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Abstract

Recently, there has been increased interest in ultra-rapid freezing with mammalian spermatozoa,
especially for vitrification in the absence of cryoprotectants. Sperm cryopreservation in non-
human primates has been successful, but the use of frozen—thawed sperm in standard artificial
insemination (Al) remains difficult, and removal of permeable cryoprotectant may offer
opportunities for increased Al success. The present study intended to explore the possibility of
freezing rhesus monkey sperm in the absence of permeable cryoprotectants. Specifically, we
evaluated various factors such as presence or absence of egg yolk, the percentage of egg yolk in
the extenders, and the effect of cooling and thawing rate on the success of freezing without
permeable cryoprotectants. Findings revealed that freezing with TEST in the absence of egg yolk
offers little protection (<15% post-thaw motility). Egg yolk of 40% or more in TEST resulted in
decreased motility, while egg yolk in the range of 20-30% yielded the most motile sperm. Cooling
at a slow rate (29 °C/min) reduced post-thaw motility significantly for samples frozen with TEST-
yolk alone, but had no effect for controls in the presence of glycerol. Similarly, slow thawing in
room temperature air is detrimental for freezing without permeable cryoprotectant (<2% motility).
In addition to motility, the ability of sperm to capacitate based on an increase in intracellular
calcium levels upon activation with cAMP and caffeine suggested no difference between fresh and
frozen—thawed motile sperm, regardless of treatment. In summary, the present study demonstrates
that ejaculated and epididymal sperm from rhesus monkeys can be cryopreserved with TEST-yolk
(20%) in the absence of permeable cryoprotectant when samples were loaded in a standard 0.25-
mL straw, cooled rapidly in liquid nitrogen vapor at 220 °C/min, and thawed rapidly in a 37 °C
water bath. This study also represents the first success of freezing without permeable
cryoprotectant in non-human primates.
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Introduction

The discovery of glycerol as a cryoprotectant by Polge et al. [42] has led to its widespread
use in sperm cryopreservation of species ranging from fish to mammals [5,35,45]. With the
addition of glycerol, sperm were usually frozen at a slow rate in a magnitude of tens of
degrees per min (e.g., 20-40 °C/min). Ultra-rapid freezing such as vitrification has been
considered inappropriate in sperm freezing due to the high concentrations of cryoprotectant
needed [21]. In addition, possibly because of the commercial availability of controlled rate
freezers, which in general have a maximum cooling rate of 50 °C/min, slow cooling has
been the focus of the majority of sperm freezing studies. Along with its popularity as the
main cryoprotectant for mammalian spermatozoa, glycerol has also been found to adversely
affect fertility in chickens, turkeys, boars, bulls, and stallions [2,30,41]. In humans, glycerol
in combination with a TES, Tris, and egg yolk based medium has long been used routinely
for clinical practices [45]. However, a series of recent studies has begun to explore freezing
human sperm without cryoprotectants through the method of vitrification, and success has
been reported [19,22-24,40].

In non-human primates, sperm cryopreservation has been studied most extensively in
cynomolgus and rhesus macaques [34]. Despite that, propagation using frozen—thawed
sperm in standard artificial insemination (Al) has not been successful, and live births were
only reported through either intrauterine insemination [46,49] or intracytoplasmic sperm
injection (ICSI) [54]. The unique tortuous cervical canal of the rhesus macaque has been
suspected to be the greatest barrier for the successful application of standard Al [10].
However, it is possible that glycerol may also have a negative effect on the fertility of sperm
cells. This study explored the possibility of freezing without glycerol by the use of a rapid
freezing method. Excluding permeable cryoprotectants may also be beneficial for in vitro
fertilization (IVF) or ICSI with frozen—thawed sperm.

In the present study, freezing in the absence of permeable cryoprotectants was evaluated for
the first time for ejaculated and epididymal sperm of rhesus macaques. Specifically, this
study (1) tested the percent egg yolk that offers the most effective protection for samples
frozen without permeable cryoprotectant; (2) compared freezing with or without egg yolk or
permeable cryoprotectant; (3) evaluated the effect of cooling rate on freezing success
without permeable cryoprotectant; and (4) determined the effect of thawing methods on
freezing outcome without permeable cryoprotectant.

Materials and methods

Semen collection and processing

Rhesus monkeys (Macaca mulatta) were housed at the California National Primate Research
Center (CNPRC) and maintained according to Institutional Animal Care and Use Committee
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protocols at the University of California. Experiments were conducted in accordance with
the National Research Council publication “Guide for Care and Use of Laboratory Animals”
(copyright 1996, National Academy of Sciences). Both ejaculated and epididymal sperm
samples were used in this study. Ejaculated semen samples were collected from nine adult
males (Table 1) that were individually caged at the CNPRC with lights on from 06:00 to
18:00 h at 25-27 °C. The males were trained to chair restraint and semen was collected by
direct penile stimulation with a Grass 6 stimulator equipped with EKG pad electrodes (30—
50 V, 20 ms duration, 18 pulses/s) [49]. Ejaculates were collected in the morning every
Tuesday and Thursday between October and November 2007, and one ejaculate was
collected from each male every week. A total of 25 ejaculates were used in this study (1-4
ejaculates per male) and the mean volume of ejaculates ranged from 20 to 1200 uL (Table
1). Samples were allowed to liquefy for 30 min before processing. Epididymides were
obtained from five males that were scheduled to necropsy for other research projects at the
CNPRC, and sperm were extracted from the cauda epididymis as described previously by
[11].

A dilution of 1:20 (v/v) of semen to modified Tyrode’s medium supplemented with bovine
serum albumin (TL-BSA, 290 mOsm/kg) [50] was used for sperm motility estimation of
fresh semen, and a second dilution of 1:20 (v/v) of sperm to distilled water was used for
hemacytometer counts (Hausser Scientific, Horsham, PA). The mean sperm density ranged
from 2.4 to 41.4 x 108/mL (Table 1). Sperm suspensions were washed twice with TL-BSA
at 300g for 10 min, and resuspended to 1 x 108 cells/mL of total motile sperm (sperm
density x initial motility) with TEST solution (43.25 g TES, 10.265 g Tris, 10 g glucose in 1
L distilled water, pH 7.4, 350 mOsm/kg, modified from [49]) or TEST containing varying
amounts of egg yolk depending on the design of each experiment. Unless specified
otherwise, TEST-yolk generally refers to TEST with 20% egg yolk (v/v) in the present
study. Suspended semen samples were then subjected to various treatments (detailed below).
All chemicals used for preparation of solutions were of reagent grade (Sigma Chemical
Corporation, St. Louis, Missouri).

Freezing and thawing procedure

Fifty microliter aliquants of sperm suspensions were drawn into 0.25-mL French straws
(IMV International, Minneapolis) manually with a 1 cc syringe and were heat-sealed (MP-4
Impulse Sealer, Midwest Pacific). Straws were placed into a 600-mL glass beaker
containing 500 mL of room temperature distilled water, and equilibrated at 4 °C in a
refrigerator for 2 h before initiation of the freezing process. Freezing followed the methods
described previously [10]. In brief, a Styrofoam box (inside dimensions: 33 x 24 x 23 cm)
was filled with a depth of 4 cm liquid nitrogen and a 1 or 5 cm thick Styrofoam ‘boat” was
floated on top of it for 10 min, then straws were placed on top of the ‘boat’, and equilibrated
for 10 min before being plunged into liquid nitrogen. The cooling rate was measured using a
data logger thermometer (Type T thermocouple, Omega, Stamford, CT) with the wire
inserted into a 0.25-mL straw filled with TEST-20% yolk-3% glycerol, and a minimum of
five measurements were recorded. The average cooling rate from —10 °C to =70 °C was
~220 °C/min for the 1 cm boat and ~29 °C/min for the 5 cm boat. For post-thaw motility
estimation, except for the thawing method experiments, three straws per treatment were
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thawed in a 37 °C water bath for 30 s (ISOTEMP 102, Fisher Scientific, Pittsburg, PA).
Samples were evaluated after a minimum of 8 days storage in liquid nitrogen.

Sperm motility and capacitation estimation

A 10-pl drop of pre-freeze or post-thaw semen, covered with a 22 mm square coverglass,
was visualized with 20 x positive-phase objective and a condenser setting of 100 (pseudo-
dark field) on an Olympus BH-series phase-contrast microscope (Scientific Instrument Co,
Sunnyvale, CA). An air curtain incubator (Sage Instruments, Model 279, Orion Research
Inc., Cambridge, MA) maintained the microscope stage at 37 °C. The initial motility was in
the range of 45%-93% before washing, and 80%-99% after washing (Table 1). Post-thaw
motility was estimated without any dilution or washing immediately after thawing or after
incubation at 37 °C in 5% COy in air for 1 h. Evaluation at 1 h post-thaw simulated the time
required for insemination and fertilization in real practice. Forward progression was
estimated with an adjusted motility index (AMI) as described previously [11]. In brief, the
percent forward progression was subjectively estimated with a five point scale, and this was
integrated with the percent motility into one number with the formula as follows: AMI =
(Scale value/4) x percent motility. Samples were presented in random order each time so
that the operator did not know their identity. The ability of sperm to capacitate after various
treatments was measured based on an increase in intracellular calcium levels upon activation
with cAMP and caffeine (detailed below).

Effect of egg yolk on freezing without permeable cryoprotectant

Ejaculated semen from six males was used in this experiment. Each ejaculate was divided
into five samples for the following treatments: freeze without permeable cryoprotectant in
TEST with 20%, 30%, 40%, and 50% egg yolk, and controls with 3% glycerol in TEST-
yolk. Samples were frozen at 220 °C/min in liquid nitrogen vapor as described above or by
immersing straws directly into liquid nitrogen. Post-thaw matility and forward progression
were estimated on thawing and after incubation at 37 °C in 5% CO, in air for 1 h.

Effect of freezing with and without permeable cryoprotectant

There were two trials in this experiment; for the first trial, ejaculates collected from nine
males were used to compare the effect of the following treatments: 3% glycerol in TEST-
yolk, 2% ethylene glycol in TEST-yolk, TEST with 20% egg yolk, TEST with 30% egg
yolk, and TEST alone without egg yolk. For the second trial, sperm collected from
epididymides of five males were used for the same treatments. Samples were frozen at 220
°C/min, and post-thaw motility and forward progression were estimated on thawing and
after incubation at 37 °C in 5% CO, in air for 1 h.

Effect of cooling rate on freezing without permeable cryoprotectant

Ejaculated sperm from six males were suspended in 3% glycerol in TEST-yolk (control),
and TEST with 20% and 30% egg yolk without glycerol. Samples were cooled at 220 and 29
°C/min, and post-thaw motility and forward progression were estimated on thawing and
after incubation at 37 °C in 5% CO, in air for 1 h.
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Effect of thawing on freezing without permeable cryoprotectant

Ejaculated sperm from five males were suspended in 3% glycerol in TEST-yolk (control),
and TEST with 20% egg yolk without glycerol. Samples were cooled at 220 °C/min and
thawed at three different conditions: in a 37 °C water bath for 30 s, at 23 °C room
temperature air for 10 min, and in a 70 °C water bath for 5 s. Post-thaw motility and forward
progression were estimated on thawing and after incubation at 37 °C in 5% CO, in air for 1
h.

Effect of cryopreservation on intracellular calcium response upon activation

Sperm cryopreserved with 3% glycerol, 20% egg yolk, and TEST without egg yolk were
washed once with TL-BSA at 300g for 10 min after thawing and resuspended to ~30 x 106
sperm/mL. Fresh sperm were washed twice and resuspended as above. Samples were
incubated with 5 uM of the cell permeant calcium indicator dye, Fluo-4-AM ester
(Invitrogen, Carlsbad, CA) in TL-BSA (final DMSO concentration of 0.5%), for 40 min at
37 °C and were washed twice by centrifugation at 300g for 5 min with TL-BSA to remove
excess dye. Samples were resuspended in TL-H-PVA (modified Tyrodes with 10 mM
HEPES and 0.1 mg/mL PVA based on [6]) containing 1% methyl cellulose alone or with the
addition of cAMP/caffeine (1 mM each) and incubated another 20 min at 37 °C to allow de-
esterification of the dye. Samples were prepared for live cell imaging by placing 10 ul drops
on a glass bottom dish (0.17 mm; Electron Microscopy Sciences, Hatfield, PA) and covering
the drops with warm mineral oil.

Images were taken with a Delta Vision system (Applied Precision, Issaquah, WA), a cooled
charge-coupled device (CCD) camera (CH350; Roper Scientific/Princeton Instruments Inc.,
Trenton, NJ), and an Olympus 1X70 microscope using a 60 x /1.2 water lens (UPlanApo),
1.5 x auxiliary lens and softWoRx 3.22 software suite. Images were scaled to the same
minimum/maximum values, and pseudo-color was applied using Olympus MicroSuite
Biological Suite FIVE, Build 1089, by applying a color look-up key that assigned specific
RGB values to defined intensity ranges (representing 20 intensity units each). The resulting
images varied from black (lowest intensity, 0—20 units) to blue, green, yellow, orange, red
and white (highest intensity, 241-255). Images were processed in Adobe Photoshop CS by
cropping and rotating for visual consistency.

Data analysis

Results

Data were analyzed using repeated measures 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 and
means of three straws per treatment were used for analysis. Values presented are means *
SD.

Effect of egg yolk on freezing without permeable cryoprotectant

Directly plunging straws into liquid nitrogen resulted in no motility for all samples (data not
shown). For samples cooled in liquid nitrogen vapor, motility at 0 h after thawing was not

Cryobiology. Author manuscript; available in PMC 2014 December 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Dong et al.

Page 6

different (P > 0.05) between samples frozen with 20% (36.1 £+ 5.0%) and 30% (37.1 + 6.5%)
egg yolk and controls with 3% glycerol (46.4 + 4.8%) (Fig. 1a). However, samples frozen
with 20% (30.4 £ 6.3%) and 30% (29.9 + 8.6%) egg yolk had lower (P < 0.05) motility than
controls with glycerol (46.2 £ 9.4%) after 1 h incubation at 37 °C. Similar trends were
observed for AMI (Fig. 1b). Samples frozen with 40% and 50% egg yolk without glycerol
had significantly lower (P < 0.05) motility and AMI than those of 20% egg yolk or controls
with glycerol, especially at 1 h after thawing.

Effect of freezing with and without permeable cryoprotectant

For ejaculated sperm samples (Fig. 2), similar to the previous experiment, motility at 0 h
after thawing was not different (P > 0.05) between samples frozen in 20% egg yolk (43.0 £
9.7%) and in 3% glycerol (55.4 + 9.3%) or 2% ethylene glycol (56.4 + 16.0) (Fig. 2a). After
1 h incubation at 37 °C, motility (41.8 £ 7.5%) and AMI (28.0 * 8.2) of samples frozen with
20% egg yolk were significantly lower (P < 0.05) than that of 3% glycerol (59.0 + 3.9% for
motility; 42.2 £ 6.0 for AMI). The lowest motility (10.6 + 5.0%) and AMI (2.8 + 1.2) were
observed in samples frozen with TEST alone (without egg yolk) at 0 h after thawing.

The same trend was observed for epididymal sperm (Fig. 3). Samples frozen in 20% egg
yolk (38.1 £ 16.7%) had similar motility at 0 h after thawing compared to that in 3%
glycerol (60.7 £ 16.1%) or 2% ethylene glycol (55.5 £ 16.4%). At 1 h after thawing, motility
(31.8 £ 13.4%) and AMI (20.9 = 10.1) of samples with 20% egg yolk were significantly
lower than those of samples with 3% glycerol (55.4 + 12.8% for motility; 39.3 + 10.4 for
AMI). The lowest motility (9.8 + 5.3%) and AMI (4.7 + 2.8) were observed in samples
frozen with TEST alone at 1 h after thawing.

Effect of cooling rate on freezing without permeable cryoprotectant

For freezing trials in 20% and 30% egg yolk, samples cooled at 220 °C/min had
significantly higher (P < 0.05) motility and AMI at 0 h and 1 h after thawing than those
cooled at 29 °C/min (Fig. 4). However, for freezing trials with 3% glycerol, there were no
differences (P > 0.05) in motility and AMI between samples cooled at 220 and 29 °C/min

(Fig. 4).

Effect of thawing on freezing without permeable cryoprotectant

For freezing trials in 20% egg yolk (Fig. 5), there were no differences (P > 0.05) in motility
and AMI at 0 and 1 h after thawing for samples thawed in a 37 °C water bath for 30 s and in
a 70 °C water bath for 5 s, however, both were significantly higher (P < 0.05) than those
thawed at 23 °C room temperature air (<5% for motility, and <1 for AMI). Similar trends
were observed for controls with 3% glycerol, but thawing at 23 °C room temperature air still
yielded 32.3 £ 9.9% motility and 18.0 £ 3.3 AMI when estimated after 1 h incubation at 37
°C.

Male variations

The highest post-thaw matility and AMI for each individual male (n = 14) from the above
experimental trials were compared (Fig. 6). When normalized with the post-thaw motility of
controls with 3% glycerol, the recovery rate (mean + SD) for freezing with 20% egg yolk
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was 79 £ 22% at 0 hand 71 + 12% at 1 h after thawing. The recovery for forward
progressive motility estimated by AMI was 82 + 25% at O h and 68 + 14% at 1 h after
thawing. For some males, similar protection was derived from egg yolk alone or control
with glycerol (e.g., male 8), while others showed inferior motility immediately after
thawing, but better motility after 1 h incubation (e.g., male 12).

Effect of cryopreservation on intracellular calcium response upon activation

Sperm capitation is an important step towards successful fertilization, and calcium plays an
important role in this process. To determine if sperm cryopreserved by the methods used in
this study were capable of exhibiting an increase in intracellular calcium upon activation,
sperm frozen in either 3% glycerol, 20% egg yolk or TEST without egg yolk were thawed,
loaded with Fluo-4 and imaged (Fig. 7). Fresh sperm were also included for comparison
(Fig. 7A and B). The basal level of intracellular calcium detected in non-activated samples
was low, and varied from almost non-detectable (see sperm head in the right top corner of E)
to a higher calcium level (as in A, C and sperm on the left in E). The majority of thawed
motile sperm that had been frozen in either 3% glycerol (D) or 20% egg yolk (F) exhibited
an increase in calcium upon activation compared to the non-activated (Fluo-4 only) samples.
Sperm from these treatments not only responded similarly to each other but also to fresh,
activated sperm (B). The calcium level detected in activated samples varied from a moderate
increase (Fig. 7H) to a robust increase (Fig. 7B) based on the increased level of fluorescence
observed. Based on the pseudo-colored images, calcium increased the most in the post-
acrosomal or basal region of the sperm head, and in some sperm this extended to the apical
sperm head and into the midpiece. Approximately, 90% of the sperm that had been
cryopreserved in TEST alone (G, H) were found to be non-motile. Regardless of treatment,
non-motile sperm typically exhibited a specific calcium pattern with discrete spots of
calcium in the midpiece and no detectable calcium in the basal sperm head (G). However,
the small portion of motile sperm thawed after freezing in TEST alone showed an increase
in their calcium level (H) when activated with cAMP and caffeine.

Discussion

Similar to studies with human sperm, glycerol in combination with TEST-yolk is by far the
most widely used and successful cryoprotectant for sperm of non-human primates. The
present study demonstrated for the first time that ejaculated and epididymal sperm from
rhesus macaque could be successfully cryopreserved in TEST-yolk extender in the absence
of permeable cryoprotectants such as glycerol or ethylene glycol. Although the post-thaw
motility of samples frozen with egg yolk alone was not as good as controls with glycerol, the
recovery rates were approximately 70-80% of the controls, which is maintained even after
samples were incubated for 1 h after thawing. Cynomolgus macaques (M. fascicularis) are
similar to rhesus in many aspects including sperm biology; however, early studies with
pellet freezing on dry ice of sperm from cynomolgus have indicated the necessity of glycerol
as there was no motility obtained after freezing when glycerol was omitted from the egg
yolk (20%)-lactose (11%) extender [32]. This discrepancy may rely on different methods
employed between these two studies. As illustrated in this study, the feasibility of freezing
rhesus macaque sperm without glycerol depends on the presence and amount of egg yolk in
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the extender, rapid cooling rate (220 °C/min), fast thawing, and possibly the extended pre-
cooling and equilibration period (~2 h) as it minimizes the effects of temperature shock [10].

Despite the failure in cynomolgus monkey sperm [32], earlier studies of pellet freezing on
dry ice have shown success with bovine sperm suspended in 20% egg yolk without glycerol
[4,15,37,38]. However, these researchers suggested that the sugar component of their
extender offered the protection, not the egg yolk. Research done by Pace and Graham [41]
revealed similar results on bovine sperm freezing in the absence of glycerol, but indicated
that egg yolk was the main component that offered the protection. This was confirmed by
the present study, in which TEST (containing glucose) alone only yielded minimal post-
thaw motility, while TEST plus glycerol offered some protection, but not as much as TEST-
yolk (data not shown). Similar to this effect of TEST alone, the present study has also shown
that excessive egg yolk offers little protection, suggesting that the protective role of egg yolk
is dose dependent. Egg yolk has long been recognized for protecting sperm cells from cold
shock [41]. However, the discovery of glycerol as a protective agent in 1949 has essentially
diverted researchers from the study of the protective role of egg yolk. Recently, the interest
on the protective role of egg yolk has been resumed and several mechanisms involving its
function for sperm protection have been proposed [1,3,36]. However, these hypotheses have
not been tested and verified, and its protection mechanism remains elusive. Findings in the
current study highlight the importance of revealing such mechanisms.

Permeable cryoprotectants are believed to help lower the freezing point of the solution,
minimize osmotic shock by replacing the water inside the cell, and reduce formation of
lethal intracellular ice [9,44]. Meanwhile, they also cause damage to cells due to their
chemical toxicity and osmotic stress during addition before cooling and removal after
thawing [8,16]. Prior to the discovery of glycerol as a protective agent, success was reported
for frog sperm with vitrification in the absence of cryoprotectant [31]. Despite that, sperm
vitrification has seldom been found to be practical due to the lack of an appropriate
container, and the belief that vitrification could only be achieved with high concentrations of
cryoprotectant that were lethal to most mammalian sperm [21]. Recent progress in embryo
freezing and thawing techniques (e.g., [25,27]) has inspired studies of freezing low numbers
of sperm in patients with severe oligozoospermia [47], which involved cooling samples very
rapidly with or, preferably without permeable cryoprotectant [19]. In the latter study,
moderate success was achieved when samples were frozen rapidly in a small drop (10 pl)
with a sucrose solution in the absence of permeable cryoprotectants. Supported with the
results presented in this study, it is reasonable to suggest that rapid cooling is one of the key
factors for freezing success without permeable cryoprotectants. However, earlier studies
have shown that mouse spermatozoa can be frozen successfully at a relatively slow cooling
rate of 20-40 °C/min in skimmed milk and raffinose [26,39,55]. Most likely, it is the overall
combination of sperm properties, extenders, cooling, and thawing that determines the final
outcome of freezing without permeable cryoprotectants.

All previous studies involving rapid freezing without permeable cryoprotectants employed a
small sample volume through the use of specially designed carriers such as cryoloops,
micro-drops, or pellets. In contrast, the present study used a standard 0.25-mL straw loaded
with 50 or 200 pl sperm suspension. If the success in all previous studies was mainly
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attributed to the very small sample size, then success obtained in this study with regular
0.25-mL straw could suggest that rhesus monkey sperm may have high membrane elasticity
in the presence of egg yolk, and could better cope with the stress induced by the freezing
and thawing process. In the future, comparisons of freezing with the exact same methods
among monkeys, humans, and other species would allow us to better understand the
differences in tolerance to cryopreservation procedures. Moreover, the present study also
shows that rhesus monkey sperm suspended in 0.25-mL straws resulted in 0% motility when
plunging directly into liquid nitrogen regardless of treatments. This was in agreement with
findings on human sperm where vitrification in standard 0.25-mL straws yielded almost
100% non-motile sperm [40], perhaps because the thawing rate for specimens plunged
directly into liquid nitrogen was not rapid enough to prevent ice crystals from forming [47].
This idea is supported by a study in which human sperm vitrified with the copper loop
method resulted in no survival if not warmed rapidly enough [24].

The present study also indicated male variation in response to freezing without permeable
cryoprotectants (Fig. 6); some males demonstrated equally good post-thaw motility as the
control treatment with glycerol, while others had only ~50% of the controls. Males with
good post-thaw matility after freezing without glycerol may have a better chance to succeed
in standard Al procedures because of the lack of influence from the cryoprotectant. Our next
step is to test this hypothesis. Because environmental influences might adversely affect the
genetic quality of the oocyte [20], the absence of glycerol in frozen—-thawed sperm may also
be beneficial for other assisted reproduction techniques such as I\VVF or ICSI, especially since
ICSI is widely used for human clinical IVF practices. In addition, it is possible to further
improve this method through procedure modifications such as pre-selection of only highly
motile sperm [12,13], optimizing equilibration methods, or finding ways to increase the
cooling or thawing rates. Subsequently, it may allow more males with moderate cryodamage
susceptibility to be cryopreserved equally successfully with extenders in the absence and
presence of permeable cryoprotectant. Future studies will be needed to explore these
possibilities.

In addition to motility, another measure of sperm function is the ability to undergo
capacitation, a complex series of maturation events and a prerequisite to fertilization in
mammalian species [52,53]. Calcium is thought to be one of the key regulators of the
signaling pathways important to this process [17,52]. Increased intracellular calcium in
bovine sperm has been detected after stimulation with NH4CI [33] and is important for
achieving hyperactivated motility [18,48], a process associated with capacitation. Macaque
sperm require an incubation period with caffeine and cAMP in order to capacitate in vitro
[7,51]. In the present study, sperm frozen with egg yolk in the absence and presence of
glycerol displayed similar increased calcium levels after thawing and activation, which was
also comparable to fresh (non-frozen), activated sperm. To our knowledge, this study for the
first time detected an increase in intracellular calcium in monkey sperm after activation with
cAMP and caffeine compared to non-activated sperm. This suggests that calcium may also
be a regulator of the events of capacitation in monkey sperm.

Due to the expense of Al trials in monkeys, Al success is not an endpoint in this study;
however, our results were convincing as motility and forward progression could last for

Cryobiology. Author manuscript; available in PMC 2014 December 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Dong et al.

Page 10

more than 1 h without significant loss after thawing. In addition, frozen-thawed sperm
demonstrated similar patterns of calcium response upon activation as non-frozen fresh
samples. Motility has been found to be the most sensitive indicator of sperm quality in non-
human primates. For example, post-thaw motility has been found to be more sensitive than
the sperm penetration assay in the lowland Gorilla [43], is positively correlated with
membrane integrity in cynomolgus macaques [14,49], and is the most convincing parameter
for sperm function analysis when compared with sperm acrosome integrity (evaluated with
FITC-PNA) [29]. More recently, analysis of chromosome damage in rhesus macaques
suggested no differences between fresh and frozen—thawed sperm when motile sperm were
selected for ICSI [28]. In the present study, the motile sperm of frozen-thawed samples
(regardless of treatment) and fresh controls displayed similar increased intracellular calcium
level when activated with cAMP and caffeine. All these findings further confirmed that
motility is a simple and reliable measure of sperm quality after thawing in monkey sperm.

In summary, the present study demonstrates that ejaculated and epididymal sperm from
rhesus monkeys can be cryopreserved with TEST-yolk (20%) in the absence of permeable
cryoprotectant when samples were loaded in a standard 0.25-mL straw, cooled rapidly in
liquid nitrogen vapor at 220 °C/min, and thawed rapidly in a 37 °C water bath. This study
also represents the first success of freezing without permeable cryoprotectant in non-human
primates.
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Fig. 1.

Post-thaw motility (a) and adjusted motility index (AMI) (b) of rhesus monkey ejaculated
sperm samples frozen in 3% glycerol-TEST-yolk (control), and in TEST with 20%, 30%,
40%, and 50% egg yolk without glycerol. Bars sharing the same letter indicate no significant
difference.
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Fig. 2.

Post-thaw motility (a) and adjusted motility index (AMI) (b) of rhesus monkey ejaculated
sperm samples frozen with 3% glycerol, 2% ethylene glycol (E-glycol), and without
permeable cryoprotectants—TEST with 20% (20% EY’), 30% egg yolk (30% EY), and TEST
alone. Bars sharing the same letter indicate no significant difference.
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Post-thaw motility (a) and adjusted motility index (AMI) (b) of rhesus monkey epididymal
sperm samples frozen with 3% glycerol, 2% ethylene glycol (E-glycol), and without
permeable cryoprotectants—TEST with 20% (20% EY’), 30% egg yolk (30% EY), and TEST
alone. Bars sharing the same letter indicate no significant difference.
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Post-thaw motility (a) and adjusted motility index (AMI) (b) of rhesus monkey ejaculated
sperm samples frozen with 3% glycerol (control), and without glycerol in TEST with 20%
(20% EY) and 30% egg yolk (30% EY). Samples were cooled at 220 and 29 °C/min. Post-
thaw motility and AMI were estimated after incubation at 37 °C in 5% CO5 in air for O h
(left bars of the same color) and 1 h (right bars of the same color).
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Post-thaw motility (a) and adjusted motility index (AMI) (b) of rhesus monkey ejaculated
sperm samples frozen with 3% glycerol and without glycerol in TEST with 20% egg yolKk,
and thawed with three different methods: in a 37 °C water bath for 30 s, at 23 °C room
temperature air for 10 min, and in a 70 °C water bath for 5 s. Samples were cooled at 220
°C/min. Post-thaw maotility and AMI were estimated after incubation at 37 °C in 5% CO5 in
air for 0 h (left bars of the same color) and 1 h (right bars of the same color).
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The highest post-thaw matility (a) and adjusted motility index (AMI) (b) of rhesus monkey
sperm obtained from 14 individual males (* indicate epididymal sperm sample). Samples
were suspended in TEST with 20% egg yolk without glycerol and 3% glycerol (control), and
cooled at 220 °C/min. Post-thaw motility and AMI were estimated after incubation at 37 °C
in 5% CO, in air for 0 h (left bars of the same color) and 1 h (right bars of the same color).
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Fig. 7.

Frgesh and cryopreserved sperm exhibit similar intracellular calcium increases after
activation. Fresh sperm (A, B) and sperm that were cryopreserved in either 3% glycerol (C,
D), TEST with 20% egqg yolk (E, F) or TEST alone (G, H) and thawed were incubated with
the calcium indicator dye Fluo-4 (A, C, E and G) or with Fluo-4 containing 1 mM cAMP
and caffeine (B, D, F, H). Live sperm samples were imaged using a Delta Vision system
with a 60x water objective lens with 1.5x auxillary magnification, and were pseudo-colored
as described in the methods section. The inset in (A) shows the color look-up key used to
colorize the images, and the scale bar in (H) is 4 um.
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