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Sperm Cell Capacitation Status of Ram Semen after Cooling®
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ABSTRACT

Background: The use of conventional artificial insemination (Al) in sheep production is usually associated with lower
fertility rates when frozen semen is used. Cooled ram semen has been an alternative over frozen semen due to the higher
viability, seminal quality and fertility rates following Al. The semen preservation process promotes sperm cell modifica-
tions similar to capacitation (capacitation-like) that causes cell damage affecting viability and seminal quality, but such
effects are unclear for cooled semen. The aim of this study was to determine the status of sperm cell capacitation (CA)
and acrosome reaction (AR) during ram semen processing and cooling under different extenders, dilution factors, and
aerobiosis conditions as a function of storage time at 5°C.

Materials, Methods & Results: Two consecutive ejaculates per day per male were collected from 2 adult rams by artifi-
cial vagina at 48-72 h intervals, in three replications. After macro- and microscopic evaluations, semen was segregated
into groups under 3 extenders (Tris-egg yolk or TY, citrate-egg yolk or CY, skimmed milk or SM), 2 dilution factors (1
x 10° or Bi, 100 x 10° or Mi cells/mL), and 2 aerobiosis conditions (aerobic or A, semi-anaerobic or SA). Diluted semen
was cooled to 5°C and stored for up to 72 h, with evaluations every 24 h. Aliquots of fresh ejaculates and of each cooled
diluted subgroup, according to extender, dilution, and aerobiosis, were collected at times TO and T72 for determination of
acrosome status and membrane integrity by the chlortetracycline (CTC) and trypan blue-Giemsa stainings, respectively.
No differences were detected in sperm cell motility (M) and motility vigor (V) between fresh and diluted semen. After
cooling, a significant decrease in M was observed after 48 h in CY and SM compared with fresh semen and O h of cool-
ing, while V started to decrease after 24 h in CY compared with TY. Likewise, M/V from different dilutions and aerobic
conditions decreased more significantly after 48 and 24 h of cooling, respectively. The sperm capacitation status did not
show differences in the proportion of non-capacitated (NCA), CA and AR sperm cells between TY, CY, and SM extend-
ers (NCA: 75.0%, 71.3%, 74.0%; CA: 15.7%, 17.2%, 15.9%; AR: 9.3%, 11.5%, 10.2%) or between Bi and Mi dilutions
(NCA:74.0%,72.9%; CA: 15.9%, 16.6%; AR: 10.1%, 10.5%), respectively. However, differences (P < 0.05) were observed
between A and SA aerobic conditions, with CA (17.0% vs. 15.5%) and AR (11.9% vs. 8.7%) rates being higher in A than
SA, respectively, with no differences in NCA (71.1% vs. 75.8%), irrespective of the storage time. Sperm cell viability
decreased after 48 h, especially in CY (P < 0.05).

Discussion: Ram sperm cells can suffer irreversible damage due to thermal shock during cooling. Egg yolk-based extend-
ers provide phospholipids and cholesterol to protect the sperm cell membrane during the thermal shock caused by the
change in temperature. In this study, sperm cells had irreversible decreases in M/V, with increase in acrosome and plasma
membrane damage after cooling to 5°C. The largest and smallest decreases in M and V over time were observed in the CY
and TY extenders, respectively. In addition to the extender type, the semen preservation method and storage time promoted
changes in the capacitation status, AR and in sperm cell viability, which per se were associated with a decrease in semen
fertility. In fact, the proportions of CA and/or AR sperm cells gradually increased over time after dilution and storage at
5°C, with a negative correlation between sperm cell viability and M/V over time. In summary, extender and cooling time
affected mostly M/V, while aerobiosis condition and dilution factor were more associated with acrosome status and sperm
survival, with the extender having less impact on the acrosome status as a function of time.
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INTRODUCTION

The success of artificial insemination (AI)
in mammals is associated with semen quality, which
per se depends on semen processing and the extender
ability to maintain ultrastructural, biochemical, and
functional features of the sperm cells [60]. Ovine
semen quality decreases after freezing, turning con-
ventional Al inefficient due to low conception rates
[11]. Such reduction in fertility has been attributed to
cell damage caused by cryopreservation, leading to
biochemical, functional and structural changes in the
plasma membrane, and promoting capacitation-like
changes, or cryocapacitation, and early acrosome re-
action [54,61,65]. Alternatively, diluted cooled semen
has been used for sheep conventional Al for decades
[41,69]. Yet, gradual reduction in sperm cell viability
occurs during cooling as storage days increase [41].

The capacitation process starts from ejacula-
tion, continuing during dilution, cooling and freezing.
Such process promotes changes and potential dam-
age to the plasma membrane, reducing the fertility
potential [24,51]. Cryopreservation induces loss of
phospholipids from the cell membrane and increases
intracellular calcium concentrations [30], which lead
to susceptibility to cryocapacitation, acrosome reaction
(AR) and loss of cell viability, irrespective of the spe-
cies [18,23,25,65]. To counteract such effects, extend-
ers are used to stabilize and protect the cell membrane
against thermal shock during processing, cooling and/
or freezing, and storage [64].

Frozen ram semen has lower sperm cell vi-
ability and higher proportion of cryocapacitation and
AR after thawing [27,66]. However, the capacitation
status of the ram sperm cells after dilution, cooling and
storage time at 5°C are still unknown. Thus, this study
aimed to evaluate the status of sperm cell capacitation
in cooled ram semen, comparing extenders, dilution
factors, aerobiosis condition, and storage time at 5°C
for up to 72 h, relating it to the viability of the sperm
cells.

MATERIALS AND METHODS

Chemicals

All chemicals were embryo- or cell culture-
tested from Sigma Chemicals', unless stated otherwise.
All culture media were prepared with purified water
using the Direct-Q3/Milli-Q Synthesis system?.

Animals and semen collection

Semen was collected from two adult rams (one
Texel, one Ile de France) by artificial vagina (AV) at
42°C [43]. Rams were housed at the School of Veteri-
nary Medicine (FAVET) at Federal University of Rio
Grande do Sul (UFRGS), Brazil (30° 4’ 33.6 S, and
51°7°35.9” W), during the spring season (September-
December).

Two consecutive ejaculates were collected per
day from each adult ram, with three days of collections
at 48 to 72 h intervals. Upon each collection, each
ejaculate was kept at 30°C in a water bath for up to 15
min until evaluation. Macroscopic/physico-chemical
evaluations included volume (mL), color, appearance/
density, gross macroscopic motility (1 to 5 scale), and
odor. Then, microscopic evaluations included analysis
of gross microscopic motility (1 to 5 scale) on a slide
glass, and total motility (TM; in %) and motility vigor/
intensity (MV; 1 to 5 scale) between a warm glass slide
and a coverslip, diluted in warm phosphate-buffered
saline (PBS) at 37°C under phase contrast microscopy
(100 to 400x magnification). In addition, after dilut-
ing semen samples in warm formalin-citrate solution
(4% formalin in a 2.94% sodium citrate solution,
pH 7.2) at 1:400 dilution, sperm cell concentration
(per mm?® and per mL) and sperm morphology were
determined under phase contrast microscopy (400 to
1000x magnification), according to Mies Filho [43]
and as recommended by the Colégio Brasileiro de
Reproducao Animal (CBRA) [16]. Total sperm cell
number per ejaculate was determined by the product
of sperm cell concentration (billions per mL) and total
ejaculate volume (mL). Finally, semen samples from
each ejaculate were used for the analyses of membrane
integrity by trypan blue-Giemsa staining, and sperm
cell capacitation status by chlortetracycline (CTC)
staining, as described below.

Semen sample dilution and treatment groups

Upon analysis of fresh semen samples from
each ejaculate, within up to 10 min after collecting the
second ejaculate, a pool of the 2 ejaculates from each
ram (per day of collection) was performed in a 15-mL
centrifuge tube, which was kept in a water bath, at
27°C. Then, the final volume and the total number of
sperm cells in each pool were determined. Each pool
was divided into 3 groups with equal volumes in new
15-mL centrifuge tubes. A 1:2 (V/V) pre-dilution was
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carried out isothermically with 3 different extenders:
(a) skimmed milk (SM) prepared by dissolving 10 g
skimmed powdered milk (W/V; CCGL®?) in 100 mL
distilled water? heated for 15 min at 95°C [17]; (b)
sodium citrate at 2.94% (1.53 mM sodium citrate')
supplemented with 20% egg yolk (V/V; Citrate-Egg
yolk; CY) [21]; and (c) Tris-based solution (2.99 mM
Tris!, 1.03 mM sodium citrate', 0.27 mM fructose')
supplemented with 20% Egg yolk (V/V; Tris-Egg
yolk, TY) [55,56], all isothermal to each semen frac-
tion (27°C), and with osmolarity and pH adjusted to
290 mOsm/L and to 6.5-7.0, respectively (prior to
the addition of egg yolk in extenders CY and TY).
Each pre-diluted semen fraction was evaluated for M
and V. Then, each extender group (SM, CY, TY) was
subdivided by dilution with the respective extenders
at concentrations of 100 x 10° (Million group; Mi)
or 1 x 10° (Billion group; Bi) sperm cells/mL, in
new 15-mL centrifuge tubes, for each extender, with
another M/V analysis performed afterwards. Finally,
each sample for each extender and each dilution
was again subdivided into 2 new centrifuge tubes,
with a top layer of sterile mineral oil (300 pL) being
added to 1 of the tubes to obtain a semi-anaerobic
(SA) environment, while the other centrifuge tube
remained oil-free (aerobic; A), directly exposed to
atmospheric air. For each pool of 2 ejaculates, three
extenders (SM, CY, TY), two concentrations (Mi, Bi),
and two aerobic conditions (SA, A) were evaluated in
a 3 x 2 x 2 factorial design, in a total of 12 samples
per semen pool (6 semen pools), per ram (2 rams),
per replication (3 replications), with each tube being
properly identified.

Semen cooling

Properly identified tubes according to rams,
extenders, concentration dilutions and aerobiosis
conditions were gradually cooled in a water bath from
27°C to 5°C (TO h) in a refrigerator for approximately 3
h (mean cooling curve rate of 0.12°C/min). Tubes were
kept under controlled cooling at 5°C for 72 h. Cooled
semen samples were evaluated for M/V at times 0 h
(TO), 24 h (T24), 48 h (T48), and 72 h (T72). Time in
which samples were stabilized at 5°C was set as t= 0
h (TO) for cooling exposure up to 72 h (T72). Cooled
semen samples were also analyzed for sperm cell ca-
pacitation status and sperm cell viability at times TO
and T72 by sperm cell staining, as below.

Assessment of capacitation status and sperm cell viability

To assess the in vitro sperm cell capacitation
status, the chlortetracycline (CTC) staining procedure
was performed as described previously [48], with
modifications. Aliquots of 10 uLL were collected from
each fresh ejaculate (pool of 2 ejaculates per male per
collection day) and a semen sample of each sub-group,
according to the ram, replication, extender, concentra-
tion dilution, and aerobiosis conditions, prior to and
after cooling, at times t =0 h (TO) and t =72 h (T72).
To remove the extenders, semen samples from each
extender subgroup were centrifuged at 650 g for 10
min in Mini-Percoll® gradients [37]. Upon the cen-
trifugation, pellets were resuspended (individually)
in Sperm-TALP and centrifuged again at 160 g for 5
min. Then, in a dark room, 5 pL of each sample were
placed in a microcentrifuge tube with 10 uL. CTC solu-
tion (1:3, v/v; 835 mM CTC!, 5 mM DL-cysteine!, 130
mM NaCl', and 20 mM Tris—HCI' at pH 7.8, prepared
immediately prior to use) and incubated for 1 min at
37°C. Soon, 8 uL of a 12% paraformaldehyde solution
(in 0.5 M Tris—HClI; pH 7.8) was added to fix sperm
cells in each sample, followed by homogenization
and placement onto a slide, covered with a coverslip
afterwards. Then, the properly identified samples in
slides were stored in boxes for protection from light
and refrigerated at 4-5°C for a minimum of 4 h. Slides
were evaluated under epifluorescence microscopy
(Zeiss*), under a 355/425-nm (em/ex) filter (RKP
455, Zeiss*) exposure, counting 200 cells at 1000x
magnification, under oil immersion. Parameters for
interpretation of sperm cell capacitation patterns were
based on the Atlas Embrapa [39], in 3 categories: (1)
non-capacitated sperm cells (NCA), showing a bright
fluorescence throughout the whole sperm cell head;
(2) capacitated sperm cells (CA), showing absence
or low fluorescence in the post-acrosomal region, and
bright fluorescence in the acrosomal region; and (3)
acrosome-reacted (AR) sperm cells, showing no or
low fluorescence in the head, with a fluorescent ring
in the sperm equatorial region.

Sperm cell viability was performed using the
trypan blue and Giemsa staining method, as previously
described [31], with modifications. Aliquots (10 pL)
of each semen sample were diluted in 10 pL trypan
blue! solution at 0.4% in a 1.5-mL tube, and incu-
bated at 37°C for 15 min. Then, 10 pL of each stained
suspension was placed on glass slides, in duplicates,
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and air-dried in vertical position. Samples were fixed
in absolute alcohol for 5 min and air-dried in vertical
position. Finally, samples were stained in a 4% Giemsa
solution' for 1 h in an incubator at 38°C. Then, slides
were rinsed in running water and left to dry at room
temperature (RT). Samples were evaluated under a
bright field microscope, by visualizing 200 sperm cells
per slide, under oil immersion, at 1000x magnitude.
The assessment of the sperm cell viability was based
on Atlas Embrapa [39], as (1) dead sperm cells with
intact acrosome, which presented a blue-stained head
and a dark pink-stained acrosome pattern; (2) dead
sperm cells with acrosome reaction, which presented
a blue-stained head and a non-visible acrosome (dis-
colored) pattern; (3) live sperm cells with intact acro-
some, which presented a light pink-stained head and
a dark pink-stained acrosome pattern; and (4) live
sperm cells with acrosome reaction, which presented
a light pink-stained head and a non-visible acrosome
(discolored) pattern.

Statistical analysis

Proportion of sperm cell total motility, motility
vigor, capacitation status (NCA, CA, AR) and viability
(live/dead) were evaluated by the Anderson Darling
normality test. All data were normally distributed, be-
ing evaluated by analysis of variance (ANOVA) and
by factorial analysis by the General Linear Model
of Minitab (Minitab®), using as factors the extenders
(SM, CY, TY), concentrations (Mi, Bi), aerobic condi-
tion (SA, A), and cooling times (0 h, 24 h, 48 h, 72 h
for M/V, and 0 h and 72 h for capacitation status and
sperm cell viability), with pairwise comparisons by the
Tukey test, for P < 0.05. The proportion of live and
dead, and non-capacitated (NCA), capacitated (CA),
and acrosome-reacted (AR) sperm cells were also
compared by the X? test, for P <0.05. A simple Pearson
correlation test was also used to evaluate relationships
between variables, for P < 0.05.

RESULTS

Macroscopic and microscopic parameters for
fresh ram semen, from 2 ejaculates per day per male,
in 3 days of collection, from 2 adult rams were similar
between rams, ejaculates and days of collection. All
ejaculates were white in color, with a creamy aspect,
and odorless. Mean values for volume (mL) and gross
macroscopic motility (1 to 5) were 1.06 = 0.61 and
3.90 + 0.32, and for gross microscopic motility (1

to 5), total sperm cell motility (%), motility vigor (1
to 5), and sperm cell concentration (10° sperm cells/
mL) were 3.76 = 0.72, 71.0 = 10.1, 4.00 + 0.57, and
3.95 + 1.50, respectively. The mean morphological
values (%) for total abnormal forms, major defects,
and minor defects were 23.0 + 16.9, 11.3 + 7.4, and
11.7 £ 11.8, respectively. The mean proportions of the
capacitation status observed in fresh ejaculates were
74.5 £ 14.3%, 15.7 £ 7.7% and 9.8 + 8.5% for NCA,
CA, and AR sperm cells, respectively. Fresh ejaculates
showed mean proportions of 69.5 +9.6% for live cells
and 30.5 £ 9.6% for dead cells.

Sperm motility and motility vigor from fresh and diluted
ram semen during the cooling time for 72 h

No differences were observed in sperm cell M
and V patterns between fresh and diluted ram semen prior
to cooling. However, upon cooling, sperm cell M and V
decreased significantly (P <0.05) over storage time at 5°C.

Percentage means of sperm cell M and V in
each extender, concentration dilutions and aerobic
conditions during the cooling times, from O h to 72
h, are shown in Figure 1. Sperm cell M decreased
significantly (P < 0.05) in each extender from 48 h
to 72 h, especially in the CY extender (Figure 1A,
left panel). Similarly, sperm cell V of diluted ram
semen in CY and SM extenders decreased after 24
h of cooling, mainly in the CY extender (Figure 1A,
right panel). Sperm cell M and V patterns for both
dilution factors (Mi and Bi) and aerobic conditions
(SA and A) during cooling decreased significantly
after 48 h and 24 h of cooling, respectively (Figure
1B & C).

In general, no differences in sperm cell M and
V were observed overtime between groups, irrespective
of the interaction between factors (extender, dilution
factor, aerobiosis, time) and time (data not shown).
Specifically, the SA condition at the Bi sperm concen-
tration over time (SA/Bi vs time) resulted in a gradual
and significant decrease in sperm cell M during 72 h of
storage, especially after 48 h (Fresh: 68.2 +2.1%; 0 h:
60.3+3.2%;24h:61.7+£3.2%; 48 h: 54.7 £3.2%; 72
h: 51.3 +3.2%), with no differences to the other condi-
tions of interaction, which were similar to one another
and over time. Negative effects on V over cooling time
were also observed within each group for SA/Bi vs
time, also being more evident after 48 h (Fresh: 3.8
+0.1;0h:3.8+0.2;24 h: 3.7+ 0.2; 48 h: 3.2 £ 0.2;
72 h: 2.9 +£0.2). Semen diluted and cooled in the CY
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extender over time, at both sperm cell concentrations
(Mi and Bi), and under both aerobic conditions (A
an SA), showed a decrease in V over time from fresh
semen (3.8 £ 0.1) and diluted cooled semen under the
A/Bi, A/Mi, SA/Bi, and SA/Mi groups at t=0 h (3.7
+0.3;3.8+0.3;42+0.3;3.6+0.3;),24 h (3.5+0.3;
35+03;3.8+0.3;3.2+0.3),48h (29+0.3; 3.0 +
0.3;2.9+0.3;2.8+0.3),and 72h (2.6 £0.3; 2.7 £ 0.3;
2.4 +£0.3; 2.7 £ 0.3), respectively, especially from 48
to 72 h of incubation at 5°C. Conversely, semen diluted
in TY extender demonstrated better performance in V
over time for A/Bi, A/Mi, SA/Bi, and SA/Mi att=0h
(3.7+0.3;3.6+£0.3;3.7+0.3;3.9+0.3),24 h (3.8 £
0.3;3.9+0.3;3.6+0.3;3.9+0.3),48h (3.5+0.3; 3.7
+0.3;35+0.3;3.7+0.3),and 72h (3.3 +0.3;3.3 =
0.3;3.2 £0.3; 3.3 = 0.3), respectively.

The effects of interactions between the different
(1) extenders vs concentration dilutions, (ii) extenders vs
aerobiosis conditions, and (iii) concentration dilutions vs
aerobiosis conditions on sperm cell M and V of diluted
and cooled ram semen at 5°C for up to 72 h, irrespective
of storage time, are shown in Figure 2. The sperm cell
V in the TY extender, especially at the Mi sperm cell
concentration, and independent of the aerobic condi-
tion (SA or A), was maintained higher over time than
the other extenders, especially the CY extender (Figure
2A & B). The use of SM extender showed intermedi-
ate proportions of sperm cell M and V than the other 2
extenders, being more similar to the TY extender. No
differences were seen for both sperm cell concentration
dilutions (Mi and Bi) and aerobic conditions (SA and
A) in relation to storage time (Figure 2C).
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Figure 1. Effects of storage time on sperm cell motility (left panels, in %) and motility vigor (right panels, from I to 5 scale)
in ram semen at collection and after dilution, cooling and storage at 5°C for 72 h in different extenders (A), dilution factors
(B), and aerobic conditions (C). CY: citrate-egg yolk. SM: skimmed milk. TY: tris-egg yolk. Bi: 1 x 10° cells/mL dilution. Mi:
100 x 10° cells/mL dilution. A: aerobiosis. SA: semi-aerobiosis. **P < 0.05, within each group. #®P < 0.05, between groups.
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milk. TY: tris-egg yolk. Bi: 1 x 10° cells/mL dilution. Mi: 100 x 10° cells/
mL dilution. A: acrobiosis. SA: semi-aerobiosis. *°P <0.05.

Patterns of sperm cell capacitation status and acrosome
reaction of fresh and cooled ram semen during cooling
time at 0 h and 72 h of incubation

Sperm cell capacitation and acrosome reac-
tion profiles from fresh and refrigerated ram semen
samples over storage time at 5°C in different extend-
ers (SM, CY, TY), concentration dilutions (Mi, Bi),
and aerobic conditions (SA, A) are shown in Figure
3. No differences were observed in relation to the
proportion of NCA, CA, and AR sperm cells, either

after dilution with distinct extenders (SM, CY, TY;
Figure 3A) or in both dilution factors (Mi, Bi; Figure
3B), regardless of the storage time at 5°C (from O h
to 72 h). The SA condition maintained NCA and AR
sperm cells at higher and lower rates, respectively,
when compared to the A condition (Figure 3C), with
CA sperm cell rates being similar for both aerobic
conditions, irrespective of the storage time at 5°C
(Figure 3C). However, sperm cell capacitation status
was influenced by storage time, with a decrease in
NCA sperm cell proportions (P < 0.05), for an in-
crease in CA and AR cell proportions during storage
time at 5°C, as shown Figure 3D.

The proportions of sperm cell survival, sperm
cell capacitation and acrosome reaction of ram semen
samples that were submitted to dilution and cooling in
different extenders for 72 h are shown in Figure 4A.
Sperm cell mortality rates increased after semen dilu-
tion and refrigeration for 72 h when compared with
fresh semen (control), especially for semen diluted
in CY extender (P < 0.05). Furthermore, the propor-
tion of NCA sperm cells decreased (P < 0.05) after
semen dilution in all 3 extenders, when compared
with fresh semen, being similar between all of the
extenders within the O h and 72 h storage times. In
the SM extender, such reduction in the proportion of
NCA sperm cells was significant at 72 h of storage
compared to 0 h (Figure 4A). Proportions of CA and
AR sperm cells were higher in the diluted semen in
TY extender at time 0 h compared with fresh semen.
At 72 h, the sperm cell capacitation and acrosome
reaction rates were higher in all groups compared
with fresh semen, especially in SM and TY extenders.
Such observations correlated with sperm cell survival
parameters evaluated in this study, such as M, V and
acrosome status. In general, positive correlations
were observed between sperm M and V (R=0.778, P
<0.001), and between the proportions of NCA sperm
cell and cell M (R=0.538, P <0.001) and V (R=0.528,
P <0.001). Also, a positive correlation was observed
between the proportions of CA and AR (R=0.526,
P < 0.001) sperm cells. On the other hand, CA and
AR sperm cells showed a negative correlation with
cell M (R=-0.537, P < 0.001; R=-0.413, P < 0.001),
V (R=-0.520, P < 0.001; R=-0.412, P < 0.001), and
NCA sperm cells (R=-0.856, P < 0.001; R=-0.890,
P <0.001), respectively.
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Sperm cell survival rates, and sperm cell capaci-
tation and acrosome reaction proportions in ram semen
samples diluted at both dilution factors (Mi, Bi) after 72 h of
storage at 5°C are shown in Figure 4B. No differences were
observed at the onset of storage time (0 h) at 5°C in terms
of sperm cell viability in both concentration dilutions (Mi
and Bi). However, the Mi group showed higher sperm cell
mortality after 72 h of cooling than the Bi dilution, show-
ing that the lower dilution factor (Bi) conferred a favorable
environment to sperm cell survival when stored for up to 72
h at 5°C than the higher dilution factor (Mi). The status of
sperm cell capacitation showed different patterns according
to the dilution factor, as shown in Figure 4B, with a signifi-
cant reduction (P < 0.05) in the proportion of NCA sperm
cells for both concentrations at time 0 h, being reduced
even more at 72 h afterwards (P < 0.05). Such pattern was
associated with an increase in the proportions of CA and
AR sperm cells, especially in the lower concentration (Mi)
at 0 h, and for both (Mi and Bi) at 72 h, compared with the
fresh semen, with higher proportion of non viable sperm
cells. Correlations between such parameters have already
being described above.

Aerobic conditions resulted in higher mortal-
ity at O h, while mortality rates in the SA conditions
were higher at 72 h (Figure 4C). Both conditions

maintained sperm mortality proportions similar at O h
and 72 h. The reduction in proportions of NCA sperm
cells was more significant under A conditions after
72 h. No differences were observed in the proportion
of AR sperm cells between aerobic conditions and
with fresh semen at O h. However, sperm cell CA was
higher in the A group, with the SA condition being
similar to fresh semen. At 72 h, sperm cell CA and AR
rates increased under the A condition compared with
fresh semen and O h, with the SA condition presenting
similar rates to both groups at 0 h, but with higher CA
and AR sperm cell rates than fresh semen.

DISCUSSION

In this study, the evaluation of M/V served as
a secondary parameter for the evaluation of associa-
tions with changes in the acrosome status over time,
as a function of semen dilution per se, concentra-
tion dilutions and type of extender. The aerobiosis
conditions were also verified, as such conditions are
known to be associated with biochemical processes
on sperm cell capacitation and acrosome reaction
status [29,68], and generation of ROS [28]. Varia-
tions in sperm cell M and V were observed over
storage time at 5°C, depending on the extender.
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The kinetics patterns of M and V observed in ram
semen samples were similar prior to and after dilution,
but declined after the cooling process, from time O h,
irrespective of the factors under analysis. Such decline
may have been associated with potential heat shock
occurring in cooled ram sperm cells. The susceptibility
of sperm cells to heat shock is linked to a high ratio of
unsaturated:saturated fatty acids in sperm cell mem-
brane phospholipids and a reduced cholesterol content,
which turn sperm cell membranes less stable [67].

In ram semen, when sperm cells are cooled
near to the freezing point (5°C), motility and metabolic
activity may be irreversibly depressed and the acro-
some and plasma membranes may suffer disruptions

[8,50,67]. For extenders based on egg yolk, phospho-
lipids present in the yolk protect the sperm membrane
by restoring phospholipids lost during heat shock
caused by the change in temperature during cooling
[27,50]. Then, during a potential heat shock phase, the
egg yolk lipoproteins interact with the lipid structure
of the sperm cell plasma membrane, providing mem-
brane protection [20]. In milk-based extenders, it has
been shown that casein micelles isolated from milk
can protect sperm cell membranes during storage at
4-5°C [12,38,45].

Ram semen samples diluted in citrate-based
and Tris-based extenders containing 20% egg yolk
were expected to maintain sperm motility and show
minor membrane damage during storage time com-
pared to skimmed milk-based extenders. However,
in this experiment, ram semen samples diluted in TY
maintained sperm cell M for a longer period with ap-
parent minor damage to sperm cell membranes after 72
h of storage at 5°C, while semen samples extended with
SM extender was intermediate between the TY and CY
extenders. Moreover, sperm cell M was evaluated im-
mediately after semen samples were collected (fresh)
and after reaching 5°C (0 h), with the observation of a
reduction, in all sub-groups, of around 3.5% for M and
0.1 forV (1 to5) inrelation to fresh semen. The greatest
immediate losses after dilution and during cooling to
5°C in terms of M occurred in the TY extender (4.2%
vs 3.4 in the CY and 2.9% in the SM extenders), and in
terms of V, occurred in the SM extender (0.3 vs 0.0%
in the CY and 0.1 in the TY extenders). Such trends in
changes in M and V may have been caused by potential
thermal shock during cooling, even though it could
also be caused by damage to sperm cell membranes,
corroborating with observations by Paulenz et al. [47],
who did not observe differences in sperm cell M and
V in diluted ram semen maintained for 0, 6, 24 and
30 h at 5°C.

Significant reduction in sperm cell M observed
during storage time for 72 h, especially after 48 h to
72 h of cooling compared to O h, corroborates with
previous studies in the literature [5,22,36]. Further-
more, Falchi et al. [22] also observed that the cooling
process affected significantly the parameters for total
and progressive motility of diluted and cooled ram
semen at 4°C, maintained for 0, 24, 48, 72 and 96 h.
In this study, the largest reductions in M and V were
observed in the CY extender (16.5% in M, and 1.2 in
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V, from 0 to 72 h), and the smallest in the TY extender
(10.5% in M, and 0.4 in V, from 0 to 72 h), with the fall
in M and V in the SM extender showing an intermedi-
ate pattern between the other 2 extenders (13.8% in M,
and 0.4 in V, from O to 72 h).

For each extender, the largest decrease in M
and V were observed between 24 and 48 h, regardless
of the dilution factor or aerobic condition (5.8, 7.0
and 5.5% in M, and 0.6, 0.2 and 0.2 in V, for CY, SM,
and TY, respectively). Therefore, most of such effects
occurred during storage at 5°C, especially between
48 and 72 h, when differences between the extenders
could be clearly detected. This shows that the TY ex-
tender could maintain sperm cell M and V with greater
physicochemical-biological properties than the CY
extender, despite the slightly greater initial reduction,
with the SM extender again showing an intermediate
behavior. Such findings demonstrate that the Tris-egg
yolk association is beneficial, with Tris acting as a
buffer, fructose contributing to sperm cell oxidative
metabolism [52], while egg yolk serves as a membrane
protector and as a protein source, contributing to the
preservation of sperm cell energy and membrane integ-
rity more efficiently over time and during cooling [59].
The loss of phospholipids from the sperm cell plasma
membrane that may be caused by thermal shock [7] is
probably related to the phase transitions of the lipids
in sperm cells membranes during the cooling process
[28]. Such changes caused by the lipid phase transi-
tions can directly interfere with protein channels, for
instance, since membrane proteins are embedded in
specific areas of the plasma membrane and might be
separated by the presence and/or the changes in lipid
composition under different phases, thus resulting in
phase separations and loss of selective permeability
[57,66].

Regardless of the type of extender or sperm
concentration dilutions and storage temperature used
for reducing cellular metabolism, any storage method
causes damage to a significant portion of sperm cells
that results in reduction in sperm cell motility, viability
and fertility over time [7,34]. To obtain energy for cell
metabolism and function, sperm cells need substrates
that are easily metabolized, to which both skimmed
milk and egg yolk sufficiently provide after dilution
[44]. In this study, the TY extender better maintained
sperm cell M and V than the CY and SM extenders,
corroborating with findings by others for ram semen

[46,26]. However, contrary to that, other studies [32,36]
reported better motility rates in diluted semen using
SM-based extenders. The SM extender has a buffer-
ing capacity due to its protein fraction, also having
bactericidal action, adequate viscosity for maintaining
sperm cells in the liquid medium, and abundance of
carbohydrates that can be used by sperm cells as energy
source [19,62]. Moreover, lactose contained in SM-
based extenders, in addition to its osmotic function,
can act as an energy substrate as well, if cleaved into
glucose and galactose, with caseins being also able to
increase the kinetic activity of sperm cells [20].

In this study, when considering the interac-
tion between factors, no differences in M and V were
seen between experimental groups, regardless of the
interaction between extenders (SM, CY, TY), concen-
tration dilutions (Mi, Bi), or aerobic conditions (SA,
A). Interestingly, fresh semen presented a proportion
of around 25% of CA and AR sperm cells, and around
75% to NCA sperm cells upon semen collection. A
higher proportion of NCA and lower proportions of CA
or AR sperm cells were correlated with higher sperm
cell M and V in fresh and in diluted semen prior to
cooling. However, after dilution and cooling, a gradual
decrease in sperm cell M and V was observed, with a
reduction in the proportion of NCA sperm cells, and
an increase in CA and AR. In other words, live sperm
cells and the NCA sperm cell proportion decreased
during storage time, for a parallel increase in CA and
AR sperm cell proportions. In fact, sperm viability of
CA and AR sperm cells has been shown to be reduced
in horses and humans upon the induction of cell capaci-
tation and storage time at 5°C [3,58,60], with similar
findings observed in this study.

Semen quality decreases throughout the stor-
age period, regardless of the extender, concentrations or
storage conditions [44], even though there is a decrease
in sperm cell metabolism, fructolysis rates and oxygen
consumption by the reduction in storage temperature
[13]. Furthermore, once ejaculated, the sperm cell is
an aerobic cell, which uses oxygen in its metabolism,
producing, under physiological conditions, basal lev-
els of ROS molecules, which are essential in several
processes involved in sperm capacitation, hyperacti-
vation, acrosomal reaction and sperm-oocyte interac-
tion [15,33]. Thus, during the sperm cell capacitation
process, an increase in intracellular calcium, ROS and
tyrosine kinase levels promote a higher production of
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cyclic adenosine monophosphate (cAMP), culminating
in a hyperactivation status and, finally, in the acrosome
reaction that allows for fertilization [2,33,53]. There-
fore, under conditions with high ROS concentrations,
sperm cell quality and survival are compromised,
especially in sheep and horses, which are the species
known to generate high ROS levels that may cause
damage to the chromatin, cell membranes, and sperm
proteins [9,14,33,35,40,63].

The semi-aerobic condition at the highest dilu-
tion (Mi, 100 x 10° cells/mL) in this study resulted in
lower sperm motility over storage time. Interestingly,
however, it also resulted in a higher proportion of NCA
and a lower proportion of AR, which was expected,
potentially due to oxygen deprivation and lower ROS
generation to promote capacitation and acrosome reac-
tion. Furthermore, it has been shown that sperm oxygen
deprivation is directly related to sperm cell motility,
with a reduction in motility rates over a 5-h incuba-
tion time when under anaerobic conditions [57]. Then,
the primary causal factor of the lower sperm motility
observed in the group with the higher concentration
in this study (Bi, 1 x 10° cells/mL) may have been the
oxygen deprivation to the sperm cells. Then, a second-
ary factor may possibly be related to the high number
of sperm cells that possibly consume more oxygen
present in the extender, generating and accumulating
metabolites into the suspension, including ROS, that
may compromise survival overtime.

In this study, the proportion of NCA decreased
significantly from O h to 72 h in all groups, with an
increase in cell mortality and the proportion of CA and
AR sperm cells. The reduction in NCA and increase
in CA and AR were lower under the SA condition,
which, paradoxically, had a higher mortality rate at
72 h. The most significant decrease in the proportion
of NCA occurred in the A conditions at 72 h of stor-
age, which was related to a higher rate of CA and AR
under the same conditions, with a significant increase
in dead sperm cells and lower CA and AR in the SA
condition. Such condition seems to be related to the
early mortality of sperm cells, which may be caused
by oxygen deprivation and the increase in ROS in the
extracellular medium, mostly from dead cells, thus
leading to toxicity and impairing cell viability [4]. The
role of oxidation for energy metabolism is prime for
sperm motility, which is lower when glucose is present
as a substrate for glycolysis [41]. Under the A condi-
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tion, a higher proportion of CA was observed when
compared to the SA condition, which was increased
in the highest dilution factor (Mi, 100 x 10%mL), an
aspect potentially associated with a higher dilution of
disabling factors of the seminal plasma and the lower
capacity of membrane protection and stabilization of
the different extenders used in this study. This corrobo-
rates with Pérez-pe et al. [49], who demonstrated that
in the ram, seminal plasma has decapacitating prop-
erties that prevent tyrosine phosphorylation, which is
related to capacitation. As the survival of CA and AR
sperm cells is lower [42], an increase in the proportion
of CA and AR sperm cells is observed over storage
time, with a concomitant decrease in sperm M and V.
Based on the results above, it can be inferred that se-
men samples under A conditions may have undergone
higher capacitation and AR over time potentially due to
higher ROS levels, while the SA conditions appeared
to have been more cytotoxic to sperm cells, causing
higher mortality rates. An increase in ROS in the me-
dium could induce lipid peroxidation, which in turn,
could alter membrane properties that are critical for
the maintenance of sperm function [1].

Higher sperm cell mortality was seen in this
work in the highest dilution group (Mi) after 72 h of
cooling compared with the other group (Bi), which
indicates that the dilution factor did not compromise
survival after cooling at O h, but caused increase in
mortality after 72 h. Conversely, the lowest dilution
factor (Bi) provided more favorable conditions for
cell survival when stored for up to 72 h at 5°C. Pos-
sibly, the lower dilution allowed the protection of cell
membranes by the components of the seminal plasma
and decapacitation factors, which were still pres-
ent in biologically active equimolar amounts [6,33].
The reduction of such factors and components of the
seminal plasma as a function of semen dilution led to
a significant reduction in NCA already at O h, being
even more noticeable at 72 h. This feature was associ-
ated with an increase in the proportion of CA and AR,
evident at time O h at the highest dilution with respect
to capacitation, and for both traits at 72 h, compared
with fresh semen. Such findings corroborate with the
fact that, in ram semen, the higher dilution of seminal
plasma, and consequent higher protein dilution, has
a disabling action, due to the higher destabilization
and restoration of the membrane of intact or damaged
sperm cells [10].
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Factors of positive or negative variations in M
and V in this study were more related to the extender
used and to the storage time at 5°C, whereas the acro-
some and sperm survival status were more associated
with the aerobic condition and concentration dilutions,
with the extenders having a lower impact as a function
of storage time. Based on the observations of M/V and
acrosome status over storage time, it can be inferred
that the CY extender, especially the buffering/isos-
motic solution of sodium citrate, was not efficient for
the maintenance of M and V for longer periods (over
24 h), with the TY extender showing greater ability
to maintain M and V at 5°C for up to 72 h, although
TY was more effective up to a maximum of 48 h. A
reduction in NCA and an increase in CA and AR in
sperm cells were observed in all extenders up to 72 h
of storage, especially in the SM extender. However,
higher proportions of CA and AR were seen after di-
lution in TY at O h. Thus, based on our observations,
the CY is an extender that proved to be appropriate for
more immediate use after dilution and refrigeration,
with indication for more immediate use in Al. The SM
extender showed properties suitable for refrigeration
for up to 24 h, and may be of interest for collection,
dilution, cooling and transport for use in Al the day
after collection. Finally, the diluted semen in TY ex-
tender allowed semen to be properly stored for up to
48 h, corroborating with several reports in the literature
[7,36,17]. Nevertheless, under the conditions of this
study, none of the extenders was suitable for cooling
for up to 72 h, and the SA condition did not present
benefits for semen conservation. Potentially, but not
definitively conclusive, the lower dilution factor ap-
pears to be less negative for ram sperm cell acrosome
viability and status. Finally, all conditions and factors
evaluated were related to a gradual decrease in the
proportion of NCA sperm and sperm viability of the
diluted ram semen refrigerated at 5°C for up to 72 h.

In this study, a positive correlation was detected
between viability and the proportion of non-capitated
sperm cells, and a negative correlation was observed
between the aforementioned factors and the propor-
tion of capacitated or acrosome-reacted sperm cells,
which has a potential impact on fertility and for Al
use, depending mostly on the extender, dilution fac-
tor, and storage time. As it is known that capacitated
or acrosome-reacted sperm cells have lower viability
over time, the protection/stabilization of the sperm
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cell plasma membrane after dilution, cooling and
storage at 5°C should maintain a high proportion of
non-capacitated sperm cells in the semen sample,
which may, in turn, lead to higher pregnancy rates
after conventional Al. Studies in this area should re-
sult in an improvement in the efficiency of ram semen
preservation and in the development of more efficient
protocols for the preservation of sheep genetics, with
the aim of optimizing the use of inseminating doses
and reducing reproductive costs and management for
sheep meat and milk production.

CONCLUSIONS

Our study described that the in vitro ram semen
manipulation procedures, including extender types,
dilution factors, cooling temperature, and aerobic condi-
tions, decreased sperm cell viability and the proportion
of non-capacitated sperm cell as a function of storage
time at 5°C. Thus, all conditions and factors analyzed
determined gradual changes in the status of the sperm
cell capacitation, with a reduction in the proportion of
non-capacitated sperm cells and sperm cell survival
upon collection, and after dilution, cooling to 5°C, and
storage for up to 72 h. The most significant fall in sperm
cell motility and motility vigor occurred after 24 and
48 h of storage at 5°C, respectively. The proportion of
capacitated and/or acrosome reacted sperm cells gradu-
ally increased after semen dilution and storage at 5°C,
with a negative correlation with sperm viability, sperm
cell motility and motility vigor as a function of time.
Moreover, the destabilization of the acrosome associated
with the process of sperm capacitation and acrosome
reaction was already detected at significant levels (25%)
immediately after the collection of fresh ram semen.
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