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Abstract

Improved fertility following artificial insemination with frozen-thawed spermatozoa would offer

rabbit producers faster genetic improvement. Previous work investigating cryoprotectants for

rabbit spermatozoa have reported inconsistent results. Semen was collected from three rab-

bit bucks by artificial vagina and frozen using a standard procedure with varied cryodiluent

components. Post-thaw analysis encompassed motility, sperm kinematic parameters and

acrosome and membrane integrity. Spermatozoa were evaluated at 0, 2 and 4 h after thaw-

ing. Experiment 1 compared diluents with 3.5% dimethyl sulfoxide (DMSO), 1.5% acetamide,

1.75% DMSO + 0.75% acetamide or 3.5% DMSO + 1.5% acetamide. The treatment that

resulted in the highest post-thaw motility (P<0.001) and acrosome integrity (P<0.001) was

DMSO alone. Experiment 2 compared 3.5, 7 and 10% DMSO in the cryodiluent. The best

post-thaw sperm motility (P<0.001) and linearity (P = .002) was in 3.5% DMSO, while 10%

DMSO afforded higher acrosome/membrane integrity at this last time point (P<0.05). Experi-

ment 3 varied the cryodiluent to contain either 9 or 17% egg yolk or 9 or 17% low density lipo-

proteins extracted from whole egg yolk. The treatment with the best post-thaw result was

17% egg yolk (motility, P = 0.01; acrosome/membrane integrity, P<0.001). Experiment 4

compared different carbohydrates in the cryodiluent; 50 mM glucose (TCG), 25 mM glucose

with 25 mM sucrose (TCGS low), or 50 mM glucose with 50 mM sucrose (TCGS high). When

data were pooled across time points, TCG had significantly higher motility than TCGS high

(P = 0.021), but was not different from TCGS low. However, TCG had fewer spermatozoa

with intact acrosomes and membranes than both TCGS low and TCGS high (P = .002). Put

together, these results indicate that the best cryodiluent for rabbit spermatozoa frozen under

the conditions used in this paper is with 7% DMSO and 17% egg yolk in a base medium con-

taining 25 mM glucose and 25 mM sucrose.
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Introduction

Due to a high feed conversion rate [1], rabbits remain an important means by which to meet

the nutritional demands of the increasing world population. This has led to a demand for a

breeding program focused on improving genetic selection for prolificacy, meat quality and

continued feed efficiency [2]. To this end, semen from superior males with desired traits must

be transported in such a manner that sperm functionality is maintained. While it would be

ideal to share genetics internationally, importation of semen between countries is restricted

due to quarantine requirements [3]. One possible means of overcoming these quarantine

restrictions is development of commercially viable sperm cryopreservation protocols, to enable

health testing of males prior to spermatozoa being introduced into a new environment.

In most countries, the rabbit industry currently relies on artificial insemination of fresh or

chilled spermatozoa stored for no more than three days [4] but more frequently up to 12 hours

[5]. This is because the cryopreservation of rabbit semen has so far shown to result in poor

post-thaw sperm quality, leading to low pregnancy rates and litter sizes [6]. There is a paucity

of research into defining a cryopreservation protocol for rabbit spermatozoa that achieves

commercially acceptable pregnancy rates; to this end, the present study aimed to remedy this

by investigating the effect of a variety of cryoprotectants and carbohydrates in the cryodiluent.

It seems clear that, unlike the spermatozoa of other species which are able to survive freeze-

thawing well in the presence of glycerol, rabbit spermatozoa survive better when a highly per-

meable penetrating cryoprotectant is used (reviewed by [6]). Two such compounds are

dimethyl sulfoxide (DMSO) and acetamide. It has previously been found that using DMSO as

the cryoprotectant results in reasonable post-thaw motility after cryopreservation of rabbit

sperm [7]. Interestingly, there appears to be a strong interaction between egg yolk and DMSO.

This has been demonstrated by some authors concluding that better post-thaw results are

achieved in cryodiluent with low concentrations of DMSO (�4%) in the presence of egg yolk

[8], compared with another group showing DMSO at high concentrations (�10%) gave better

post-thaw sperm quality in the absence of egg yolk [9].

Acetamide has also been used previously for rabbit sperm cryopreservation, reportedly pro-

viding better cryoprotection of spermatozoa than the other cryoprotectants with which it was

compared, such as glycerol, DMSO and ethylene glycol [10, 11]. However, these comparisons

have been rudimentary, with little attempts to investigate a dose response or to consider inter-

actions with other diluent components.

Egg yolk has been routinely used in sperm cryodiluents for many years, due to its role in sta-

bilising sperm membranes and reducing damage to sperm membranes during cooling. The

search for a substitute has been based on the desire to find a non-biological hazardous compo-

nent that will afford the same protection. The use of extracted low-density lipoproteins (LDL)

in sperm cryodiluents has been reported as an alternative to whole egg yolk as far back as 1976

[12], based on the proposition that it is the protective component of yolk. More recent studies

have shown higher post-thaw motility when spermatozoa are frozen in cryodiluents supple-

mented with LDL compared with whole egg yolk supplementation (bull; [13], boar; [14]). The

post-thaw quality of rabbit spermatozoa frozen in cryodiluent with 16% DMSO containing

either whole yolk or LDL have been compared [15]. These authors concluded that freezing in

diluent with 10% (final concentration) LDL resulted in higher post-thaw motility and viability

than that achieved by freezing in diluent with 15% egg yolk. However, these studies did not con-

sider the previously discussed interaction between high concentrations of DMSO and egg yolk.

Another means of affording cryoprotection to rabbit spermatozoa has been the use of high

concentrations of sugar. These compounds are thought to protect cells by modulating dehy-

dration and so preventing the formation of intercellular ice [16]. Additionally, sugar has long
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been known to interact with the phospholipid membranes to aid with stabilisation by reducing

lipid disorder [17]. The difference in the mechanism of action between different types of sug-

ars (such as mono- or di-saccharides) determines the type or localization of the protective

impact on spermatozoa. Thus, a comparison of mono- and disaccharides or a combination of

both in cryodiluent for rabbit spermatozoa is warranted.

The aim of the present study was to compare the post-thaw quality of rabbit spermatozoa

after cryopreservation in cryodiluents containing different cryoprotectants, following modifi-

cation of protocols that have previously reported high post-thaw motility and viability of rabbit

spermatozoa.

Materials and methods

This study was carried out with the approval of the University of Sydney Animal Ethics Com-

mittee (2013/5505). Unless otherwise stated, all chemicals were sourced from Sigma Aldrich

(Castle Hill, NSW, Australia).

Animals

This research was based on multiple donations from three normozoospermic sexually mature

rabbits (Oryctolagus cuniculus), of mixed breeds of Flemish Giant, Crusader and New Zealand

White. This mix of breeds is commonly seen in the Australian rabbit industry. The rabbits

were housed in large individual pens, fed a commercial diet and provided water ad libitum.

The rabbitry was maintained at 25˚C and lights were set on an 8 h light:16 h dark cycle.

Semen collection and evaluation

Ejaculates were collected twice weekly using a teaser doe and artificial vagina (IMV, L’Aigle,

France). When present, the gel plug was removed from the ejaculate, and semen colour and

volume immediately recorded. Sperm concentration was assessed using a haemocytometer. To

be included in the study, ejaculates were required to be at least 400 μL in volume, have a mini-

mum concentration of 300 x 106 spermatozoa, be white in appearance and creamy in consis-

tency. Ejaculates with evidence of urine contamination were excluded from the study.

Sperm cryopreservation

Ejaculates were diluted with a Tris-citric acid-glucose (TCG) diluent consisting of 313.79 mM

Tris, 103.07 mM citric acid, 33.3 mM D-(+)-glucose and 80 mg/L kanamycin; [4], with 17%

egg yolk (v/v). The egg yolk in the diluent was clarified by centrifugation at 12,000 × g for 30

min at room temperature [18]. After initial assessment, the semen was diluted 1:1 (v:v) with

the cryodiluent to be assessed and cooled in a 100 mL water jacket to 15˚C over 1 h. The

semen was then further cooled to 5˚C over 1.5 h after which chilled spermatozoa were pack-

aged into 0.25 mL straws (IMV, L’Aigle, France) sealed with polyvinyl powder (IMV, L’Aigle,

France) and frozen by suspension 5 cm above liquid nitrogen for 15 min, followed by plunging

into liquid nitrogen for storage. Immediately prior to assessment, straws were thawed by agita-

tion in a 37˚C water bath for 40 s. Spermatozoa were released into warmed borosilicate tubes

for assessment at 0, 2 and 4 h post-thaw. Samples were maintained at 37˚C over the duration

of the assessment period.

Experiment 1. In the first experiment, four penetrating cryoprotectant concentrations

were compared. Each ejaculate was divided into four equal aliquots for dilution in cryodiluent

supplemented with either: 3.5% DMSO (DMSO), 1.5% acetamide (ACE), 1.75% DMSO

+ 0.75% acetamide (DMSO/ACE low) or 3.5% DMSO + 1.5% acetamide (DMSO/ACE high).
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Experiment 2. In the second experiment, the best cryoprotectant treatment (DMSO

alone) from experiment 1 was further investigated to determine an optimal concentration.

Ejaculates were divided into three aliquots and frozen in cryodiluent with either 3.5, 7 or 10%

DMSO.

Experiment 3. The third experiment investigated replacing egg yolk with extracted LDL.

The most efficacious diluent from experiment 2 (7% DMSO) was adjusted so the final treat-

ments contained either 9% egg yolk (EY9), 9% LDL (LDL9), 17% egg yolk (EY17) or 17% LDL

(LDL17).

Low-density lipoproteins were extracted as described previously [19]. Briefly, equal vol-

umes (1:1) of egg yolk and 0.1 M sodium chloride (NaCl) were combined and the solution

mixed for 1 h at 5˚C. The solution was then centrifuged at 10,000 × g for 45 min at 4˚C. The

supernatant was decanted and centrifuged for another 45 min at 10,000 × g at 4˚C.

Experiment 4. The fourth experiment investigated the use of different carbohydrates in

the diluent. The best cryodiluent from the previous experiment (with 17% EY) was adjusted to

contain: 50 mM glucose (control; TCG), a combination of 25 mM glucose and 25 mM sucrose

(TCGS low), or a combination of 50 mM glucose and 50 mM sucrose (TCGS high).

Motility analysis

Motility and sperm kinematics were objectively determined using computer assisted sperm

analysis (CASA; IVOS v 12, Hamilton Thorne, Danvers, MA, USA), using the following set-

tings: frame rate– 60 Hz; minimum contrast– 50; low static size gates– 0.35; high static size

gates– 3.40; low intensity gates– 0.75; high intensity gates– 1.70; low elongation gates– 0.0;

high elongation gates– 70; default cell size– 7 pixels; default cell intensity– 70. Aliquots of

5.5 μL from each sample were placed on pre-warmed slides (Cell Vu, Millennium Sciences

Inc., NY, USA; 37˚C) and a cover slip was added. Assessment of at least three randomly

selected microscopic fields and a minimum of 200 cells per aliquot was conducted to deter-

mine motility characteristics. The kinematic parameters evaluated were motility (%), progres-

sive motility (%), average path velocity (VAP, μm/s); straight-line velocity (VSL, μm/s);

curvilinear velocity (VCL, μm/s); linearity index (LIN, %) and straightness (STR, %).

Flow cytometry

Flow cytometry was performed using a FACScan flow cytometer (Becton Dickinson, Franklin

Lakes, NJ, USA) with a 488 nm argon ion laser. Emission measurements were made using 530/

30 bandpass (green/FL-1), 585/42 bandpass (red/FL-2) and >670 longpass (far red/FL-3) fil-

ters. Debris was gated out using a forward scatter/side scatter dot plot, and 10,000 cells were

analysed per sample. All data were analysed using CellQuest software (Becton Dickinson).

Sperm acrosome integrity and plasma membrane integrity were assessed using dual-staining

fluorescein isothiocyanate conjugated peanut agglutinin (FITC-PNA; 4 μg/mL) and propi-

dium iodide (PI; 12 μM), respectively. The sample was incubated for 5 min at 37˚C after

staining.

Statistical analyses

Data were analysed using Linear Mixed Model in GenStat (Version 16, VSN International

Ltd., Hemel Hempstead, UK) to determine the effects of the treatments, the effect of the time

of analysis, and the interaction between treatment and time. The effects of diluent and time

were included in the fixed model, with replicate/diluent as the random model. For all analyses,

significance was defined as P<0.05.
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Results

Experiment 1

There were significant differences (P<0.001) in total motility between spermatozoa frozen in

different extenders at each time point post-thaw, as shown in Fig 1A. Generally, diluents with

some level of DMSO better protected the motility of spermatozoa during cryopreservation.

Kinematic parameters were similar between treatments at each time point, with the exception

of VAP, where the ACE treatment was significantly poorer than the other treatments at 2h

post-thaw and LIN, where the DMSO treatment returned greater linearity than the other treat-

ments at each time point (p = 0.036; Table 1). Supplementation with DMSO alone returned a

significantly (P<0.001) higher proportion of spermatozoa with intact membrane/intact acro-

somes at each time point post-thaw compared with diluent containing acetamide (Fig 1B).

Fig 1. Total motility and flow cytometric results from experiment 1. Post-thaw motility (A) and proportion

of spermatozoa with intact membranes and acrosomes (B) at 0, 2 or 4 hours after thawing with incubation at

37˚C of rabbit spermatozoa frozen in diluent supplemented with 3.5% DMSO (●), 1.5% acetamide (■), 3.5%

DMSO and 1.5% acetamide (▲) or 1.75% DMSO and 0.75% acetamide (▼). Each point represents datum

from a replicate and the horizontal lines represent range around the mean. Superscripts represent significant

differences within time points between treatment groups.

https://doi.org/10.1371/journal.pone.0175965.g001
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Experiment 2

The cryoprotective effects of varying concentrations of DMSO in a Tris-based diluent on the

motility of frozen-thawed rabbit spermatozoa are illustrated in Fig 2A. Immediately after thaw-

ing, spermatozoa frozen in cryodiluent with 7% DMSO had a significantly higher motility

than that frozen in either 3.5 or 10% DMSO (p<0.001). However, at two hours post-thaw,

spermatozoa frozen with 3.5% DMSO recorded significantly higher motility than those frozen

in 7% or 10% DMSO (p<0.001); while at four hours post-thaw, both 3.5% and 7% DMSO pro-

duced a significantly higher progressive motility than 10% DMSO (p<0.001).

With respect to the kinetic parameters VAP, VSL and VCL, patterns of results similar to

overall motility were observed (Table 2). Samples diluted with 3.5% DMSO had significantly

higher post-thaw mean values of VAP, VSL, and VCL than those diluted with 10% DMSO at

each time point post-thaw (P<0.001). There were no significant differences on LIN and STR

found between varied DMSO concentrations.

In contrast to the motility parameters, higher concentrations of DMSO proved to be more

beneficial at preserving sperm membranes and acrosomes (Fig 2B). Diluents containing 10%

DMSO produced significantly higher proportions of intact membranes after thawing com-

pared with 3.5% DMSO at each measured time point (P<0.05). Diluents with 7% did not sig-

nificantly differ in percentage of intact membranes and acrosomes from either of the other

two DMSO concentrations at each time point.

Experiment 3. Sperm frozen in EY17 had a significantly higher (P = 0.01) total motility at

all time points post-thaw than spermatozoa frozen in other diluents (Fig 3A). All other motility

Table 1. Motility kinematics from experiment 1.

0h DMSO ACE DMSO/ACE low DMSO/ACE high

VAP (μm/s) 53.0±1.9 48.3±1.8 53.6±2.1 53.0±2.2

VSL (μm/s) 42.7±1.5 38.4±1.5 39.9±1.1 39.6±1.2

VCL (μm/s) 96.0±3.2 97.9±3.0 104.3±3.7 102.6±3.

LIN (%) 47.0±2.6a 40.6±1.1b 39.7±0.8b 39.9±1.2b

STR (%) 81.4±1.2 79.8±1.2 76.3±1.2 76.1±1.5

2h DMSO ACE DMSO/ACE low DMSO/ACE high

VAP (μm/s) 52.9±1.4a 44.1±5.8b 51.1±1.6a 51.0±1.3a

VSL (μm/s) 45.0±1.3 34.8±4.5 40.5±1.4 40.1±1.2

VCL (μm/s) 97.8±4.9 88.5±11.6 103.0±3.7 102.6±3.5

LIN (%) 47.7±1.8a 36.0±4.7c 41.2±1.5b 40.1±1.2b

STR (%) 85.0±0.7 70.4±8.9 79.2±1.0 78.8±0.8

4h DMSO ACE DMSO/ACE low DMSO/ACE high

VAP (μm/s) 47.9±1.3 47.1±1.6 44.4±1.4 47.0±1.4

VSL (μm/s) 40.6±1.5 38.2±1.8 34.6±1.1 36.0±1.1

VCL (μm/s) 90.0±3.0 95.8±4.9 96.3±4.9 98.2±4.9

LIN (%) 46.4±1.9a 44.9±2.3a 37.6±1.6b 38.2±2.1b

STR (%) 84.7±0.8 76.7±5.5 77.8±1.1 75.9±1.7

Mean ± SEM kinematic scores at 0, 2 or 4 hours after thawing with incubation at 37˚C of rabbit spermatozoa

frozen in diluent supplemented with 3.5% DMSO (DMSO), 1.5% acetamide (ACE), 3.5% DMSO and 1.5%

acetamide (DMSO/ACE high) or 1.75% DMSO and 0.75% acetamide (DMSO/ACE low).
a,b,c. Superscripts represent significant differences within time points of each parameter. VAP–average path

velocity; VSL–straight line velocity; VCL–curvilinear velocity; LIN–linearity (VSL/VCL); STR–straightness

(VSL/VAP).

https://doi.org/10.1371/journal.pone.0175965.t001

Optimising the cryodiluent for rabbit spermatozoa

PLOS ONE | https://doi.org/10.1371/journal.pone.0175965 April 20, 2017 6 / 14

https://doi.org/10.1371/journal.pone.0175965.t001
https://doi.org/10.1371/journal.pone.0175965


parameters assessed were similar between treatments, with the exception of STR, with sperma-

tozoa frozen in either EY17 or LDL17 exhibiting a higher degree of STR (76.8 ± 1.04% and

75.9 ± 0.98%, respectively) than that frozen in EY9 or LDL9 (70.1 ± 1.41% and 71.7 ± 1.33%,

respectively) at 0 h post-thaw (p = 0.0004; Table 3).

The flow cytometric assessment indicated that samples frozen in diluent containing egg

yolk maintained a significantly higher (P<0.001) proportion of spermatozoa with intact

Fig 2. Total motility and flow cytometric results from experiment 2. Post-thaw motility (A) and proportion

of spermatozoa with intact membranes and acrosomes (B) at 0, 2 or 4 hours after thawing with incubation at

37˚C of rabbit spermatozoa frozen in diluent supplemented with 3.5% (●), 7% (■) or 10% (▲) DMSO. Each

point represents datum from a replicate and the horizontal lines represent range around the mean.

Superscripts represent significant differences within time points between treatment groups.

https://doi.org/10.1371/journal.pone.0175965.g002
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membranes and acrosomes than those frozen in diluent containing LDL, at all time points

post-thaw (Fig 3B).

Experiment 4

The quality of sperm after cryopreservation and incubation with various sugar components in

the diluents is detailed in Fig 4A and 4B. There was no interaction between time and experi-

mental group, but when considered across all time points the spermatozoa frozen in TCG

exhibited higher total motility than that frozen in TCGS high (P = 0.021), but neither of these

differed from the motility scores of spermatozoa frozen in TCGS low. There were no signifi-

cant differences seen other than CASA-assessed parameters of post-thaw sperm quality

between groups. However, when considering results across time points, freezing in TCG

resulted in fewer live spermatozoa with intact acrosome than when freezing in both TCGS low

and TCGS high (P = 0.002).

Discussion

This study demonstrated the potential for improved quality of post-thaw rabbit sperm quality

to be achieved with minor adjustments of cryoprotectant type and concentration. The improve-

ments in sperm parameters and viability observed in this study suggest that, with further study

investigation, commercially viable protocols for cryopreservation of rabbit semen may be

developed.

Sperm freezing protocols in many species typically use a fast freezing rate (approximately

-10˚C/min) at temperatures below 5˚C with glycerol as the main cryoprotectant. However,

previous research has demonstrated that rabbit spermatozoa have a higher survival rate with a

relatively slow cooling rate and a cryoprotectant that permeates rapidly, likely due to a lower

water permeability relative to other domestic species [6, 11, 20, 21]. DMSO and acetamide are

candidates for this role, as they have low molecular weights and so can permeate the cell rap-

idly [6, 22].

The post-thaw parameters observed in this study suggest that use of DMSO as a cryoprotec-

tant for rabbit spermatozoa is preferable to acetamide. This is despite previous studies finding

Table 2. Motility kinematics from experiment 2.

0h 3.5% DMSO 7% DMSO 10% DMSO

VAP (μm/s) 45.1±0.9a 42.7±0.6ab 40.1±0.7b

VSL (μm/s) 34.5±0.8a 33.1±0.8ab 31.4±0.6b

VCL (μm/s) 99.5±1.3a 94.1±1.3ab 89.5±1.4b

2h 3.5% DMSO 7% DMSO 10% DMSO

VAP (μm/s) 51.1±1.0a 48.0±1.5b 39.1±1.0c

VSL (μm/s) 41.6±0.7a 39.7±1.3a 40.5±1.4b

VCL (μm/s) 110.6±2.0a 107.2±2.1a 92.8±2.0b

4h 3.5% DMSO 7% DMSO 10% DMSO

VAP (μm/s) 48.7±1.6a 42.5±1.4b 36.6±1.0c

VSL (μm/s) 39.7±1.3a 34.6±1.3b 28.6±0.8c

VCL (μm/s) 107.2±3.6a 96.4±2.5b 83.8±3.2c

Mean ± SEM kinematic scores at 0, 2 or 4 hours after thawing with incubation at 37˚C of rabbit spermatozoa

frozen in diluent supplemented with 3.5, 7 or 10% DMSO.
a, b, c. Superscripts represent significant differences within time points of each parameter. VAP–average path

velocity; VSL–straight line velocity; VCL–curvilinear velocity.

https://doi.org/10.1371/journal.pone.0175965.t002
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higher post-thaw motility of rabbit spermatozoa frozen in diluent containing acetamide [10],

or no difference between DMSO and acetamide when considering total motility and mem-

brane integrity only [11]. Perhaps the conflicting results may have arisen from differences in

the freezing rates used as the straws in this study were frozen 6 cm above liquid nitrogen,

whereas previous studies have implemented a distance of 4 cm [11] or 10 cm above liquid

nitrogen [10]. Due to the differences in penetration rates between DMSO and acetamide, it

would be expected that their protective capacity is more suited to dissimilar freezing rates.

This could be confirmed by altering freezing rates when cryopreserving rabbit spermatozoa.

Fig 3. Total motility and flow cytometric results from experiment 3. Post-thaw motility (A) and proportion

of spermatozoa with intact membranes and acrosomes (B) at 0, 2 or 4 hours after thawing with incubation at

37˚C of rabbit spermatozoa frozen in diluent supplemented with 9% egg yolk (EY9; ●), 9% LDL (LDL9; ■),

17% egg yolk (EY17;▲) or 17% LDL (LDL17;▼). Each point represents datum from a replicate and the

horizontal lines represent range around the mean. Superscripts represent significant differences within time

points between treatment groups.

https://doi.org/10.1371/journal.pone.0175965.g003
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Future work in this area may provide insight into optimal freezing rates, where a two-step

freezing protocol may be investigated.

Consideration of the kinematic measurements in this experiment showed that spermatozoa

frozen in the 3.5% DMSO displayed a significantly higher proportion of spermatozoa with lin-

ear motility (LIN) than all other groups tested at all time points. This parameter that has previ-

ously been shown to be correlated with high fertility in bulls [23] and rabbits [24]. Thus, the

decision was made to use the diluent containing DMSO only for further investigation in

Experiment 2.

Previous studies have also indicated a relationship between the concentration of egg yolk

and other cryoprotectants, including DMSO in cryodiluents. DMSO has been shown to be

most effective at preserving rabbit sperm quality post-thaw at high concentrations in the

absence of egg yolk [6, 20]. With lower concentrations of DMSO, the beneficial effects of

higher egg yolk concentration become detectable [8, 25]. However, these results must be inter-

preted with caution, as there is some evidence that egg yolk has a stimulatory effect on sperm

motility [26].

Interestingly, the CASA parameters VAP, VSL and VCL showed a clear and consistent con-

centration effect of DMSO across all time points, with the lower DMSO concentration scoring

higher values. While these have not demonstrated a correlation with fertility in rabbits [24],

faster VSL values correlated to higher fertility in bulls [27] and more rapid VAP and VSL

scores have been related to higher total number of offspring born in pigs [28]. In an effort to

balance the motility results (where 3.5% was best) and the acrosome and membrane integrity

results, the decision to continue with 7% DMSO for experiment 3 was made.

The results from Experiment 3 demonstrated a clear benefit to freezing in diluents supple-

mented with egg yolk compared with LDL supplementation, in terms of the proportion of

spermatozoa with both intact acrosomes and membranes. This infers there are components in

egg yolk other than LDL that aid in the protection of spermatozoa against cold shock. Alterna-

tively, as LDL make up only 2/3 of whole yolk, perhaps a lower concentration of LDL in the

diluent would have provided better post-thaw results as found by researchers in dog semen

[29].

Table 3. Motility kinematics from experiment 3.

0h EY9 LDL9 EY17 LDL17

VSL (μm/s) 39.1±1.4 40.2±1.3 38.3±0.8 40.1±1.5

VAP (μm/s) 57.5±1.8 57.1±2.2 50.7±1.3 53.6±2.0

STR (%) 70.1±1.4a 71.7±1.3a 76.8±1.0b 75.9±1.0b

2h EY9 LDL9 EY17 LDL17

VSL (μm/s) 41.8±0.5 40.3±1.6 39.7±1.5 42.4±0.8

VAP (μm/s) 53.4±0.9 51.4±1.6 49.8±0.8 52.8±1.0

STR (%) 78.7±0.8 78.3±0.7 80.0±1.7 80.2±0.9

4h EY9 LDL9 EY17 LDL17

VSL (μm/s) 37.2±1.5 37.4±1.2 38.4±0.6 39.8±1.2

VAP (μm/s) 46.9±1.7 47.2±1.4 48.3±0.6 49.3±1.1

STR (%) 79.6±0.9 79.3±0.9 79.7±1.2 80.3±0.9

Mean ± SEM kinematic scores at 0, 2 or 4 hours after thawing with incubation at 37˚C of rabbit spermatozoa

frozen in diluent supplemented with 9% egg yolk (EY9), 9% LDL (LDL9), 17% egg yolk (EY17) or 17% LDL

(LDL17).
a, b. Superscripts represent significant differences within time point of each parameter. VSL–straight line

velocity; VAP–average path velocity; STR–straightness (VSL/VAP).

https://doi.org/10.1371/journal.pone.0175965.t003
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The final aspect of cryodiluents that was investigated in this study was the sugar type. Car-

bohydrates act not only as an energy source in cryodiluents but also play a role in maintaining

osmolarity and provide cryoprotection by obstructing intracellular ice formation through cel-

lular dehydration [30]. It has been demonstrated in other species that disaccharides provide

better cryoprotection to spermatozoa than monosaccharides (boar, [31]; mouse, [32]). While

the reason behind this has not been elucidated, one proposed mechanism is the higher osmotic

pressure exerted by the disaccharides, more effectively reducing the formation of intracellular

ice crystals [33]. Alternatively, it has been suggested that spermatozoa from each species show

varying levels of cryosurvival with different saccharides in the diluent [31] and perhaps the

combination of monosaccharides that comprise the disaccharide may influence the outcome.

The results of this study better support the former hypothesis, as the addition of a disaccharide

was beneficial to the cryosurvival of rabbit spermatozoa, but the higher osmotic pressure from

doubling the concentration of carbohydrates in the diluent did not improve the post-thaw qual-

ity of the spermatozoa. Sucrose is a bonding of glucose and fructose, so it would be of interest to

investigate the effects of other carbohydrate combinations in the cryopreservation of rabbit

spermatozoa to determine which provides better cryoprotection. Authors that have investigated

this previously have suggested that freezing in a HEPES-based diluent containing acetamide

and trehalose (composed of two glucose units) was preferable to that containing raffinose (a tri-

saccharide of glucose, galactose and fructose; [10]). Other authors compared glucose, lactose

and sucrose-supplemented Tris-based diluents (with DMSO as the cryoprotectant and without

egg yolk) and concluded that sucrose was the carbohydrate of choice under these conditions

[34]. While in a different study, the same authors concluded that in a Tris-based diluent with or

without egg yolk (and with varying concentrations of DMSO as the cryoprotectants), sucrose

was preferable over glucose, lactose (a galactose-glucose disaccharide) and maltose (a glucose-

glucose disaccharide, bonded differently to the trehalose pair). Put together, these data suggest

that a combination of carbohydrates is preferred for rabbit spermatozoa cryopreservation–

Fig 4. Total motility and flow cytometric results from experiment 4. Post-thaw motility (A) and proportion of

spermatozoa with intact membranes and acrosomes (B) from data pooled across 0, 2 or 4 hours post-thaw with

incubation at 37˚C of rabbit spermatozoa frozen in diluent containing 50 mM glucose as the sole carbohydrate

source (Control; TCG; ●), a combination of 25 mM glucose and 25 mM sucrose (TCGS low; ■), or a combination

of 50 mM glucose and 50 mM sucrose (TCGS high;▲). Each point represents datum from a replicate and the

horizontal lines represent range around the mean. Superscripts represent significant differences within time

points between treatment groups.

https://doi.org/10.1371/journal.pone.0175965.g004
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perhaps what remains to be clarified is whether they are best made available as a monosaccha-

ride, a disaccharide or even a trisaccharide and with what bond unit within the polysaccharide.

In conclusion, this study demonstrated that a diluent for the cryopreservation of rabbit

spermatozoa needs to be optimised according to the concentrations of penetrating and non-

penetrating cryoprotectants included in the diluent. While further investigation of breed dif-

ferences is warranted, the results from this study indicate t that DMSO at 7% concentration in

a TCGS low diluent containing 17% egg yolk was found to be the most efficacious at cryopre-

serving rabbit sperm, with respect to post-thaw motility and viability.

Acknowledgments

Thank you to Manuel Menouhas for care of the animals.

Author Contributions

Conceptualization: RB.

Formal analysis: SH CN DJ RB.

Funding acquisition: RB.

Investigation: SH CN.

Methodology: SH CN DJ.

Project administration: RB.

Resources: RB.

Supervision: DJ RB.

Validation: DJ.

Visualization: SH CN DJ RB.

Writing – original draft: SH CN DJ RB.

Writing – review & editing: SH CN DJ RB.

References
1. Dickerson GE. Animal size and efficiency: basic concepts. Anim Prod. 1978; 27(3):367–79.

2. Moce E, Lavara R, Vicente JS. Effect of cooling rate to 5C, straw size and farm on fertilizing ability of

cryopreserved rabbit sperm. Reprod Domest Anim. 2010; 45(5):e1–e7. https://doi.org/10.1111/j.1439-

0531.2009.01507.x PMID: 19650879

3. Prayaga KC, Eady SJ. Rabbit farming for meat production in Australia: preliminary estimates of eco-

nomic values for production traits. Asian-Australasian Journal of Animal Sciences. 2000; 13

(Suppl.):357–9.

4. Roca J, Martı́nez S, J.M. Vázquez XL, Parrilla I, Martı́nez EA. Viability and fertility of rabbit spermatozoa

diluted in Tris-buffered extenders and stored at 15˚C. Anim Reprod Sci. 2000; 64:103–12. PMID:

11078971

5. Di Iorio M, Manchisi A, Rocco M, Chrenek P, Iaffaldano N. Comparison of different extenders on the

preservatio of rabbit semen stored at 5C for 72h. Ital J Anim Sci. 2014; 13(4):710–5.

6. Moce E, Vicente JS. Rabbit sperm cryopreservation: A review. Anim Reprod Sci. 2009; 110:1–24.

https://doi.org/10.1016/j.anireprosci.2008.08.015 PMID: 18805659

7. Vicente JS, Viudes-de-Castro MP. A sucrose -DMSO extender for freezing rabbit semen. Reprod Nutr

Dev. 1996; 36:485–92. PMID: 8987100

8. Si W, Hildebrandt TB, Reid C, Krieg R, Ji W, Fassbender M, et al. The successful double cryopreserva-

tion of rabbit (Oryctolagus cuniculus) semen in large volume using the directional freezing technique

Optimising the cryodiluent for rabbit spermatozoa

PLOS ONE | https://doi.org/10.1371/journal.pone.0175965 April 20, 2017 12 / 14

https://doi.org/10.1111/j.1439-0531.2009.01507.x
https://doi.org/10.1111/j.1439-0531.2009.01507.x
http://www.ncbi.nlm.nih.gov/pubmed/19650879
http://www.ncbi.nlm.nih.gov/pubmed/11078971
https://doi.org/10.1016/j.anireprosci.2008.08.015
http://www.ncbi.nlm.nih.gov/pubmed/18805659
http://www.ncbi.nlm.nih.gov/pubmed/8987100
https://doi.org/10.1371/journal.pone.0175965


with reduced concentration of cryoprotectant. Theriogenology. 2006; 65(4):788–98. https://doi.org/10.

1016/j.theriogenology.2005.06.010 PMID: 16112183

9. Rosato MP, Iaffaldano N. Cryopreservation of rabbit semen: Comparing the effects of different cryopro-

tectants, cryoprotectant-free vitrification, and the use of albumin plus osmoprotectants on sperm sur-

vival and fertility after standard vapor freezing and vitrification. Theriogenology. 2013; 79(3):508–16.

https://doi.org/10.1016/j.theriogenology.2012.11.008 PMID: 23218394

10. Dalimata AM, Graham JK. Cryopreservation of rabbit spermatozoa using acetamide in combination

with trehalose and methyl cellulose. Theriogenology. 1997; 48(5):831–41. PMID: 16728175

11. Kashiwazaki N, Okuda Y, Seita Y, Hisamatsu S, Sonoki S, Shino M, et al. Comparison of glycerol, lacta-

mide, acetamide and dimethylsulfoxide as cryoprotectants of japanese white rabbit spermatozoa.

Reprod Dev. 2006; 52(4):511–6.

12. Watson PF. The protection of ram and bull spermatozoa by the low density lipoprotein fraction of egg

yolk during storage at 5C and deep-freezing. J Therm Biol. 1976; 1:137–41.

13. Moussa M, Martinet V, Trimeche A, Tainturier D, Anton M. Low density lipoproteins extracted from hen

egg yolk by an easy method: cryoprotective effect on frozen-thawed bull semen. Theriogenology. 2002;

57:1695–706. PMID: 12035979

14. Hu J-H, Li Q-W, Li G, Chen X-Y, Hai Y, Zhang S-S, et al. The cryoprotective effect on frozen-thawed

boar semen of egg yolk low density lipoproteins. Asian Australas J Anim Sci. 2006; 19(4):486–94.

15. Iaffaldano N, di Iorio M, Rosato MP, Manchisi A. Cryopreservation of rabbit semen using non-perme-

able cryoprotectants: effectiveness of different concentrations of low-density lipoproteins (LDL) from

egg yolk versus egg yolk or sucrose. Anim Reprod Sci. 2014; 151(3–4):220–8. https://doi.org/10.1016/j.

anireprosci.2014.10.020 PMID: 25465902

16. Pursel VG, Johnson LA, Schulman LL. Interaction of extender composition and incubation period on

cold shock susceptibility of boar spermatozoa. J Anim Sci. 1972; 35(3):580–4. PMID: 5066459

17. Rudolph AS, Crowe JH. Membrane stablization during freezing: the role of two natural cryoprotectants,

trehalolse and proline. Cryobiology. 1985; 22(4):367–77. PMID: 4028782

18. Farshad A, Amidi F, Khor AK, Rashidi A. Effect of cholesterol-loaded-cyclodextrin in presence and

absence of egg yolk during freezing step on quality of Markhoz buck’s spermatozoa. Asian-Australasian

Journal of Animal Sciences. 2011; 24(2):181–9. PubMed

19. Pillet E, Duchamp G, Batellier F, Beaumal V, Anton M, Desherces S, et al. Egg yolk plasma can replace

egg yolk in stallion freezing extenders. Theriogenology. 2011; 75(1):105–14. https://doi.org/10.1016/j.

theriogenology.2010.07.015 PMID: 20833417

20. Okuda Y, Seita Y, Hisamatsu S, Sonoki S, Shino M, Masaoka T, et al. Fertility of spermatozoa cryopre-

served with 2% acetamide or glycerol through artificial insemination in the Japanese white rabbit. Exper-

imental Animals. 2007; 56(1):29–34. PMID: 17283888

21. Curry MR, Redding BJ, Watson PF. Determination of water permeability coefficient and its activation

energy for rabbit spermatozoa. Cryobiology. 1995; 32:175–81. https://doi.org/10.1006/cryo.1995.1016

PMID: 7743819

22. Amiridis GS, Cseh S. Assisted reproductive technologies in the reproductive management of small

ruminants. Animal Reproduction Science. 2012; 130(3/4):152–61.

23. Gillan L, Evans G, Maxwell WMC. Flow cytometric evaluation of sperm parameters in relation to fertility

potential. Theriogenology. 2005; 63(2):445–57. https://doi.org/10.1016/j.theriogenology.2004.09.024

PMID: 15626410

24. Lavara R, Moce E, Lavara F, Viudes de Castro MP, Vicente JS. Do parameters of seminal quality corre-

late with the results of on-farm inseminations in rabbits? Theriogenology. 2005; 64(5):1130–41. https://

doi.org/10.1016/j.theriogenology.2005.01.009 PMID: 16125557

25. Arriola J, Foote RH. Accessory sperm as an indication of fertilizing ability of rabbit spermatozoa frozen

in egg yolk-acetamide with detergent. Journal of Andrology. 2001; 22(3):458–63. PMID: 11330646

26. Chinsomboon S, Nattharit P, Wongkularb A, Sudsam-Ang A, Osathanodh V. Sperm motility after pas-

sage through the hen’s egg yolk medium. J Med Assoc Thailand. 1990; 73(S1):100–3.

27. Gillan L, Kroetsch T, Maxwell WMC, Evans G. Assessment of in vitro sperm characteristics in relation

to fertility on dairy bulls. Anim Reprod Sci. 2008; 103:201–14. https://doi.org/10.1016/j.anireprosci.

2006.12.010 PMID: 17208395

28. Broekhuijse MLWJ, Sostaric E, Feitsma H, Gadella BM. Application of computer-assisted semen analy-

sis to explain variations in pig fertility. J Anim Sci. 2012; 90:79–789.

29. Bencharif D, Amirat L, Anton M, Schmitt E, Desherces S, Delhomme G, et al. The advantages of LDL

(Low Density Lipoproteins) in the cryopreservation of canine semen. Theriogenology. 2008; 70

(9):1478–88. https://doi.org/10.1016/j.theriogenology.2008.06.095 PMID: 18817963

Optimising the cryodiluent for rabbit spermatozoa

PLOS ONE | https://doi.org/10.1371/journal.pone.0175965 April 20, 2017 13 / 14

https://doi.org/10.1016/j.theriogenology.2005.06.010
https://doi.org/10.1016/j.theriogenology.2005.06.010
http://www.ncbi.nlm.nih.gov/pubmed/16112183
https://doi.org/10.1016/j.theriogenology.2012.11.008
http://www.ncbi.nlm.nih.gov/pubmed/23218394
http://www.ncbi.nlm.nih.gov/pubmed/16728175
http://www.ncbi.nlm.nih.gov/pubmed/12035979
https://doi.org/10.1016/j.anireprosci.2014.10.020
https://doi.org/10.1016/j.anireprosci.2014.10.020
http://www.ncbi.nlm.nih.gov/pubmed/25465902
http://www.ncbi.nlm.nih.gov/pubmed/5066459
http://www.ncbi.nlm.nih.gov/pubmed/4028782
https://doi.org/10.1016/j.theriogenology.2010.07.015
https://doi.org/10.1016/j.theriogenology.2010.07.015
http://www.ncbi.nlm.nih.gov/pubmed/20833417
http://www.ncbi.nlm.nih.gov/pubmed/17283888
https://doi.org/10.1006/cryo.1995.1016
http://www.ncbi.nlm.nih.gov/pubmed/7743819
https://doi.org/10.1016/j.theriogenology.2004.09.024
http://www.ncbi.nlm.nih.gov/pubmed/15626410
https://doi.org/10.1016/j.theriogenology.2005.01.009
https://doi.org/10.1016/j.theriogenology.2005.01.009
http://www.ncbi.nlm.nih.gov/pubmed/16125557
http://www.ncbi.nlm.nih.gov/pubmed/11330646
https://doi.org/10.1016/j.anireprosci.2006.12.010
https://doi.org/10.1016/j.anireprosci.2006.12.010
http://www.ncbi.nlm.nih.gov/pubmed/17208395
https://doi.org/10.1016/j.theriogenology.2008.06.095
http://www.ncbi.nlm.nih.gov/pubmed/18817963
https://doi.org/10.1371/journal.pone.0175965


30. Ahmad E, Aksoy M. Trehalose as a Cryoprotective Agent for the Sperm Cells: A Mini Review. Anim

Health Prod Hyg. 2012; 1(2):123–9.

31. Gomez-Fernandez J, Gomez-Izquierdo E, Tomas C, Moce E, de Mercado E. Effect of different mono-

saccharides and disacchrides on boar sperm quality after cryopreservation. Anim Reprod Sci. 2012;

133:109–16. https://doi.org/10.1016/j.anireprosci.2012.06.010 PMID: 22771077

32. Hino T, Takabe M, Suzuki-Migishima R, Yokoyama M. Cryoprotective effects of various saccharides on

cryopreserved mouse sperm from various strains. Reprod Med Biol. 2007; 6:229–33.

33. Fuller BJ. Cryoprotectants: the essential antifreezes to protect life in the frozen state. Cryoletters. 2004;

25:375–88. PMID: 15660165

34. Viudes de Castro MP, Vicente JS. A simple method for freezing rabbit spermatozoa with successful

results on fertiltiy and prolificity. Anim Reprod Sci. 1996; 44:195–201.

Optimising the cryodiluent for rabbit spermatozoa

PLOS ONE | https://doi.org/10.1371/journal.pone.0175965 April 20, 2017 14 / 14

https://doi.org/10.1016/j.anireprosci.2012.06.010
http://www.ncbi.nlm.nih.gov/pubmed/22771077
http://www.ncbi.nlm.nih.gov/pubmed/15660165
https://doi.org/10.1371/journal.pone.0175965

