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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

gzﬁ‘lmords' or 420 mOsm/kg, 20% egg yolk, 8% glycerol). At 0, 24, 48 and 72 h, spermatozoa were cry-
Extender opreserved using each extender. Samples were)@nalyzed before and after cryopreservation
Osmolality by CASA (motility) and flow cytometry (viability and acrosomal status). Post-mortem time
Sperm quality decreased pre-freezing and post-thawing sperm quality. Some storage x extender combi-
Cryopreservation 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. Introduction

Artificial insemination in domestic animals relies
almost exclusively on semen obtained by ejaculation (Anel
et al.,, 2003). This is the case of the sheep, most of the doses
being obtained by artificial vagina or electroejaculation
(Anel et al., 2006). Nevertheless, post-mortem collection

* Corresponding author at: Molecular Biology, University of Ledn,
24071, Le6n, Spain. Tel.: +34 9872915679.
E-mail address: felipe.martinez@unileon.es (F. Martinez-Pastor).

0378-4320/$ - see front matter © 2011 Published by Elsevier B.V.
doi:10.1016/j.anireprosci.2011.11.003

could be useful, in the event that a genetically interesting
male dies accidentally or must be culled (disease-carriers,
physical defects, illness, etc.) (Ehling et al., 2006). For
instance, our research group is working with two dairy
breeds in Northwest Spain, Churra and Assaf (143,000 and
153,763 females, respectively, registered in breeding pro-
grams), whose genetic improvement programs include the
use of post-mortem recovered spermatozoa.

There are many guccessful reports of collection and
cryopreservation of epididymal spermatozoa (buffalo:
Lambrechts et al., 1999; dog: Hewitt et al., 2001; ram:
Kaabi et al.,, 2003; boar: Suzuki and Nagai, 2003; red
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deer: Comizzoli et al., 2001, Soler et al., 2005, Martinez-
Pastor et al., 2006a; Spanish ibex: Santiago-Moreno et al.,
2006; brown bear: Anel et al., 2011). Ideally, epididymal
spermatozoa should be immediately extended and cryop-
reserved or used for insemination. However, dead males
may not be promptly found, genitalia may need to be
transported to another facility for processing, or immedi-
ate use may not be possible. Kaabi et al. (2003), stored ram
epididymides at 5°C, finding good sperm viability up to
48 h post-mortem, although fertility declined. Using cry-
opreserved epididymal spermatozoa from the Assaf breed,
our group achieved a fertility of 52.8% if frozen before
2 hpost-mortem (1054 intrauterine inseminations, unpub-
lished results), similar to cryopreserved ejaculated semen
(52.4% in Churra breed; Anel et al., 2003). However, fertil-
ity decreased to 46% for samples frozen 24 h post-mortem.
Moreover, Martins et al. (2009) showed that bull epididy-
mal spermatozoa maintained an acceptable quality up to
48 h, but fertility (embryo production by IVF) was reduced
as soon as 24 h post-mortem. Martinez-Pastor et al. (2005b)
found that the quality of epididymal spermatozoa from
red deer decreased after the first two days post-mortem.
Few studies have analyzed the effect of post-mortem time
on the cryopreservation of epididymal spermatozoa. Soler
et al. (2005) showed that post-thawing quality was well
preserved up to 48 h post-mortem, and Fernandez-Santos
et al. (2009b) suggested that post-thawing sperm quality
could be acceptable up to 96 h post-mortem. Nevertheless,
Soler and Garde (2003) showed that the fertility of fresh
epididymal spermatozoa (heterologous penetration test)
decreased after 12 h post-mortem.

In an attempt to reduce the effect of post-mortem time
on the post-thawing quality of ram epididymal spermato-
zoa, we have aimed at testing different storage methods
and extenders. Few studies have focused on comparing
storage methods for epididymal spermatozoa (Tamayo-
Canul et al., 2011), and there are no reports on their effects
on post-thawing quality. Maintaining the spermatozoa in
the cauda epididymis have yielded acceptable results in
previous studies (Lambrechts et al., 1999; Kaabi et al., 2003;
Martinez-Pastor et al., 2005b, 2006a; Soler et al., 2005;
Anel et al,, 2011), but it submits the spermatozoa to a
changing environment: disruption of the epididymal tis-
sue (Songsasen et al., 1998), changes in osmolality and
pH (Martinez-Pastor et al., 2005b) and changes in compo-
nents of the epididymal fluid (Jones, 2004). A solution could
be storing the sperm mass outside the epididymis ;- with
or without extension. However, spermatozoa are submit-
ted to a higher oxygen pressure outside the epididymis,
and the blood and debris concomitant to the extraction
could exert a negative effect (Martinez-Pastor et al.,2006a).
Diluting the sperm mass immediately after collection with
a buffered media containing protective substances (egg
yolk) might help protecting spermatozoa, but it might con-
vey disadvantages (osmotic shock, modifications of sperm
membrane by egg yolk (Bergeron and Manjunath, 2006),
dilution of protective factors from the epididymal medium
and long-term exposure to glycerol). Indeed, the collection
and extension of epididymal samples might not be advan-
tageous for long-term storage (Fernandez-Santos et al.,
2009a).

Moreover, the epididymal environment is hyperosmotic
comparing to seminal plasma (365 4+ 6 mOsm/kg according
to Tamayo-Canul et al., 2011). Extender osmolality could
influence not only the survival of spermatozoa during the
refrigerated storage, but also their resistance to cryopreser-
vation. Studies with red deer (Martinez-Pastor et al.,2006b;
Fernandez-Santos et al., 2007) showed that epididymal
spermatozoa seemed to be better cryopreserved in iso or
hyperosmotic extenders (360;-430 mOsm/kg).

Therefore, we have tested the effect of three freez-
ing extenders of different osmolalities (320, 370 and
420 mOsm/kg) and three storage methods (epididymis,
collected-undiluted and collected-extended) on the loss
of quality of ram epididymal spermatozoa through-
out post-mortem time. We aimed at obtaining several
storage x extender combinations that could improve post-
thawing sperm quality after post-mortem storage of ram
epididymal spermatozoa.

2. Materials and methods
2.1. Reagents

All the products were obtained from Sigmag-Aldrich
Quimica SA (Madrid, Spain), except fluorescence probes
SYBR-14 (LIVE/DEAD Sperm Viability Kit) and YO-PRO-1,
whichwere acquired from Invitrogen SA (Barcelona, Spain).

2.2. Animals and experimental design

Testes were collected from nine adult rams (Churra
breed) just after slaughter, and transported at room
temperature (22°C) to the University of Le6n. Samples
were collected from September to November. All pro-
cedures were performed in accordance with Spanish
Animal Protection Regulation RD1201/2005, which con-
forms to European Union Regulation 2003/65. Protocols
were approved by the ethical committee of the University
of Leén (Spain).

The experimental design is summarized in Fig. 1. The
first sperm collection (Oh of experimental time) was
carried out within the first 2 h after slaughter. Caudae epi-
didymides were dissected, isolating two symmetrical parts
by using a clamp. A sample of epididymal spermatozoa was
obtained by performing cuts on one of the parts of the cauda
by means of a scalpel.

The sperm mass obtained at 0h was split among four
aliquots in 10-mL glass tubes. One of them was left undi-
luted, while the other three were diluted with the same
volume of three TTF media (TES;Tris-fructose). These
extenders were prepared following instructions for exten-
der M3 in a previous study (Anel et al., 2003). The M3
extender was prepared mixing TES 320 mOsm/kg and Tris
320 mOsm/kg, adjusting the pH at 7.2. Then, a fructose
solution at 320 mOsm/kg was added up to 4% of the final
volume. In this study, the M3 extender was modified
to contain 20% egg yolk and 8% glycerol (more appro-
priate for epididymal spermatozoa, unpublished data).
Moreover, the osmolality of the three TTF media was mod-
ified to 320, 370 or 420 mOsm/kg 4 varying fructose -
before adding egg yolk and glycerol. The extenders were
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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 from
egg yolk). Osmolality was tested using a freezing point
osmometer (Osmomat 030, Gonotec, Berlin, Germany).
According to a previous study (Tamayo-Canul et al., 2011),
370 mOsm/kg was considered approximately isoosmotic
to the epididymal fluid (samples obtained within the first
2-4h post-mortem).

The epididymides, the tube with the undiluted sperm
mass and the three tubes with diluted spermatozoa (320,
370 and 420) were cooled down to 5°C, and remained at
that temperature for the rest of the experiment. An aliquot
of the diluted samples was cryopreserved after this cooling
step (0 h cryopreservation).

Sperm mass was obtained again at 24, 48 and 72h,
from the untouched half of the caudae. The caudae were
handled with care in each extraction, performing small
cuts in different locations and trying not to disrupt the
external capsule. We took great care to obtain samples as
homogeneous as possible between sampling times, and to
avoid blood contamination. Between sampling times, the
epididymides were wrapped with gauze moistened with
saline and put inside a plastic bag, which was stored in a
refrigerator at 5°C.

In each sampling time (Fig. 1), the sperm mass just
extracted and an aliquot of the undiluted-stored sperm
mass were split, extended with each of the extenders (320,
380, 420) and frozen (see Section 2.4 below). Each of the
diluted-stored samples were also extended and frozen.

Sperm quality (CASA and flow cytometry) was assessed
after the equilibration time (pre-freezing) and 10 min after
thawing (post-thawing).

2.3. Sperm cryopreservation and thawing

At each sampling time, we took three aliquots from the
sperm mass extracted at that time and other three from the

undiluted-stored sperm mass. Each of these aliquots was
extended with each of the three extenders (320, 380, 420)
at 8% glycerol to achieve a concentration of 200 x 106 mL~1.
For the diluted-stored samples, we took an aliquot from
each tube and extended them with the same extender, to
achieve the same final concentration.

Samples were packed into 0.25-mL plastic straws and
equilibrated for 1h at 5°C. After the equilibration, the
straws were frozen using a programmable biofreezer (Kryo
10 Series III; Planer plc., Sunbury-On-Thames, UK) at
+20°C/min down to —100°C. The straws were kept in lig-
uid nitrogen containers for at least one month. Thawing
was carried out in a water bath at 65°C for §s.

2.4. Motility evaluation

Motility assessment was carried out using a computer-
assisted sperm analysis system (ISAS; V.1.2) (Integrated
Semen Analysis System; Proiser, Valencia, Spain). Sam-
ples were diluted (10-20 x 106 cells/mL) in the same TTF
medium that was used for freezing (320, 370 or 420), and
warmed on a 37 °C plate for 5 min. Then, a 5-p.L drop was
placed into a Makler counting cell chamber (10 wm depth;
Sefi Medical Instruments, Haifa, Israel). The sample was
examined at x10 (negative phase contrast) in a microscope
with a warmed stage (38 °C). The standard parameter set-
tings were set at 25 frames/s, 20-90 wm? for head area
and VCL> 10 pwm/s to classify a spermatozoon as motile. At
least five sequences or 200 spermatozoa were saved and
Analyzed afterwards. Reported parameters were curvilin-
ear velocity (VCL, wmy/s), linearity (LIN, %), and amplitude
of lateral head displacement (ALH, pm). Total motility
(TM) was defined as the percentage of spermatozoa with
VCL>10 wm/s, and progressive motility (PM) was defined
as the percentage of spermatozoa with VCL> 25 pm/s and
STR > 80% (straightness, also provided by the system).
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2.5. Sperm viability and acrosome status

Viability and acrosomal status were assessed simul-
taneously using florescence probes and flow cytometry,
according to methods described by Martinez-Pastor et
Al (2009). Briefly, samples were diluted in PBS at
5 x 10% spermatozoa/mL, and incubated for 15min with
24 uM of propidium iodide (PI) and 1pug/mL of PNA-
FITC (peanut agglutinin). PI stains red membrane-damaged
spermatozoa, whereas PNA-FITC stains the acrosome green
ifitis damaged or reacted. Thus, we obtained four different
subpopulations: red (non-viable sperm, intact acrosome),
green (viable sperm, damaged acrosome) red and green
(non-viable sperm, damaged acrosome) or non-stained
(viable sperm, intact acrosome). The proportion of viable
spermatozoa (VIAB) and acrosome-intact spermatozoa
(ACR) were used in this study.

Evaluation of flow cytometer parameters was carried
out using a FACScalibur flow gytometer (Becton Dickn-
son System, San Jose, CA, USA) equipped with standard
optics and an argon-ion laser, tuned at 488 nm, and running
at 200 mV. Calibration was carried out periodically using
standard beads (Calibrites: Becton Dickson). Data corre-
sponding to the red (FL-3 photodetector) and green (FL-1
photodetector) fluorescence of 10,000 spermatozoa were
recorded.

2.6. Statistical gnalysis

Unless otherwise stated, data are presented as
mean + SEM and significant values are P<0.05. Statistical
analyses were carried out using the R statistical envi-
ronment (R Development Core Team, 2010). To simplify
analysis and interpretation, we assumed that sperm qual-
ity was negatively and linearly affected by time, helping
to testing if treatments affected the effect of storage time.
This assumption was found acceptable for the models
tested (using the Akaike Information Criterion ;- AIC - to
compare with alternative models). Therefore, conservation
type and extender osmolality were studied in function on
their effects on the intercept or slope of this model both
before and after cryopreservation. The analysis was per-
formed using linear mixed-effects model (nlme package),
with time (treated as a covariate), storage method and
extender (and their interactions) in the fixed part of the
model. Analyses were carried out with the pre-freezing
data and with the post-thawing data, starting with the gen-
eral model:

Yij = Boi + B1 - timey;; + B - ext + B3
-time - exty;) 4 B4 - time - storj;) 4 Bs - ext - stor + P
-time - ext - storf; 4+ B7 - male; + ¢

where yj; is the observation j in male i, and each 8 is a vec-
tor of coefficients for each covariate, factor or interaction. In
this model, both the intercept and the slope of time varied
for each male (indicated by the subscript [i] in the terms
where time participate), forming the random part of the
model. We carried out a model comparison according to the
AIC, determining that models following this assumption

were more informative that models following the assump-
tion that intercept but no slope varied for each male.

An additional analysis was carried out in post-thawing
data including the pre-freezing data as a covariate, in order
to identify the influence of the pre-freezing quality on the
post-thawing quality. Therefore, helping to assess the effect
of time, storage and extender on the freezability of the
sample.

3. Results

The models obtained for each analysis are summarized
in Tables 1 and 2. In each table, the basic information of
the ANOVA table for each model (F value, degrees of free-
dom and resulting Pvalue) is shown, with blanks indicating
the factors or interactions removed from the models. We
obtained complex models for most variables, with many
interactions. In order to facilitate the interpretation of the
models, Figs. 2-5 show the distribution of the real data in
the form of box-plots for each time, storage method and
extender. For each combination of factors, we overplotted
the partial linear models for each storage method and each
extender. Itis possible to compare the slopes and intercepts
of each line (indicating the change of the variable through
time) among extenders (different lines within plots) and
among storage methods (same lines between plots).

As Figs. 2-5 show, sperm quality at pre-freezing and
post-thawing decreased with storage time, while the effect
of treatment was small. Nonetheless, some treatments
stood out because of their higher or lower capacity to main-
tain sperm quality throughout storage time (described
later). Considering the different sampling times, most dif-
ferences were only noticeable at 48 or 72 h of storage. At 0 h,
when the osmolality of the freezing extender was the only
experimental factor, only acrosomal status was affected
both at pre-freezing (320: 95.2 13%; 370: 94.2+0.8%;
420: 96.4+0.4%; P=0.027) and at post-thawing (320:
82.3;£3.7%; 370: 79.4+3.5%; 420: 80.1+3.6%; P=0.025).
However these differences were small (see boxplots at 0 h
in Figs. 3 and 5).

The pre-freezing assessment allowed us to analyze
the effect of the storage method and the extender after
extending spermatozoa to the final dilution, but with-
out considering cryopreservation. Time had a significant
effect on all quality variables (Table 1), as expected in
post-mortem storage. The analysis of the different mod-
els showed that the quality variables were also influenced
by the storage treatments (storage method and extender),
although in some cases (TM, VCL), the extender did not
have any significant effect. The table shows that storage
affected the slope of the model in most cases (interaction
with time; expect for LIN), while the effect of the stor-
age method was modulated by the extender (VIAB and
ACR) and for TM and ACR a triple interaction was found.
These interactions are better visualized in Figs. 2 and 3.
Motility variables (Fig. 2) clearly decreased with stor-
age time in all cases, although it was less evident for
VCL. Total motility underwent a sharper decrease in the
samples stored diluted (P<0.01) comparing to the other
two methods, except when diluted-stored in 320 (at 72 h,
320: 47.5#3.4% vs. 370: 16.3+£2.3% and 420: 23.5 +3.5%;
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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 x 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,

-F}- 370

extending the samples with 320 yielded higher LIN than extending with 420.

e

Please cite this article in press as: Tamayo-Canul, J., et al., Effect of storage method and extender osmolality in the quality
of cryopreserved epididymal ram spermatozoa. Anim. Reprod. Sci. (2011), doi:10.1016/j.anireprosci.2011.11.003



dx.doi.org/10.1016/j.anireprosci.2011.11.003

337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357

G Model
ANIREP44521-12

6 J. Tamayo-Canul et al. / Animal Reproduction Science xxx (2011 ) xxx—-xxx

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
Pvalues 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.

/{{esponse variable  Intercept }éxplanatory variables
A‘ime Extender Time x storage Extender x storage Time x extender x storage
™ Fi255=527.3 Fi255=9.2 Fr2s55=11.2 Fe 255 =3.5 (P=0.003)
(P<0.001) (P=0.003) (P<0.001)
PM F1,259 =72.7 F1,259 =21.9 F2'259 =6.9 szzsg =4.7
(P<0.001) (P<0.001) (P=0.001) (P=0.010)
VCL Fi259=17,651.7 Fy259=3.7 F3259=3.7
(P<0.001) (P=0.027) (P=0.012)
LIN Fi261=1015.7 Fi261=19.0 F2261=19.0
(P<0.001) (P<0.001) (P<0.001)
VIAB F1,255 =1100.2 F1,255 =178.2 F2‘255 =10.2 F2,255 =184 F4|255 =24
(P<0.001) (P<0.001) (P<0.001) (P<0.001) (P=0.050)
ACR Fi 249 =5043.1 Fi249=277.6 F249=10.6 Fr249=10.7 Fa249=3.3 Fg249=2.3 (P<0.035)
(P<0.001) (P<0.001) (P<0.001) (P<0.001) (P=0.011)

TM:Xotal motility (%); PM:}grogressive motility (%); VCL:Xurvilinear velocity (wm/s); LIN:}\inearity index (%), VIAB:/\\/iability spermatozoa (%), ACR:)‘\ntact

acrosomes (%).

P<0.01). Total motility was maintained in the samples
diluted-stored with 320 similarly to the samples stored
in the epididymis or undiluted. However, when samples
were stored in the epididymis, 320 was suboptimal com-
paring with 370 and 420 (P<0.05; at 72 h, 320: 35.8 3+ 2.6%
vs.370:48.8 +3.0% and 420: 53.9 + 1.6%). There were small
differences among storage methods or extenders for the
kinematic parameters. VCL was slightly higher in diluted-
stored samples extended with 320 (although differences
were only evident at 72 h; 72.4+3.6 um/s vs. overall for
others 51.0+0.3 wm/s, P<0.05). LIN decreased with time,
being influenced by the extender type (Table 1). In this case,
320 exerted an overall positive effect on LIN, while samples
extended with 420 yielded lower LIN.

Flow cytometry parameters of pre-freeze samples are
visualized in Fig. 3. Sperm viability was influenced both
by extender and storage choice. Viability dropped more
sharply when samples were stored diluted (P<0.05),
resulting in significantly lower viability at 72h for 370
and 420, whereas samples diluted-stored with 320 were
not significantly different to other storage methods (320:

Table 2

29.9+1.6%vs.370: 18.1 £ 1.1% and 420: 22.1+ 1.2%; over-
all: 31.7 +£0.2%). Epididymis and undiluted storage behaved
similarly, and extending with 420 kept viability signifi-
cantly higher than the other extenders in both methods (at
72h, epididymis: 39.10.8% and undiluted: 43.1;1.8%;
other extenders: 31.6;0.3%). In the case of acrosomal
status, the presence of multiple interactions made the
interpretation of the results difficult (Table 1). Thus, when
we analyzed samples stored in the epididymis, we found
that, despite the overall significance of extender type,
when samples were stored undiluted we could not find
any difference among the three extenders. When sam-
ples were diluted-stored, extending with 370 increased
acrosomal damage (P<0.05 after 24 h; at 72 h, 68.8 £ 2.0%
vs. 85.7 4+ 0.1%, overall for other combinations). Conversely
420 tended to decrease the negative effect of time on acro-
somal status (P=0.052). In general, acrosomal status was
slightly improved by storing the samples in the epididymis,
especially at 48 h (83.7£0.2% vs. 77.5+0.2%, comparing
with the other methods, P<0.05), but differences faded at
72 h, excluding samples diluted-stored in 370.

Summary of the models selected for&nalyzing of the response variables within the post-thawing data. The table shows the F value, degrees of freedom and
Pvalues 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.

/{{esponse variables Intercept }éxplanatory variables
/'{ime Extender Time x storage Time x Extender x Time x extender x
extender storage storage
™ Fi255=741.7 Fi255=22.4 F2255=6.9 Fe255=2.1
(P<0.001) (P<0.001) (P=0.001) (P=0.052)
PM F1v255 = 864.1 FI,ZSS =47.0 F2.255 = 2.6 FZ‘ZSS =4.1 F4v255 = 3.6
(P<0.001) (P<0.001) (P=0.078) (P=0.018) (P=0.072)
VCL Fi261=895.7 Fi261=9.2 Fr256=10.1
(P<0.001) (P=0.003) (P<0.001)
LIN Fi261=2194.2 Fi261=42.9 F>261=10.0
(P<0.001) (P<0.001) (P<0.001)
VIAB Fi252=2333.2 F22572=5.1 F3252=4.3 F325,=2.6 F3252=2.1
(P<0.001) (P=0.006) (P=0.006) (P=0.037) (P<0.051)
ACR Fi25,=7984.3 Fr252=21.9 Fr252=9.6 Fr252=3.3 F252=3.3 Fr252=3.8
(P<0.001) (P=0.001) (P<0.001) (P<0.020) (P<0.011) (P<0.044)

TM:Xotal motility (%); PM:Rrogressive motility (%); VCszurvilinear velocity (wm/s); L[N:}\inearity index (%), VIAB:/\\/iability spermatozoa (%), ACR:)’\mact

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 changes
on sperm quality comparing to pre-freezing values. A com-
parison controlling for treatments indicated a decrease of
progressive motility, viability and acrosomal status (mean
difference and SEM: 1.6 +£0.4, —4.2+0.4 and -4.2+0.2,
respectively; P<0.001) and an increase of VCL and ALH
(mean difference and SEM: -2.2+0.5 and 0.06+0.02,
respectively; P<0.001). Nevertheless, both extender and
storage choice modulated this decrease with storage
time (Table 2). The trends of motility variables with time
(Fig. 4) were similar to those of pre-freezing analyses, but
we could detect some critical differences. Total motility
was better preserved when the samples remained in the
epididymis and 420 was used for freezing (P<0.05 at 72 h,
420: 53.9;1.6% vs. 320: 35.8+2.6% and 370: 48.8 +3%,
overall: 41+ 0.3%). Interestingly, diluted-stored samples
achieved similar total motility when using 320, but not
with the other extenders (at 72h, 47.53.4% vs. 370:
16.3+£2.3% and 420: 23.5+3.5%). Similarly to the pre-
freezing results, storage time caused the decrease of both
progressive motility (0 h: 25.0 4 0.2%; 72 h: 9.0 +0.1%) and
linearity (Oh: 51.3%0.1%; 72h: 38+0.1%). Progressive
motility was improved by diluted storage and, within
this storage method, by using 320 (P<0.05), most notice-
ably at 72h (18.741.6% vs. 370: 5940.8% and 420:
6.2+0.8%; P<0.01). Contrasting with the pre-freezing
assessment, VCL (.m/s) showed a decrease with stor-
age time (Oh: 69.5+0.3; 72h: 55.5+0.1), which was

significantly ameliorated in the combinations epi-
didymis x 420 (72 h: 59.8+0.8) and diluted x 320 (72 h:
64.6+1.5).

Post-thawing viability and acrosomal status (Fig. 5)
only underwent small variations with storage time (0 h:
32.2£0.1%, 82.7+0.1%; 72h: 30.5+0.1%, 77.2+0.1%;
overall values for viability and acrosomal status, respec-
tively). The combination diluted x 370 was again the less
suitable for both variables (at 72 h, viability: 15.1 ¢ 1.1%
and acrosomal status: 54.4 + 1.1%). Post-thawing viability
did not change significantly with post-mortem time when
spermatozoa were stored in the epididymis or undiluted
(0h, epididymis: 31.3 £ 0.4% and undiluted: 33.1+0.4% vs.
72h, epididymis: 29.4 0.2% and undiluted: 36.7 i 0.4%),
but it decreased if stored diluted (Oh: 32.240.5% vs.
72h: 23.9+0.6%). Moreover, viability was improved by
the epididymis x 420 combination (P<0.01 at 72h, 420:
33.04£0.6% vs. 320: 26.9+ 0.6% and 370: 28.4+0.8%), and
by the diluted x 320 combination (P<0.01 at 72h, 320:
32.95£1.7% vs. 370: 15.1+1.1% and 420: 23.9+1.7%).
In fact, the viability of the diluted x 320 combination
was not significantly different in this combination than
in the epididymis x 420. The proportion of spermatozoa
with intact acrosomes did not change significantly with
time when samples were stored in the epididymis or
when 320 or 420 were used (within any storage method,;
Oh: 82.8;0.1% vs. 72h: 79.6+0.1%). Acrosomal status
decreased with time when samples were stored undiluted
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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; Oh: 84.10.2% vs. 72 h: 79.0+0.3%), although acrosomes, which was more dramatic when spermato-
results at 72 h were not different to other methods except zoa had been diluted-stored in 370 (72h: epididymis:
for diluted x 370. In all cases, the use of 370 resulted in 77.97£0.8%, diluted: 54.4+1.1%, undiluted: 77.5+1.0%;
a significantly lower post-thawing proportion of intact overall except 370: 80.0 0.2%).
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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 in
the post-thawing models, the effect of the extender became
non-significant for total motility, whereas the effect of
the conservation method (interaction with time) became
non-significant for viability and acrosomal status. This indi-
cates that the effects of the extender on total motility
and conservation method on viability and acrosomal status
were exerted pre-freezing, rather than during the freezing-
thawing process. Regarding the other factors (Table 2), they
remained significant even after including the pre-freezing
values as a covariate, suggesting that they might affect not
only sperm quality during storage and equilibration, but
also the spermatozoa freezability.

4. Discussion

Three major conclusions can be extracted from our
study, possibly the first one testing storage methods before
freezing ram epididymal spermatozoa. First, ram epididy-
mal spermatozoa seem to be resilient cells, which could
be stored in different ways while yielding similar qual-
ity after cryopreservation. Second, they seem to tolerate
well osmotic challenges, and to adapt to media of differ-
ent osmolality. Third, whenever we detected noticeable
differences, they occurred in specific storage x extender
combinations, rather than in a specific storage method or
extender.

In previous studies on refrigerated storage of epi-
didymal spermatozoa (Tamayo-Canul et al., 2011), we
hinted that extender osmolality (prior to addition of egg
yolk or glycerol) could have an impact on the storage
of epididymal spermatozoa. Deer epididymal spermato-
zoa yielded higher motility after being cryopreserved
with a 380 or 430 mOsm/kg extender rather than with a
320 mOsm/kg extender (Martinez-Pastor et al.,2006b), and
similar results were obtained by Fernandez-Santos et gl.
(2007). The osmolality of the epididymal lumen increases
from the caput to the cauda epididymis (Cooper and Yeung,
2003), being clearly hyperosmotic in the cauda (deer:
375+ 8 mOsm/kg (Martinez-Pastor et al.,, 2005b); ram:
365 +6 mOsm/kg at 2h and 375 + 8 (Tamayo-Canul et al.,
2011); mean 4+ SEM by 24 h post-mortem). Thus, hyperos-
motic extenders could favour sperm cryopreservation, not
only because of being isoosmotic to epididymal fluids, but
also because they could increase dehydration prior to freez-
ing (Liu and Foote, 1998). Nevertheless, our results did not
show any dramatic differences among extenders at O h. This
suggests that ram epididymal spermatozoa may tolerate a
high range of osmolalities undergoing only small changes
in pre or post-thawing quality.

Considering storage methods, each of the options that
we tested had advantages and disadvantages, as showed
in the introduction. Despite these differences, we found a
lack of large differences among them. It is possible that the
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positive and negative effects of each method could com-
pensate themselves, resulting in similar sperm quality pre-
and post-freezing. Another explanation, compatible with
the previous hypothesis, is that the epididymal samples
would be resilient enough to withstand the detrimental
effects of post-mortem storage, irrespectively of the stor-
age method. In fact, Fernandez-Santos et gl. (2009a) tested
several storage options for red deer epididymal spermato-
zoa (epididymis, extended and extended with vitamin C),
but, apart from the motility-stimulating effect of vitamin C,
differences only appeared at long post-mortem times (96
or 192 h). Larger post-mortem times could have disclosed
larger the differences among our treatments, but, for the
purposes of the present study, it was impractical.

Notwithstanding the lack of large differences among
extenders or storage methods, it was clear that several
of their combinations either improved or deteriorated
spermatozoa quality (pre and post-thawing) throughout
storage time. Thus, 420 improved sperm quality when used
to freeze samples stored in the epididymis, while 320 was
the most appropriate one for the diluted-stored samples.
These two combinations could be considered as the most
adequate in the present study, especially at long post-
mortem times. Conversely, the diluted-stored method was
clearly detrimental whenever 370 or 420 was used to store
the samples.

It is difficult to explain the improved performance
of the 420 x epididymal storage and 320 x diluted stor-
age combinations. In order to propose an explanation
for the first combination, we have to consider that pre-
vious studies have demonstrated that the osmolality of
the epididymal medium increases with post-mortem time
(Martinez-Pastor et al., 2005b; Tamayo-Canul et al., 2011).
Thus, epididymal spermatozoa might develop a continu-
ous adaptation while being submitted to an increasingly
hypertonic environment. It has been proposed that epi-
didymal spermatozoa undergo intracellular accumulation
of osmolytes, which would be useful for facing osmotic
challenges upon ejaculation (Cooper and Yeung, 2003;
Yeung et al,, 2006). We hypothesise that longer post-
mortem times, being concomitant to higher osmolality,
would induce these mechanisms. Indeed, extending these
spermatozoa in hypoosmotic media (here, 320 extenders)
might induce a transient excess of intracellular water,
which would render spermatozoa more vulnerable to cry-
opreservation. Moreover, prolonged storage in the cauda
epididymis could cause physiological changes of uncer-
tain consequences (Rodriguez and Bustos Obregon, 1996;
Martinez-Pastor et al., 2005a). Further studies should test
this hypothesis, analyzing the changes in sperm osmolytes
and cell volume.

The situation of diluted-stored samples was rather the
opposite. In this case, the hypoosmotic extender (320)
yielded the highest quality. A possible explanation is that,
once collected and diluted, epididymal spermatozoa would
undergo an adaptation to the new environment, which
would be improved by the hypotonicity of the medium.
Spermatozoa in the cauda epididymis must contact the
hypotonic seminal plasma during ejaculation, and then
the much hypotonic (relative to the epididymal medium)
female genital tract (Yeung et al., 2006). Epididymal

spermatozoa collected shortly after post-mortem might
be better prepared to hypoosmotic challenges and to the
adaptation to a lower osmolality (Cooper and Yeung, 2003;
Yeung et al., 2006; Sahin et al., 2009), which might explain
the good pre and post-freezing results of samples extended
in 320 shortly after the death of the male and stored.

Two questions remain unanswered: why extender
choice seems not to be important when the sperm mass
is stored undiluted, and why 370 have such a detrimental
effect on acrosomal status when samples are diluted-
stored. For the first question, we must remind the special
status of undiluted-stored spermatozoa, remaining in epi-
didymal medium but not submitted to the osmolality and
pH changes of epididymis-stored spermatozoa. Therefore,
undiluted-stored spermatozoa might remain highly adapt-
able to a wide range of osmotic challenges, thus explaining
the similarity of results among extenders after thawing.
Nevertheless, undiluted-stored samples did not achieve
better post-thawing results, as it would be expected. The
second question is also difficult to answer. The acrosome is
sensitive to osmotic stress and other challenges (Harrison
and Fléchon, 1980). However, acrosomal damage remained
very low in all cases, including extenders 320 and 420,
which would submit spermatozoa to osmotic stress upon
dilution. Therefore, we propose that the 370 extender
might cause an osmotic imbalance or modifications in
membrane permeability with increasing time, enhancing
acrosomal disruption. Further studies are needed.

A caveat must be added. We adjusted the osmolality
of the extenders by varying fructose concentration. Sper-
matozoa can readily use fructose as an energy source,
therefore the different fructose concentration might have
affected sperm survival beyond its osmotic effects. How-
ever, our results suggest that the higher availability of
fructose in the 380 and 420 extenders had a minor impact
in the study. This makes sense considering that spermato-
zoa were stored at 5°C, therefore the metabolic activity
would be depressed and fructose may not have been a
limiting factor in any extender. Moreover, other methods
for varying the osmolality of the extenders would have
added more important confounding factors. Increasing the
TES/Tris would have modified the buffering capacity of the
extenders, possibly impacting the sperm survival at long
times. Moreover, using other molecules to increase osmo-
lality would have added confounding factors, making the
interpretation of the results more difficult.

In conclusion, this study contributes to the scarce
information on the effect of post-mortem time to the
post-thawing quality of epididymal spermatozoa. Ram epi-
didymal spermatozoa seemed to endure well the different
storage methods and extender osmolalities. However, stor-
ing the spermatozoa in the epididymis and then freezing
with a hyperosmotic extender (420 mOsm/kg) or collect-
ing the spermatozoa and maintaining them extended in
a hypoosmotic extender (320 mOsm/kg) might improve
their overall quality and post-thawing results, especially
at long times post-mortem. These findings have practi-
cal applications, considering the different situations that
may involve the preservation of post-mortem samples.
In the typical situation, in which a valuable male dies
unexpectedly, the scrotum could be simply refrigerated
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as usual, and these spermatozoa would be frozen using
a hyperosmotic extender. However, if samples were to
be sent away for freezing and package volume is impor-
tant, the sperm mass could be extracted and diluted with
a hypoosmotic extender, allowing sending the samples
in small tubes; if no extender were available, samples
could be simply sent undiluted (taking into account the
acceptable results of undiluted-stored samples). Moreover,
we can advice not using an extender isoosmotic with
the epididymal medium (370 mOsm/kg in this study). A
caveat must be added, that these recommendations might
be only valid for osmolalities around the ones tested in
this study (420 mOsm/kg for the hyperosmotic extenders
and 320 mOsm/kg for the hypoosmotic extenders). Exten-
ders with different osmolalities should be appropriately
tested.

As described in the introduction, we are currently using
epididymal spermatozoa in the production breeds Churra
and Assaf, introducing this kind of germplasm source in
their geneticimprovement programs. The small differences
observed in this study could reflect in important changes
after applying artificial insemination, which might be crit-
ical in the case of spermatozoa from endangered breeds or
valuable males.
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