrigerated
storage, 1 pL from each sperm sample extended at the
15 osmolalities was taken and placed on an individual
slide, 20 pL of deionized water was added, and motility
was observed immediately. After observation of
motility, 10 L of the mixture was removed from the
slide for measurement of the final osmolality, which was
25 to 67 mOsm/kg.

2.7. Effect of exogenous carbohydrate on
maintaining sperm motility

To test the effect of exogenous carbohydrate, testes

from six males were used, with sperm from two
individuals pooled as each replicate. Sperm suspensions
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Fig. 1. Motility of sperm (mean + SD, n = 3) from medaka (Oryzias
latipes) activated at various osmolalities of HBSS and deionized water
(25 mOsm/kg). Note: The dotted line is the sperm activation curve of
zebrafish [18], provided for comparison with the activation profile of a
typical externally fertilizing freshwater fish. *®*Means without a
common superscript differed (P < 0.05).

were prepared by crushing the testes in HBSS prepared
without glucose (265 mOsm/kg) at a volume of 10 times
the testis weight. Immediately, aliquots of this sperm
suspension were diluted with HBSS (with supplemen-
ted glucose) at aratio of 1:1 to yield final concentrations
of glucose at 5.55, 11.10, 27.75, and 55.50 mM and final
osmolalities of 270, 272, 290, and 316 mOsm/kg.
Motility of sperm was estimated at 0, 4, 24, 48, 72, and
168 h after refrigerated storage (4 °C).

2.8. Data analysis

Data were analyzed using SYSTAT 12 (Systat
Software, Inc., Chicago, IL). The effects of treatments
were tested by use of ANOVA. Percentage data were
arcsine-transformed before analysis, and post hoc
Tukey’s test was used to locate differences. The
significance level was set at P < 0.050.

3. Results
3.1. Sperm motility initiation with osmolalities

Dry sperm were immotile. After suspending in HBSS,
the initiation of sperm motility generally decreased as the
osmotic pressure of the HBSS increased (Fig. 1). When
osmolality ranged from 25 to 227 mOsm/kg, motility of
activated sperm was >90%, and the swimming motion
was progressive. As osmolality increased from 315 to
373 mOsm/kg, motility decreased from 85% to 67%
(P =0.023) and to 27% when osmolality increased to 454
mOsm/kg (P < 0.001). When the osmolality increased
to above 500 mOsm/kg, the motility decreased to <7%,
and at >750 mOsm/kg or above, sperm motility was
completely inhibited.

100

5 8 8

Motility (%)

n
o
1

25 92 152 227 274 315 373 454 477 500 530 570 686 750 800
Osmolality (mOsmol/kg)

Fig. 2. Continuous motility duration of sperm (mean + SD, n = 3)
evaluated at 4 h (diamonds), 24 h (squares), 48 h (triangles), 72 h
(circles), and 168 h (stars) after activation in medaka (Oryzias latipes)
at various osmolalities of HBSS.
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3.2. Duration of sperm continuous motility

After 4 h of storage, the motility of sperm in all of the
osmolalities decreased (Fig. 2). The motility of sperm in
25 mOsm/kg (deionized water) declined to zero, and in
osmolalities >454 mOsm/kg, motility decreased to less
than 8%. With additional storage for 24, 48, and 72 h,
the motility of sperm continued to decrease (Fig. 2). The
sperm motility at osmolalities between 92 and 373
mOsm/kg declined to ~20% at 72 h. After 168 h of
storage, the motility of sperm in all of the osmolalities
dropped to 0 to 2% (Fig. 2). Therefore, after activation,
medaka sperm remained motile (albeit with decreasing
intensity) for as long as 1 wk.

3.3. The retention of motility capability during
refrigerated storage

After 4h of storage at 4 °C, motility of sperm
extended in all osmolalities was activated by the
addition of deionized water, except for the samples held
at 25 and 900 mOsm/kg HBSS (Fig. 3), and the motility
of sperm extended above 274 mOsm/kg was higher than
the initial motility at the samples (P < 0.039). After
24 h of storage, only samples held between 274 and 530
mOsm/kg were able to respond to the addition of
deionized water with an increase in motility compared
with the initial motilities (P < 0.05; Fig. 3). The same
situation occurred after 48 h of storage (P < 0.04;
Fig. 3). After 72 h of storage, the motility (after addition
of deionized water) of samples held at osmolalities
between 152 and 500 mOsm/kg was higher than the
initial motilities (P < 0.035; Fig. 3). After 168 h of
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Fig. 3. Retention of motility capacity of medaka (Oryzias latipes)
sperm (mean £ SD, n =3) after refrigerated storage for 4 h (dia-
monds), 24 h (squares), 48 h (triangles), 72 h (circles), and 168 h
(stars) at various osmolalities of HBSS. Motility was activated by
reducing the storage osmolality to 46 to 68 mOsm/kg by addition of
deionized water (1:20).
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Fig. 4. Motility of sperm (mean =+ SD, n = 3) held in HBSS with
glucose concentrations of 0 (clear), 5.55 mM (dotted), 11.10 mM
(slashed), 27.75 mM (horizontal lined), and 55.50 mM (black) after
storage at 4 °C for 0, 4, 24, 48, 72, and 168 h. No significant
differences were detected in sperm motility among the glucose
concentrations at each storage time.

storage, motility was less than 10% in all samples
before and after addition of deionized water (Fig. 3).

3.4. Effect of exogenous carbohydrate on sperm
motility

The osmolalities of the HBSS with glucose were 265
mOsm/kg (0 mM glucose), 270 mOsm/kg (5.55 mM),
272 mOsm/kg (11.10 mM), 290 mOsm/kg (27.75 mM),
and 316 mOsm/kg (55.50 mM); all of these were in the
range suitable to initiate sperm motility. The motility of
sperm held in HBSS with various glucose concentra-
tions decreased from >90% to 14% to 17% after 168 h
of storage at 4 °C (Fig. 4). There were no differences in
motility of sperm held in HBSS with the five
concentrations of glucose immediately after suspension
(P > 0.950) and after storage for 4 (P > 0.927), 24
(P >0.999),48 (P > 0.988), 72 (P > 0.997), and 168 h
(P > 0.999). Therefore, exogenous glucose did not
affect the duration of motility of medaka sperm.

4. Discussion

In this study, sperm motility in medaka was initiated
across a broad range of osmolalities varying from
deionized water (25 mOsm/kg) and HBSS with
hypotonic, isotonic, and hypertonic osmolalities ran-
ging from 92 to 686 mOsm/kg. In previous publications,
medaka sperm were found to be functional in freshwater
but not in seawater (equal to an osmolality of ~900
mOsm/kg) [1], and it was mentioned that motility of
medaka sperm could be activated by a wide range of
osmolality [16,17], but the specific osmolalities for
sperm activation were not described. This motility
activation mode defined in the current study in medaka
sperm is different from the typical mode in freshwater
species, in which motility is activated by hypotonic
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solutions (<300 mOsm/kg) [5], such as in zebrafish
Danio rerio (shown as the dotted line in Fig. 1 for
comparison) [18], although the medaka used in this
experiment originated from and were maintained in
freshwater. Also, this mode is different from that
described in most externally fertilizing marine fish [6,9]
and in fish with internal fertilization [11,14]. Thus, the
broad osmotic range of motility activation in medaka is
distinctive from the modes described previously in fish.
Generally, motility activation relates to the natural
conditions where spermatozoa function during spawn-
ing. Medaka live in freshwater but can acclimate to
brackish water or even seawater (by gradually increas-
ing the salinity) and are considered to be euryhaline fish
[1]. Therefore, the motility activation mode reported
here is likely linked to the adaptability of medaka to
salinity changes [1] and most importantly could be
representative for other euryhaline fish.

In tilapia, Oreochromis mossambicus, another eur-
yhaline fish, sperm had a similar but attenuated pattern
of motility activation. The particular fish studied
originated from brackish water and were acclimated
to freshwater [10] or seawater [19]. For the freshwater-
acclimated tilapia, sperm motility could be activated by
osmolalities ranging from 0 to 400 mOsm/kg, with or
without electrolytes, and Ca®* was found to be required
for motility activation [10]. For the seawater-acclimated
tilapia, sperm motility could be activated by osmolal-
ities from 0 to 500 mOsm/kg of NaCl with 10 mM
HEPES (N-2-Hydroxyethylpiperazone-n-2-Ethanesul-
fonic Acid), and the addition of Ca”" caused increased
motility in the presence of high osmolalities (1000 to
1400 mOsm/kg [19]). In Fundulus grandis, another
euryhaline fish that lives in brackish water, sperm
motility was activated at osmolalities between that of
freshwater and seawater, excluding freshwater and full-
strength seawater (our unpublished data). Therefore, we
inferred that motility activation in euryhaline fish can
involve complicated mechanisms and may have
different modes, depending on the ability to acclimate
to different or variable salinities. More investigation is
necessary to define the sperm activation mechanisms in
euryhaline species.

Ions, such as potassium and calcium, have been
shown to control the initiation of sperm motility [9,20].
For example, in chum salmon, Oncorhynchus keta, low
concentrations of potassium ion (<10 mM) can over-
ride osmotic pressure to trigger motility [8]; potassium
ion at a lower concentration (0.01 mM) controlled
sperm activation in paddlefish Polyodon spathula and
shovelnose sturgeon Scaphirhynchus platyorynchus
[21]; and in tilapia, calcium ion enhanced sperm

motility [10,19]. In medaka, extracellular Ca’* has been
mentioned in one abstract to be required for motility
activation [17] but without detailed description. How-
ever, in this study, deionized freshwater at 25 mOsm/kg
initiated sperm motility. Therefore, motility activation
in medaka sperm may depend on osmolality rather than
certain ions. More investigation is needed for estimating
the function of the Ca”* in motility activation of medaka
sperm. Special attention should be given to osmotic and
ionic conditions of the water from which experimental
animals are obtained. Different results may occur and
confound comparisons across studies if test animals are
held in divergent conditions before analysis.

The long motility duration after activation was
another distinguishing characteristic in medaka sperm.
Typically, once activated, sperm will remain motile for
a short time (seconds to several minutes) for most
freshwater and marine fishes with external fertilization
[7,9]. In contrast, sperm motility of fishes with internal
fertilization, such as freshwater species of the genus
Xiphophorus [11,14] and marine species Macrozoarces
americanus [12,13], can remain continuously motile for
3 to 7 d. For medaka, the swimming duration after
activation was for as long as 7 d at all osmolalities
tested, except for 25 mOsm/kg (deionized water). To
our knowledge, this phenomenon of protracted motility
has not been reported in other externally fertilizing fish.

In this study, medaka sperm showed a successive
phase of motility increase that could be induced by
reducing the osmolality to 48 to 67 mOsm/kg with the
addition of deionized water. This was especially true for
the motility of sperm held at between 274 and 500
mOsm/kg, which was significantly increased after
storage at 4 °C for 24, 48, and 72h. A similar
phenomenon was observed in turbot Psetta maxima
(a marine fish), in which motility was initiated by
exposure to seawater, arrested by transfer to seminal
fluid, and then reactivated by addition of seawater [22].
This phenomenon was also observed for Xiphophorus
helleri, in which sperm immobilized for storage by
suspension in higher osmolality (500 mOsm/kg) and
activated by exposure to isotonic solutions had the same
fertility as continuously motile (isotonic) suspension
activated sperm after cryopreservation [11,23]. This
characteristic of medaka sperm could assist the choice
of appropriate extender osmolalities to maintain
motility potential during storage, which is necessary
in manipulations such as artificial fertilization and
sperm cryopreservation. For most fish with external
fertilization, the extender used for sperm handling and
storage during sperm cryopreservation is usually a salt
buffer with an appropriate osmolality to immobilize
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sperm, which are activated by increasing (for marine
species) or decreasing (for freshwater species) the
osmolality [6,7,9,18,24]. In contrast, due to the long
duration of continuous motility in medaka sperm, the
extender osmolality for storage of sperm could lie
between 274 and 500 mOsm/kg in which motility can be
maintained at 47% to 53% after 72 h.

In oviparous fish, previous studies have shown that
sperm obtain energy for movement through the
oxidation of endogenous substrates, not exogenous
sources such as carbohydrate, and mitochondria are the
source of the endogenous energy for the sperm motility
of most fish species [25]. However, in viviparous fish,
sperm have been reported to be capable of using
external energy sources, such as the metabolism of
carbohydrate [26,27]. In Xiphophorus helleri, the
addition of glucose yielded higher and longer motility
for fresh and cryopreserved sperm, but there was a
plateau, and this effect was not seen when the
concentration of glucose was higher than 11.10 mM
[28]. For medaka sperm in this study, the presence or
absence of glucose did not have a significant effect on
motility, which suggests that medaka sperm does not
make use of extracellular glucose as an energy source
for motility. The mechanism responsible for enabling
the long swimming duration in medaka sperm requires
further investigation.

In summary, the distinguishing characteristics of
medaka sperm identified in this study were the
following: (1) motility that could be initiated by a
wide range of osmolalities (from 25 to 686 mOsm/kg)
including, hypertonic, isotonic, and hypertonic pres-
sures; (2) upon activation, sperm could remain
continuously motile for as long as 7 d; (3) motility
capacity could be enhanced by reduced osmotic
pressure when held in HBSS at osmolalities between
274 and 500 mOsm/kg; and (4) glucose was not
necessary as an exogenous energy source for main-
taining the long duration of sperm motility.

This combination of sperm characteristics was
distinctive. Medaka are widely distributed in nature
throughout freshwater systems in China, Japan, and
Korea [29,30] and are found in brackish and coastal
waters as well [31]. Unlike the strictly freshwater
zebrafish, medaka has the ability to be acclimated from
freshwater (25 mOsm/kg) to brackish water (between
25 mOsm/kg and 900 mOsm/kg) and even seawater
(~900 mOsm/kg) [1]. These habitat features suggest an
explanation for the distinctive sperm characteristics
described in this study. Medaka may be adapted to live
and spawn in an osmotic range of natural habitats that
span from hypotonic to hypertonic. They could be

unique in this regard, or potentially are representative of
euryhaline species. These species, especially small-
bodied species, have not received much study of sperm
characteristics, and further research is warranted based
on these and other observations in medaka [1,16,17].
Furthermore, these sperm characteristics found in
medaka seemed to be more related to those of internal
fertilizing fish than to those of externally fertilizing
species [32] and provide a basis for hypotheses that
address whether estuarine or euryhaline species have
traits that could have served as preadaptations or
initiating steps to the processes that led to the evolution
of internal fertilization in freshwater fish.
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