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ized activation, collection, dilution, and storagemethods for zebrafish (Danio rerio)
sperm. Our findings revealed that zebrafish spermwas motile in Hank's balanced salt solution (HBSS), glucose,
and sucrose at an osmolality range of 25–270mOsm/kgwith thehighestmotility observed at 150–210mOsm/kg.
We compared three activation solutions: 0.3% NaCl, de-ionized water, and HBSS at 170 mOsm/kg. Our results
indicate that the longevity of sperm motility depends on the final osmolality of the sperm suspension medium
(extender) and activation solution combined. Evaluation of sperm collection methods suggested that higher
percent motility is obtained when collected through dissecting without crushing (89±3%, mean±SD) or
abdominal massage (90±4%) than dissecting with crushing (65±13%). The total number of motile spermwas
higher for dissecting without crushing (147.0±102.3×105/male) than abdominal massage (7.1±11.9×105/
male). Sperm suspended inHBSS had highermotility than those suspended in buffered spermmotility-inhibiting
solution (BSMIS). Sperm retained motility longer when samples were stored at 4 °C than those stored at room
temperature (25 °C).Motilitywhich could be activated after storage decreasedwith increaseddilution ratio and it
is the resultant spermdensity rather than thedilution factor thatdetermines spermmotility. Ourfindingsprovide
useful information on handling procedures of zebrafish sperm.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The zebrafish (Danio rerio) is a popular freshwater aquarium fish, and
was initially used as model for experimental embryology studies
(Mertens, 1973). Over the past few decades, their small size, fecundity,
embryonic transparency, and rapid development have led to their
selection as one of the most prominent model for a wide variety of
research fields, including functional genomics (van Eeden et al., 1999),
physiology (Briggs, 2002), environmental and high-throughput toxicol-
ogyscreening(Langheinrichet al., 2002;Hill et al., 2005)aswell as specific
human diseases (Berghmans et al., 2005). Despite its popularity as a
vertebrate model organism, possible areas of interaction between
zebrafish and the aquaculture research community have not been
recognized until more recently (see Dahm and Geisler, 2006 for review).
In this review, the zebrafishwas foreseen to become amodel organism for
the improvement of aquacultural animals and husbandry based on the
genetics-driven approaches. Results such as identification of genes
involved in the development of certain organs, the metabolism of
nutrients, disease and stress pathways, as well as research approaches
such asmorpholino-induced knock-down and transgenesis established in
zebrafish can be transferred to aquacultural species for commercial
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interest (Dahm and Geisler, 2006). This study predicted that in the near
futuremore interactionswill occur between the zebrafish community and
researchers studying fish species of aquacultural interest.

In contrast to their importance as an experimental model and its
associated significant economic costs, the scientific rigour of zebrafish
husbandry techniques is poorly developed (Lawrence, 2007). Gamete
handling is one of those husbandry techniques that have received little
attentionwhile it often constitutes as an important prerequisite for many
research activities such as in vitro fertilization, sperm cryopreservation,
polyploidy manipulation, and androgenesis. In our laboratory, we are
particularly interested in sperm cryopreservation as this is the only
reliable tool currently available to store important genetic materials of
mutant strains and transgenic lines that are derived from thewide use of
zebrafish (Brand et al., 2002). Proper sperm handling will minimize the
motility loss during the pre-freezing steps (e.g., spermcollection, dilution,
and storage) and the reduction ofmotility loss in each step involved in the
series of sequential steps for sperm cryopreservation would help reduce
the cumulative loss upon thawing. In addition, studies of proper gamete
handling in zebrafishwill also provide useful information for other teleost
fishes of aquaculture interest. Therefore, the goal of this project is to
optimize the handling procedures of zebrafish sperm, and specifically we
evaluated various factors affecting the sperm motility in the handling
process: sperm activation (osmolality), sperm collectionmethods, choice
of extenders, pH, storage temperature, and dilution ratio.
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2. Materials and methods

2.1. Sperm collection

Wild-type zebrafish of 3–4 month age were purchased from pet
market in Wenzhou, China and kept at standard laboratory conditions
of 28 °C on a 14:10 dark/light photoperiod (Westerfield, 1995) in a
recirculating system. The fish were fed twice daily with either the
zebrafish diet (Zeigler, Aquatic Habitats, Apopka Florida) or live
artemia (Jiahong Feed Co., Tianjin, China). Upon sperm collection, fish
were anesthetized in 0.01% tricaine-methane sulfonate for ∼2 min,
and their standard lengths (tip of snout to the crease of the caudal
peduncle) and wet weight were measured after blotting excess water
with a paper towel. Except for the experiment used to evaluate
collection method, sperm were collected by surgical removal of the
testis. Adherent tissue was dissected away and testes were placed in
0.5-ml tube and weighed. Unless otherwise specified, testes were
pooled and Hanks' balanced salt solution at 300mOsm/kg (NaCl 8.0 g,
KCl 0.4 g, CaCl2·2H2O 0.16 g, MgSO4·7H2O 0.2 g, Na2HPO4 0.06 g,
KH2PO4 0.06 g, NaHCO3 0.35 g, C6H12O6 1.0 g in 1000 mL distilled
water, pH 7.5) was added at the ratio of testis to HBSS (mass:volume)
of 1:50 before stirring testes to release sperm.Within this report, HBSS
at specific osmolalities such as 300 mOsm/kg are abbreviated as
HBSS300. Sperm numbers per testis were obtained from the average
of duplicate counts using a hemocytometer. Blood samples were
collected in micro-hematocrit tubes with an internal diameter of 0.5–
0.6 mm (VWR Scientific, Niles, IL) by severing the tail, and blood
plasma were collected after centrifugation at 15,000 rpm for 10 min.
Osmolality was measured by a freezing point depression osmometer
(Osmomat 030; Genotec GmbH, Berlin, Germany).

2.2. Motility estimation

Like most teleost fish, zebrafish sperm were activated under
hypotonic conditions. Thus, except for the evaluation of activation
solution experiment, de-ionizedwaterwas used for sperm activation. In
detail, sperm were initially diluted with HBSS 300 to achieve a sperm
density of 5×107/ml (corresponding to ∼1:50 dilution, mass:volume).
A 10-μl aliquot was removed from each sperm sample and placed on a
microscope slide, and 10-μl de-ionized water was added to the drop to
activate the sperm. Sperm motility was estimated visually at 200×
magnification using dark-phasemicroscopy (Nikon Corporation, Japan),
and was expressed as the percentage of sperm that moved actively in a
forward direction within 30 s after activation at room temperature.
Motility was recorded in increments of 5%, and samples with motility
below 5% but greater than 0% were recorded 1%, and samples with
motility below 100% but greater than 95% were recorded as 99%. Sperm
vibrating in place were not considered to be motile. Unless specified
otherwise, all experiments were conducted at room temperature (25°).

In the present study, experiments were routinely conducted with
milt pooled from several males due to limited sperm volume from
individual fish. It is noteworthy that significant variations were
observed among individual males. To avoid possible confounding
effect of poor sperm quality used in one treatment group, but not in
other groups, samples were evaluated for initial sperm motility after
collection, and fish from the same batch with similar initial motility
were pooled and used for the same experiment.

2.3. Determination of optimal osmolality for motility activation

There were four trials in this experiment. In the first trial, a small
amountof undilutednon-motile sperm(the tip of 10uLpipette tip) from
threemaleswas diluted in 10 µl of de-ionizedwater (25mOsm/kg), and
HBSS at 100, 200, 300, 400, 500, 600 mOsm/kg before assessment of
motility. The purpose of using a tiny volume of concentrated undiluted
spermwas to avoid the interaction effects of predilutionmedia, thus the
effect of osmolality could be estimated accurately. This also resembles
the natural conditionswhere fish shed undiluted sperm into the aquatic
environment. In the second trial, HBSS at a narrower range of 100, 150,
170, 200, 240, 270, 300, 400 mOsm/kg were evaluated with undiluted
sperm from seven males. For these two trials, HBSS at different
osmolalities was prepared by mixing HBSS900 with different ratios of
de-ionized water. The remaining two trials evaluated the effect of
osmolality of non-ionic solutions (glucose and sucrose) on zebrafish
sperm motility, and osmolality values of 60, 90, 120, 150, 180, 210, 240,
270, 300, 330, 360 mOsm/kg was tested with three fish.

2.4. Selection of activation solutions

Based on the above experiments, HBSS300 (the lowest osmolality
that caused 100% sperm immobilization) was selected for sperm
suspension. Testes from three males were suspended in HBSS300, and
sperm were activated by mixing 10 µl sperm suspension with 10 µl
different activation solutions: de-ionized water (25 mOsm/kg), 0.3%
NaCl (95 mOsm/kg), and HBSS170. Motility was estimated at room
temperature (25 °C) at 0.5, 1, 2, 5, 10, 15, 20 min after activation.

2.5. Sperm collection methods

There were two trials in this experiment. In the first trial, three
different sperm collection methods were compared for motility yield.
Specifically, spermwere collected through1)dissectingwithout crushing:
testes were removed and suspended in HBSS300 as described above (see
Section 2.1), and spermwere released bygently but repeatedly disrupting
the testis with a pipette tip; 2) dissecting with crushing: testes were
placed in a tared resealable plastic bag (3×5 in., NASCOWhirl-Pak, USA)
and HBSS300 at the ratio of testis to HBSS (mass:volume) of 1:50 was
added before squeezing the testis to release sperm; 3) abdominal
massage: gentle finger pressure was applied to the fish abdomen, and
spermwere collected with capillary tubes directed to the anal pore, and
resulted semen (1–2 µL) were diluted with HBSS300 for a final yield of
10 µl sperm suspension. For sperm collected through dissecting, the pairs
of testes from the same fish were used with each of the pair allocated to
each of the two dissecting methods (with or without crushing). At least
four fish were used for each method. Sperm suspensions were stored at
4 °C in 1.5ml centrifuge tubes with a sample volume ranging from 100 to
400µl at a spermdensityof 5×107 cells/ml, andmotilitywas evaluated at
5 min, 2 h, 4 h, 10 h, 24 h, and 48 h after storage.

In the second trial, motility and the yield of total motile spermwere
compared between the dissecting without crushing and the abdominal
massagemethods. Tenfish from the samebatchwere randomly selected
for each method. Spermmotility, suspension volume, and density were
evaluated. The total number of motile sperm was calculated by
multiplying spermmotilitywith sperm density and suspension volume.

2.6. Selection of extender

In this experiment, we compared the extenders of HBSS 300 and
buffered sperm motility-inhibiting solution (BSMIS) (NaCl 4.38 g, KCl
5.22 g, CaCl2·0.22 g, MgSO4·0.12 g, Tris 2.42 g in 1000 mL de-ionized
water, pH 8.0, 300 mOsm/kg). Sperm were collected with the
dissecting without crushing method, and testes from six fish (one
replicate with pooled sperm from two fish, and a total of three
replicates) were used for each extender. Sperm suspensions were
stored at 4 °C, and motility was estimated at 5 min, 2 h, 4 h, 10 h, and
24 h. The term “extender” used in this report refers to solutions used
for sperm suspension without cryoprotectants.

2.7. Effect of pH on sperm motility

There were three trials in this experiment. In the first trial, the pH
of activator was evaluated with testis collected from three fish by



Fig. 1. Motility (mean±SD) of undiluted zebrafish sperm after being activated with
(a) de-ionized water (25 mOsm/kg) and HBSS at 100, 200, 300, 400, 500, and
600 mOsm/kg (trial 1, n=3) and 100, 150, 170, 200, 240, 270, 300, 400 mOsm/kg (trial
2, n=7), and (b) non-ionic solutions of glucose (n=3) and sucrose (n=3) at different
osmolalities ranging from 60 to 360 mOsm/kg.

Fig. 2. Motility (mean±SD, n=3) of zebrafish sperm suspended in HBSS300 and
activated by three activation solutions: de-ionizedwater, 0.3% NaCl, and HBSS170. Motility
was estimated at room temperature (25 °C) at 0.5, 1, 2, 5, 10, 15, 20 min after activation.
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equilibrating a small amount of undiluted non-motile sperm (the tip
of 10 uL pipette tip) in 10 uL de-ionized water at pH of 5.0, 6.0, 6.5, 7.0
7.5, 8.0, 8.5, 9.0, 9.5, and 10.0. Motility was estimated immediately
after activation. In the second trial, the pH of extender was tested on
three fish. Similarly, a small amount of undiluted sperm were
equilibrated in 5 uL HBSS300 at pH of 5.0, 6.0, 6.5, 7.0 7.5, 8.0, 8.5,
9.0, 9.5, and 10.0 for 10 min at room temperature, and were then
mixed with 5 uL de-ionized water (pH 7.5) for activation. In the third
trial, testes were suspended in HBSS300 at pH of 6.5, 7.0, 7.5, and 8.0,
and resulting sperm suspensions were stored at 4 °C. Motility was
estimated at 5 min, 4 h, 10 h, and 24 h after storage. This experiment
was replicated three times using a total of fifteen fish where each
replicate constitutes sperm pooled from five fish.

2.8. Effect of storage temperature on sperm motility

Testes from four fish were collected by the dissecting without
crushing method, and were suspended in HBSS300 as described above.
Resulting spermsuspensionswere divided into two sets of sampleswith
one set stored at room temperature (25 °C) and the other stored at 4 °C.
Motility was estimated at 5 min, 2 h, 4 h, 10 h, and 24 h after storage.

2.9. Effect of dilution ratio on sperm motility

To maximize the ability to evaluate effects of multiple factor
treatments with limited number of sperm, one possible solution is to
increase the dilution ratio to obtain larger sample volumes. Thus, the
ratio of sperm to HBSS 300 was evaluated for refrigerated storage (4 °C)
at dilution ratios of 1:50, 1:100, 1:200, 1:300, 1:400, and 1:500 with
samples from seven males (trial 1), and at dilution ratios of 1:10, 1:20,
1:50 and 1:100 with samples from 11 males (trial 2). Motility was
estimated at 5min, 2 h, 4 h,10 h, and 24 h. Sperm densitywas estimated
using hemocytometer for each dilution.

2.10. Data analysis

Data were analyzed using simple linear regression, one-way
ANOVA, and repeated measure ANOVA (SAS 9.1). When a significant
difference (P=0.05) was observed among treatments, Tukey's
studentized range test was used for post-test comparisons. Percent
motility was arcsine-square root transformed prior to analysis. Values
presented are means±SD.
3. Results

3.1. Basic parameters

The average measurements of the male zebrafish were 3.68±
0.35 cm (n=75) for standard length and 321±69 mg (n=75) for
body wet weight. The standard length was positively (Pb0.001)
related to the body wet weight. The average testis wet weight was
3.5±1.4 mg (n=75), and was positively (Pb0.001) related to the
body wet weight. There were 1.23±1.01×107 sperm cells per testis
(n=20), and sperm density was 2.59±1.42×109 cell/g of testis.
Osmolality of the blood plasma was 315±1 mOsm/kg (n=3).

3.2. Determination of optimal osmolality for motility activation

In the first trial, sperm motility increased with the osmolality of
HBSS to the highest level at 200 mOsm/kg (73±12%) and declined
thereafter to 0±0% at 300 mOsm/kg and above (Fig. 1a). There were
no differences between HBSS100 and HBSS200 (PN0.05), but sperm
had higher motility when samples were activated with HBSS200 than
those activated with de-ionized water (P=0.01). The second trial
revealed similar trends of the activation curve with the highest
motility (61±13%) observed at HBSS170, and followed by the
HBSS200 (51±7%). No significant differences were observed among
HBSS150, HBSS170, and HBSS200 (PN0.05) (Fig. 1a).

When sperm were activated with non-ionic solutions such as
glucose and sucrose, the highest motility was observed at 150 mOsm/
kg for both glucose (83±3%) and sucrose (82±3%) (Fig.1b). However,
there were no differences among samples activated by glucose or
sucrose solutions at 120, 150, 180, and 210 mOsm/kg (PN0.05), which
had higher (Pb0.05) motility than samples activated at either lower
(equal or below 100mOsm/kg) or higher osmolalities (240 mOsm/kg
and above) (Fig. 1b).
3.3. Selection of activation solutions

At 30 s after activation, the highest motility (98±4%) was found
with 0.3% NaCl, followed by de-ionized water (93±4%), and HBSS170
(90±14%), however, there were no significant differences among de-
ionized water, 0.3% NaCl and HBSS170 (PN0.05) (Fig. 2). Sperm
retained motility longer when activated with de-ionized water than
others, for example, approximately 20% sperm were still motile at
15 min after activation with de-ionized water while sperm motility
was below 5% for all other treatments (Pb0.05) (Fig. 2).



Fig. 3. Zebrafish sperm samples were collected through abdominal massage (n=4) and
dissecting with or without crushing (n=4), suspended in HBSS 300, and stored at 4 °C.
Motility was evaluated at 5 min, 2 h, 4 h, 10 h, 24 h, and 48 h after storage.

Fig. 4. Motility (mean±SD, n=3) of zebrafish sperm suspended in HBSS and buffered
sperm motility-inhibiting solution (BSMIS) at 4 °C for 5 min, 2 h, 4 h, 10 h, and 24 h.
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3.4. Sperm collection methods

Sperm had higher (Pb0.05) motility when collected through dis-
secting without crushing (89±3%) or abdominal massage (90±4%)
than dissecting with crushing (65±13%) at 5 min after refrigerated
storage (4 °C) (Fig. 3). Sperm retained lower motility throughout a
storage period of 24 h for samples collected through dissecting with
crushing than dissecting without crushing or abdominal massage
(Pb0.001). Although therewasnodifference (PN0.05) in spermmotility
between dissecting without crushing and abdominal massage, the yield
of total number of motile sperm was approximately 20 times higher
(Pb0.01) for dissecting without crushing than abdominal massage
(Table 1).

3.5. Selection of extender

At 5 min of refrigerated storage (Fig. 4), the motility of samples
suspended in HBSS300 (92±3%) was higher (Pb0.01) than those
suspended in BSMIS (77±6%). Throughout a 24 h storage period,
sperm retained higher motility in samples suspended with HBSS300
than with BSMIS (Pb0.01). For example, samples suspended in
HBSS300 had 67±15% motile sperm after 10 h refrigerated storage,
while there was 3±6% motile sperm for samples suspended in BSMIS
(Pb0.001). Extended storage of 24 h or 48 h at 4 °C resulted in zero
sperm motility (Fig. 4).

3.6. Effect of pH on sperm motility

In the first trial, no significant difference (P=0.65) was found for
sperm motility in the pH range between 6.5 and 8.5 for the de-ionized
water, whilemotility in this pH rangewas higher than those activated at
Table 1
Parameters of zebrafish sperm collected through two different methods.

Parameter Collection method

Dissecting without crushing
(n=10)

Abdominal massage
(n=6)

Motility (%) 86±7a 84±13a

Volume (μl) 240±90 10±0
Sperm density (×107 cell/ml) 6.5±3.0 7.9±12.4
Total number of sperm (×105) 164.1±106.6a 7.9±12.4b

Total number of motile sperm (×105) 147.0±102.3a 7.1±11.9b

Numbers in rows sharing the same superscript were not different at P=0.05.
pH 5.0 or 10.0 (P=0.004). The highest motility (68±8%) was found
with the de-ionized water at pH of 7.5 (Fig. 5a). In the second trial,
similar trends were observed for the pH of extender with the highest
motility (73±6%) found at pH 7.5 for HBSS 300 (Fig. 5b). In the third
trial, there were significant differences (Pb0.01) among four pH values
tested, and the highest motility at 5 min after refrigerated storage was
foundwith pH 8.0 (90±5%), followed by pH7.5 (87±6%), pH 7.0 (83±
3%) and pH 6.5 (73±3%) (Fig. 6). Motility decreased with extended
storage and the significant loss occurred at24h after refrigerated storage
(Fig. 6).

3.7. Effect of storage temperature on sperm motility

At 5 min after initiation of the experiment, motility was the
same (93±4%) for samples stored at room temperature and 4 °C
(Fig. 7). However, motility declined more rapidly for samples stored
at room temperature than at 4 °C after 2 h storage. At 10 h, the
Fig. 5. Motility (mean±SD) of undiluted zebrafish sperm (a) after activated with de-
ionized water at various pH (n=3); or (b) activated with de-ionized water after sperm
were suspended in HBSS 300 of various pH for 10 min at room temperature (n=3).
Dots sharing the same letter indicate no significant difference at P=0.05.



Fig. 6. Motility (mean±SD, n=3) of zebrafish sperm collected and suspended in
HBSS300 at pH of 6.5, 7.0 7.5, and 8.0, and stored at 4 °C for 5 min, 4 h, 10 h, and 24 h.

Fig. 8. Motility (mean±SD) of zebrafish sperm suspended in HBSS 300 at various dilution
ratio and stored at 4 °C for 5 min, 2 h, 4 h, 10 h, and 24 h: (a) trial 1 with a ratio of sperm to
HBSS 300 of 1:50, 1:100, 1:200, 1:300, 1:400, and 1:500 (n=3); (b) trial 2 with a ratio of
sperm to HBSS 300 of 1:10, 1:20, 1:50, and 1:100 (n=3).
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motility of samples stored at 4 °C (65±7%) were significantly
higher (Pb0.05) than those stored at room temperature (20±14%).
Motility ceased at 24 h for all samples regardless of storage tem-
perature (Fig. 7).

3.8. Effect of dilution ratio on sperm motility

For the first trial (Fig. 8a), the average sperm density was 1.09±
0.46×107 cell/mL for the volume ratio (sperm: extender) of 1:50, and
concentration estimation confirmed the accuracy of successive
dilution from 1:100 to 1:500. For example, the sperm density for
samples of the volume ratio of 1:500 was 1×106 cell/mL. With
prolonged storage time, themotility of samples at higher dilution ratio
declined faster than that of samples at lower dilution ratio. At 10 h
storage, the highest motility (60±10%) was found with the dilution
ratio of 1:50 and the lowest motility (17±6%) was at 1:500. Samples
at the volume ratio of 1:50 had higher motility than samples with-
in the grouping of 1:100, 1:200 and 1:300 ratios (Pb0.05) or the
grouping of 1:400 and 1:500 (Pb0.001) although there were no
significant differences within each grouping. For the second trial
(Fig. 8b), the average sperm density was 8.90±5.12×106 cell/mL for
the volume ratio of 1:10. Within a storage period of 10 h, samples at
volume ratio of 1:10 and 1:20 retained higher motility than samples
Fig. 7. Motility (mean±SD, n=4) of zebrafish sperm suspended in HBSS 300 and
stored at room temperature (25 °C) or 4 °C for 5 min, 2 h, 4 h, 10 h, and 24 h.
at 1:50 or 1:100 (Pb0.001). All samples lost motility at 24 h
refrigerated storage.

4. Discussion

Fish sperm is immotile in the testis and the initiation of motility
can be controlled by changes in ion concentration or osmolality of the
external medium (see Alavi and Cosson, 2006 for review). In
cyprinids, motility is activated by suspending sperm in hypotonic
solution (Morisawa and Suzuki, 1980). The present study showed that
zebrafish sperm could be activated in hypotonic solutions at a wide
range of osmolalities (25–270 mOsm/kg), but the highest motility
was observed at 150–210 mOsm/kg. The osmolality for complete
motility inhibition in zebrafish (≥300 mOsm/kg) was similar to its
blood plasma (315 mOsmol/kg) or the seminal plasma osmolality
observed in cyprinids (∼300 mOsm/kg) (Alavi and Cosson, 2006). In
addition, ion-free solutions solely containing glucose or sucrose were
found to exhibit the same activation pattern as that of HBSS, which
suggests that osmolality is the major factor for controlling zebrafish
spermmotility. However, it is possible that K+ effluxmay also account
for the initiation of sperm motility followed by the first trigger of
osmolality change (Takai and Morisawa, 1995).

In laboratory settings, fish sperm have seldom been used in an
undiluted form. Often, sperm are collected in an extender or motility
inhibition medium for species with short sperm motility duration after
activation. Therefore, motility activation often involves mixing the
suspended sperm solution with an activation solution—a so called
“2-step activation procedure” (Billard and Cosson, 1992). In zebrafish,
egg water (Morris et al., 2003), distilled water (Yang et al., 2007), and
0.3% NaCl (Z. Zhong, personal communication) have all been used as
activation solutions. Our experiment of activationwith undiluted sperm
suggested a suitable activator of HBSS 170 (Fig. 1a). We consequently
compared the effect of these activation solutions on spermmotility and
its longevity. There were no significant differences for the instant
motility (at 30 s) upon activation, but the decline in motility over time
was the slowest in de-ionized water. This may be due to the differences
in the final osmolality of mixtures of various activation solutions
because a volume ratio of 1:1 dilution of sperm-HBSS300 to
activation solution resulted in a final osmolality of ∼170 mOsm/kg
for de-ionizedwater treatment, and 200–235mOsm/kg for 0.3% NaCl
and HBSS 170. This would agree with the activation curve results, in
which de-ionized water was not as effective as HBSS 170 in motility
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activation of undiluted sperm. These findings suggested that instant
initiation of zebrafish sperm motility could be achieved with hypo-
tonic solutions in awide range of osmolalities, but sustainingmotility
over time requires an optimal osmolality in a narrower range. Our
findings also emphasize the importance of each factor involved in
the activation process such as the choice of extender, activation
solution, dilution ratio, and the resulting final osmolality of sperm
and activation solution mixtures. Because de-ionized water provided
high motility over a long duration for zebrafish sperm suspended in
HBSS300, we consequently chose de-ionizedwater as the activator in
the subsequent experiments.

It is worth noting that the motility duration of 15 min for samples
activated with de-ionized water observed in this study was unusually
long for freshwater species. We ourselves subsequently had less
success repeating the same experiments, especially with fish raised
under laboratory conditions. For fish purchased from local pet market,
however, we did observe a considerable batch to batch variation in
sperm quality, and extended motility duration of 10–15 min were
occasionally observed in some males. Future studies with rigorous
experimental trials are necessary to further explore variations related
to fish sources.

Sperm collection is the very first step of fish sperm cryopreserva-
tion process, and it plays an important role in sperm quality for
subsequent steps. In general, fish sperm can be collected either by
abdominal massage or from testes removed by dissection. Squeezing
sperm from live zebrafish males preserves the donor and yields high
sperm motility, but this method can be ineffective and time-
consuming when large volumes are needed for experiments with
multiple factors at many different levels. Because abdominal massage
generally produces low yields (0.8–2 uL/fish), it requires a large
sample size in zebrafish. For example, spermwere collected from only
half of all fish tested by abdominal massage in a previous study
(Morris et al., 2003).We also can only collect sperm from six out of ten
fish in this study. On the contrary, for small fish with small testis, the
dissection of testes is a simple and rapid method to obtain a large
volume of sperm (e.g., Huang et al., 2004a,b). However, testes were
often crushed or ground to release sperm after dissection (Wayman
and Tiersch, 2000), resulting in the inclusion of immature sperm, and
thus often leading to low initial motility. In this study, we devised a
new method for sperm collection. Instead of crushing or grinding
testes, gentle and repeated disruptions in the form of stirring were
applied to testes in HBSS. This dissecting without crushing method
not only produced motility similar to that of the abdominal massage,
but importantly had a yield of total motile sperm 20 times higher.
The high motility yield in this study may be attributed to the gentle
disruption of testes with fewer immature sperm extracted. Our
results also demonstrate that sperm collected by abdominal massage
or dissecting without crushing is preferred because spermmotility is
retained for a longer duration. Therefore, squeezing sperm through
abdominal massage remains a good choice for large fish where
spermvolume is not a concern (e.g., Akcay et al., 2004; Horváth et al.,
2005).

The choice of extender is a primary focus in fish sperm cryo-
preservation (Stoss, 1983). In zebrafish, Morris et al. (2003) evaluated
the toxicity of five diluents (Ginzburg Ringer solution, HBSS, BSMIS,
Mounib's solution, and sperm-extender solution) and found BSMIS
provided a high level of average sperm percent motility and a low and
stable decrease in percent motility over time. The same study also
reported that sperm incubated in HBSS possesses higher percent
motility than sperm incubated in Ginzburg Ringer solution. Compar-
isons between BSMIS and HBSS in this study however, indicated lower
motility and rapid decline of motility over time for samples suspended
in BSMIS. It is possible that different activation solution/methods
account for these conflicting findings. Currently, Ginzburg Ringer
solution (Harvey et al., 1982), BSMIS, and HBSS 300 are the main
extenders used in zebrafish sperm cryopreservation. Future studies
should compare these three extenders directly for their effect on the
motility, fertilization and hatch rate of thawed sperm.

In addition to osmolality, the pH and temperature are also major
factors affecting sperm motility. Recently, Alavi and Cosson (2005)
reviewed the effect of these two factors on fish sperm motility. Eva-
luation of pH for the activation solution as well as the extender in our
study confirmed favorable alkaline conditions (pH 7.5–8) generally
observed for fish sperm (Alavi and Cosson, 2005). Evaluation of
storage temperature on zebrafish sperm motility revealed a rapid
decline of motility when samples were stored at room temperature
after 2 h, and suggested refrigeration (4 °C) for prolonged storage.
This same temperature-dependence is consistent with results
from other species such as Cyprinus carpio (Ravinder et al., 1997)
and Xiphophorus helleri (Huang et al., 2004b). Thus, the practical
implication for zebrafish sperm cryopreservation is to finish the pre-
freezing process within 2 h after sperm collection at room tempera-
ture or collect and store sperm at 4 °C (e.g., walk-in cooler) when
extended processing time is required for complicated experiments
involving multiple factors.

Similar to all other small aquarium fish such as the platyfish
X. couchianus (Huang et al., 2004a), green swordtail X. helleri (Huang
et al., 2004b,c) and medaka Oryzias latipes (Aoki et al., 1997; Krone
and Wittbrodt, 1998), zebrafish are characterized by small body and
testis sizes, and limited sperm volumes. While sufficient volumes of
sperm sample were required for systematic procedure optimization
involving multiple factors at various treatment levels, reducing the
loading volume in the French straws (Huang et al., 2004b) would help
to maximize the ability to evaluate treatment effects. Unfortunately
the small sperm volume (b5 µl/fish) in zebrafish necessitates pooling
sperm from different males. Even with pooling, dilution was still
necessary to maximize the volume for experiments involvingmultiple
factors. However, dilution could reduce sperm motility by removing
protective components of seminal plasma as suggested for rainbow
trout Oncorhynchus mykiss (Lahnsteiner et al., 2004; Lahnsteiner,
2007). The present study also showed decreased motility (percent
motile sperm and motility duration) with increased dilution ratio. In
addition, we found that the rapid motility decline occurred at a sperm
density below ∼2×106 cells/mL, which corresponded to a dilution
ratio of 1:300 in trial 1 (Fig. 8a), and 1:50 in trial 2 (Fig. 8b). Thus, it
is the sperm density rather than dilution factor that determines the
final outcome of sperm motility in zebrafish. Since sperm density
varies frommale tomale, it is important to use sperm concentration to
adjust the dilution ratio for sperm freezing in future studies. Our
findings also add further evidence of using sperm concentration
instead of dilution ratio to minimize the inconsistency observed
among various studies in aquatic organisms, which was recently
proposed by Dong et al. (2007) derived from findings with oyster
sperm cryopreservation.

In conclusion, the present study provides useful information on
handling procedures for zebrafish sperm. Specifically, sperm collec-
tion is better done with dissecting without crushing; motility
activation depends on the final osmolality of the mixtures of sperm
suspension medium (extender) and activation solution; HBSS 300 is a
better choice of extender; alkaline conditions (pH 7.5–8.0) of
activation solution and extender are favorable for sperm motility;
refrigerated storage helps retain sperm motility after prolonged
storage; and it is the sperm density rather than dilution factor that
contributes to sperm motility and longevity.
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