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a  b  s  t  r  a  c  t

Post-mortem  sperm  recovery  and  cryopreservation  could  be a complement  to germplasm
banking  in  sheep,  especially  for endangered  breeds.  This  study  is an  attempt  to  identify
factors  for improving  the success  of  cryopreserving  ram  epididymal  spermatozoa,  consid-
ering  the  decrease  of sperm  quality  with  post-mortem  time.  Epididymal  spermatozoa  from
9  rams  were  kept at  5 ◦C  using  three  storage  methods:  within  the  epididymes,  undiluted
sperm  mass,  and  diluted  in  extenders  of  different  osmolality  (TES–Tris–fructose  at 320,  370
or 420  mOsm/kg,  20%  egg  yolk,  8%  glycerol).  At  0,  24, 48 and 72 h,  spermatozoa  were  cry-
opreserved  using  each  extender.  Samples  were  analyzed  before  and  after  cryopreservation
by CASA  (motility)  and  flow  cytometry  (viability  and  acrosomal  status).  Post-mortem  time
decreased  pre-freezing  and  post-thawing  sperm  quality.  Some  storage  ×  extender  combi-
nations improved  the  effect  of  post-mortem  time  on sperm  quality.  Both  epididymis  storage
combined  with  the  420  extender,  and storing  the  spermatozoa  diluted  in  the  320  extender
improved  post-thawing  quality,  especially  at long  post-mortem  times.  Storing  the  sperma-
tozoa diluted  in  the  370  extender  was  detrimental  for  the  acrosomal  status.  These  findings
have practical  applications.  The  simplest  storage  method  (within  the  epididymes)  seems
to be adequate  if hyperosmotic  extenders  were  used  for freezing.  An alternative  method
could be  storing  the  spermatozoa  diluted  in  a hypoosmotic  extender.  These  recommenda-
tions  are  limited  to  the  osmolalities  tested  in this  study  (420  mOsm/kg  and  320  mOsm/kg);
other  osmolalities  should  be tested.

© 2011 Published by Elsevier B.V.

1. Introduction20

Artificial insemination in domestic animals relies21

almost exclusively on semen obtained by ejaculation (Anel22

et al., 2003). This is the case of the sheep, most of the doses23

being obtained by artificial vagina or electroejaculation24

(Anel et al., 2006). Nevertheless, post-mortem collection25
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could be useful, in the event that a genetically interesting 26

male dies accidentally or must be culled (disease-carriers, 27

physical defects, illness, etc.) (Ehling et al., 2006). For 28

instance, our research group is working with two dairy 29

breeds in Northwest Spain, Churra and Assaf (143,000 and 30

153,763 females, respectively, registered in breeding pro- 31

grams), whose genetic improvement programs include the 32

use of post-mortem recovered spermatozoa. 33

There are many successful reports of collection and 34

cryopreservation of epididymal spermatozoa (buffalo: 35

Lambrechts et al., 1999; dog: Hewitt et al., 2001; ram: 36

Kaabi et al., 2003; boar: Suzuki and Nagai, 2003; red 37
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deer: Comizzoli et al., 2001, Soler et al., 2005, Martinez-38

Pastor et al., 2006a;  Spanish ibex: Santiago-Moreno et al.,39

2006; brown bear: Anel et al., 2011). Ideally, epididymal40

spermatozoa should be immediately extended and cryop-41

reserved or used for insemination. However, dead males42

may  not be promptly found, genitalia may  need to be43

transported to another facility for processing, or immedi-44

ate use may  not be possible. Kaabi et al. (2003),  stored ram45

epididymides at 5 ◦C, finding good sperm viability up to46

48 h post-mortem, although fertility declined. Using cry-47

opreserved epididymal spermatozoa from the Assaf breed,48

our group achieved a fertility of 52.8% if frozen before49

2 h post-mortem (1054 intrauterine inseminations, unpub-50

lished results), similar to cryopreserved ejaculated semen51

(52.4% in Churra breed; Anel et al., 2003). However, fertil-52

ity decreased to 46% for samples frozen 24 h post-mortem.53

Moreover, Martins et al. (2009) showed that bull epididy-54

mal  spermatozoa maintained an acceptable quality up to55

48 h, but fertility (embryo production by IVF) was  reduced56

as soon as 24 h post-mortem. Martinez-Pastor et al. (2005b)57

found that the quality of epididymal spermatozoa from58

red deer decreased after the first two days post-mortem.59

Few studies have analyzed the effect of post-mortem time60

on the cryopreservation of epididymal spermatozoa. Soler61

et al. (2005) showed that post-thawing quality was  well62

preserved up to 48 h post-mortem, and Fernández-Santos63

et al. (2009b) suggested that post-thawing sperm quality64

could be acceptable up to 96 h post-mortem. Nevertheless,65

Soler and Garde (2003) showed that the fertility of fresh66

epididymal spermatozoa (heterologous penetration test)67

decreased after 12 h post-mortem.68

In an attempt to reduce the effect of post-mortem time69

on the post-thawing quality of ram epididymal spermato-70

zoa, we have aimed at testing different storage methods71

and extenders. Few studies have focused on comparing72

storage methods for epididymal spermatozoa (Tamayo-73

Canul et al., 2011), and there are no reports on their effects74

on post-thawing quality. Maintaining the spermatozoa in75

the cauda epididymis have yielded acceptable results in76

previous studies (Lambrechts et al., 1999; Kaabi et al., 2003;77

Martinez-Pastor et al., 2005b, 2006a; Soler et al., 2005;78

Anel et al., 2011), but it submits the spermatozoa to a79

changing environment: disruption of the epididymal tis-80

sue (Songsasen et al., 1998), changes in osmolality and81

pH (Martinez-Pastor et al., 2005b)  and changes in compo-82

nents of the epididymal fluid (Jones, 2004). A solution could83

be storing the sperm mass outside the epididymis – with84

or without extension. However, spermatozoa are submit-85

ted to a higher oxygen pressure outside the epididymis,86

and the blood and debris concomitant to the extraction87

could exert a negative effect (Martinez-Pastor et al., 2006a).88

Diluting the sperm mass immediately after collection with89

a buffered media containing protective substances (egg90

yolk) might help protecting spermatozoa, but it might con-91

vey disadvantages (osmotic shock, modifications of sperm92

membrane by egg yolk (Bergeron and Manjunath, 2006),93

dilution of protective factors from the epididymal medium94

and long-term exposure to glycerol). Indeed, the collection95

and extension of epididymal samples might not be advan-96

tageous for long-term storage (Fernández-Santos et al.,97

2009a).98

Moreover, the epididymal environment is hyperosmotic 99

comparing to seminal plasma (365 ± 6 mOsm/kg according 100

to Tamayo-Canul et al., 2011). Extender osmolality could 101

influence not only the survival of spermatozoa during the 102

refrigerated storage, but also their resistance to cryopreser- 103

vation. Studies with red deer (Martinez-Pastor et al., 2006b; 104

Fernández-Santos et al., 2007) showed that epididymal 105

spermatozoa seemed to be better cryopreserved in iso or 106

hyperosmotic extenders (360–430 mOsm/kg). 107

Therefore, we  have tested the effect of three freez- 108

ing extenders of different osmolalities (320, 370 and 109

420 mOsm/kg) and three storage methods (epididymis, 110

collected-undiluted and collected-extended) on the loss 111

of quality of ram epididymal spermatozoa through- 112

out post-mortem time. We  aimed at obtaining several 113

storage × extender combinations that could improve post- 114

thawing sperm quality after post-mortem storage of ram 115

epididymal spermatozoa. 116

2. Materials and methods 117

2.1. Reagents 118

All the products were obtained from Sigma–Aldrich 119

Química SA (Madrid, Spain), except fluorescence probes 120

SYBR-14 (LIVE/DEAD Sperm Viability Kit) and YO-PRO-1, 121

which were acquired from Invitrogen SA (Barcelona, Spain). 122

2.2. Animals and experimental design 123

Testes were collected from nine adult rams (Churra 124

breed) just after slaughter, and transported at room 125

temperature (22 ◦C) to the University of León. Samples 126

were collected from September to November. All pro- 127

cedures were performed in accordance with Spanish 128

Animal Protection Regulation RD1201/2005, which con- 129

forms to European Union Regulation 2003/65. Protocols 130

were approved by the ethical committee of the University 131

of León (Spain). 132

The experimental design is summarized in Fig. 1. The 133

first sperm collection (0 h of experimental time) was  134

carried out within the first 2 h after slaughter. Caudae epi- 135

didymides were dissected, isolating two symmetrical parts 136

by using a clamp. A sample of epididymal spermatozoa was 137

obtained by performing cuts on one of the parts of the cauda 138

by means of a scalpel. 139

The sperm mass obtained at 0 h was split among four 140

aliquots in 10-mL glass tubes. One of them was  left undi- 141

luted, while the other three were diluted with the same 142

volume of three TTF media (TES–Tris–fructose). These 143

extenders were prepared following instructions for exten- 144

der M3  in a previous study (Anel et al., 2003). The M3 145

extender was prepared mixing TES 320 mOsm/kg and Tris 146

320 mOsm/kg, adjusting the pH at 7.2. Then, a fructose 147

solution at 320 mOsm/kg was added up to 4% of the final 148

volume. In this study, the M3  extender was modified 149

to contain 20% egg yolk and 8% glycerol (more appro- 150

priate for epididymal spermatozoa, unpublished data). 151

Moreover, the osmolality of the three TTF media was mod- 152

ified to 320, 370 or 420 mOsm/kg – varying fructose – 153

before adding egg yolk and glycerol. The extenders were 154
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Fig. 1. Experimental design. Samples were stored at 5 ◦C within the cauda epididymis, undiluted or extended in three extenders with different osmolalities
(320,  370 and 420 mOsm/kg, adjusted before adding egg yolk and glycerol). At each time point (0, 24, 48 and 72 h), spermatozoa were cryopreserved using
each  of the three extenders. Samples were assessed before and after cryopreservation.

clarified by centrifugation (removal of coarse particles from155

egg yolk). Osmolality was tested using a freezing point156

osmometer (Osmomat 030, Gonotec, Berlin, Germany).157

According to a previous study (Tamayo-Canul et al., 2011),158

370 mOsm/kg was considered approximately isoosmotic159

to the epididymal fluid (samples obtained within the first160

2–4 h post-mortem).161

The epididymides, the tube with the undiluted sperm162

mass and the three tubes with diluted spermatozoa (320,163

370 and 420) were cooled down to 5 ◦C, and remained at164

that temperature for the rest of the experiment. An aliquot165

of the diluted samples was  cryopreserved after this cooling166

step (0 h cryopreservation).167

Sperm mass was obtained again at 24, 48 and 72 h,168

from the untouched half of the caudae. The caudae were169

handled with care in each extraction, performing small170

cuts in different locations and trying not to disrupt the171

external capsule. We  took great care to obtain samples as172

homogeneous as possible between sampling times, and to173

avoid blood contamination. Between sampling times, the174

epididymides were wrapped with gauze moistened with175

saline and put inside a plastic bag, which was stored in a176

refrigerator at 5 ◦C.177

In each sampling time (Fig. 1), the sperm mass just178

extracted and an aliquot of the undiluted-stored sperm179

mass were split, extended with each of the extenders (320,180

380, 420) and frozen (see Section 2.4 below). Each of the181

diluted-stored samples were also extended and frozen.182

Sperm quality (CASA and flow cytometry) was assessed183

after the equilibration time (pre-freezing) and 10 min  after184

thawing (post-thawing).185

2.3. Sperm cryopreservation and thawing186

At each sampling time, we took three aliquots from the187

sperm mass extracted at that time and other three from the188

undiluted-stored sperm mass. Each of these aliquots was 189

extended with each of the three extenders (320, 380, 420) 190

at 8% glycerol to achieve a concentration of 200 × 106 mL−1. 191

For the diluted-stored samples, we took an aliquot from 192

each tube and extended them with the same extender, to 193

achieve the same final concentration. 194

Samples were packed into 0.25-mL plastic straws and 195

equilibrated for 1 h at 5 ◦C. After the equilibration, the 196

straws were frozen using a programmable biofreezer (Kryo 197

10 Series III; Planer plc., Sunbury-On-Thames, UK) at 198

−20 ◦C/min down to −100 ◦C. The straws were kept in liq- 199

uid nitrogen containers for at least one month. Thawing 200

was carried out in a water bath at 65 ◦C for 6 s. 201

2.4. Motility evaluation 202

Motility assessment was  carried out using a computer- 203

assisted sperm analysis system (ISAS; V.1.2) (Integrated 204

Semen Analysis System; Proiser, Valencia, Spain). Sam- 205

ples were diluted (10–20 × 106 cells/mL) in the same TTF 206

medium that was  used for freezing (320, 370 or 420), and 207

warmed on a 37 ◦C plate for 5 min. Then, a 5-!L  drop was 208

placed into a Makler counting cell chamber (10 !m depth; 209

Sefi Medical Instruments, Haifa, Israel). The sample was  210

examined at ×10 (negative phase contrast) in a microscope 211

with a warmed stage (38 ◦C). The standard parameter set- 212

tings were set at 25 frames/s, 20–90 !m2 for head area 213

and VCL > 10 !m/s  to classify a spermatozoon as motile. At 214

least five sequences or 200 spermatozoa were saved and 215

analyzed afterwards. Reported parameters were curvilin- 216

ear velocity (VCL, !m/s), linearity (LIN, %), and amplitude 217

of lateral head displacement (ALH, !m).  Total motility 218

(TM) was  defined as the percentage of spermatozoa with 219

VCL > 10 !m/s, and progressive motility (PM) was  defined 220

as the percentage of spermatozoa with VCL > 25 !m/s and 221

STR > 80% (straightness, also provided by the system). 222
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2.5. Sperm viability and acrosome status223

Viability and acrosomal status were assessed simul-224

taneously using florescence probes and flow cytometry,225

according to methods described by Martinez-Pastor et226

al. (2009). Briefly, samples were diluted in PBS at227

5 × 106 spermatozoa/mL, and incubated for 15 min  with228

24 !M of propidium iodide (PI) and 1 !g/mL of PNA-229

FITC (peanut agglutinin). PI stains red membrane-damaged230

spermatozoa, whereas PNA-FITC stains the acrosome green231

if it is damaged or reacted. Thus, we obtained four different232

subpopulations: red (non-viable sperm, intact acrosome),233

green (viable sperm, damaged acrosome) red and green234

(non-viable sperm, damaged acrosome) or non-stained235

(viable sperm, intact acrosome). The proportion of viable236

spermatozoa (VIAB) and acrosome-intact spermatozoa237

(ACR) were used in this study.238

Evaluation of flow cytometer parameters was  carried239

out using a FACScalibur flow cytometer (Becton Dickn-240

son System, San Jose, CA, USA) equipped with standard241

optics and an argon-ion laser, tuned at 488 nm,  and running242

at 200 mV.  Calibration was carried out periodically using243

standard beads (Calibrites: Becton Dickson). Data corre-244

sponding to the red (FL-3 photodetector) and green (FL-1245

photodetector) fluorescence of 10,000 spermatozoa were246

recorded.247

2.6. Statistical analysis248

Unless otherwise stated, data are presented as249

mean ± SEM and significant values are P < 0.05. Statistical250

analyses were carried out using the R statistical envi-251

ronment (R Development Core Team, 2010). To simplify252

analysis and interpretation, we assumed that sperm qual-253

ity was negatively and linearly affected by time, helping254

to testing if treatments affected the effect of storage time.255

This assumption was found acceptable for the models256

tested (using the Akaike Information Criterion – AIC – to257

compare with alternative models). Therefore, conservation258

type and extender osmolality were studied in function on259

their effects on the intercept or slope of this model both260

before and after cryopreservation. The analysis was per-261

formed using linear mixed-effects model (nlme package),262

with time (treated as a covariate), storage method and263

extender (and their interactions) in the fixed part of the264

model. Analyses were carried out with the pre-freezing265

data and with the post-thawing data, starting with the gen-266

eral model:267

yij = ˇ0i + ˇ1 · time[i] + ˇ2 · ext + ˇ3268

·time · ext[i] + ˇ4 · time · stor[i] + ˇ5 · ext · stor + ˇ6269

·time · ext · stor[i] + ˇ7 · malei + εij270

where yij is the observation j in male i, and each  ̌ is a vec-271

tor of coefficients for each covariate, factor or interaction. In272

this model, both the intercept and the slope of time varied273

for each male (indicated by the subscript [i] in the terms274

where time participate), forming the random part of the275

model. We  carried out a model comparison according to the276

AIC, determining that models following this assumption277

were more informative that models following the assump- 278

tion that intercept but no slope varied for each male. 279

An additional analysis was  carried out in post-thawing 280

data including the pre-freezing data as a covariate, in order 281

to identify the influence of the pre-freezing quality on the 282

post-thawing quality. Therefore, helping to assess the effect 283

of time, storage and extender on the freezability of the 284

sample. 285

3. Results 286

The models obtained for each analysis are summarized 287

in Tables 1 and 2. In each table, the basic information of 288

the ANOVA table for each model (F value, degrees of free- 289

dom and resulting P value) is shown, with blanks indicating 290

the factors or interactions removed from the models. We  291

obtained complex models for most variables, with many 292

interactions. In order to facilitate the interpretation of the 293

models, Figs. 2–5 show the distribution of the real data in 294

the form of box-plots for each time, storage method and 295

extender. For each combination of factors, we overplotted 296

the partial linear models for each storage method and each 297

extender. It is possible to compare the slopes and intercepts 298

of each line (indicating the change of the variable through 299

time) among extenders (different lines within plots) and 300

among storage methods (same lines between plots). 301

As Figs. 2–5 show, sperm quality at pre-freezing and 302

post-thawing decreased with storage time, while the effect 303

of treatment was  small. Nonetheless, some treatments 304

stood out because of their higher or lower capacity to main- 305

tain sperm quality throughout storage time (described 306

later). Considering the different sampling times, most dif- 307

ferences were only noticeable at 48 or 72 h of storage. At 0 h, 308

when the osmolality of the freezing extender was the only 309

experimental factor, only acrosomal status was affected 310

both at pre-freezing (320: 95.2 ± 13%; 370: 94.2 ± 0.8%; 311

420: 96.4 ± 0.4%; P = 0.027) and at post-thawing (320: 312

82.3 ± 3.7%; 370: 79.4 ± 3.5%; 420: 80.1 ± 3.6%; P = 0.025). 313

However these differences were small (see boxplots at 0 h 314

in Figs. 3 and 5). 315

The pre-freezing assessment allowed us to analyze 316

the effect of the storage method and the extender after 317

extending spermatozoa to the final dilution, but with- 318

out considering cryopreservation. Time had a significant 319

effect on all quality variables (Table 1), as expected in 320

post-mortem storage. The analysis of the different mod- 321

els showed that the quality variables were also influenced 322

by the storage treatments (storage method and extender), 323

although in some cases (TM, VCL), the extender did not 324

have any significant effect. The table shows that storage 325

affected the slope of the model in most cases (interaction 326

with time; expect for LIN), while the effect of the stor- 327

age method was  modulated by the extender (VIAB and 328

ACR) and for TM and ACR a triple interaction was found. 329

These interactions are better visualized in Figs. 2 and 3. 330

Motility variables (Fig. 2) clearly decreased with stor- 331

age time in all cases, although it was  less evident for 332

VCL. Total motility underwent a sharper decrease in the 333

samples stored diluted (P < 0.01) comparing to the other 334

two  methods, except when diluted-stored in 320 (at 72 h, 335

320: 47.5 ± 3.4% vs. 370: 16.3 ± 2.3% and 420: 23.5 ± 3.5%; 336
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Fig. 2. Motility data yielded by CASA in the pre-freezing assessment. Background box-plots show the distribution of data for each treatment (storage
method × extender) and time combination. Boxes span from the 1st to the 3rd quartile, with the inner line showing the median. Whiskers span to 1.5 times
the  interquartile range, with observations beyond displayed as hollow dots. Lines show the linear estimation of the post-mortem time effect on sperm
quality,  for each extender within each conservation method (predicted after fitting the actual data). Time significantly decreased motility parameters,
except VCL (Table 1). Motility was better preserved by the 320 extender when samples were diluted-stored, but this extender yielded the lowest motility
for  the samples stored in the epididymis. Extender 370 performed worse in general, except when samples were stored undiluted in a tube. In general,
extending the samples with 320 yielded higher LIN than extending with 420.

dx.doi.org/10.1016/j.anireprosci.2011.11.003
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Table 1
Summary of the models selected for analyzing of the response variables within the pre-freezing data. The table shows the F value, degrees of freedom and
P  values for each explanatory variable and their interactions, obtained from the ANOVA table of the linear model. Empty cells indicate that the explanatory
elements were non-significant and they were removed from the model during its optimization.

Response variable Intercept Explanatory variables

Time Extender Time × storage Extender × storage Time × extender × storage

TM F1,255 = 527.3
(P < 0.001)

F1,255 = 9.2
(P = 0.003)

F2,255 = 11.2
(P < 0.001)

F6,255 = 3.5 (P = 0.003)

PM F1,259 = 72.7
(P < 0.001)

F1,259 = 21.9
(P < 0.001)

F2,259 = 6.9
(P = 0.001)

F2,259 = 4.7
(P = 0.010)

VCL F1,259 = 17,651.7
(P < 0.001)

F2,259 = 3.7
(P = 0.027)

F3,259 = 3.7
(P = 0.012)

LIN F1,261 = 1015.7
(P < 0.001)

F1,261 = 19.0
(P < 0.001)

F2,261 = 19.0
(P < 0.001)

VIAB F1,255 = 1100.2
(P < 0.001)

F1,255 = 178.2
(P < 0.001)

F2,255 = 10.2
(P < 0.001)

F2,255 = 18.4
(P < 0.001)

F4,255 = 2.4
(P = 0.050)

ACR  F1,249 = 5043.1
(P < 0.001)

F1,249 = 277.6
(P < 0.001)

F2,249 = 10.6
(P < 0.001)

F2,249 = 10.7
(P < 0.001)

F4,249 = 3.3
(P = 0.011)

F6,249 = 2.3 (P < 0.035)

TM:  total motility (%); PM:  progressive motility (%); VCL: curvilinear velocity (!m/s); LIN: linearity index (%), VIAB: viability spermatozoa (%), ACR: intact
acrosomes (%).

P < 0.01). Total motility was maintained in the samples337

diluted-stored with 320 similarly to the samples stored338

in the epididymis or undiluted. However, when samples339

were stored in the epididymis, 320 was suboptimal com-340

paring with 370 and 420 (P < 0.05; at 72 h, 320: 35.8 ± 2.6%341

vs. 370: 48.8 ± 3.0% and 420: 53.9 ± 1.6%). There were small342

differences among storage methods or extenders for the343

kinematic parameters. VCL was slightly higher in diluted-344

stored samples extended with 320 (although differences345

were only evident at 72 h; 72.4 ± 3.6 !m/s  vs. overall for346

others 51.0 ± 0.3 !m/s, P < 0.05). LIN decreased with time,347

being influenced by the extender type (Table 1). In this case,348

320 exerted an overall positive effect on LIN, while samples349

extended with 420 yielded lower LIN.350

Flow cytometry parameters of pre-freeze samples are351

visualized in Fig. 3. Sperm viability was influenced both352

by extender and storage choice. Viability dropped more353

sharply when samples were stored diluted (P < 0.05),354

resulting in significantly lower viability at 72 h for 370355

and 420, whereas samples diluted-stored with 320 were356

not significantly different to other storage methods (320:357

29.9 ± 1.6% vs. 370: 18.1 ± 1.1% and 420: 22.1 ± 1.2%; over- 358

all: 31.7 ± 0.2%). Epididymis and undiluted storage behaved 359

similarly, and extending with 420 kept viability signifi- 360

cantly higher than the other extenders in both methods (at 361

72 h, epididymis: 39.1 ± 0.8% and undiluted: 43.1 ± 1.8%; 362

other extenders: 31.6 ± 0.3%). In the case of acrosomal 363

status, the presence of multiple interactions made the 364

interpretation of the results difficult (Table 1). Thus, when 365

we  analyzed samples stored in the epididymis, we  found 366

that, despite the overall significance of extender type, 367

when samples were stored undiluted we could not find 368

any difference among the three extenders. When sam- 369

ples were diluted-stored, extending with 370 increased 370

acrosomal damage (P < 0.05 after 24 h; at 72 h, 68.8 ± 2.0% 371

vs. 85.7 ± 0.1%, overall for other combinations). Conversely 372

420 tended to decrease the negative effect of time on acro- 373

somal status (P = 0.052). In general, acrosomal status was 374

slightly improved by storing the samples in the epididymis, 375

especially at 48 h (83.7 ± 0.2% vs. 77.5 ± 0.2%, comparing 376

with the other methods, P < 0.05), but differences faded at 377

72 h, excluding samples diluted-stored in 370. 378

Table 2
Summary of the models selected for analyzing of the response variables within the post-thawing data. The table shows the F value, degrees of freedom and
P  values for each explanatory variable and their interactions, obtained from the ANOVA table of the linear model. Empty cells indicate that the explanatory
elements were non-significant and they were removed from the model during its optimization.

Response variables Intercept Explanatory variables

Time Extender Time × storage Time ×
extender

Extender ×
storage

Time × extender ×
storage

TM F1,255 = 741.7
(P < 0.001)

F1,255 = 22.4
(P < 0.001)

F2,255 = 6.9
(P = 0.001)

F6,255 = 2.1
(P = 0.052)

PM  F1,255 = 864.1
(P < 0.001)

F1,255 = 47.0
(P < 0.001)

F2,255 = 2.6
(P = 0.078)

F2,255 = 4.1
(P = 0.018)

F4,255 = 3.6
(P = 0.072)

VCL  F1,261 = 895.7
(P < 0.001)

F1,261 = 9.2
(P = 0.003)

F2,256 = 10.1
(P < 0.001)

LIN  F1,261 = 2194.2
(P < 0.001)

F1,261 = 42.9
(P < 0.001)

F2,261 = 10.0
(P < 0.001)

VIAB F1,252 = 2333.2
(P < 0.001)

F2,2572 = 5.1
(P = 0.006)

F3,252 = 4.3
(P = 0.006)

F3,252 = 2.6
(P = 0.037)

F3,252 = 2.1
(P < 0.051)

ACR  F1,252 = 7984.3
(P < 0.001)

F2,252 = 21.9
(P = 0.001)

F2,252 = 9.6
(P < 0.001)

F2,252 = 3.3
(P < 0.020)

F2,252 = 3.3
(P < 0.011)

F2,252 = 3.8
(P < 0.044)

TM:  total motility (%); PM:  progressive motility (%); VCL: curvilinear velocity (!m/s); LIN: linearity index (%), VIAB: viability spermatozoa (%), ACR: intact
acrosomes (%).
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Fig. 3. Viability and acrosomal status yielded by flow cytometry in the pre-freezing assessment. The description of the plots is given in the legend of Fig. 2.
Post-mortem time decreased viability in all cases, but the slope was  significantly steeper when samples were stored diluted with 370 or 420. Extender
420  yielded a slightly higher viability when combined with the storage in the epididymis or undiluted in a tube, whereas extender 370 yielded lower
viability if the samples were diluted-stored. Acrosomal status showed no differences among extenders when spermatozoa were stored in the epididymis
or  undiluted, but it dropped faster if samples were stored diluted in 370. In general, storing the spermatozoa in the epididymis and diluting with 320 or
420  better maintained acrosomal status at pre-freezing.

Post-thawing assessment showed significant changes379

on sperm quality comparing to pre-freezing values. A com-380

parison controlling for treatments indicated a decrease of381

progressive motility, viability and acrosomal status (mean382

difference and SEM: −1.6 ± 0.4, −4.2 ± 0.4 and −4.2 ± 0.2,383

respectively; P < 0.001) and an increase of VCL and ALH384

(mean difference and SEM: −2.2 ± 0.5 and 0.06 ± 0.02,385

respectively; P < 0.001). Nevertheless, both extender and386

storage choice modulated this decrease with storage387

time (Table 2). The trends of motility variables with time388

(Fig. 4) were similar to those of pre-freezing analyses, but389

we could detect some critical differences. Total motility390

was better preserved when the samples remained in the391

epididymis and 420 was used for freezing (P < 0.05 at 72 h,392

420: 53.9 ± 1.6% vs. 320: 35.8 ± 2.6% and 370: 48.8 ± 3%,393

overall: 41 ± 0.3%). Interestingly, diluted-stored samples394

achieved similar total motility when using 320, but not395

with the other extenders (at 72 h, 47.5 ± 3.4% vs. 370:396

16.3 ± 2.3% and 420: 23.5 ± 3.5%). Similarly to the pre-397

freezing results, storage time caused the decrease of both398

progressive motility (0 h: 25.0 ± 0.2%; 72 h: 9.0 ± 0.1%) and399

linearity (0 h: 51.3 ± 0.1%; 72 h: 38 ± 0.1%). Progressive400

motility was improved by diluted storage and, within401

this storage method, by using 320 (P < 0.05), most notice-402

ably at 72 h (18.7 ± 1.6% vs. 370: 5.9 ± 0.8% and 420:403

6.2 ± 0.8%; P < 0.01). Contrasting with the pre-freezing404

assessment, VCL (!m/s) showed a decrease with stor-405

age time (0 h: 69.5 ± 0.3; 72 h: 55.5 ± 0.1), which was406

significantly ameliorated in the combinations epi- 407

didymis × 420 (72 h: 59.8 ± 0.8) and diluted × 320 (72 h: 408

64.6 ± 1.5). 409

Post-thawing viability and acrosomal status (Fig. 5) 410

only underwent small variations with storage time (0 h: 411

32.2 ± 0.1%, 82.7 ± 0.1%; 72 h: 30.5 ± 0.1%, 77.2 ± 0.1%; 412

overall values for viability and acrosomal status, respec- 413

tively). The combination diluted × 370 was  again the less 414

suitable for both variables (at 72 h, viability: 15.1 ± 1.1% 415

and acrosomal status: 54.4 ± 1.1%). Post-thawing viability 416

did not change significantly with post-mortem time when 417

spermatozoa were stored in the epididymis or undiluted 418

(0 h, epididymis: 31.3 ± 0.4% and undiluted: 33.1 ± 0.4% vs. 419

72 h, epididymis: 29.4 ± 0.2% and undiluted: 36.7 ± 0.4%), 420

but it decreased if stored diluted (0 h: 32.2 ± 0.5% vs. 421

72 h: 23.9 ± 0.6%). Moreover, viability was improved by 422

the epididymis × 420 combination (P < 0.01 at 72 h, 420: 423

33.0 ± 0.6% vs. 320: 26.9 ± 0.6% and 370: 28.4 ± 0.8%), and 424

by the diluted × 320 combination (P < 0.01 at 72 h, 320: 425

32.9 ± 1.7% vs. 370: 15.1 ± 1.1% and 420: 23.9 ± 1.7%). 426

In fact, the viability of the diluted × 320 combination 427

was not significantly different in this combination than 428

in the epididymis × 420. The proportion of spermatozoa 429

with intact acrosomes did not change significantly with 430

time when samples were stored in the epididymis or 431

when 320 or 420 were used (within any storage method; 432

0 h: 82.8 ± 0.1% vs. 72 h: 79.6 ± 0.1%). Acrosomal status 433

decreased with time when samples were stored undiluted 434
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Fig. 4. Motility data yielded by CASA in the post-thawing assessment. The description of the plots is given in the legend of Fig. 2. Total motility post-thawing
was  maintained throughout post-mortem time by combining epididymal storage and extension in 420, although storing the spermatozoa diluted in 320
yielded similar results. The latter combination (diluted-stored with 320) yielded higher results for the rest of the kinematic parameters.

(P < 0.001; 0 h: 84.1 ± 0.2% vs. 72 h: 79.0 ± 0.3%), although435

results at 72 h were not different to other methods except436

for diluted × 370. In all cases, the use of 370 resulted in437

a significantly lower post-thawing proportion of intact438

acrosomes, which was more dramatic when spermato- 439

zoa had been diluted-stored in 370 (72 h: epididymis: 440

77.9 ± 0.8%, diluted: 54.4 ± 1.1%, undiluted: 77.5 ± 1.0%; 441

overall except 370: 80.0 ± 0.2%). 442
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Fig. 5. Viability and acrosomal status yielded by flow cytometry in the post-thawing assessment. The description of the plots is given in the legend of Fig. 2.
Post-thaw viability was  not significantly affected by storage time or extenders if stored undiluted, and it was only marginally affected (slight decrease with
time  with improvement by 420) if stored in the epididymis. Viability decreased when stored diluted, but 320 maintained viability similarly to 420 in the
other  methods. Acrosomal status was not affected significantly by time if stored in the epididymis, whereas storage undiluted in tube slowly decreased
acrosomal status (370 slightly worse in both cases). When stored diluted, acrosomal status decreased quickly with extender 370, but it was well preserved
if  diluted with 320 or 420.

When including the pre-freezing values as a covariate in443

the post-thawing models, the effect of the extender became444

non-significant for total motility, whereas the effect of445

the conservation method (interaction with time) became446

non-significant for viability and acrosomal status. This indi-447

cates that the effects of the extender on total motility448

and conservation method on viability and acrosomal status449

were exerted pre-freezing, rather than during the freezing-450

thawing process. Regarding the other factors (Table 2), they451

remained significant even after including the pre-freezing452

values as a covariate, suggesting that they might affect not453

only sperm quality during storage and equilibration, but454

also the spermatozoa freezability.455

4. Discussion456

Three major conclusions can be extracted from our457

study, possibly the first one testing storage methods before458

freezing ram epididymal spermatozoa. First, ram epididy-459

mal  spermatozoa seem to be resilient cells, which could460

be stored in different ways while yielding similar qual-461

ity after cryopreservation. Second, they seem to tolerate462

well osmotic challenges, and to adapt to media of differ-463

ent osmolality. Third, whenever we detected noticeable464

differences, they occurred in specific storage × extender465

combinations, rather than in a specific storage method or466

extender.467

In previous studies on refrigerated storage of epi- 468

didymal spermatozoa (Tamayo-Canul et al., 2011), we 469

hinted that extender osmolality (prior to addition of egg 470

yolk or glycerol) could have an impact on the storage 471

of epididymal spermatozoa. Deer epididymal spermato- 472

zoa yielded higher motility after being cryopreserved 473

with a 380 or 430 mOsm/kg extender rather than with a 474

320 mOsm/kg extender (Martinez-Pastor et al., 2006b), and 475

similar results were obtained by Fernández-Santos et al. 476

(2007). The osmolality of the epididymal lumen increases 477

from the caput to the cauda epididymis (Cooper and Yeung, 478

2003), being clearly hyperosmotic in the cauda (deer: 479

375 ± 8 mOsm/kg (Martinez-Pastor et al., 2005b); ram: 480

365 ± 6 mOsm/kg at 2 h and 375 ± 8 (Tamayo-Canul et al., 481

2011); mean ± SEM by 24 h post-mortem). Thus, hyperos- 482

motic extenders could favour sperm cryopreservation, not 483

only because of being isoosmotic to epididymal fluids, but 484

also because they could increase dehydration prior to freez- 485

ing (Liu and Foote, 1998). Nevertheless, our results did not 486

show any dramatic differences among extenders at 0 h. This 487

suggests that ram epididymal spermatozoa may  tolerate a 488

high range of osmolalities undergoing only small changes 489

in pre or post-thawing quality. 490

Considering storage methods, each of the options that 491

we tested had advantages and disadvantages, as showed 492

in the introduction. Despite these differences, we found a 493

lack of large differences among them. It is possible that the 494
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positive and negative effects of each method could com-495

pensate themselves, resulting in similar sperm quality pre-496

and post-freezing. Another explanation, compatible with497

the previous hypothesis, is that the epididymal samples498

would be resilient enough to withstand the detrimental499

effects of post-mortem storage, irrespectively of the stor-500

age method. In fact, Fernández-Santos et al. (2009a) tested501

several storage options for red deer epididymal spermato-502

zoa (epididymis, extended and extended with vitamin C),503

but, apart from the motility-stimulating effect of vitamin C,504

differences only appeared at long post-mortem times (96505

or 192 h). Larger post-mortem times could have disclosed506

larger the differences among our treatments, but, for the507

purposes of the present study, it was impractical.508

Notwithstanding the lack of large differences among509

extenders or storage methods, it was clear that several510

of their combinations either improved or deteriorated511

spermatozoa quality (pre and post-thawing) throughout512

storage time. Thus, 420 improved sperm quality when used513

to freeze samples stored in the epididymis, while 320 was514

the most appropriate one for the diluted-stored samples.515

These two combinations could be considered as the most516

adequate in the present study, especially at long post-517

mortem times. Conversely, the diluted-stored method was518

clearly detrimental whenever 370 or 420 was used to store519

the samples.520

It is difficult to explain the improved performance521

of the 420 × epididymal storage and 320 × diluted stor-522

age combinations. In order to propose an explanation523

for the first combination, we have to consider that pre-524

vious studies have demonstrated that the osmolality of525

the epididymal medium increases with post-mortem time526

(Martinez-Pastor et al., 2005b; Tamayo-Canul et al., 2011).527

Thus, epididymal spermatozoa might develop a continu-528

ous adaptation while being submitted to an increasingly529

hypertonic environment. It has been proposed that epi-530

didymal spermatozoa undergo intracellular accumulation531

of osmolytes, which would be useful for facing osmotic532

challenges upon ejaculation (Cooper and Yeung, 2003;533

Yeung et al., 2006). We  hypothesise that longer post-534

mortem times, being concomitant to higher osmolality,535

would induce these mechanisms. Indeed, extending these536

spermatozoa in hypoosmotic media (here, 320 extenders)537

might induce a transient excess of intracellular water,538

which would render spermatozoa more vulnerable to cry-539

opreservation. Moreover, prolonged storage in the cauda540

epididymis could cause physiological changes of uncer-541

tain consequences (Rodriguez and Bustos Obregon, 1996;542

Martinez-Pastor et al., 2005a).  Further studies should test543

this hypothesis, analyzing the changes in sperm osmolytes544

and cell volume.545

The situation of diluted-stored samples was rather the546

opposite. In this case, the hypoosmotic extender (320)547

yielded the highest quality. A possible explanation is that,548

once collected and diluted, epididymal spermatozoa would549

undergo an adaptation to the new environment, which550

would be improved by the hypotonicity of the medium.551

Spermatozoa in the cauda epididymis must contact the552

hypotonic seminal plasma during ejaculation, and then553

the much hypotonic (relative to the epididymal medium)554

female genital tract (Yeung et al., 2006). Epididymal555

spermatozoa collected shortly after post-mortem might 556

be better prepared to hypoosmotic challenges and to the 557

adaptation to a lower osmolality (Cooper and Yeung, 2003; 558

Yeung et al., 2006; Sahin et al., 2009), which might explain 559

the good pre and post-freezing results of samples extended 560

in 320 shortly after the death of the male and stored. 561

Two  questions remain unanswered: why  extender 562

choice seems not to be important when the sperm mass 563

is stored undiluted, and why  370 have such a detrimental 564

effect on acrosomal status when samples are diluted- 565

stored. For the first question, we  must remind the special 566

status of undiluted-stored spermatozoa, remaining in epi- 567

didymal medium but not submitted to the osmolality and 568

pH changes of epididymis-stored spermatozoa. Therefore, 569

undiluted-stored spermatozoa might remain highly adapt- 570

able to a wide range of osmotic challenges, thus explaining 571

the similarity of results among extenders after thawing. 572

Nevertheless, undiluted-stored samples did not achieve 573

better post-thawing results, as it would be expected. The 574

second question is also difficult to answer. The acrosome is 575

sensitive to osmotic stress and other challenges (Harrison 576

and Fléchon, 1980). However, acrosomal damage remained 577

very low in all cases, including extenders 320 and 420, 578

which would submit spermatozoa to osmotic stress upon 579

dilution. Therefore, we propose that the 370 extender 580

might cause an osmotic imbalance or modifications in 581

membrane permeability with increasing time, enhancing 582

acrosomal disruption. Further studies are needed. 583

A caveat must be added. We  adjusted the osmolality 584

of the extenders by varying fructose concentration. Sper- 585

matozoa can readily use fructose as an energy source, 586

therefore the different fructose concentration might have 587

affected sperm survival beyond its osmotic effects. How- 588

ever, our results suggest that the higher availability of 589

fructose in the 380 and 420 extenders had a minor impact 590

in the study. This makes sense considering that spermato- 591

zoa were stored at 5 ◦C, therefore the metabolic activity 592

would be depressed and fructose may  not have been a 593

limiting factor in any extender. Moreover, other methods 594

for varying the osmolality of the extenders would have 595

added more important confounding factors. Increasing the 596

TES/Tris would have modified the buffering capacity of the 597

extenders, possibly impacting the sperm survival at long 598

times. Moreover, using other molecules to increase osmo- 599

lality would have added confounding factors, making the 600

interpretation of the results more difficult. 601

In conclusion, this study contributes to the scarce 602

information on the effect of post-mortem time to the 603

post-thawing quality of epididymal spermatozoa. Ram epi- 604

didymal spermatozoa seemed to endure well the different 605

storage methods and extender osmolalities. However, stor- 606

ing the spermatozoa in the epididymis and then freezing 607

with a hyperosmotic extender (420 mOsm/kg) or collect- 608

ing the spermatozoa and maintaining them extended in 609

a hypoosmotic extender (320 mOsm/kg) might improve 610

their overall quality and post-thawing results, especially 611

at long times post-mortem. These findings have practi- 612

cal applications, considering the different situations that 613

may  involve the preservation of post-mortem samples. 614

In the typical situation, in which a valuable male dies 615

unexpectedly, the scrotum could be simply refrigerated 616
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as usual, and these spermatozoa would be frozen using617

a hyperosmotic extender. However, if samples were to618

be sent away for freezing and package volume is impor-619

tant, the sperm mass could be extracted and diluted with620

a hypoosmotic extender, allowing sending the samples621

in small tubes; if no extender were available, samples622

could be simply sent undiluted (taking into account the623

acceptable results of undiluted-stored samples). Moreover,624

we can advice not using an extender isoosmotic with625

the epididymal medium (370 mOsm/kg in this study). A626

caveat must be added, that these recommendations might627

be only valid for osmolalities around the ones tested in628

this study (420 mOsm/kg for the hyperosmotic extenders629

and 320 mOsm/kg for the hypoosmotic extenders). Exten-630

ders with different osmolalities should be appropriately631

tested.632

As described in the introduction, we are currently using633

epididymal spermatozoa in the production breeds Churra634

and Assaf, introducing this kind of germplasm source in635

their genetic improvement programs. The small differences636

observed in this study could reflect in important changes637

after applying artificial insemination, which might be crit-638

ical in the case of spermatozoa from endangered breeds or639

valuable males.640
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