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Seasonal changes in the reproductive physiology of stallions contribute to a decrease in the
quality of frozen-thawed semen during late winter. Changes in the lipid composition of the
spermplasmamembranemaycontribute to this phenomenon. In the present study,wehave,
therefore, investigated the effects of adding linseed oil (LO) in combinationwith antioxidants
to the diet of breeding stallions on themotility andmembrane integrity of cooled–stored and
cryopreserved semen. Starting inNovember, the diet of LO stallions (n¼6) but not control (C)
stallions (n ¼ 5) was supplemented with LO (100 mL once daily) plus an antioxidant (Myo-
stem Protect; Audevard, Clichy, France) for a total of 84 days. Before (November) and at the
end of this period (February), ejaculates were processed for cryopreservation (n ¼ 3 ejacu-
lates per stallion) and cooled shipping at 5 �C. Frozen-thawed and cooled–shipped semen
was sent to the laboratory for computer-assisted semen analysis of totalmotility, progressive
motility, and velocity parameters (average path velocity [VAP], curved line velocity [VCL],
and straight-line velocity [VSL]) and evaluation ofmembrane integrity. The quality of frozen-
thawed semen decreased (P< 0.05) from November (e.g., total motility LO 69� 3% and C 67
� 3%) to February (total motility: LO 55 � 4% and C 59 � 3%) independent of treatment (P >

0.05). A decrease in the velocity parameters VAP, VCL, and VSL was more pronounced in LO
stallions than in C stallions (e.g., VSL: November LO 67� 1 mm/s, C 64� 2 mm/s; February LO
59 � 2 mm/s, C 63 � 2 mm/s; interaction month by treatment, P < 0.05). In cooled–stored
semen, total motility, progressive motility, and membrane integrity were lower in February
than in November (P < 0.001 for all parameters). Supplementation of the diet with LO and
antioxidants attenuated this decrease (e.g., Day 1 of cooled storage ¼ 24 hours after semen
collection: total motility in November LO 88� 1% and C 87� 3%; in February LO 83� 2% and
C73�11%; interactionmonthby treatment: P<0.05). VelocityparametersVAP,VCL, andVSL
were significantly lower in February than inNovember (P< 0.001), but this decreasewas not
affected by treatment. In summary, dietary supplementation of stallions with LO plus anti-
oxidants attenuated a decline in motility and membrane integrity of cooled–stored stallion
semen during winter. This may improve the fertility of cooled–shipped semen. In contrast,
the treatment did not counteract the decrease in quality of frozen-thawed semen that occurs
in late winter.
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1. Introduction

The high variability of equine semen for cryosurvival is
considered a major constraint for a wider use of
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cryopreserved semen in horse breeding [1]. In addition,
even in stallions considered acceptable freezers, a large
number of frozen ejaculates do not meet requirements for
post-thaw motility [2]. Semen cryopreservation is often
performed early in the year, that is, at a time when the
stallion has already undergone breeding soundness exam-
ination as required for semen export but when the number
of mares for insemination is still low. At this time, seasonal
changes in male reproductive physiology contribute to the
low quality of frozen-thawed semen [3–5].

The phospholipid profile of the equine sperm plasma
membrane is similar to thatof the boar. It contains high levels
of docosapentaenoic acid, an omega-6 polyunsaturated fatty
acid (PUFA), and docosahexaenoic acid, an omega-3-PUFA
[6]. Docosapentaenoic acid content varies among stallions
potentially causing differences in sperm cryosurvival [7].
Feed supplementationwith docosahexaenoic acid improved
the motility of cooled–stored and frozen-thawed stallion
semen [8]. In rabbits, nutritional modification of spermato-
zoal lipid composition by supplementation of linseed
improved membrane integrity and viability of sperm [9].
Linseed oil (LO) provides members of the two families of
essential fatty acids, a-linolenic acid, an omega-3-PUFA, and
linoleic acid, an omega-6-PUFA. Addition of LO to the diet of
breeding stallions may change the lipid composition of their
spermatozoa and improve cryosurvival [1,8].

With the freezing rates currently used, intracellular ice
crystal formation does not occur in stallion sperm [10].
Nevertheless, extracellular ice formation causes osmotic
stress. Sperm membranes also undergo a phase transition
from a liquid to a crystalline state during freezing [11]. The
related physical stress is a major cause of damage to the
sperm plasma membrane [1]. Fluidity of the membrane
affects the degree of damage. Modulation of the choles-
terol–phospholipid ratio changes the temperature at which
phase transition occurs and maintains membrane fluidity
at lower temperatures [12]. In pigs, modification of the
sperm membrane lipid composition by feed supplemen-
tation of LO changed membrane fluidity [13]. On the other
hand, PUFAs are substrates for reactive oxygen species
(ROS). ROS induce alterations in membrane fluidity,
permeability, and the function of ion channels and re-
ceptors [14,15]. In bulls, the proportion of omega-3-PUFAs
in sperm and seminal fluid decreases with age. This con-
tributes to rising susceptibility of spermatozoa to cry-
oinjury [16]. Supplementation of omega-3-PUFAs under
conditions where either their supply is reduced or lipid
peroxidation is increased may improve semen quality.

In the present investigation, we studied effects of LO
supplementation to thediet of breeding stallions. In addition,
antioxidants were supplemented because an increase in
PUFAs rises the sensitivity to ROS [1]. We hypothesized that
this supplementation will maintain the quality of cooled–
stored and of cryopreserved semen during late winter.

2. Materials and methods

2.1. Animals

A total of 11Warmblood stallions aged 3 to 17 (7.1 �1.3)
years were included in this study. All horses were stabled in
loose boxes at the semen collection center of the Sachsen-
Anhalt State Stud in Prussendorf, Germany. They were
ridden or lunged once daily, with the exception of Sunday
being a day of rest. Stallions were fed thrice daily. The
standard diet was composed of hay, oats (4 kg/animal and
day), and a concentrate feed (4 kg/animal and day; High
Energy Müsli, Eggersmann, Rinteln, Germany; nutrient
composition: crude protein 11.7%, crude fat 5.2%, crude
fiber 5.4%, crude ash 5.7%, main sources for crude fat are
extraction meals from soybean, linseed, and sunflower
seed). Water was freely available. All stallions were active
breeding stallions of excellent to good fertility. They were
located in a commercial AI center approved by the Euro-
pean Union andmeeting requirements of European Council
directive 92/65/EEC. The study was done in accordance
with Germany legislation on animal experimentation.

2.2. Experimental design

The project lasted from November to February. Stallions
were allocated to the LO (n ¼ 6) or control group (C; n ¼ 5),
and groups were balanced for age and quality of raw semen
(sperm concentration, total and progressive motility,
morphology). At the beginning of the project, semen was
collected once daily on five consecutive days in all stallions
to deplete epididymal sperm reserves. After two days of
sexual rest, semen was collected every other day for a total
of three collections. All collections were processed for
cryopreservation with only the first ejaculate processed for
cooled storage at 5 �C and shipped to the laboratory for
semen analysis within 24 hours. After collection of the third
ejaculate, feed of stallions in the LO group was supple-
mented with 100 mL of LO once daily (Masterhorse,
Schwieberdingen, Germany; containing 60% a-linolenic
acid and 15% linoleic acid) plus 30 mL Myostem Protect
(Audevard, Clichy, France; contents: magnesium HCL 114 g/
L, Promutase 3.3 g/L, Sel-plex 3.4 g/L, vitamin E 83.7 g/L,
lysin 83.3 g/L) for a total of 84 days, whereas C stallions
received their standard diet, only. Promutase is a patented
form of bioavailable superoxide dismutase [17]. Sel-plex is
a selenomethionine compound providing selenium in a
bioavailable form [18]. During the last 2 weeks of the
supplementation phase (February of subsequent year),
semen collections were performed as above (5 days of daily
semen collection followed by 2 days of sexual rest and
collection of three ejaculates every other day for processing
of one sample of cooled–stored semen and 3 ejaculates of
cryopreserved semen).

2.3. Semen collection and processing

Semenwas collected with an artificial vagina (Hannover
Model; Minitube, Tiefenbach, Germany). Immediately after
collection, the gel fraction of the ejaculate was removed
and semen was filtered through sterile gauze. Volume and
color were determined and sperm concentration was
measured photometrically (Spermacue; Minitube). For
cooled transportation, raw semenwas diluted with EquiPro
extender (Minitube) to a final concentration of 50 � 106/
mL. One syringe was filled with 12 mL of the diluted semen
without air and closed with a plastic cap. The syringe was
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placed into a styrofoam box (Minitube) with an inner
temperature of 5 �C and was sent to the laboratory. At the
laboratory, cooled–transported semen was analyzed at
arrival (i.e., 24 hours after collection and processing) and at
1-day intervals until 4 days after arrival with continuous
cooling at 5 �C in a refrigerator. Temperature in the refrig-
erator but not in the syringewas continuously controlled to
avoid major changes.

For cryopreservation, semen was diluted 1:1 (v:v) with
EquiPro extender (Minitube) that had been filtered before
use. The diluted semen was centrifuged at 800� g for
8 minutes, the supernatant discarded, and the pellet
resuspended to a final concentration of 100� 106/mL with
freezing extender (Nährlösung V, GennTrans, Mühlen,
Germany) that had been filtered before use. In the pellet,
sperm concentrationwas measured with a hemocytometer
(Thoma chamber). Final concentration of glycerol was 2.5%.
After storage at room temperature (20 �C) for 2 hours, the
semen was drawn up into 0.5-mL straws. Straws were
placed on a stage into the freezing chamber of a comput-
erized freezing machine at 20 �C (IceCube; Sylab, Purkers-
dorf, Austria). Semenwas cooled to 0 �C with a cooling rate
of 2 �C/minute. The temperature was maintained for 5 mi-
nutes; subsequently, straws were cooled to �180 �C with a
cooling rate of 10 �C/minute. Straws were removed from
the chamber at �180 �C and directly plunged into liquid
nitrogen. Frozen semen was shipped to the laboratory for
analysis in a storage container filled with liquid nitrogen.

2.4. Semen evaluation (cooled–transported and frozen-
thawed semen)

For evaluation of frozen semen, straws were thawed at
38 �C for 15 seconds and transferred into an Eppendorf vial.
Two straws per ejaculatewere examined individually. From
cooled–stored semen, after gentle mixing of the whole
sample, an aliquot of 200 mL was taken and transferred into
an Eppendorf vial for analysis, whereas the remainder of
the insemination dose was immediately returned to the
refrigerator and maintained at 5 �C. Semen concentration
was evaluated with the NucleoCounter SP-100 system
(Chemometec, Allerod, Denmark) according to the oper-
ating manual provided by the manufacturer (sample vol-
ume 50 mL). Semen motility was assessed with the
SpermVision CASA system (Minitube) as previously
described [19,20]. After incubation of the sample at room
temperature (20 �C) for 15 minutes, one drop (7 mL) of
semen was placed on a prewarmed glass slide and covered
with a prewarmed glass coverslip. The cell motion analyzer
SpermVision provides a phase contrast microscope (Opti-
phot-2; Nikon, Tokyo, Japan), a minitherm stage warmer, a
high-speed digital camera that recognizes 60 frames/sec,
and a computer. Thirty frames per field were evaluated. To
select cells from debris, the camera recognizes the position
of the sperm heads in successive frames. At least 7 fields
per sample with approximately 100 cells per field were
evaluated. Spermatozoa with average orientation change
less than 8 were considered immotile. Spermatozoa with
curvilinear velocity �10 mm/sec, distance straight line
�6 mm, and radius �15 mm were considered progressively
motile. The percentage of motile sperm (total motility) and
progressively motile sperm were calculated by the
SpermVision software. Total motility, average path velocity
(VAP, mm/sec), curved line velocity (VCL, mm/sec), and
straight-line velocity (VSL, mm/sec) were recorded.

Membrane integrity of spermatozoa (viability) was
determined with SYBR-14/propidium iodide (PI) staining as
reported earlier [20–23]. SYBR-14/PI was prepared as fol-
lows: 100 mL of SYBR-14 stock solution (Minitube) were
mixed with 2400 mL of PI stock solution (Minitube) and
2500 mL of AndroHep extender (Minitube). Aliquots of 3 mL
were placed in brown-colored Eppendorf vials and frozen
at �20 �C until use. For analysis of semen, 100 mL of diluted
semen were placed into the Eppendorf vial and incubated
for 10minutes at room temperature (21 �C). One drop (3 mL)
of stained diluted semen was placed on a glass slide and
covered with a glass coverslip. Evaluationwas performed at
a magnification of �400 using the fluorescence microscope
provided with the SpermVision system, with phase
contrast objectives (Olympus AX70, Olympus, Tokyo, Japan;
U-MWB filter block, band pass 420 to 480 excitation filter,
BA515 suppressor filter, dichromatic mirror: DM500).
Heads of membrane-intact (viable) spermatozoa show
bright green color, and spermatozoa with damaged mem-
branes are stained red. Spermatozoa are recognized by the
video camera of SpermVision according to their color. At
least 15 representative fields were evaluated per sample,
and the mean was calculated by the software provided by
SpermVision. Results are given as percentages of green-
colored spermatozoa considered to have intact
membranes.

Sperm morphology was evaluated by an experienced
laboratory assistant as previously described [23]. Sperma-
tozoa were evaluated in a wet mount preparation as un-
stained samples fixed in buffered formol saline (1:4 ratio).
At least 200 spermatozoa were checked for morphologic
aberrations (abnormalities of acrosome, head, neck, mid-
piece, and tail) under a microscope with phase contrast at
�1000 magnification with oil immersion.

2.5. Statistical analysis

Statistical analysis was performed with the SPSS/PC
statistics package (version 17.0 for windows; SPSS Inc.,
Chicago, IL, USA). Raw data were tested for normal distri-
bution, and the null hypothesis was accepted for all pa-
rameters (Kolmogorov–Smirnov test; P > 0.05 for all
parameters); thus, parametrical tests were used
throughout. Data from cooled–stored semenwere analyzed
using the general linear model for repeated measures with
month (November vs. February) as within-subject factor
and treatment (C vs. LO) and day of cooled storage (Days 1–
4) as between-subject factors. For analysis of frozen semen,
one stallion of the control group was excluded because
progressive motility in frozen-thawed semen was always
less than 35%. Data from frozen-thawed semen were sta-
tistically analyzed using the general linear model for
repeatedmeasures with month (November vs. February) as
within-subject factor and treatment (C vs. LO) as between-
subject factor. The number of frozen-thawed ejaculates that
did meet minimal requirements (progressive motility
�35%) in November and February was compared by chi-
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squared analysis (minimal expected frequency ¼ 6). For all
statistical tests, a P value less than 0.05 was considered
significant. Data given are mean � SEM.

3. Results

In cooled–stored stallion semen, total motility, pro-
gressive motility, and membrane integrity were lower in
February than in November of the year before (Fig.1A, D, E).
Supplementation of the diet of stallions with LO and a feed
supplement containing vitamin E and selenium (LO stal-
lions) attenuated this decrease over time. The decrease of
total and progressive motility but not of membrane integ-
rity over a storage time of 96 hours was affected by month
but not by feed supplementation. Velocity parameters VAP,
VCL, and VSL were lower in February than in November
(Fig.1B, D, F). For VAP and VSL, a decrease during the cooled
storage over 4 days was detected; however, this was
neither affected by month nor by treatment.

In frozen-thawed semen, total motility, progressive
motility, andmembrane integrity decreased fromNovember
to February (Fig. 2A, C, E), but no effects of feed supplemen-
tation were detected. In November and February, 2 of 30
and 9 of 30 frozen ejaculates, respectively, did not meet
minimal requirements of post-thaw progressive motility
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centers use the beginning of the year for production of
frozen semen because animals are already present at the
collection center and have passed all examinations neces-
sary for international semen shipment. On the other hand,
the number of mares for breeding is low, and thus, even in
highly frequented stallions the demand for semen is
limited at this time of the breeding season. Not only the
quality of frozen semen produced at this time of the year is
impaired but also the lower quality of cooled–stored semen
may limit the chance for conception in mares that are bred
early in the year.

The mechanism that underlies the decrease in quality of
cooled–stored and frozen-thawed equine semen in late
winter so far has not been elucidated. It ismost likely related
to the seasonal reproductive activity of horses. The regula-
tion of testicular function depends on a complex network of
endocrine, paracrine, and autocrine factors. In seasonal
reproductive species, many of these showa reduced activity
outside the breeding season [24]. In addition, the number of
Sertoli cells that play a central role in the regulation of
spermatogenesis decreases outside the physiologic
breeding season andmay contribute to seasonal differences
in semenquality [25].Moreover, alsometabolism in equines
is affected by season, and a significant reduction of energy
expenditure occurs during late winter [26,27]. It cannot be
excluded that related effects on fatty acid metabolism may
affect the composition of the spermplasmamembrane. This
hypothesis is further supported by the fact that season also
affects lipid composition of sperm in bulls and is associated
with changes in semen traits [28,29].

In the present study, we aimed to improve the quality of
cooled–stored and frozen-thawed equine semen in late
winter by feed supplementation with LO. To limit perox-
idative damage of PUFAs by free radicals, antioxidants were
also added. Similar dietary supplementations of PUFAswith
or without antioxidants changed the sperm lipid composi-
tion and improved semen quality in turkeys [30], chicken
[31], rabbits [9,32], and pigs [13]. In rabbits, dietary sup-
plementationwith LO alone increased the percentage of live
spermatozoa, their linear speed, and their responsiveness to
hypo-osmotic solutions [9]. In stallions, dietary supple-
mentation with omega-3-PUFAs improved the quality of
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cooled–stored and frozen-thawed semen [8]. However, to
the best of our knowledge, a similar treatment so far has not
been used to counteract detrimental seasonal effects on
stallion semen quality. In the present study, dietary sup-
plementation with LO in combination with antioxidants
attenuated the reduction in semen motility and percentage
of membrane-intact spermatozoa in cooled–stored semen
during winter. The difference in semen motility and mem-
brane integrity between stallions supplemented with LO
and control stallions was already clearly detectable after
24 hours of cooled storage and exceeded 10%. In a recent
study, cooled–shipped semenused to inseminatemares that
became pregnant had significantly higher sperm motility
than insemination doses used for mares failing to become
pregnant [23]. The difference in spermmotility was smaller
than 10%. It is, thus, feasible that a seasonal reduction in
motilityof cooled–shippedsemencollected inFebruarymay
reduce conception rates and can be prevented by supple-
mentation of omega-3-PUFAs. Before the beginning of the
present study, stallions were grouped for semen motility
determined immediately after collection. We were, thus,
surprised to find significant differences in the velocity pa-
rameters VAP, VCL, and VSL but not in total and progressive
motility in cooled–stored semen from LO and C stallions
already at the beginning of the study, that is, before sup-
plementation of LO. This may have masked effects of treat-
ment on semen velocity.

Dietary supplementation of LO did notmaintainmotility
and membrane integrity of frozen-thawed semen. The dif-
ferential response of cooled–stored and frozen-thawed
semen is in agreement with a study in boars whose diet
was supplementedwithfish oils containinghighamounts of
omega-3 PUFAs. This treatment failed to improve thequality
of frozen-thawed semen, but with regard to long-term
storage of cooled semen, inconsistent results were re-
ported [33]. Although in one experiment, the resistance of
semen from boars to preservation at 17 �C was improved,
results could not be confirmed in a second experiment. The
authors concluded that the positive impact on sperm
motility in the first experiment might be linked to another
component but not the fish oil itself [33]. Similarly, in the
present study, not the addition of PUFAs but the additional
provision of the antioxidants, vitamin E, selenium, and su-
peroxide dismutase may have reduced oxidation of the
sperm plasma membrane and, thus, contributed to the
maintenance of semen quality during cooled storage. Di-
etary antioxidant supplementation of stallions has been
reported to improve their semenquality [34], but againwith
inconsistent results [35]. It could be speculated that anti-
oxidative properties might be more effective during cooled
storage than in frozen-thawed semen because of the longer
incubation period of sperm. However, after cryopreserva-
tion, levels of peroxidation are dramatically increased
because of cold-shock damage and impaired sperm function
[31,36,37]. In contrast, oxidative effects in equine semen
during cooled storage appear to be of minor importance
[19,22,38,39]. Moreover, in another study in stallions [8],
feeding of an omega-3-PUFA in the form of a commercially
available nutraceutical that also contained a vitamin E pre-
cursor resulted in significant improvement of semen
motilitywhen cooled–stored for 48 hours andwhen frozen-
thawed. Analysis of frozen-thawed semen was performed
20 minutes after thawing and incubation, that is, under
similar conditions as in the present study. However, the
investigation by Brinsko et al. [8] was not restricted to
winter but was done in a cross-over design, and thus, half of
the stallions received the diet between November and
February, whereas the other half of the animalswere fed the
diet during summer and autumn. The seasonal decrease of
semen quality duringwinter found in the present study and
in previous studies [3–5] was not evaluated.

Morphology of spermatozoa was analyzed in frozen-
thawed semen, and only small effects with regard to
season and treatment were found. In contrast, supplemen-
tation of LO to boars not only increased longevity of cooled–
stored spermatozoabut also reduced tail abnormalities. This
effect was attributed to an increase in membrane fluidity
[13]. In bulls, the proportion of omega-3-PUFAs in sperma-
tozoawas lower inmature than in young semen donors, but
no differences in semenmotility andmorphology occurred.
However, the authors suggested that the difference in the
phospholipid profile may reduce membrane fluidity and,
thus, susceptibility of spermatozoa to cryoinjury [16]. In
addition to an increase in membrane fluidity, a higher con-
tent of omega-3-PUFAs may also promote susceptibility to
lipid peroxidation resulting in membrane damage. Benefi-
cial and detrimental effects of an omega-3-PUFA enrich-
ment are, thus, closely spaced, and individual differences in
dose sensitivity [13] are feasible also in stallions.

In the present study, the feed supplementation with
PUFAs was combined with antioxidants. In an earlier study,
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we could not find beneficial effects of antioxidant supple-
mentation alone on the quality of raw and cooled–stored
equine semen [35]. It was concluded that effects of anti-
oxidant supplementation may not become visible without
simultaneous provision of PUFAs. This hypothesis is not
only supported by results of the present study but in
agreement with findings in pigs [40]. In addition, in the
present study, the antioxidant feed supplement was
changed to a formula that contains vitamin E, superoxide
dismutase (Promutase), and an organic selenium com-
pound (Sel-plex). Promutase [17] and the selenium com-
pound [18] are highly bioavailable in horses. Because of the
results of the present study, it appears feasible that either
an increased supply of PUFAs alone or in combination with
antioxidants of high bioavailability may have positive ef-
fects on the sperm plasma membrane during cooling. The
reason for a lack of any pronounced effect on frozen-
thawed semen still has to be investigated.

4.1. Conclusion

Dietary supplementation of stallions with LO combined
with antioxidants attenuated a decline in motility and
membrane integrity of cooled–stored stallion semen dur-
ing winter. It may, thus, be an approach to avoid lower
fertility rates of mares inseminated with cooled–shipped
semen early in the breeding season. In contrast to our hy-
pothesis, the treatment did not counteract the decrease in
quality of frozen-thawed semen that occurs in late winter.
Therefore, the beginning of the year cannot be considered
an optimal time for the production of frozen-thawed stal-
lion semen.
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