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ABSTRACT: The cryoprotective effects of 11 different extenders,
TTE, DM, mDM, LG-DM, G-DM, TCG, TEST, TSM, Test-M, Test-
H, and LM, on sperm cryopreservation of cynomolgus monkey
(Macaca fascicularis) have been compared with glycerol as cryo-
protectant. Sperm motility, plasma membrane, and acrosomal in-
tegrity were examined to evaluate frozen-thawed sperm function.
The results showed that TTE, DM, mDM, LG-DM, G-DM, and TCG
exhibited the best and similar protective efficiencies for cynomol-
gus monkey sperm cryopreservation in terms of sperm motility and
plasma membrane integrity (P > .05). The acrosomal integrity for
spermatozoa cryopreserved in TCG was statistically lower than
that of TTE, DM, mDM, LG-DM, and G-DM (P < .05) but was
significantly higher than that of TEST, TSM, Test-M, Test-H, and
LM (P < .05). The postthaw sperm motility for 5 other extenders
(TEST, TSM, Test-M, Test-H, and LM) did not exceed 30%, and
the 3 sperm parameters evaluated for them were significantly lower
than that of TTE, DM, mDM, LG-DM, G-DM, and TCG (P < .05).
On the basis of these findings, 5 commonly used permeating cryo-
protectants, glycerol, ethylene glycol, dimethyl sulfoxide, acet-
amide and propylene glycol have further been tested for their ef-

fectiveness on sperm cryopreservation in extenders of TTE, DM,
mDM, LG-DM, G-DM, and TCG. The results showed that the
sperm cryoprotective efficiencies of glycerol and ethylene glycol
were similar and best among 5 permeating cryoprotectant treat-
ments (P > .05). Dimethyl sulfoxide or acetamide resulted in av-
erage cryoprotection for cynomolgus monkey spermatozoa: poorer
than glycerol or ethylene glycol but better than that of propylene
glycol (P < .05). In addition, the action of permeating cryoprotec-
tant appeared to be independent of extenders. The results in the
present study demonstrate that 1) TTE, DM, mDM, LG-DM, G-DM,
and TCG are excellent extenders and suitable for cynomolgus
monkey sperm cryopreservation; 2) the mechanism of action of
permeating cryoprotectants are not affected by extender compo-
sition; 3) ethylene glycol has a similar cryoprotective efficacy to
glycerol that makes it a successful cryoprotectant for sperm cryo-
preservation in cynomolgus monkeys.
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erm banking provides a useful way to maintain ge-

etic resources for some endangered nonhuman pri-
mates (NHP) as well as to improve their breeding in cap-
tivity. The first attempt to cryopreserve spermatozoa of
NHP was made several decades ago, since then, cryo-
preservation of spermatozoa has been reported for lemurs
(Clavert et a, 1986), marmosets (Holt et al, 1994; Mor-
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rell, 1997; Morrell et a, 1998), squirrel (Denis et a,
1976), African green (Roussel and Austin, 1967), patas
(Roussel and Austin, 1967), vervet (Seier et al, 1993;
Conradie et al, 1994) monkeys, cynomolgus (Cho and
Honjo, 1973; Mahone and Dukelow, 1978; Tollner et a,
1990; Sankai et al, 1994; Feradis et al, 2001; Li et al,
2003), Japanese (Sankai et al, 1997), lion-tailed (Cranfield
et al, 1988), rhesus (Roussel and Austin, 1967; Leverage
et a, 1972; Sanchez-Partida et al, 2000; Si et al, 2000,
2004; Si, 2004), stumptail (Roussel and Austin, 1967),
and Tibetan (Chen et al, 1994) macaques; baboons (Krae-
mer and Vera Cruz, 1969); chimpanzees (Roussel and
Austin, 1967; Gould and Styperek, 1989; Younis et a,
1998; Kusunoki et al, 2001); and gorillas (Lambert et a,
1991; Lanzendorf et al, 1992; Pope et al, 1997). However,
only 5 of these primate species have been documented to
produce offspring when frozen-thawed spermatozoa were
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Table 1. Extender composition (9/100 mL) and the corresponding glycerol concentration

TTE DM mDM LG-DM G-DM TCG TEST TSM Test-M  Test-H LM
Tes 1.2 . 4.324 4.324 4.82 2.23
Tris 0.2 co - co 3.63 1.027 1.027 1.15 1.88
Lactose 2.0 11.0 10.0 55 o S o S S
Glucose 2.0 . 1.0 2.75 55 0.5 1.0 1.0 0.4 .
Fructose C 0.17
Raffinose 0.2
Egg yolk, mL 20 20 10 10 10 20 30 30 20 20 20
Citric acid-H,O ce C Ce C 2.0 C .
Sodium citrate-2H,0 0.99 1.30
NaHCO, 0.55
K,HPO,-3H,0 . 0.042
Skim milk 2.0
Osmolality, mOsm/kg 377 425 407 365 344 376 731 825 728 665 294
Glycerol, mL* 5 4 4 4 4 5 3 3 5 6 7

* Final concentration.

artificially inseminated so far. This low efficiency may be
related to the low fertility of cryopreserved spermatozoa,
and the decrease is ascribed to the loss of sperm viability
and functional impairment as aresult of cryopreservation.
During sperm freezing, the type of cryoprotective extend-
er is one of the important factors affecting postthaw sur-
vival. At least 21 different extenders have been employed
in previous studies for NHP sperm cryopreservation
(Gould and Styperek, 1989; Chen et al, 1994; Morrell and
Hodges 1998; Feradis et al, 2001) and the cryopreserva-
tion efficacy varied among laboratories. In addition, only
5 papers reported the simultaneous use of 2 or more dif-
ferent extenders in one study (Sadleir, 1966; Leverage et
al, 1972; Tollner et al, 1990; Chen et al, 1994; Si et al,
2000). Until now, there were limited data on extender
composition for sperm cryopreservation of primate ani-
mals, especially for cynomolgus monkey, one of the most
widely used biomedical anima models.

Cryoprotectant is another factor that influences sperm
survival during sperm cryopreservation. Although glyc-
erol is a commonly used permeating cryoprotectant in
NHP sperm freezing, its toxicity can cause loss in sperm
motility and fertility. This encourages searching for other
less toxic, effective cryoprotectants for sperm freezing.
Recently, other permeating cryoprotectants have been em-
ployed in sperm cryopreservation for nonprimate mam-
malian species. For instance, dimethyl sulfoxide (DM SO)
has been successfully used in sperm freezing for rabbit
(Vicente and Viudes-de-Castro, 1996), rhinoceros
(O’ Brien and Roth, 2000), and mouse (Sztein et al, 2001);
similar success have been obtained in ram (Molinia et al,
1994) and stallion (Mantovani et al, 2002) with ethylene
glycol, as well as in rabbit with acetamide (Arriola and
Foote, 2001). As for NHP, dimethyl sulfoxide, propylene
glycol, and ethylene glycol have been tested in sperm
cryopreservation for gorillas (Sadleir, 1966; Gould and
Styperek, 1989), cynomolgus monkeys (Feradis et al,

2001), and rhesus monkeys (Si et a 2004). Even with one
such certain cryoprotectant, the results are different be-
tween laboratories and species. Since different extenders
were used to freeze spermatozoa in those studies, whether
extender type affects the efficiencies of these permeating
cryoprotectants is yet to be proved. However, no studies
have compared the effect of cryoprotectants other than
glycerol on sperm freezing using various extenders at the
same time. In addition, no reports have been published
on NHP sperm cryopreservation using acetamide as a per-
meating cryoprotectant.

In the present study, the comparison of 11 extenders
for sperm cryopreservation has been made using cyno-
molgus monkey as a NHP model and several optimal ex-
tenders for cryopreservation have been sifted. On the ba-
sis of this, effects of 5 commonly used permeating cryo-
protectants (ie, glyceral, ethylene glycol, dimethyl sulf-
oxide, propylene glycol, and acetamide) on sperm
cryopreservation for this species have been examined.

Materials and Methods

All chemicals were obtained from Sigma Chemical Co (St Louis,
Mo), unless indicated otherwise.

Media Preparation

The composition and osmolality of extenders as well as the con-
centrations of glycerol are presented in Table 1. Penicillin G
(6.32 mg) and Streptomycin (sulfate) (5.0 mg) were added sep-
arately to each extender (100 mL), and the pH was adjusted to
7.0-7.2. The osmolality of extenders was measured using a
freezing-point depression osmometer (Osmette A, 5002, Preci-
sion System Inc, Natick, Mass).

The extender was prepared as follows: fresh chicken eggs laid
within 8 hours were purchased from a hennery for preparation
of extender. Egg yolks were obtained with the procedure of Si
et al (2000). For TCG preparation, egg yolks were mixed with
a portion of Milli-Q water first, and then the mixture was cen-
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trifuged at 7000 X g for 1 hour at 4°C to sediment yolk granules.
The supernatants were extracted, and the remaining components
were dissolved in water complemented accordingly. For other
extenders, after dissolving all the ingredients in Milli-Q water,
the egg yolk was added and mixed thoroughly and then the yolk
granules were separated by centrifugation at 7000 X g for 1 hour.
The supernatants were adjusted to pH 7.0-7.2 with 1 N NaOH
or HCl when needed and used as extenders. The extenders were
divided into 4-mL aliquots and stored at —30°C for no more
than 2 weeks. Before an experiment, extenders were thawed in
a 37°C water bath. The freezing extenders were made by adding
cryoprotectants (glycerol, ethylene glycol, dimethyl sulfoxide,
acetamide, propylene glycol) to extenders to obtain extenders
with certain cryoprotectant concentrations.

Semen Collection

Four sexually mature male cynomolgus monkeys, aged 5-11
years, provided by the Laboratory Animal Center of the Kun-
ming Institute of Zoology, were used for collecting semen. The
animals were individually caged and kept with lights on from
0600 to 1800 hours at a temperature of 20°C—25°C. Each animal
was anaesthetized with ketamine hydrochloride (Xingang Co,
Shanghai, China) using 5 mg/kg body weight intramuscularly
and stimulated with penile electro-gjaculation procedure elabo-
rated in our laboratory (Yang et al, 1994). Semen was collected
into a disposable plastic test tube containing 2 mL of prewarmed
TALP-Hepes (Bavister et a, 1983). The diluted semen was kept
at 37°C water bath for 30 minutes to allow the clot to liquefy.
After liquefaction, the semen was transferred into a 15-mL dis-
posable plastic tube. A small sample was taken to examine
sperm motility, plasma membrane, and acrosomal integrity (see
below), the rest was washed twice with 9 mL TALP-Hepes and
centrifuged at 200 X g for 10 minutes. The supernatant was
aspirated and the sperm pellet was dispersed and mixed with a
Pasteur pipette before freezing.

Experimental Design

Two experiments were performed within this study. In experi-
ment 1, a total of 10 gaculates (2-3 gaculates per male) were
studied to compare the efficiency of 11 extenders on sperm cryo-
preservation in which glycerol was used as cryoprotectant. In
experiment 2, atotal of 8 gaculates (2 gjaculates per male) were
used in a6 X 5 factor experiment (6 extenders X 5 cryoprotec-
tants) to investigate effects of permeating cryoprotectant on
sperm cryopreservation in which the final concentration of each
cryoprotectant was 5% (vol/vol).

Sperm Freezing and Thawing

Before freezing, washed spermatozoa were divided into several
aliquots according to experiment design. The procedure of sperm
freezing was that described by Sankai et a (1994). Briefly, each
portion of spermatozoa was diluted with 1 of the extenders with-
out cryoprotectant and kept at 4°C (water bath) for 2 hours. An
equal volume of precooled (4°C) corresponding extender con-
taining cryoprotectant was added stepwise (5 times) at intervals
of 6-7 minutes within 30 minutes. Spermatozoa were equili-
brated in extenders containing cryoprotectant at 4°C for another
30 minutes. Just before the end of equilibration, spermatozoa

were drawn into 0.25-mL plastic straws (IMV, L' Aigle, France)
with a syringe, sealed with straw heater (Tew Impulse Sealer,
Tish-200, Tew Electric Heating Equipment Co Ltd, Taiwan,
ROC). Straws were frozen in liquid nitrogen vapor within 10
minutes and plunged into liquid nitrogen and stored for at least
7 days before thawing. For thawing, straws were placed in a
37°C water bath for 2 minutes.

Examination of Sperm Motility and Motility Recovery

Sperm Motility—With a prewarmed hemocytometer counting
chamber, sperm samples were assessed for percentage of pro-
gressive forward motility by counting 200 spermatozoa, in du-
plicates. All samples were evaluated by the same operator, who
did not know the identity of the sperm samples offered.

Sperm Motility Recovery Rate—The sperm motility recovery
rate was calculated by comparing the motility of prefreeze (M,,)
and postthaw (M, spermatozoa. If M,, and M, are the sperm
motility percentages before and after freezing, then the recovery
rate would be M,/M,, X 100%.

Examination of Sperm Plasma Membrane and
Acrosomal Integrity

Sperm Plasma Membrane Integrity—Sperm membrane integrity
was measured by means of a dual DNA staining technique using
Hoechst 33342 (H342) and propidium iodide (PI), through use
of flow cytometry and excited simultaneously by a single ultra-
violet laser. Briefly, 6 L H342 (1 mg/mL) and 8 pnL PI (1 mg/
mL) were added to each sperm sample (1 mL). Each sperm
suspension was mixed 3 times by gently pipetting and incubated
in a 37°C water bath for 15 minutes. After incubation, al sam-
ples were processed for flow cytometric analysis.

Sperm Acrosomal Integrity—A crosome status was determined
by fluorescein isothiocyanate-conjugated peanut agglutinin
(FITC-PNA), and the acrosome staining process was that de-
scribed by Esteves et a (2000). Under a fluorescence micro-
scope, spermatozoa with intact acrosome showed uniform apple-
green fluorescence in the acrosomal region of the sperm head,
while acrosome-reacted spermatozoa showed little or no green
fluorescence in the anterior part of the head. A minimum of 200
spermatozoa were counted for each sample.

Statistical Analysis

All data are expressed as mean = SD. Data of sperm motility,
membrane integrity, and acrosomal integrity were subjected to
arcsine square root transformation and analyzed by ANOVA and
Fisher protected least significant difference (LSD) test. P < .05
was considered as statistically significant.

Results

Experiment 1: Effects of Different Extenders on
Cryopreservation

Frozen-thawed sperm motility and motility recovery rate
are shown in Table 2. The TTE, DM, mDM, LG-DM, G-
DM, and TCG extenders yielded the highest sperm mo-
tility and motility recovery rates among 11 groups, and
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Table 2. Postthaw motility and motility recovery rate for
cynomolgus monkey spermatozoa cryopreserved in different

extenders

Extender Prefreeze Sperm Postthaw Sperm Motility Recovery

Type Motility, % Motility, %* Rate, %*
TTE 50.10 + 6.35*  61.38 * 3.60°
DM 47.10 = 5.64*  57.74 = 4.062
mDM 47.88 * 6.88=  58.58 + 3.922
LG-DM 48.21 + 454  59.32 + 4.74=
G-DM 81.51 + 7.70 46.90 = 4972 57.57 * 3.422
TCG 50.24 + 5.27=  61.65 * 3.29°
TEST 16.14 = 2.87>  20.01 + 4.28°
TSM 8.75 + 3.18° 10.93 *+ 4.55¢
Test-M 13.58 + 4.72°  16.67 * 5.65"
Test-H 23.24 = 549¢  28.50 = 5.87¢
LM 5.96 + 2.93¢ 7.22 + 3.32¢

* Groups with different superscript letters in the same column are sig-
nificantly different (P < .05).

there were no significant differences among these 6
groups (P > .05). Sperm cryopreservation efficacy for
TEST, TSM, Test-M, Test-H, and LM was poorer than
that of TTE, DM, mDM, LG-DM, G-DM, and TCG
groups. Additionally, sperm motility with TEST, TSM,
Test-M, Test-H, and LM was less than 30%, although sig-
nificant difference existed among them (P < .05) except
for TEST and Test-M.

Plasma membrane integrity of frozen-thawed sperm for
al treatments is given in Figure 1. The percentages of
spermatozoa with intact membrane for TTE, DM, mDM,
LG-DM, G-DM, and TCG were significantly higher than
other extenders (P < .05) and no significant difference
was found among them (P > .05). Among the lower
membrane integrity groups of TEST, TSM, Test-M, Test-
H, and LM, the ability of cryoprotection on sperm mem-
brane for these extenders is as follows. Test-H provides
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greater cryprotection than TEST and Test-M, which pro-
vide greater cryprotection than TSM and LM (P < .05).

Acrosomal integrity of frozen-thawed sperm for 11 ex-
tenders is presented in Figure 2. Spermatozoa cryopre-
served with TTE, DM, mDM, LG-DM, and G-DM
showed similar and highest acrosomal integrity in all
groups. Unlike sperm membrane integrity, cryopreserva
tion in TCG yielded lower percentage of acrosomal intact
spermatozoa than in TTE, DM, mDM, LG-DM, and G-
DM (P < .05), but this acrosome value of TCG was sig-
nificantly higher than those of TEST, TSM, Test-M, Test-
H, and LM (P < .05). The TEST, TSM, Test-M, Test-H,
and LM resulted in lower percentage of acrosome integ-
rity as compared with TTE, DM, mDM, LG-DM, G-DM,
and TCG (P < .05). Additionally, there was no statistical
difference for acrosomal integrity among TSM, Test-M,
and Test-H, neither was there difference between TEST
and Test-M (P > .05). LM yielded the lowest acrosomal
integrity in al treatments (P < .05).

Experiment 2: Effects of Permeating Cryoprotectant on
Cryopreservation

Postthaw sperm motility, membrane integrity, and acro-
somal integrity for spermatozoa cryopreserved in differ-
ent cryoprotective solutions are shown in Table 3.

The results demonstrated that in general, sperm motil-
ity, membrane integrity, and acrosomal integrity for glyc-
erol or ethylene glycol were highest among al groups (P
< .05). Sperm parameters for dimethyl sulfoxide or acet-
amide were similar and lower than glycerol or ethylene
glycol but higher than that of propylene glycol (P < .05).
The percentages of the 3 sperm parameters for propylene
glycol were lowest in all treatments (P < .05). In addi-
tion, the percentage of acrosomal integrity for TCG-glyc-
erol was statistically lower than those of TCG-ethylene
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Figure 1. Postthaw plasma membrane integrity for spermatozoa cryopreserved in different extenders (a, b, ¢, d: Bars with different letters are signif-

icantly different [P < .05]).
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Figure 2. Postthaw acrosomal integrity for spermatozoa cryopreserved in different extenders (a, b, ¢, d, e: Bars with different letters are significantly

different [P < .05]).

glycol and other extender groups of glycerol or ethylene
glycol (P < .05).

Discussion

In previous studies, most of the 11 extenders evaluated
in this study were used to cryopreserve spermatozoa for
several species of NHP except for Test-H, which was ap-
plied to human sperm freezing, and almost all those ex-
tenders have been reported to be cryoprotective for sper-
matozoa. In the present study, however, the efficiencies
of these extenders proved to be quite different for cyno-
molgus monkey spermatozoa. Our results demonstrate
that cynomolgus monkey spermatozoa cryopreserved
with TTE, DM, mDM, LG-DM, G-DM, and TCG exhib-
ited significantly higher postthaw motility, membrane in-
tegrity, and acrosomal integrity than those frozen with
TEST, TSM, LM, Test-M, and Test-H, the motilities of
which were less than 30%. Additionally, no significant
differences were found for postthaw sperm parameters
among the groups of TTE, DM, mDM, LG-DM, G-DM,
and TCG except that sperm acrosomal integrity for TCG
was lower than for the others (P < .05). One explanation
for good cryoprotection with TTE, DM, mDM, LG-DM,
G-DM, and TCG may be the moderate hyperosmolality
(344-425 mQOsm) that cynomolgus monkey sperm can
tolerate. The other explanation may be that some sugars
are included in these extenders, which may protect sperm
cells by stabilizing their membrane and/or avoiding intra-
cellular ice formation through cell dehydration. The re-
sults indicate that TTE, DM, mDM, LG-DM, G-DM, and
TCG extenders are recommended for cynomolgus mon-
key sperm cryopreservation.

Sanchez-Partida et a (2000) obtained 4 offspring of
rhesus monkey with spermatozoa cryopreserved in TCG
extender and glycerol. They reported as high as 85% of
postthaw motility, which was not significantly different
compared with fresh sperm. However, the acrosomal in-
tegrity and its recovery in frozen-thawed spermatozoa in
that study was only 75% and 79.94%, respectively. In our
study, the corresponding data for acrosome with TCG
were 76% and 81.1%, respectively, consistent with that
of Sanchez-Partida et a (2000), but postthaw sperm mo-
tility in this study was much lower than that. According
to Sanchez-Partida et a (2000), different freezing rates
(liquid nitrogen vapor vs dry ice) might be a major rea-
son. There were no significant differences in postthaw
motility and membrane integrity for spermatozoa cryo-
preserved with TCG, TTE, DM, mDM, LG-DM, and G-
DM (P > .05), but the acrosomal integrity for TCG dif-
fered, dlightly but significantly, from the other treatments
(P < .05). In addition, rapid motility, somewhat like hy-
peractivity, could be observed for spermatozoa frozen
with TCG but not with other extenders in this study.
Therefore, we infer that a proportion of sperm population
undergo capacitation or acrosome reaction after thawing
when spermatozoa are frozen with TCG, which will in
turn reduce the rate of acrosomal integrity.

Tollner et a (1990) used TEST and TSM to freeze
cynomolgus monkey spermatozoa, and postthaw sperm
motilities were 56% * 3% and 67% * 2%, respectively.
Afterward, a baby monkey was born after artificial insem-
ination with spermatozoa frozen in TSM. In our study,
the postthaw motility of spermatozoa frozen with these 2
extenders was extremely low (16.1% = 2.9% vs 8.8% =
3.2%). The time and temperature of equilibration with
glycerol are the 2 main differences between our study and
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Table 3. Postthaw motility, membrane integrity, and acrosomal
integrity of spermatozoa cryopreserved in different cryoprotective

solutions
Cryo-
protective Membrane Acrosomal
Solution* Motility, %t Integrity, %t Integrity, %t
Fresh sperm 76.00 = 6.11 83.27 £ 5.83 91.09 + 5.05
TTE
Gly 48.47 = 7.652 55.68 + 7.88=  81.52 * 6.392
EG 4553 + 6.112  54.63 £ 7.732  81.92 = 5.972
DMSO 23.76 = 7.52° 33.73 £ 7.000 68.12 = 3.08°
Ac 22.62 = 758> 3252 +8.17° 67.04 = 2.82°
PROH 8.55 + 6.01¢ 2259 + 6.43¢  70.00 * 4.66°
DM
Gly 48.86 * 6.222  55.83 £ 6.402  80.59 * 4.772
EG 46.03 + 5.342 5521 = 6.562 80.93 + 5.522
DMSO 23.75 = 6.98° 33.74 £ 6.54> 67.95 * 3.16°
Ac 2345 = 752> 33.23 = 7.56> 66.84 = 3.72°
PROH 8.41 = 541¢ 2256 = 5.85  70.10 = 4.00°
mDM
Gly 48.14 + 7522 5525 £ 7.67¢ 81.04 £ 5.762
EG 45.84 + 6.752 54.98 £ 8.032  81.50 = 5.712
DMSO 2352 = 753> 3342 £ 733> 68.06 = 3.10°
Ac 23.14 = 7.03> 32.63 = 7.69° 67.17 = 3.04°
PROH 8.05 = 5.19¢  22.00 + 5.83¢  69.67 * 4.25°
LG-DM
Gly 48.93 £ 7.08¢0 5591 £ 7.38* 81.91 + 6.222
EG 46.33 £ 5.672  55.61 = 7.022  84.61 * 5.042
DMSO 24.15 = 7.10° 3455 + 6.62* 68.32 = 3.16°
Ac 23.33 £ 7.49> 33,55 * 7.96® 67.58 * 4.44°
PROH 8.63 = 5.39¢ 22.84 + 5.66c 70.06 = 3.59°
G-DM
Gly 47.89 = 6.312 54.68 + 6.63* 80.52 + 5532
EG 45.13 £ 5232 54.34 £ 6.372  80.74 = 5.682
DMSO 23.39 = 8.07° 3315+ 7.03> 68.01 = 3.48°
Ac 2255 + 7.75*  32.33 = 8.01° 66.84 * 4.71°
PROH 8.41 = 573¢ 2233 £ 6.06c 70.04 = 4.11°
TCG
Gly 48.61 £ 6.872 5544 £ 7.18  75.03 £ 5.68¢
EG 46.03 + 6.22a 5492 = 7.462  80.67 + 5.252
DMSO 2342 = 7.61° 33.98 £ 7.46> 67.73 = 2.90°
Ac 22.86 = 7.87° 33.11 = 7.96> 66.92 = 4.44°
PROH 8.31 = 5.35¢  22.20 + 5.61¢  69.89 * 3.95°

* Gly indicates glycerol; EG, ethylene glycol; DMSO, dimethyl sulfox-

ide; Ac, acetamide; and PROH, propylene glycol.

t Groups with different superscript letters in the same column are sig-
nificantly different (P < .05).

that of Tollner et a (1990). In the present study, sper-
matozoa were equilibrated in glycerol extender for 0.5
hours, while in the study of Tollner et al (1990) the du-
ration was 2 hours. The equilibration temperatures in 2
studies were 4°C vs room temperature, respectively. It
seems that these 2 differences may partially account for
the conflicting results. What needs to be noted is that the
osmolalities of TEST and TSM before addition of glyc-
erol were as high as 731 mOsm and 825 mOsm when
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prepared according to the reported formula. These con-
siderably high osmolalities might exceed the osmolality
limit that monkey sperm cells can tolerate, and this might
cause an irreversible damage to these cells. Sperm via-
bility parameters increased dramatically when the osmo-
lalities of these 2 extenders were reduced to around 400
mOsm (data not shown). Therefore, we maintain that hy-
perosmolality of TEST and TSM may be the major reason
for the poor results in the present study.

Using LM extender and programmed freezing proce-
dure, Leverage et a (1972) reported 68% postthaw mo-
tility recovery of rhesus monkey spermatozoa. However,
the corresponding rate was only 7.22% in this study. Dif-
ferent concentrated salt ions were included in LM, and
this may be deleterious to freezing of cynomolgus mon-
key spermatozoa. In the freezing of bull (Yassen and
Foote, 1967), mouse (An et a, 2000), and rhesus monkey
(Si, 2004) spermatozoa, postthaw sperm motility de-
creased dramatically if spermatozoa were exposed to salt
ions. Our study confirms these findings, but the mecha-
nisms of this remain unclear, maybe Mazur’s 2 factor hy-
pothesis would explain this (Mazur et al 1972). Addition-
aly, the converse result may be partialy due to different
freezing procedures and primate species used in the 2
studies.

Marmoset and human spermatozoa were diluted and
frozen with Test-M and Test-H in previous studies (Wei-
del and Prins, 1987; Morrell 1997). The results given by
Test-M and Test-H in the present study were poorer than
those studies. Test-M and Test-H also possessed high os-
molalities of 728 and 665 mOsm prepared according to
the published formulas. We suggest the hyperosmolality
might be a major reason for our poor data; however, dif-
ferences in species and freezing procedure may also exist.

Although glycerol is most widely used in sperm cryo-
preservation for primate animals, its cytotoxicity should
not be ignored. Recently, some researchers have reported
the success of sperm cryopreservation in a few NHP an-
imals with other permeating cryoprotectants, stimulating
the study of these for NHP. However, limited information
indicated that the efficiencies of nonglycerol cryoprotec-
tants varied in studies of NHP sperm cryopreservation.
Using glycerol, dimethyl sulfoxide, and propylene glycol,
Feradis et a (2001) cryopreserved epididymal sperma-
tozoa from cynomolgus monkeys and discovered that
glycerol had similar effectiveness to that of dimethyl sulf-
oxide, while the cryoprotection provided by propylene
glycol was considerably poorer. On the contrary, Sadleir
(1966) found glycerol to be better than dimethyl sulfoxide
for cryopreserving chimpanzee spermatozoa. Besides,
Gould and Styperek (1989) reported a failure of in vitro
fertilization with spermatozoa cryopreserved with di-
methyl sulfoxide.

Comparing glycerol, ethylene glycol, dimethyl sulfox-
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ide, and propylene glycol for rhesus monkey sperm cryo-
preservation, Si et a (2004) found that both glycerol and
ethylene glycol could offer good protection for this spe-
cies spermatozoa and there was no significant difference
between them, but sperm parameters in case of dimethyl
sulfoxide and propylene glycol were significantly worse.

A lot of variability, which is supposed to be attributed
to the different results, has been found in these reports,
and the type of the extender is probably the main differ-
ence that can be readily controlled. To investigate whether
extender composition influences the role of permeating
cryoprotectant, cynomolgus monkey spermatozoa have
been cryopreserved in TTE, DM, mDM, LG-DM, G-DM,
and TCG, with glyceral, ethylene glycol, dimethyl sulf-
oxide, acetamide, and propylene glycol as permeating
cryoprotectants.

The results of this study indicate that glycerol and eth-
ylene glycol yield the best and similar cryoprotection for
cynomolgus monkey spermatozoa. Dimethyl sulfoxide
and acetamide are significantly worse in efficiency than
glycerol and ethylene glycol but better than propylene
glycol. In addition, no significant difference was found
between dimethyl sulfoxide and acetamide. Propylene
glycol resulted in the poorest protection for spermatozoa
among these 5 cryoprotectants. These findings are basi-
cally consistent with those of Si et al (2004). Besides, the
efficacy of dimethyl sulfoxide is similar to that described
by Sadleir (1966) and Gould and Styperek (1989), but
disagrees with the result of Feradis et a (2001). This may
be due to different sperm source and equilibration pro-
cedures in the 2 studies. Furthermore, our study demon-
strates that the effects of permeating cryoprotectants are
independent of extender type but probably only related to
their own nature, such as their chemical structure and/or
physical characters. Hence, spermatozoa from different
species and sources may have different responses to these
permeating cryoprotectants. Additionally, different freez-
ing techniques may interfere with different cryoprotec-
tants.

From these points, we can see that the results of sperm
cryopreservation in monkeys might greatly vary because
of variation among semen donor individuals and different
semen collection methods. This might be one of the rea
sonswhy it is not easy to repeat the results of other teams.

The mechanisms of permeation of cryoprotectants into
sperm are still not known. According to Gilmore et a
(1997), the optimal cryoprotectant for human sperm is
one that can permeate the cell in the shortest period of
time, causing the least amount of volume excursion dur-
ing its addition and removal. Therefore, the cryoprotec-
tive action of a cryoprotectant depends on its permeability
coefficient. According to the study of Gao et al (1995),
approximately 60% of human spermatozoa exposed to
glycerol will lose their motility when their volume de-

creases to 0.68 times or exceeds 1.38 times their iso-0s-
motic volume.

From the report of Gilmore et a (1997) we can see a
great disparity in values of solute and water permeability
for dimethyl sulfoxide and propylene glycol. When sper-
matozoa are exposed to the 2 solutions, great sperm vol-
ume excursion, exceeding the limits that human sperm
can tolerate, will occur. In this way, the rate of sperm
survival reduces considerably. On the contrary, the solute
and water permeability for glycerol or ethylene glycol
match well enough to avoid great volume excursion, so
they can protect sperm cells effectively. Combining our
experiment, we suggest that the permeability coefficients
of glyceral, ethylene glycol, dimethyl sulfoxide, acet-
amide, and propylene glycol are similar to cynomolgus
monkey and human spermatozoa, so the survival per-
centage of spermatozoa cryopreserved with glycerol or
ethylene glycol is significantly higher than those with di-
methyl sulfoxide or propylene glycol. On the other hand,
there was no significant difference in motility, membrane
integrity, and acrosomal integrity for spermatozoa cryo-
preserved with glycerol or ethylene glycol. In addition,
as a permeating cryoprotectant, acetamide may take its
action in the same way as the others, and probably its
permeability coefficient is an unmatched value that re-
sulted in poor cryopreservation in our study.

In the present study, plasma membrane was damaged
dramatically in spermatozoa cryopreserved with propyl-
ene glycoal, but this damage was less compared with the
damage of moatility. This finding implies that apart from
head plasma membrane, other compartments of sperm re-
garding sperm motility, such as tail membrane and mi-
tochondria, may be damaged more severely. Ancther sur-
prising finding is that there was no significant difference
in acrosomal integrity for spermatozoa cryopreserved ei-
ther with propylene glycol, dimethyl sulfoxide, or acet-
amide. This finding indicates that the sperm acrosome is
the most resistant to freezing compared with motility or
plasma membrane; meanwhile, it indicates indirectly that
sperm motility is the most convincing parameter for eval-
uation of sperm function.

In conclusion, the present study confirms the following:
1) TTE, DM, mDM, LG-DM, G-DM, and TCG are ex-
cellent extenders and suitable for sperm cryopreservation
of cynomolgus monkey. 2) The finding that TEST, TSM,
Test-M, and Test-H are unable to protect cynomolgus
monkey spermatozoa during freezing may be due to the
hyperosmolality these extenders possess, which exceeds
the sperm cell toleration limit. Few spermatozoa can sur-
vive the freezing with LM; this may result from its con-
centrated salt ions. 3) Ethylene glycol and glycerol ex-
hibited the best cryoprotective ability for cynomolgus
monkey spermatozoa. Dimethyl sulfoxide and acetamide
resulted in worse effectiveness than ethylene glycol or
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glycerol, and propylene glycol yielded the worst results.
This is probably because dimethyl sulfoxide, acetamide,
and propylene glycol have unmatched coefficients that
make sperm cells shrink or expand so greatly that they
are irreversibly damaged.

Acknowledgment

The authors thank Mr Bence Baranyai for his serious revision of the
manuscript.

References

An TZ, lwakiri M, Edashige K, Sakurai T, Kasai M. Factors affecting the
survival of frozen-thawed mouse spermatozoa. Cryobiology. 2000;40:
237-249.

Arriola J, Foote RH. Accessory sperm as an indication of fertilizing abil-
ity of rabbit spermatozoa frozen in egg yolk-acetamide with detergent.
J Androl. 2001;22:458-463.

Bavister BD, Leibfried ML, Lieberman G. Development of preimplan-
tation embryos of the golden hamster in a defined culture medium.
Biol Reprod. 1983;28:235-247.

Chen JC, J WZ, Yang SC, Shi LM. Semen cryopreservation in the Tibetan
macaque (Macaca thibetana)—comparison of different cooling pro-
grams and freezing media. Acta Zoologica Snica. 1994;40:174-181.

Cho F, Honjo S. A simplified method for collecting and preserving cy-
nomolgus macaque semen. Jpn J Med Sci Biol. 1973;26:261-268.

Clavert A, Cranz C, Brun B, Rumpler Y. A method for sperm cryopres-
ervation of the lemur fulvus. Primate Rep. 1986;14:101.

Conradie E, Oettle EE, Seier JV. Assessment of acrosomal integrity of
vervet monkey spermatozoa after cryopreservation. J Med Primatol.
1994;23:315-316.

Cranfield MR, Kempske SE, Schaffer N. The use of in vitro fertilization
and embryo transfer techniques for the enhancement of genetic di-
versity in the captive population of the lion-tailed macaque. Int Zoo
Yearb. 1988;27:149-159.

Denis LT, Poindexter AN, Ritter MB, Seager SW, Deter RL. Freeze pres-
ervation of squirrel monkey sperm for use in timed fertilization stud-
ies. Fertil Seril. 1976;27:723-729.

Esteves SC, Sharma RK, Thomas AJ J,, Agarwal A. Improvement in
motion characteristics and acrosome status in cryopreserved human
spermatozoa by swim-up processing before freezing. Hum Reprod.
2000;15:2173-2179.

Feradis AH, Pawitri D, Suatha IK, Amin MR, Yusuf TL, Sajuthi D, Bu-
diarsa IN, Hayes ES. Cryopreservation of epididymal spermatozoa
collected by needle biopsy from cynomolgus monkeys (Macaca fas-
cicularis). J Med Primatol. 2001;30:100-106.

Gao DY, Liu J, Liu C, et a. Prevention of osmotic injury to human
spermatozoa during addition and removal of glycerol. Hum Reprod.
1995;10:1109-1122.

Gilmore JA, Liu J, Gao DY, Critser JK. Determination of optimal cryo-
protectants and procedures for their addition and removal from human
spermatozoa. Hum Reprod. 1997;12:112-118.

Gould KG, Styperek RRP Improved methods for freeze preservation of
chimpanzee sperm. Am J Primatol. 1989;18:275-284.

Holt WV, Wilton LJ, Marshall VS. Cryopreservation of spermatozoafrom
the marmoset monkey (Callithrix jacchus). In: Bradley M, Cummins
J, eds. Proc. 7th Symp. Spermatology. Cairns, Australia. 1994:17.

Kraemer DC, Vera Cruz NC. Collection, gross characteristics and freezing
of baboon semen. J Reprod Fertil. 1969;20:345-348.

Kusunoki H, Daimaru H, Minam S, Nishimoto S, Yamane K, Fukumoto

Journal of Andrology - May/June 2005

Y. Birth of a chimpanzee (pan troglodytes) after artificial insemination
with cryopreserved epididymal spermatozoa collected postmortem.
Zoo Biol. 2001;20:135-143.

Lambert H, Citino S, Collazo I, Jeyendran RS. Penetration of zona-free
hamster oocytes by eaculated cryopreserved gorilla spermatozoa
Fertil Seril. 1991;56:1201-1203.

Lanzendorf SE, Holmgren WJ, Schaffer N, Hatasaka H, Wentz AC, Jey-
endran RS. In vitro fertilization and gamete micromanipulation in the
lowland gorilla. J Assist Reprod Genet. 1992;9:358-364.

Leverage WE, Vaerio DA, Schultz AR, Kingsbury E, Dorey C. Compar-
ative study on the freeze preservation of spermatozoa Primate, bo-
vine, and human. Lab Anim Sci. 1972;22:882—-889.

Li Y, Si W, Zhang X, Dinnyes A, Ji W. Effect of amino acids on cryo-
preservation of cynomolgus monkey (Macaca fascicularis) sperm. Am
J Primatol. 2003;59:159-165.

Mahone JP, Dukelow WR. Semen preservation in Macaca fascicularis.
Lab Anim Sci. 1978;28:556-561.

Mantovani R, Rora A, Falomo ME, Bailoni L, Vincenti L. Comparison
between glycerol and ethylene glycol for the cryopreservation of
equine spermatozoa: semen quality assessment with standard analyses
and with the hypoosmotic swelling test. Reprod Nutr Dev. 2002;42:
217-226.

Mazur B, Leib SB Chu EHY. Two factor hypothesis of freezing injury,
evidence from Chinese tissue-culture cells. Exp Cell Res. 1972;71:
345-355.

Molinia FC, Evans G, Maxwell WMC. Incorporation of permeating cryo-
protectants in diluents for pellet-freezing ram spermatozoa. Therio-
genology. 1994;42:849-858.

Morrell JM. Cryopreservation of marmoset sperm (Callithrix jacchus).
Cryo-letters. 1997;18:45-54.

Morrell IM, Hodges JK. Cryopreservation of non-human primate sperm:
priorities for future research. Anim Reprod Sci. 1998;53:43-63.

Morrell IM, Nubbemeyer R, Heistermann M, Rosenbusch J, Kuderling I,
Holt W, Hodges JK. Artificial insemination in Callithrix jacchus using
fresh or cryopreserved sperm. Anim Reprod Sci. 1998;52:165-174.

O’Brien JK, Roth TL. Post-coital sperm recovery and cryopreservation
in the Sumatran rhinoceros (Dicerorhinus sumatrensis) and applica-
tion to gamete rescue in the African black rhinoceros (Diceros bicor-
nis). J Reprod Fertil. 2000;118:263-271.

Pope CE, Dresser BL, Chin NW, et a. Birth of a western lowland gorilla
(Gorilla gorilla gorilla) following in vitro fertilization and embryo
transfer. Am J Primatol. 1997;41:247-260.

Roussel JD, Austin CR. Preservation of primate spermatozoa by freezing.
J Reprod Fertil. 1967;13:333-335.

Sadleir RM. The preservation of mammalian spermatozoa by freezing.
Lab Pract. 1966;15:413-417.

Sanchez-Partida LG, Maginnis G, Dominko T, Martinovich C, McVay B,
Fanton J, Schatten G. Live rhesus offspring by artificial insemination
using fresh sperm and cryopreserved sperm. Biol Reprod. 2000;63:
1092-1097.

Sankai T, Shimizu K, Cho F, Yoshikawa Y. In vitro fertilization of follic-
ular oocytes by frozen-thawed spermatozoa in Japanese monkeys
(Macaca fuscata). Lab Anim Sci. 1997;47:58-62.

Sankai T, Terao K, Yanagimachi R, Cho F, Yoshikawa Y. Cryopreserva-
tion of spermatozoa from cynomolgus monkeys (Macaca fascicular-
is). J Reprod Fertil. 1994;101:273-278.

Seier JV, Conradie E, Oettle EE, Fincham JE. Cryopreservation of vervet
monkey semen and recovery of progressively motile spermatozoa. J
Med Primatol. 1993;22:355-359.

Si W. Cryopreservation of Rhesus Monkey Spermatozoa [dissertation].
Kunming, China: Chinese Academy of Sciences, 2004.

Si W, Li YH, Guan M, J WZ. Cryoprotective effect of four permeating
cryoprotectants on rhesus monkey (Macaca mulatta) spermatozoa
cryopreservation. Zool Res. 2004;25:32-36.



Li et al - Cryopreservation of Cynomolgus Monkey Spermatozoa 395

Si W, Zheng B, Tang X, He X, Wang H, Bavister BD, J W. Cryopres-
ervation of rhesus macaque (Macaca mulatta) spermatozoa and their
functional assessment by in vitro fertilization. Cryobiology. 2000;41:
232-240.

Sztein IM, Noble K, Farley JS, Mobraaten LE. Comparison of permeating
and nonpermeating cryoprotectants for mouse sperm cryopreserva
tion. Cryobiology. 2001;42:28-39.

Tollner TL, VandeVoort CA, Overstreet W, Drobnis EZ. Cryopreserva-
tion of spermatozoa from cynomolgus monkeys (Macaca fascicular-
is). J Reprod Fertil. 1990;90:347-352.

Vicente JS, Viudes-de-Castro MP. A sucrose-DM SO extender for freezing
rabbit semen. Reprod Nutr Dev. 1996;36:485-492.

Weidel L, Prins GS. Cryosurviva of human spermatozoa frozen in eight
different buffer systems. J Androl. 1987;8:41-47.

Yang, Sh, Ji, W, Chen, J, Shang, E, Zou, R. The use of improved penile
electrogjaculation in Rhesus, Tibetan and Assamese macaques and
study on the parameters of their semen. Zool Res. 1994;15:77-83.

Yassen AM, Foote RH. Freezability of bovine spermatozoa in Tris-buff-
ered yolk extenders containing different levels of Tris, sodium, po-
tassium and calcium ions. J Dairy Sci. 1967;50:887-892.

Younis Al, Rooks B, Khan S, Gould KG. The effects of antifreeze peptide
111 (AFP) and insulin transferrin selenium (ITS) on cryopreservation
of chimpanzee (Pan troglodytes) spermatozoa. J Androl. 1998;19:
207-214.



