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Abstract

The goal of this study was to evaluate plasma membrane integrity and motility for zebrafish sperm quality
assessment along the cryopreservation pathway—from sample collection through refrigerated storage, cryopro-
tectant equilibration, freezing, thawing, and fertilization. The objectives were to: (1) evaluate the effects of
osmolality, extender, and refrigerated storage on sperm plasma membrane integrity and motility, and (2) compare
cryopreservation of sperm from farm-raised and well-characterized research populations by evaluating motility
and membrane integrity of fresh, post-equilibration (before freezing) and post-thaw sperm, and post-thaw fertility.
Osmolality, extender, and storage time each influenced sperm motility and membrane integrity. Isotonic osmo-
lality showed the best protection for motility and membrane integrity compared to hypotonic and hypertonic
osmolalities. Of the four tested extenders, Hanks’ balanced salt solution (HBSS) and Ca2+-free HBSS showed the
best protection compared with NaCl and glucose, and sperm retained motility and membrane integrity for 24 h of
refrigerated storage. Sperm cryopreservation of zebrafish from a farm population (n = 20) and an AB research line
(n = 20) showed significant differences in post-thaw fertility (32% – 18% vs. 73% – 21%). No differences were
found in post-thaw motility, although the farm-raised zebrafish possessed a larger body size, testis weight, and
higher fresh motility. Correlation analysis of pooled data did not identify correlations among motility, flow
cytometry analysis of membrane integrity and recognizable cells, and post-thaw sperm fertility ( p ‡ 0.202). More
research is needed to standardize the fertilization conditions especially sperm-to-egg ratio to avoid possible
overabundance of sperm to obscure the differences.

Introduction

Cryopreservation is a useful and efficient technique
for preservation of valuable research strains. Generally,

the procedural pathways for cryopreservation activities in-
volve initial development of cryopreservation protocols, ap-
plication of the protocols, and large-scale application for
genetic resources and commercial industry.1 The initial path-
way for developing cryopreservation protocols includes the
following procedures: sperm collection, suspension of sperm
in extender without motility activation, addition of cryopro-
tectants, sample packaging, cooling to cryogenic tempera-
tures, and frozen sample storage.1,2 Due to the connection of
each step in this series of procedures, cell damage can occur
at any step, is cumulative, and can result in final failure.3

Therefore, it is necessary to develop effective, fast, and ac-
curate methods for sperm cell quality assessment.

Zebrafish Danio rerio is one of the most widely used
aquatic organisms for developmental, genetic, and biomedi-
cal research.4 Sperm cryopreservation has been studied in
zebrafish since the 1980s, and effective protocols have been
developed and applied for recovery of mutant lines, long-
term germplasm preservation, and artificial fertilization.5–12

In these published protocols, the extenders for dilution of
sperm samples included Ginsberg’s buffer,13 Hanks’ bal-
anced salt solution (HBSS),5,14 and balanced Tris buffer
(75 mM NaCl, 70 mM KCl, 2 mM CaCl2, 1 mM MgSO4, and
20 mM Tris) with or without addition of skim milk, fetal
bovine serum, glucose, or other sugars. The cryoprotectants
used include methanol, N,N-dimethyl acetamide (DMA), and
N,N-dimethyl formamide (DMF) at concentrations of 8%–
10%. Methodologies for cooling of samples have included
programmable freezing systems with precise cooling rates,
dry ice, and liquid nitrogen vapor.15 Although these
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published protocols have achieved some success for sperm
cryopreservation, improvement is still needed to reduce
variation, and increase post-thaw sperm viability and fertil-
ity. In addition, due to the relatively small zebrafish body size
(2–4 cm) and limited sperm availability (1–3 lL), there is a
need for improvement and optimization of protocols to in-
crease efficiency and post-thaw viability to make full use of
cryopreserved sperm.15

To develop cryopreservation protocols, the choice of an
extender solution is the first step. Extenders are usually buffers
that are mixed with the sperm sample to maintain the capacity
for sperm to become motile (i.e., prevent activation), protect the
sperm cells from possible toxic byproducts, provide necessary
nutrients, dilute the sample to a desired sperm concentration,
and act as a carrier medium for the cryoprotectants needed
during cryopreservation. Thus, formulation of ingredients, pH,
temperature, osmolality, dilution, and additives (e.g., sugars or
proteins) can all influence sperm viability.16,17 For different fish
species, sperm motility can be activated by changes in osmo-
lality or ion conditions, or other factors depending on the mode
of reproduction (i.e., viviparity, oviparity, or ovoviviparity) and
habitats (i.e., freshwater, brackish water, or marine). Once
motility is activated, sperm usually lose motility and fertility
after a few minutes (e.g., most external fertilization fishes) or
several days (e.g., viviparous fishes).5,15–19

For zebrafish, sperm are activated by hypotonic solutions
and motility can persist for only a few minutes.5,20 After
mixing with extenders, sperm cells undergo osmotic ex-
change with the extenders resulting in changes to the plasma
membrane (e.g., expansion or shrinkage). In addition, sperm
suspended in extender can be chilled to reduce sperm me-
tabolism and increase longevity for shipping or other appli-
cations, and thus refrigerated storage conditions can affect
sperm viability. During cryopreservation, sperm cells are
thought to face at least two major mechanisms of damage:
solution effects caused by high concentration of solutes under
suboptimal slow cooling, and intracellular ice formation,
which occurs at high cooling rates.21,22 Thus, cooling rate,
extender type, cryoprotectant, and their interactions are all
factors that exert an effect on plasma membrane integrity
during the cryopreservation process.

Flow cytometry is a widely applied technique for analysis
of cell suspensions including sperm samples, and it has been
used for assessment of sperm quality by analysis of plasma
membrane integrity, acrosome integrity, mitochondrial in-
tegrity, specific surface molecules (e.g., antigens), DNA
breakage,23 and apoptosis.24 During cryopreservation, plas-
ma membrane integrity is therefore a key factor to assess
overall sperm quality, and flow cytometry is the most accu-
rate and rapid method for assessing this parameter by using
methods such as the membrane-permeant nucleic acid stain
SYBR�-14 or the intercalating nucleic acid stain propidium
iodide (PI).25

The goal of this study was to evaluate sperm plasma
membrane integrity and motility for sperm quality assess-
ment along the entire pathway from sample collection
through refrigerated storage, freezing, thawing, and use in
zebrafish from farm-raised and research populations. The
objectives were to: (1) evaluate the effects of osmolality,
extender, and refrigerated storage on sperm plasma mem-
brane integrity and motility, and (2) compare cryopreserva-
tion of sperm from farm-raised and research populations by

evaluating motility and membrane integrity of fresh, post-
equilibration (before freezing), and post-thaw sperm, and
post-thaw fertility.

Materials and Methods

Zebrafish

Male zebrafish, of optimal breeding age (between *6 and
12 months old), were obtained from two sources: (1) the AB
reference strain (wild-type) from the Zebrafish International
Resource Center (ZIRC, Eugene, OR; zebrafish.org), and (2)
uncharacterized Danio zebrafish from Segrest Farm (Gib-
sonton, FL, www.segrestfarms.com). These adults were
maintained at a density of two fish/L at 26�C in a recircu-
lating water system for zebrafish (Aquatic Habitats, Apopka,
FL) at the Aquaculture Research Station of the Louisiana
State University Agricultural Center. Photoperiod was set at
14 h light: 10 h dark and fish were fed twice daily with
commercial pellets (Aquatic Eco-system, Apopka, FL) and
Artemia nauplii hatched from cysts (INVE Group, Gran-
tsville, UT). The filter system was back-flushed weekly.
Protocol approval was obtained from the Institutional Animal
Care and Use Committees of Louisiana State University and
University of Oregon.

Sperm collection

Sperm were collected by crushing of dissected testes. Fish
were placed on crushed ice for 1 min, and then blotted dry.
After measurement of standard body length (from the tip of
the snout to the base of the caudal fin) and body weight (mg),
testes were obtained by dissection under a dissection mi-
croscope (·10 magnification), and weighed after placement
into 1.5-mL microcentrifuge tubes. Sperm suspensions were
obtained by crushing testes in extender as specified in each
experiment at an initial ratio of 1:40 (mg: lL).

Sperm concentrations of pooled samples were determined
using a micro-spectrophotometer (NanoDrop�; Thermo
Fisher Scientific, Wilmington, DE). The absorbance of a
2-lL aliquot of sperm suspension was measured at a wave-
length of 400 nm in triplicate, and sperm concentration was
calculated from the average absorbance using an equation
previously determined in our laboratory.26 Cell concentration
was adjusted to 2 · 108 cells/mL by dilution with extenders
and samples were filtered through 30-lm nylon mesh to re-
move any remaining tissues.

Motility estimation

To estimate motility, 1 lL of sperm suspension was placed
on a glass slide, and 9 lL of deionized water (or different
volumes based on the experiment) were added to activate
sperm motility. Motility was observed at 200-· magnification
using a dark-phase microscope (Optiphot 2, Nikon, Inc.,
Garden City, NY), and expressed as the percentage of sperm
that moved actively in a forward direction in relation to the
total number of cells.

Fluorescent staining and flow cytometry

Sperm membrane integrity was assessed using the LIVE/
DEAD� SYBR-14/PI assay (Molecular Probes; Thermo Fisher
Scientific, Eugene, OR). Sperm (500 lL at a concentration of
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1·106 cells/mL) were stained with SYBR-14 at a final con-
centration of 100 nM and PI at a final concentration of 12 lM in
1.5-mL microcentrifuge tubes, and incubated for 10 min in the
dark at room temperature before flow cytometry analysis.
Samples were analyzed using an Accuri C6 Flow Cytometer�

(BD Biosciences, San Jose, CA) equipped with 488-nm and
640-nm lasers. Before analysis, verification of flow cytometer
performance was performed using fluorescent validation beads
(Spherotech beads; BD Biosciences) to ensure that coefficient
of variation values for the fluorescence detectors were <3.0%
(based on full peak height).

An analysis sample (10 lL) was collected at a medium flow
rate (35 lL per min). SYBR-14 was detected with a 530 –
15 nm band-pass filter and PI was detected with a >670 nm
long-pass filter. Sperm population gating to exclude debris was
based on forward scatter (FSC) versus side scatter (SSC) plots
(CFlow� software version 1.0.202.1; BD Biosciences). These
gated events were sperm cells that retained cell structure and
were stained with SYBR-14 or PI, and were defined as ‘‘Re-
cognizable Cells’’ in this study. Furthermore, the gated cells
were viewed on a scatter plot showing FL1 (SYBR-14) versus
FL3 (PI) with fluorescence compensation (spectral overlap of
SYBR-14 in FL3 was compensated by 0.1%, and spectral
overlap of PI in FL1 was compensated by 1.9%) calculated
using the CFlow software following the manufacturer’s in-
structions. Sperm stained with SYBR-14 were separated from
the cells stained with PI, and were named as ‘‘Membrane-
intact Cells.’’ In this study, the percentage of ‘‘recognized
cells’’ was calculated to reflect sperm cells that retained cell
structures (i.e., did not break into pieces) after each treatment.
Membrane integrity was calculated as the percentage of
membrane intact cells (stained with SYBR-14 only) out of the
recognized cells (stained with SYBR-14 or PI).

Cryopreservation of sperm samples

For sperm cryopreservation, samples were mixed with an
equal volume of 16% methanol in Ca2+-free HBSS yielding a
final concentration of 8% methanol and 1 · 108 cells/mL,
equilibrated for 10 min on ice after packaging in 0.25-mL
French straws, cooled at a rate of 10�C/min from 4 to -80�C
in a programmable freezer (Kryo 10 series II; Planer Pro-
ducts, Sunbury-on-Thames, UK), and plunged into liquid
nitrogen for storage in canisters in a dewar.5

Experiment I. Effect of osmolality, extender,
and refrigerated storage time on sperm motility
and membrane integrity

After dissection, testes pooled from five males were
minced together on ice in a Petri dish, and separated into four
groups evenly. Each part of the testes was suspended in one
of the four extenders—HBSS (0.137 M NaCl, 5.4 mM KCl,
1.3 mM CaCl2, 1.0 mM MgSO4, 0.25 mM Na2HPO4, 0.44 mM
KH2PO4, 4.2 mM NaHCO3, and 5.55 mM glucose, pH = 7.2),
Ca2+-free HBSS (i.e., HBSS without CaCl2), NaCl, and glu-
cose—at an osmolality of 300 mOsmol/kg in a 1.5-mL tube at
a concentration of 2 · 108 cells/mL. The final osmolality was
measured with a vapor pressure osmometer (Model 5520;
Wescor, Inc., Logan, UT), and pH was determined with a pH
meter (AB15; Thermo Fisher Scientific). For each extender,
sperm samples were separated into four aliquots and mixed with
equal volumes of deionized H2O, or extenders at 300, 600,

1200, and 2400 mOsmol/kg to yield final osmolalities of 150,
300, 600, and 1200 mOsmol/kg. Shortly after mixing with the
extenders (within 30 s and after 2, 24, 48, and 72 h of refriger-
ated storage at 4�C, sperm motility was observed by using a
microscope at a ·200 magnification. Sperm were activated by
dilution with deionized H2O at the following ratios: 1:1.5 for
150 mOsmol/kg; 1:4 for 300 mOsmol/kg; 1:9 for 600 mOsmol/
kg; and 1:19 for 1200 mOsmol/kg to ensure the final osmolality
was 50–80 mOsmol/kg to activate sperm motility.5 At the same
time, sperm samples in each buffer at each osmolality were
analyzed by flow cytometry. Three replicates were produced by
pooling testes from five males for each replicate.

Experiment II. Assessment of motility, membrane
integrity, and fertility of sperm samples by using
zebrafish from farm-raised and ZIRC reference strain

Males from the commercial farm (n = 20) and ZIRC
(n = 20) were used for sperm collection individually. Moti-
lity, membrane integrity, and frequency of recognizable cells
were measured for fresh and post-thaw sperm. Functionality
of the post-thaw sperm was tested by in vitro fertilization.

For fertilization, zebrafish eggs were collected at ZIRC by
stripping. The females were anesthetized in 0.01% MS-222,
rinsed in fish water (water from the fish tank), blotted dry on
a paper towel (excess water will cause swelling of the eggs
and prevent fertilization), and placed sideways in a sterilized
60 · 15 mm Petri dish. Eggs were released by gentle com-
pression along the belly with damp fingers, and returned to fish
tank water for recovery. Good quality eggs were used in this
study,9 and fresh control sperm from donor males was used to
evaluate egg quality during fertilization trials. Within 5 min
after collection, eggs from one or two females were pooled and
separated into two groups (>75 eggs for each group) for fer-
tilization with fresh control sperm collected by stripping from
several males in HBSS300 or thawed sperm.

Before fertilization, frozen sperm samples in 0.25-mL
French straws were thawed in a water bath at 40�C for 5 s, and
the straw ends were clipped to release the sperm suspension
onto the eggs in the Petri dish. Fish water with a volume of
seven times that of the sperm suspension was added to acti-
vate the gametes; the time was recorded as the fertilization
time. Five minutes after activation, embryo medium was
added to fill the dish half way. At 30 min, the fertilized eggs
were transferred to larger Petri dishes in fresh 0.5· E2 em-
bryo medium (7.5 mM NaCl, 0.25 mM KCl, 0.5 mM MgSO4,
75 lM KH2PO4, 25 lM Na2HPO4, 0.5 mM CaCl2, and
0.35 mM NaHCO3, 0.5 mg/L methylene blue, pH 7.2–7.6;
www.zebrafish.org/documents/protocols/pdf/Fish_Nursery/
E2_solution.pdf) and placed in a 28�C incubator. The fertil-
ization rate was determined as the percentage of developing
(blastula stage) embryos divided by the total number of eggs,
and the reported data were normalized by considering the
fertilization in control group as 100%. Observations were
made at late blastula period (high stage) at 3–4 h after fer-
tilization, and at approximately prim-5 (early pharyngula)
stage27 around 24 h after fertilization.

Data analysis

Sperm concentration data were normalized by logarithmic
transformation, and percentage data were normalized by
arcsine-square-root transformation before statistical analysis
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using SYSTAT 13 (Ver. 13.00.05; SYSTAT Software, Inc.,
Chicago, IL). Results were considered significantly different at
p < 0.050. Data were presented as mean – standard deviation.

Results

The effects of osmolality, extender, and refrigerated
storage time on sperm motility

Motility estimation showed that extender, osmolality, re-
frigerated storage time ( p < 0.001), and their interactions
( p < 0.001), all produced significant effects on sperm motility
(Table 1). With the exception of HBSS and Ca2+-free HBSS
at osmolalities of 300 and 600 mOsmol/kg ( p ‡ 0.218), sperm
motility decreased significantly after 2 h of storage ( p £ 0.046).
At 24 h, sperm motility in all of the tested extenders had
declined significantly ( p £ 0.046), and reached 0% except
sperm stored in 300 mOsmol/kg HBSS, Ca2+-free HBSS,
and NaCl, whose motility continued to decline at 48 h and
reached 0% at 72 h (Table 1).

Sperm suspended at 150 mOsmol/kg were activated in all
four buffer types (motility: HBSS, 57% – 8%; Ca2+-free
HBSS, 57% – 8%; Glucose, 27% – 18%; NaCl, 53% – 3%),
while osmolalities of 300, 600, and 1200 mOsmol/kg in all
four extenders did not activate sperm motility. Sperm sus-
pended in hypertonic 1200 mOsmol/kg showed significant
decline in motility compared with other osmolalities ( p £
0.008), and was 0% at 2 h (Table 1). Sperm suspensions at
1200 mOsmol/kg became a sticky mucous-like solution and
only few sperm were observed. Although motility of sperm
suspended at 600 mOsmol/kg did not show differences with
that at 300 mOsmol/kg until 2 h ( p ‡ 0.263), sperm motility
was 0% at 24 h for all of the four extenders, and gradually
sperm suspensions at 600 mOsmol/kg also became mucous-
like (Table 1). Sperm cells at osmolalities of 600 and
1200 mOsmol/kg were also observed to break into pieces
after adding deionized H2O for motility activation while
viewing with a microscope (200· magnification). Of the four
osmolalities, isotonic 300 mOsmol/kg retained the motility
longest, especially in HBSS and Ca2+-free HBSS (to 48 h).

Of the four extenders tested, glucose (without ions) per-
formed the worst in maintaining sperm motility. Motility of
sperm diluted in 300 mOsmol/kg glucose was significantly
lower than other extenders assessed within 30 s after mixing
( p £ 0.032). NaCl (with ions but no buffering system) did
not cause differences in sperm motility at 300 mOsmol/kg
( p ‡ 0.159) compared to that in HBSS and Ca2+-free HBSS
assessed within 30 s and at 2 h, but it did show a decline in
motility after 24 h ( p £ 0.004). Motility of sperm was retained
longest in HBSS and Ca2+-free HBSS, and no differences in
sperm motility were found between these two solutions at
each osmolality and storage time ( p ‡ 0.997).

Effect of osmolality, extender, and refrigerated storage
time on plasma membrane integrity

Overall, osmolality, extender, and refrigerated storage time
significantly affected the percentage of recognizable cells
( p £ 0.021) and membrane integrity ( p £ 0.001; Table 2).

Sperm at isotonic osmolality of 300 mOsmol/kg showed
the highest percentage of recognizable cells and membrane
integrity for all four extenders. Compared to the samples in
300 mOsmol/kg, sperm samples at 600 mOsmol/kg did not
show differences in the percentage of recognizable cells for
storage time during 24 h ( p ‡ 0.051) and in membrane in-
tegrity for all storage times tested ( p ‡ 0.053). Sperm at
1200 mOsmol/kg showed a significant decrease in the per-
centage of recognizable cells ( p £ 0.001) and membrane in-
tegrity ( p £ 0.020) for all extenders after 30 min of storage.
Sperm in 150 mOsmol/kg also showed a significant decrease
in the percentage of recognizable cells ( p £ 0.014) and in
membrane integrity ( p £ 0.001) for all four extenders after
30 min of storage.

The percentage of recognizable cells for sperm samples in
the four extenders at all osmolalities did not change during
24 h of storage ( p ‡ 0.051). For membrane integrity, cells in
HBSS, Ca2+-free HBSS, and NaCl did not change for all
osmolalities within 24 h ( p ‡ 0.052), but cells in glucose
showed a significant decrease after 30 min of storage at
1200 mOsmol/kg osmolality ( p £ 0.001), after 2 h of storage

Table 1. Motility of Fresh Sperm (Percentage) of Zebrafish Danio rerio Suspended in Different Buffers

at Different Osmolalities During Refrigerated Storage

Extender Osmolality (mOsmol/kg) Within 30 s 2 h 24 h 48 h 72 h

HBSS 150 70 – 5 3 – 2 0 – 0 0 – 0 0 – 0
300 68 – 6 64 – 1 37 – 5 9 – 4 0 – 0
600 65 – 10 50 – 21 0 – 0 0 – 0 0 – 0

1200 29 – 19 0 – 0 0 – 0 0 – 0 0 – 0

Ca2+-free HBSS 150 68 – 6 8 – 5 0 – 0 0 – 0 0 – 0
300 68 – 6 68 – 6 37 – 2 10 – 5 0 – 0
600 65 – 10 61 – 15 0 – 0 0 – 0 0 – 0

1200 24 – 11 0 – 0 0 – 0 0 – 0 0 – 0

Glucose 150 34 – 19 1 – 2 0 – 0 0 – 0 0 – 0
300 42 – 15 14 – 11 0 – 0 0 – 0 0 – 0
600 38 – 18 4 – 3 0 – 0 0 – 0 0 – 0

1200 26 – 16 0 – 0 0 – 0 0 – 0 0 – 0

NaCl 150 68 – 6 2 – 1 0 – 0 0 – 0 0 – 0
300 68 – 6 43 – 11 7 – 7 0 – 0 0 – 0
600 58 – 15 30 – 7 0 – 0 0 – 0 0 – 0

1200 23 – 14 0 – 0 0 – 0 0 – 0 0 – 0

HBSS, Hanks’ balanced salt solution.
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at 600 mOsmol/kg ( p £ 0.020), and after 24 h storage at
300 mOsmol/kg ( p £ 0.043).

Cryopreservation of sperm from farm-raised
and reference strain populations

Male fish from the commercial farmed population were
significantly larger and heavier than those from the ZIRC
research stock (see p values in Table 3), and consequently the
testis weight was also heavier ( p < 0.001). For motility esti-
mation, although a difference was found in fresh sperm be-
tween the two populations, no significant difference existed
in post-thaw motility ( p = 0.489). The percentage of recog-
nizable cells of fresh sperm in the farm-raised population was
higher than that in the research stock ( p < 0.001), but in post-
thaw samples the opposite results were found ( p £ 0.017).
Membrane integrity did not show differences between these
two populations for fresh sperm ( p = 0.188) or post-thaw
sperm ( p = 0.060) but did show a difference after equilibra-
tion with cryoprotectant before freezing ( p < 0.001; Table 3).
Fertility of the post-thaw sperm from research stock at 4 h
(62% – 14%) and 24 h (73% – 21%) was significantly higher
than that in the farmed population at 4 h (27% – 15%) and at
24 h (32% – 18%) ( p < 0.001). The increase of post-thaw
survival at 24 h over fertilization at 4 h was from the data
normalization, which considered the fertilization in control
group as 100%.

Correlation analysis for the farmed 20 males showed that
body length, weight, and testis weight were significantly
correlated with each other ( p £ 0.033), also correlations were
found between post-thaw motility and membrane integrity
( p < 0.001), and between fertilization at 4 h and survival at
24 h ( p < 0.001). Other measurements did not show correla-
tion to each other ( p ‡ 0.068). For the 20 males in the refer-
ence AB strain, correlations were found between body length
and body weight ( p = 0.001), membrane integrity of fresh
sperm and that after equilibration ( p < 0.001), recognizable
cell and membrane integrity of post-thawing ( p < 0.001), and
fertilization at 4 h and survival at 24 h ( p < 0.001); however,
no correlations were found among other measurements
( p ‡ 0.087).

By pooling all of the measurement for the 40 males from
both populations together, correlation analysis showed that
body length, body weight, and testis weight obtained from
these fish were always significantly correlated with each
other ( p £ 0.000), and that these three biological measures
were also correlated with fresh sperm motility ( p £ 0.025).
However, fresh sperm motility and post-thaw motility were
not correlated with each other ( p = 1.000), and they did not
correlate with the membrane integrity measured in fresh
sperm, postequilibrium sperm, or post-thaw sperm, or in
fertility tested at 4 h and survival at 24 h after fertilization
( p ‡ 0.876). In addition, the fertility of post-thaw sperm did
not show correlations with the percentage of recognizable
cells or membrane integrity ( p ‡ 0.202).

Discussion

This study investigated the utility of flow cytometry to
measure plasma membrane integrity and percentage of rec-
ognizable cells and sperm motility for sperm quality assess-
ment across the steps of the cryopreservation procedure,
including refrigerated storage of sperm in different extenders

T
a

b
l
e

2
.

F
l
o

w
C

y
t
o

m
e
t
r
y

A
n

a
l
y

s
i
s

o
f

t
h

e
P

e
r
c
e
n

t
a

g
e

o
f

R
e
c
o

g
n

i
z

a
b
l
e

C
e
l
l
s

a
n

d
P

e
r
c
e
n

t
a

g
e

o
f

M
e
m

b
r
a

n
e
-
I
n

t
a

c
t

C
e
l
l
s

i
n

F
o

u
r

E
x

t
e
n

d
e
r

S
o

l
u

t
i
o

n
s

a
t

D
i
f
f
e
r
e
n

t
O

s
m

o
l
a

l
i
t
i
e
s

D
u

r
i
n

g
R

e
f
r
i
g

e
r
a

t
e
d

S
t
o

r
a

g
e

f
o

r
F

r
e
s
h

S
p
e
r
m

i
n

Z
e
b
r
a

fi
s
h

D
.

r
e
r
i
o

3
0

m
in

2
h

2
4

h
4
8

h
7
2

h

E
xt

en
d
er

so
lu

ti
o
n

O
sm

o
la

li
ty

(m
O

sm
o
l/

kg
)

R
ec

o
g
n
iz

a
b
le

ce
ll

s
M

em
b
ra

n
e

in
te

g
ri

ty
R

ec
o
g
n
iz

a
b
le

ce
ll

s
M

em
b
ra

n
e

in
te

g
ri

ty
R

ec
o
g
n
iz

a
b
le

ce
ll

s
M

em
b
ra

n
e

in
te

g
ri

ty
R

ec
o
g
n
iz

a
b
le

ce
ll

s
M

em
b
ra

n
e

in
te

g
ri

ty
R

ec
o
g
n
iz

a
b
le

ce
ll

s
M

em
b
ra

n
e

in
te

g
ri

ty

H
B

S
S

1
5
0

6
3

–
1
0

6
8

–
2

6
8

–
2
5

8
2

–
4

2
4

–
1
1

7
1

–
9

1
3

–
1

4
3

–
1
9

5
–

2
1
8

–
1
1

3
0
0

1
0
0

–
0

9
1

–
2

9
0

–
9

9
0

–
1

8
2

–
5

8
5

–
3

7
6

–
6

7
5

–
4

5
3

–
1
5

6
6

–
5

6
0
0

9
0

–
7

9
3

–
1

9
0

–
1
0

9
1

–
2

5
9

–
2
9

8
8

–
2

3
5

–
1
6

8
2

–
7

2
1

–
1
4

7
5

–
7

1
2
0
0

3
6

–
7

9
7

–
1

3
1

–
8

9
8

–
0

1
2

–
1
5

9
8

–
0

7
–

4
9
7

–
1

2
–

3
9
6

–
5

C
a2

+ -f
re

e
H

B
S

S
1
5
0

3
7

–
1
3

7
3

–
6

3
2

–
1
8

9
3

–
3

2
1

–
1
4

8
7

–
1
1

2
–

2
4
8

–
1
9

0
–

0
2
7

–
2
3

3
0
0

1
0
0

–
0

9
1

–
2

8
7

–
5

9
2

–
1

6
5

–
1
9

8
7

–
2

3
7

–
1
8

5
1

–
1
4

3
2

–
3
1

1
8

–
7

6
0
0

9
0

–
8

9
3

–
0

8
1

–
2
0

9
2

–
1

3
7

–
2
5

5
4

–
3
1

2
2

–
1
6

2
5

–
3
2

1
6

–
1
2

1
7

–
2
7

1
2
0
0

3
8

–
1
2

9
7

–
1

1
1

–
4

9
8

–
0

1
–

1
6
9

–
2
9

0
–

0
4
7

–
1
7

0
–

0
1
7

–
2
1

G
lu

co
se

1
5
0

5
7

–
3
6

6
9

–
5

4
9

–
4
9

8
7

–
1

1
6

–
1
4

3
5

–
1
8

1
–

1
1
0

–
1
2

1
–

0
9

–
6

3
0
0

1
0
0

–
0

9
3

–
2

9
3

–
1
0

9
0

–
5

3
8

–
1
8

2
8

–
3
5

1
3

–
4

9
–

1
4

9
–

1
2

2
–

2
6
0
0

7
3

–
7

7
5

–
1
7

6
8

–
1
7

5
7

–
2
5

1
1

–
9

6
–

8
1
3

–
1
1

4
–

3
4

–
4

4
–

3
1
2
0
0

5
3

–
1
3

4
9

–
2
1

5
8

–
3
1

3
2

–
1
0

1
0

–
5

3
–

3
2

–
2

7
–

2
2

–
1

1
2

–
1

N
aC

l
1
5
0

5
3

–
1
0

5
8

–
1
1

2
6

–
2

8
6

–
3

1
2

–
8

6
7

–
2
5

3
–

3
4
0

–
3
1

1
–

1
4
7

–
4
8

3
0
0

1
0
0

–
0

8
8

–
2

9
7

–
5

8
9

–
2

7
0

–
6

7
7

–
6

6
3

–
1
7

7
0

–
8

5
5

–
1
0

6
7

–
8

6
0
0

8
7

–
1
7

9
2

–
0

9
3

–
7

9
2

–
0

4
2

–
1
9

8
7

–
2

3
6

–
1
7

8
2

–
5

2
8

–
1
5

7
8

–
4

1
2
0
0

3
6

–
1
0

9
7

–
1

2
0

–
1
7

9
8

–
1

9
–

5
9
9

–
0

6
–

4
9
8

–
1

4
–

4
7
7

–
3
4

148 YANG ET AL.



and different osmolalities, post-equilibration, and post-
thawing in farmed and research populations of zebrafish. The
results indicated that flow cytometry analyses reflected the
effects of osmolality, extender, and storage time on sperm
viability during refrigerated storage. Although differences in
flow cytometry analyses, motility, and fertility were useful to
evaluate the sperm viability between the farmed and research
populations, flow cytometry analyses and motility did not
show consistent correlation with the post-thaw sperm fertility
under the fertilization conditions used.

Osmolality, extender, and storage time
on fresh sperm motility

Identification of suitable extenders is essential for sperm
dilution, storage, and cryopreservation. The function of an
extender solution is to maintain the capacity for sperm mo-
tility by preventing activation of sperm motility. For most
fishes, sperm are quiescent in the testes, and become motile
after release into the environment.15 Motility initiation and
swimming duration are usually related to the reproductive
modes and habitats, and thus osmolality, ionic concentra-
tions, temperature, and pH can be factors that control or in-
fluence sperm motility initiation.16,17

For freshwater and marine species, motility initiation is
controlled by osmolality (hypotonic for freshwater species
such as zebrafish5,20 and hypertonic for marine species28) and
sperm can remain motile after activation for a few minutes.
For euryhaline fishes, such as medaka,29 Fundulus,30 and
tilapia,31 osmolality and ions (e.g., calcium) are factors that
can initiate sperm motility, and sperm can remain motile for
minutes or hours. For diadromous fish, motility activation can
rely on the concentration of ions such as potassium, for ex-
ample in anadromous salmonid fishes,32 and in species such
as herring (Clupea pallasii) motility is activated by a protein
that controls calcium influx and sodium efflux.33 For vivip-
arous fish, sperm motility can be initiated at isotonic os-
molalities such as for Xiphophorus fishes,18 or by a
combination of osmolality and calcium ions, such as for
Xenotoca eiseni from the Goodeidae family (our unpublished
data). Because the natural habitat of zebrafish ranges between

diluted (by rainwater; in the range of 11–22 lS/cm conduc-
tivity) and regular freshwater bodies such as rice paddies,
ponds, small and slow-moving rivulets and streams to
brackish water,34,35 all these factors are crucial consider-
ations when choosing extenders for zebrafish sperm storage
and cryopreservation.

To date, extenders reported for sperm storage and cryo-
preservation have included many different buffers sometimes
with additives including milk, egg yolk, proteins, and sug-
ars,1,36 and no standards exist. In this study, we intended to
assess membrane integrity as an assay for sperm viability
during refrigerated storage. Therefore, we chose glucose
(without ions), NaCl (providing ions but no buffer system),
HBSS (a buffer system), and Ca2+-free HBSS (a buffer sys-
tem with ions excluding calcium). The results of motility
evaluation indicated that an ionic buffer system (HBSS,
Ca2+-free HBSS) protected sperm cells better than did glu-
cose or NaCl alone, and that calcium did not make a signif-
icant difference. Osmolality played an important role in
refrigerated storage, and sperm stored in isotonic extenders
(300 mOsmol/kg) had the highest motility and longest stor-
age time (as long as 48 h).

Analysis of membrane integrity and recognizable cells by
flow cytometry also reflected the sperm viability at different
conditions during storage. Due to the selective permeability of
the sperm plasma membrane,37 extenders with different os-
molalities (solute concentrations) and buffer types (ions and
molecular weights) can interact with the intracellular isotonic
cytoplasm (usually *290 mOsmol/kg), and influence sperm
viability during refrigerated storage and cryopreservation.36 In
this study, significant losses of recognizable cells and mem-
brane integrity were identified in sperm samples suspended in
600 and 1200 mOsmol/kg. In addition, a mucus-like consis-
tency was observed due to the possible damage of sperm cells
by hypertonic solutions. A significant decrease in membrane
integrity of sperm cells was observed when stored in glucose
compared to storage in HBSS, Ca2+-free HBSS, and NaCl,
although no differences in the percentage of recognizable cells
were found within a 2-h storage time.

Overall, osmolality, ionic composition (and additives), and
storage time are all important factors to consider when

Table 3. Sperm Cryopreservation for Zebrafish D. rerio from a Farm-Raised

Population (n = 20) and the AB Reference Line (n = 20)

Source Value

Biological
factors Motility (%)

Post-thaw
fertility (%)

Recognizable
cells (%)

Membrane
integrity (%)

Length
(mm)

Weight
(g)

Testis
(mg) Fresh

Post
thaw At 4 h At 24 h

Post
equilibration

Post
thaw Fresh

Post
equilibration

Post
thaw

Farm-
raised
N = 20

Minimum 26.66 0.363 2.7 60 7 4 4 87 30 84 77 35
Maximum 32.58 0.571 9.7 80 50 58 65 100 100 95 91 66
Mean 30.06 0.511 7.2 68 25 27 32 95 82 92 86 48
SD 1.40 0.057 1.8 8 16 15 18 5 16 3 4 8

Research
AB Line
N = 20

Minimum 22.18 0.212 2.2 70 10 36 36 83 45 80 88 38
Maximum 28.19 0.418 6.2 85 55 83 100 95 88 94 94 53
Mean 25.02 0.312 3.6 80 28 62 73 89 74 91 92 45
SD 1.25 0.053 1.0 6 15 14 21 3 9 4 1 4

p 0.000 0.000 0.000 0.000 0.489 0.000 0.000 0.000 0.017 0.188 0.000 0.060

Body length, body weight, testis weight, fresh motility, post-thaw motility, percentage of recognizable cells, and membrane integrity by
flow cytometry analysis in fresh, post-equilibration and post-thaw sperm, and post-thaw fertility checked at 4 h and survival at 24 h after
in vitro fertilization.

SD, standard deviation.
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choosing extenders. Assessment of sperm motility, membrane
integrity, and recognizable cells by using flow cytometry can
be used to evaluate sperm viability at different storage con-
ditions.

Correlation of motility, membrane integrity,
recognizable cells, and post-thaw fertility

To test whether motility, membrane integrity, and per-
centage of recognizable cells were correlated with post-thaw
sperm viability and fertility, zebrafish from farm and research
populations were cryopreserved and compared. Although
differences were found between the two tested populations
in body sizes, testis weight, fresh sperm motility, post-thaw
sperm motility, percentages of recognizable cells, and mem-
brane integrity at the postequilibration and post-thaw stages,
the only correlations identified among the measured indexes
were among body size, testis weight, and fresh sperm motility.
Furthermore, measurements of sperm membrane integrity in
these two populations were not correlated with post-thaw
fertility. For example, the farm-raised population had larger
body sizes and testes, and higher fresh motility, but had no
differences in post-thaw motility, and had lower post-thaw
fertility than fish from the reference population.

The insensitivity of sperm quality assessment by using
flow cytometry or motility in predicting post-thaw fertility in
this study could be due to differences in the response to
cryopreservation by the zebrafish from these two populations,
or be due to the conditions used for fertilization. The sig-
nificant difference in postequilibration membrane integrity
between the farm-raised and research populations suggests
that there was a difference in the response to cryoprotectants
between the two populations, but this difference was not re-
flected in the post-thaw membrane integrity or fertilization
data. The AB-strain has been propagated for approximately
four decades with natural crosses through in vitro fertiliza-
tion. Several times during its history in captivity, genetic di-
versity improved by using cryopreserved stocks from
previous generations.13,38 In contrast, farm-raised fish have
never experienced such selection events in the farm envi-
ronment. Similarly, mouse,39 turkey,40 and rooster,41 animals
from different lines showed inconsistent and even completely
different post-thaw sperm viabilities although the same
cryopreservation protocols were used. In this study, data
analysis was based on 40 total males from the two popula-
tions, and we cannot exclude the possibility that more indi-
viduals and a tighter control of fish age between the two
populations are needed for further analysis.

In addition, more research is needed to standardize and
optimize fertilization conditions. An example would be in-
clusion of volumetric control of sperm during fertilization for
control of sperm-to-egg ratios. At present, possible over-
abundance of sperm relative to eggs numbers (>75 eggs in
these experiments) could obscure the differences in mem-
brane integrity and motility of the post-thaw sperm.

For almost all cryopreservation programs, fertilization has
been considered the main criterion for evaluation of cryopres-
ervation success. However, for most animal species, in vitro
fertilization is time and resource consuming, and requires fe-
males for egg collection. Overall, the procedure of cryopres-
ervation involves a series of interconnected steps. Development
of effective, fast, and accurate sperm quality assays is highly

important and needed for each step of the pathway for the
cryopreservation process. This research is an early trial for this
research topic, and more investigation is needed.

Acknowledgments

This work was supported in part by funding from the Na-
tional Institutes of Health (R24RR023998). This article was
approved for publication by the director of the Louisiana
Agricultural Experiment Station as manuscript number 2016-
241-25902.

Disclosure Statement

No competing financial interests exist.

References

1. Tiersch TR: Process pathways for cryopreservation re-
search, application and commercialization. In: Cryopre-
servation in Aquatic Species. Tiersch TR and Green CC
(eds), pp. 646–671, 2nd ed. World Aquaculture Society,
Baton Rouge, LA, 2011.

2. Baust JG, Gao D, Baust JM. Cryopreservation: an emerging
paradigm change. Organogenesis 2009;5:90–96.

3. Leibo SP: Sources of variation in cryopreservation. In: Cryo-
preservation in Aquatic Species. Tiersch TR and Mazik PM
(eds), pp. 75–83. World Aquaculture Society, Baton Rouge,
2000.

4. Lieschke GJ, Currie PD. Animal models of human disease:
zebrafish swim into view. Nat Rev Genet 2007;8:353–367.

5. Yang H, Carmichael C, Varga ZM, Tiersch TR. Develop-
ment of a simplified and standardized protocol with po-
tential for high-throughput for sperm cryopreservation in
zebrafish Danio rerio. Theriogenology 2007;68:128–136.

6. Morris JP, Berghmans S, Zahrieh D, Neuberg DS, Kanki
JP, Look AT. Zebrafish sperm cryopreservation with N,N-
dimethylacetamide. Biotechniques 2003;35:956–968.

7. Harvey B, Norman KR, Ashwood-Smith MJ. Cryopre-
servation of zebrafish spermatozoa using methanol. Can J
Zool 1982;60:1867–1870.

8. Draper BW, McCallum CM, Scout JL, Slade AJ, Moens
CB: A high-throughput method for identifying N -Ethyl- N
-Nitrosourea (ENU)-induced point mutations in zebrafish.
In: The Zebrafish Genomics, and Informatics, Volume 77
of Methods in Cell Biology. Detrich III HW, Westerfield
M, and Zon LI (eds), pp. 91–112. Elsevier Press, San
Diego, 2004.

9. Carmichael C, Westerfield M, Varga ZM. Cryopreservation
and in vitro fertilization at the zebrafish international re-
source center. Methods Mol Biol 2009;546:45–65.

10. Matthews J, Carmichael C, Yang H, Guitreau A, Torres L,
Murphy J, et al.: Optimized cryopreservation and thawing
methods for community and resource center use. The 9th
European Zebrafish Meeting, Oslo, Norway, 2015.

11. Zheng N, Zhang B. A brief protocol for sperm cryopreserva-
tion and revival in zebrafish. Yi Chuan 2012;34:1211–1216.

12. Berghmans S, Morris JP, Kanki JP, Look AT. Zebrafish sperm
cryopreservation. Zebrafish: 2nd Edition Genetics Genomics
and Informatics. Methods Cell Biol 2004;77:645–659.

13. Westerfield M: The Zebrafish Book. A Guide for the La-
boratory Use of Zebrafish Danio rerio. University of Ore-
gon Press, Eugene, Oregon, 2007.

14. Hanks JH. Hanks’ balanced salt solution and pH control.
Methods Cell Sci 1975;1:3–4.

150 YANG ET AL.



15. Yang H, Tiersch TR. Current status of sperm cryopreser-
vation in biomedical research fish models: zebrafish, me-
daka, and Xiphophorus. Comp Biochem Physiol C Toxicol
Pharmacol 2009;149:224–232.

16. Alavi SMH, Cosson J. Sperm motility in fishes. I. Effects of
temperature and pH: a review. Cell Biol Int 2005;29:101–
110.

17. Alavi SMH, Cosson J. Sperm motility in fishes. II. Effects of
ions and osmolality: a review. Cell Biol Int 2006;30:1–14.

18. Yang H, Hazelwood L, Walter RB, Tiersch TR. Effect of os-
motic immobilization on refrigerated storage and cryopreser-
vation of sperm from a viviparous fish, the green swordtail
Xiphophorus helleri. Cryobiology 2006;52:209–218.

19. Yang H, Norris M, Winn R, Tiersch TR. Evaluation of
cryoprotectant and cooling rate for sperm cryopreservation
in the euryhaline fish medaka Oryzias latipes. Cryobiology
2010;61:211–219.

20. Wilson-Leedy JG, Kanuga MK, Ingermann RL. Influence of
osmolality and ions on the activation and characteristics of
zebrafish sperm motility. Theriogenology 2009;71:1054–1062.

21. Mazur P, Leibo SP, Chu EHY. A2-factor hypothesis of
freezing injury—evidence from Chinese hamster tissue
culture cells. Exp Cell Res 1972;71:345–355.

22. Mazur P. Role of intracelluar freezing in death of cells cooled
at supraoptimal rates. Cryobiology 1977;14:251–272.

23. Gillan L, Evans G, Maxwell WMC. Flow cytometric
evaluation of sperm parameters in relation to fertility po-
tential. Theriogenology 2005;63:445–457.

24. Anzar M, He L, Buhr MM, Kroetsch TG, Pauls KP. Sperm
apoptosis in fresh and cryopreserved bull semen detected
by flow cytometry and its relationship with fertility. Biol
Reprod 2002;66:354–360.

25. Garner DL, Johnson LA. Viability assessment of mam-
malian sperm using SYBR-14 and propidium iodide. Biol
Reprod 1995;53:276–284.

26. Tan E, Yang H, Tiersch TR. Determination of sperm con-
centration for small-bodied biomedical model fishes by use
of microspectrophotometry. Zebrafish 2010;7:233–240.

27. Kimmel CB, Ballard WW, Kimmel SR, Ullmann B,
Schilling TF. Stages of embryonic-development of the
zebrafish. Dev Dyn 1995;203:253–310.

28. Cosson J, Groison AL, Suquet M, Fauvel C, Dreanno C,
Billard R. Studying sperm motility in marine fish: an
overview on the state of the art. J Appl Ichthyol 2008;24:
460–486.

29. Yang H, Tiersch TR. Sperm motility initiation and duration
in a euryhaline fish, medaka Oryzias latipes. Theriogenol-
ogy 2009;72:386–392.

30. Tiersch TR, Yang HP. Environmental salinity-induced
shifts in sperm motility activation in Fundulus grandis.
Aquaculture 2012;324:145–150.

31. Morita M, Takemura A, Okuno M. Requirement of Ca2+ on
activation of sperm motility in euryhaline tilapia Or-
eochromis mossambicus. J Exp Biol 2003;206:913–921.

32. Morisawa M, Suzuki K. Osmolality and potassium ion—
their roles in initiation of sperm motility in teleosts. Science
1980;210:1145–1147.

33. Vines CA, Yoshida K, Griffin FJ, Pillai MC, Morisawa M,
Yanagimachi R, et al. Motility initiation in herring sperm is
regulated by reverse sodium-calcium exchange. Proc Natl
Acad Sci U S A 2002;99:2026–2031.

34. Varga ZM: Aquaculture and husbandry at the zebrafish
international resource center. Methods Cell Biol 2011;104:
453–478.

35. Engeszer RE, Patterson LB, Rao AA, Parichy DM. Zeb-
rafish in the wild: a review of natural history and new notes
from the field. Zebrafish 2007;4:21–40.

36. Fuller B, Lane N, Benson E: Life in the Frozen State. CRC
Press, New York, 2004.

37. Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter
P: Molecular Biology of the Cell. 6th ed. Garland Science,
New York, NY, 2014.

38. Trevarrow B, Robison B. Genetic backgrounds, standard
lines, and husbandry of zebrafish. Methods Cell Biol
2004;77:599–616.

39. Ostermeier GC, Wiles MV, Farley JS, Taft RA. Conserving,
distributing and managing genetically modified mouse lines
by sperm cryopreservation. PLoS One 2008;3:e2792.

40. Long JA, Purdy PH, Zuidberg K, Hiemstra SJ, Velleman SG,
Woelders H. Cryopreservation of turkey semen: effect of
breeding line and freezing method on post-thaw sperm quality,
fertilization, and hatching. Cryobiology 2014;68:371–378.

41. Long JA, Bongalhardo DC, Pelaez J, Saxena S, Settar P,
O’Sullivan NP, et al. Rooster semen cryopreservation: ef-
fect of pedigree line and male age on postthaw sperm
function. Poultry Sci 2010;89:966–973.

Address correspondence to:
Huiping Yang, PhD

School of Forest Resources and Conservation
Institute of Food and Agricultural Sciences

University of Florida
7922 NW 71st Street

Gainesville, FL 32653

E-mail: huipingyang@ufl.edu

ZEBRAFISH SPERM VIABILITY AND CRYOPRESERVATION 151


