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Introduction 
 It is well known that cryopreserved semen could be used to regenerate commercial or 
research poultry lines; however, fertility rates from poultry semen frozen with current 
methods are not reliable enough for germ-line retrieval, especially from lines with low 
reproductive efficiency. As part of a long-term research plan to determine how and why 
poultry sperm lose functional competence during hypothermic semen storage, several 
factors have been identified that may help to improve poultry sperm cryopreservation 
(Long, 2006; Long and Guthrie, 2006; Peláez and Long, 2007; Blanco et al., 2008; Peláez 
and Long, 2008; Long et al., 2010; Blanco et al., 2011; Peláez et al., 2011; Long and 
Conn, 2012). This systematic approach to delineate the physiology responsible for poor 
sperm cryosurvival, and thus provide mechanisms to improve sperm cryopreservation, 
does not address the immediate need for preservation of germplasm from poultry stocks 
that are currently “at-risk”. To provide a short-term solution for preservation of semen 
from “at-risk” poultry lines, we are investigating an alternative strategy in the form of 
temporary dietary modification and/or in vitro manipulation of membrane cholesterol that 
also should be useful for the long-range goals of improving poultry sperm 
cryopreservation. Specifically, the goals are to: 1) alter the fat source in the diet to 
improve cryosurvival of turkey sperm by modifying the sperm membrane lipid 
composition; 2) change the cholesterol:phospholipid (C:P) ratio in the sperm membrane 
to improve sperm cryosurvival; and 3) determine if the combination of diet modification 
and in vitro manipulation of cholesterol content has a synergistic effect on sperm 
cryosuvival.  
 
 
Poultry Sperm Membrane Phospholipids 

 Phospholipids represent the main lipid type found in avian sperm membranes, with 
phosphatidylcholine comprising ~40% of the total phospholipid content. Poultry 
spermatozoa also contain a high proportion of poly-unsaturated fatty acids (PUFAs) in 
the plasma membrane (Surai et al., 1998). PUFAs are classified as n–3 or n–6 based on 
the location of the last double bond relative to the terminal methyl end of the molecule. 
While the plasma membranes of mammalian spermatozoa contain mainly n-3 PUFAs 
such as docosahexaenoic acid (22:6n-3; DHA), the phospholipids in avian spermatozoa 
are enriched mainly with n-6 PUFAs, including arachidonic (20:4n-6; AA) and 
docosatetraenoic (22:4n-6; DTA) acids. It has been proposed that the functional 
significance of this n-6/n-3 dichotomy in fatty acid profiles of avian and mammalian 
spermatozoa may represent an adaptation to temperature (Kelso et al., 1997). The higher 
body temperature of birds (41 ºC) compared to mammals (37 ºC), in tandem with the fact 
that avian testes are internalized, requires avian spermatozoa to develop and function in a 



considerably warmer environment. The major PUFA of avian spermatozoa, DTA, 
displays the same chain length but fewer double bonds than the mammalian PUFA 
counterpart DHA; this difference in the degree of polyunsaturation provides a means for 
maintaining the appropriate biophysical properties of sperm membranes at the different 
body temperatures.  

The biophysical characteristics of the sperm plasma membrane are influenced by both 
the C:P ratio and the fraction of phospholipids containing PUFAs. The "fluidizing effect" 
of the fatty acids is balanced by the "rigidifying effect" of membrane cholesterol, thus 
reducing the C:P molar ratio increases the fluidity of the sperm plasma membrane 
(Gamzu et al., 1997). Increased PUFA concentrations have been associated with 
increased sperm membrane fluidity in human (Nissen and Kreysel, 1983; Comhaire et al., 
2000) and chicken (Cerolini et al., 2006) spermatozoa. Moreover, phospholipids appear 
to be unevenly distributed throughout sperm cell. Large differences in membrane lipid 
composition have been shown between the head and tail regions of human spermatozoa, 
where 99% of DHA and the cholesterol precursor desmosterol were located in the tail 
(Connor et al., 1998).  

Membrane damage is one of the main causes for the reduced motility and fertility of 
frozen/thawed spermatozoa (Watson, 2000). Plasma membrane lipids respond to 
temperature changes by altering their physical state (Holt 2000), and these lipid phase 
transitions have been implicated in the fluidity of the sperm cell membrane during the 
cooling and warming stages of the cryopreservation cycle (Hinkovska-Galcheva et al., 
1988; Buhr et al., 1994). Additionally, alterations in the lateral organization of lipids 
within the bilayer have been attributed to phase separations during cryopreservation (Holt 
and North, 1986; Ricker et al., 2006; Chakrabarty et al., 2007). High levels of membrane 
PUFAs also render poultry spermatozoa vulnerable to lipid peroxidation during 
hyopthermic storage (Fujihara and Howarth, 1978; Cecil and Bakst, 1993; Long and 
Kramer, 2003), where normal by-products of oxidative metabolism form free radicals 
that are extremely toxic to spermatozoa (Wishart, 1984). It has been shown that 
membrane-bound phospholipids, especially phosphatidylcholine, decrease during 
hypothermic storage of chicken (Bleisbois et al., 1999) and turkey (Douard et al., 2000) 
spermatozoa, with a 20% loss in phospholipid content of turkey spermatozoa occurring 
between 1 and 4h at 4°C (Douard et al., 2004).   

 
Dietary Modulation of the Sperm Plasma Membrane  
 Long-chain PUFAs of the n-3 and n-6 series cannot be synthesized by vertebrates and 
therefore must be obtained from the diet, typically from plants in the form of the 18-
carbon precursors α-linolenic or linoleic acid or from the long-chain derivatives (20–22 
carbons) found in animal tissues (Cook, 1996). Dietary fats rich in n-3 PUFAs include 
fish and linseed oils, while soybean, corn, arasco and evening primrose oils are sources 
for n-6 PUFAs. All of these supplements have been investigated in poultry diets with the 
goal of modulating the lipid content in spermatozoa. Dietary supplementation with fish 
oil (source of n-3 PUFAs) has been shown to increase the DHA content of both chicken 
(Blesbois et al., 1997; Surai et al., 2000; Cerolini et al., 2003; Cerolini et al., 2005; 
Cerolini et al., 2006) and turkey (Blesbois et al., 2004; Zaniboni et al., 2006; Zaniboni 
and Cerolini, 2009) spermatozoa; however, linseed oil did not alter the DHA content in 
chicken spermatozoa (Kelso et al., 1997). Interestingly, the total amount of PUFAs in 



spermatozoa was found to be similar among control and the n-3 supplemented diets; thus 
the increased level of n-3 PUFAs was offset by a reduction in n-6 PUFAs, particularly 
AA and DTA. Similarly, dietary sources of n-6 PUFAs, including soybean (Kelso et al., 
1997), corn (Blesbois et al., 1997; Surai et al., 2000), arasco (Surai et al., 2000) and 
evening primrose (Cerolini et al., 2005) oils, have been shown to increase the DTA 
content of chicken spermatozoa. To date, dietary sources of n-6 PUFAs have not been 
evaluated in turkey diets. 

Inclusion of n-3 and n-6 oils in poultry diets has been shown to not only alter the 
phospholipid content of the sperm membrane, but also affect semen quality and fertility. 
Supplementation of turkey diets with 2% fish oil yielded moderate improvement in sperm 
viability but no improvement in fertility (Zaniboni et al., 2006; Zaniboni and Cerolini, 
2009); whereas use of 5% fish oil not only effectively increased sperm membrane n-3 
PUFAs throughout the production period, but also had a significant effect on the 
reproductive capacity of commercial flocks, including improved fertility, embryo 
viability and hatchability (Blesbois et al., 2004). Similarly, lower percentages of dietary 
fish oil (1-2%) yielded no measurable improvement for rooster semen quality (Cerolini et 
al., 2005; Cerolini et al., 2006), while 5% fish oil increased semen volume and sperm 
concentration (Surai et al., 2000), as well as fertility (Blesbois et al., 1997). Linseed oil, 
the other source of n-3 PUFA, had no effect on rooster semen quality, even with levels as 
high as 6% (Kelso et al., 1997). Soybean and arasco oils have been evaluated as sources 
of n-6 PUFAs in rooster diets, and concentrations of 5% were associated with increased 
sperm concentration and fertility (Kelso et al., 1997; Surai et al., 2000). Conversely, 
dietary corn and evening primrose oils both had negative effects on rooster sperm 
concentration (Cerolini et al., 2005), semen volume and total spermatozoa produced 
(Surai et al., 2000) and fertility (Blesbois et al., 1997), irrespective of the level of oil in 
the diet (2-5%).  

Because of the natural susceptibility of avian spermatozoa to lipid peroxidation, it 
follows that manipulation of sperm lipids would require enhanced antioxidant protection. 
The positive effects of the diets described above were dependent on use of vitamin E in 
higher levels than found in standard poultry diets. Vitamin E is the major lipid-soluble 
antioxidant present in cell membranes and plays a crucial role in breaking the chain 
reaction of peroxidation (Freisleben and Packer, 1993). This antioxidant is abundant in 
mammalian and avian spermatozoa, and was first identified in turkey spermatozoa over 
20 years ago (Surai, 1981). The high levels of AA and DTA fatty acids in avian 
spermatozoa provide ideal conditions for the incorporation of vitamin E into the 
membrane structure. A series of experiments clearly demonstrated that the increase in 
concentration of vitamin E in spermatozoa was proportional to the amount of dietary 
vitamin E (review - Surai, 2002). Further, a highly significant negative correlation was 
observed between vitamin E content and the susceptibility of spermatozoa to lipid 
peroxidation. It has been demonstrated that when the sperm content of vitamin E is 
increased, a rearrangement of PUFAs also occurs: the proportions of saturated, 
monoenoic and linoleic fatty acids decrease, while the proportions of AA and DTA 
increase (Surai, 1999). Standard chicken diets are formulated to contain 70 mg vitamin 
E/kg, while standard turkey diets contain 60 mg/kg. Based on the literature, the most 
effective dose for chicken spermatozoa is 200 mg vitamin E/kg feed (Cerolini et al., 
2005; Cerolini et al., 2006), while a range from 120-200 mg/kg is beneficial for turkey 



spermatozoa (Surai, 2000; Zaniboni et al., 2006). It is notable that the vitamin E content 
of turkey sperm was more than doubled by supplying 120 mg/kg of feed to the males 
(Zaniboni et al., 2006). Most importantly, the effectiveness of PUFA-enriched diets is 
correlated with the level of dietary vitamin E (Surai, 2000; Cerolini et al., 2005; Cerolini 
et al., 2006; Zaniboni et al., 2006).  

Another natural antioxidant system in semen relies on the enzyme glutathione 
peroxidase, which is found in the avian testis, seminal plasma and spermatozoa (Surai, 
2002). The major role of this selenium-containing protein includes reduction of peroxides 
to water and alcohols, an important step in preventing lipid peroxidation. Boosting 
selenium levels of rooster diets to 0.3 ppm (from the traditional 0.1 ppm) stimulated 
glutathione peroxidase activity in seminal plasma, spermatozoa, testes, and liver (Surai et 
al., 1998) and increased sperm concentrations of selenium (Pappas et al., 2005). 
Increasing dietary selenium from 0.1 ppm to 0.4 ppm prevented the loss of sperm 
membrane phospholipid (Dimitrov et al., 2007) that is associated with semen storage at 4 
ºC in turkeys (Douard et al., 2004). Moreover, a dietary combination of selenium and 
vitamin E was the most effective in reducing lipid peroxidation in chicken spermatozoa 
(Surai et al., 1998b). Similar synergistic effects have been reported for other species, 
including the pig (Marin-Guzman et al., 2000), rabbit (Castellini et al., 2003), human 
(Keskes-Ammar et al., 2003), cattle and sheep (Hemingway, 2003). It is important to 
note, however, that FDA regulations prohibit selenium supplementation higher than 0.3 
ppm in poultry diets in the US (Ullrey, 1992). 
 
In Vitro Manipulation of Sperm Plasma Membrane Cholesterol 
  Reducing the C:P molar ratio increases the fluidity of the sperm plasma membrane 
(Gamzu et al., 1997). Sperm membrane fluidity has been shown to vary significantly 
among avian species, with anisotropy or membrane rigidity values in fresh semen ranging 
from 0.155 ± 0.016 in the chicken, to 0.180 ± 0.017 to turkey, to 0.205 ± 0.009 in the 
guinea fowl (Blesbois et al., 2005). In other words, chicken spermatozoa exhibit higher 
membrane fluidity than turkey spermatozoa, which might explain why chicken 
spermatozoa tend to survive cryopreservation better than turkey spermatozoa. Further, 
cryopreservation has been shown to increase anisotropy values and hence membrane 
rigidity proportionally for both species (Blesbois et al., 2005). In that same study, 
cryopreservation had a minor effect on the proportions of each lipid class in chicken 
spermatozoa, but dramatically increased the proportion of phospholipids in turkey 
spermatozoa. As a consequence, the C:P ratio was decreased by approximately 65% in 
turkey spermatozoa after cryopreservation.  

Incorporation of cholesterol into cell membranes has been reported for many cell 
types (Klein et al., 1995; Veronique et al., 1997), including spermatozoa from a variety of 
species (Choi and Toyoda, 1998; Cross, 1999; Osheroff et al., 1999; Visconti et al., 1999; 
Iborra et al., 2000; Müller et al., 2008). In vitro manipulation of membrane cholesterol is 
accomplished using cyclodextrins, low molecular weight carbohydrates with toroidal 
structures formed by 6-8 glucose residues that surround a hydrophobic center.  
Cyclodextrins function as carrier molecules and dissolve lipophiles in their hydrophobic 
core (Saenger, 1980).  A mechanism for improved cryosurvival after addition of 
cholesterol to the plasma membrane may involve elimination of the lipid phase transition, 
or at least lowering the temperature at which the sperm plasma membranes undergo the 



transition from the fluid to the gel state as the cells are cooled (Ladbrooke et al., 1968). A 
more recent study demonstrated that adding cholesterol (using CLC) to stallion sperm 
membranes altered the osmotic tolerance limits and membrane permeability 
characteristics of the spermatozoa, thus reducing the amount of osmotic stress endured by 
stallion spermatozoa during cryopreservation (Glazar et al., 2009). 
In summary, the literature demonstrates that methodology exists to modify the lipid and 
cholesterol component of the sperm plasma membrane and strongly supports altering 
membrane lipids and/or cholesterol as a means of influencing membrane fluidity. 
Although membrane fluidity has been directly implicated in the cryotolerance of 
spermatozoa from many species (Giraud et al., 2000; He et al., 2001; Waterhouse et al., 
2006) including poultry (Blesbois et al., 2005), the potential to modify the sperm plasma 
membrane to improve the cryosurvival and post-thaw function of poultry spermatozoa is 
an intriguing possibility that has been largely overlooked.  
 
Results and Discussion 
 To date, four specialized turkey lines developed and maintained by the Ohio State 
University’s Agricultural Research and Development Center have been evaluated for the 
response to dietary lipid and in vitro cholesterol modifications.  In brief, these lines are: 
1) Random-bred control 1 (RBC1 line; established in 1957); 2) Egg line (E line; sub-line 
of RBC1selected for increased egg production); 3) Random-bred control 2 (RBC2 line; 
established in 1966); and 4) Fast-growth line (F line; sub-line of RBC2 selected for 
increased 16-wk body weight).  Ongoing research trials demonstrate that dietary lipid and 
in vitro cholesterol modification can improve the cryosurvival of turkey sperm.  Table 1 
shows the average sperm viability and mobility of fresh or frozen/thawed semen from 
these lines without any lipid or cholesterol treatment.  
 

Table 1. Comparison of sperm viability and mobility in OSU turkey lines 
(n=20 males/line) before and after cryopreservation 

 
        Line     Fresh Spermatozoa  Frozen/thawed Spermatozoa 
  Intact (%)       Mobility (OD) Intact (%)      Mobility (OD) 
 

RBC1  96.2 ± 1.7a 0.461 ± 0.139a  55.6 ± 1.3a 0.322 ± 0.098a 
E Line 92.2 ± 1.4a 0.326 ± 0.102a  31.2 ± 2.4b 0.104 ± 0.073b 
RBC2  94.3 ± 2.3a 0.343 ± 0.084a  52.3 ± 2.0a 0.343 ± 0.046a 
F Line 87.9 ± 3.9a 0.296 ± 0.117b  27.6 ± 1.9b 0.116 ± 0.021b 

 
a,b Superscripts within columns indicate significant differences (p < 0.05). 
 
Using a standard formulation as the base diet, the following control and treatments 

were evaluated:  no additives (Group 1, control); additional (120 mg/kg) vitamin E 
(Group 2); 5% Arasco® oil (n-6 PUFA) + vitamin E (Group 3); 5% Dhasco® oil (n-3 
PUFA) + vitamin E (Group 4);  5% soybean oil (n-6 PUFA) + vitamin E (Group 5); and 
2.5% soybean/2.5% Arasco® oil + vitamin E (Group 6).  Sixty males from each line (n = 
10/group) were fed the control or modified diets for 6 wks.  Semen was frozen (8% 
dimethylacetamide; 0.5-ml straw; 2-min vapor freeze) after 3 and 6 wks of diet 
consumption and subsequently thawed (30 sec; 5°C) to assess membrane integrity, lipid 



peroxidation (LPO) and fertility.  Sperm membrane integrity was determined using the 
SYBR/PI dual stain and assessed by flow cytometry.  In RBC2 line, the percentage of 
sperm with intact plasma membranes was greater (P<0.05) for Groups 2-6 (range: 33.9-
47.0%) than the control (31.0%).  In RBC1 line, three diet treatments (Groups 4-6) 
improved (P<0.05) sperm membrane integrity (range: 32.5-36.8%) compared to the 
control (28.3%).  For the E and F lines, not all diets improved sperm membrane integrity 
compared to control.  Sperm that were subjected to LPO were detected by C11-
BODIPY581/591/PI stain and flow cytometry.  In RBC2 line, all diet treatments reduced 
(P<0.05) the percentage of peroxidized sperm (range: 10.1-33.0%) compared to the 
control (37.2%); a similar trend was seen in E line (control: 66.0%; Groups 2-6: 32.7-
46.1%).  For the RBC1 and F lines, only Groups 5 and 6 reduced (P<0.05) LPO in sperm 
compared to the control.  For fertility trials, commercial hens (n=5/diet group; 30/OSU 
line) were inseminated with 300x106 sperm for two consecutive days.  Eggs were 
collected for 9 wks, candled on Day 7 of incubation and allowed to hatch.  Data after 3 
weeks of administering diets are shown in Table 2.  

 
 
 Preliminary results suggest that in vitro manipulation of membrane cholesterol affects 
sperm cryosurvival and fertility.  Semen incubated with CLC (200, 300, 400, or 500 
µg/mL) at 4 ºC for 30 min prior to cryopreservation.  Higher levels of CLC (300-500 
µg/mL) improved sperm membrane integrity (range, 27.9-38.2% viable) compared to 
control (no CLC) and 200 µg/mL CLC, 21.2 and 18.6% viable, respectively.  Similarly, 
higher sperm motility occurred for 300-500 µg/mL CLC (30-50% motile) than control 
(20% motile) or 200 µg/mL CLC (20% motile).  From ongoing fertility trials, more fertile 
eggs have been produced from semen cryopreserved with 400 µg/mL CLC than other 
CLC treatments for the RBC1, E and RBC2 lines.  Addition of cholesterol has not 
improved the fertility of frozen/thawed semen from the F line.   
 
 Taken together, results to date suggest that PUFA-enriched diets may provide an 
alternative strategy to meet the immediate needs of poultry cryoconservation.  It is not 
surprising that variations were observed among the experimental turkey lines in their 
response to the type and duration of diet treatments; however, in general diets enriched 



with n-6 PUFAs were more effective than other diet treatments for reducing lipid 
peroxidation, and improving fertility and hatchability of frozen-thawed semen.  For now, 
a moderately high level of cholesterol improved cryosurvival and fertility for most of the 
turkey lines.  Subsequent fertility trials will examine the synergism between diet and in 
vitro addition of cholesterol, which may show further line-specific differences.   

 
Acknowledgements 
 This project was supported by Agriculture and Food Research Initiative Competitive 
Grant no. 2013-67015-21081 from the USDA National Institute of Food and Agriculture.  
The authors thank Dr. Sandra Velleman and the OARDC Poultry Crew for maintaining 
the turkey lines, administering diets and semen collection.  The authors thank the BARC 
Poultry Crew for assisting with artificial insemination and fertility trials. 
 
References 
 
Blanco JM, Long JA, Gee G, Wildt DE, Donoghue AM. Comparative cryopreservation 
of avian spermatozoa: Benefits of non-permeating osmoprotectants and ATP on turkey 
and crane sperm cryosurvival. Anim. Reprod. Sci. 2011; 123:242-248. 
 
Blanco JM, Long JA, Gee G, Donoghue AM, Wildt DE. Osmotic Tolerance of Avian 
Spermatozoa: Influence of Time, Temperature, Cryoprotectant and Membrane Ion Pump 
Function on Sperm Viability. Cryobiology. 2008; 56:8-14. 
 
Blesbois E, Douard V, Germain M, Boniface P, Pellet F. Effects of n-3 polyunsaturated 
dietary supplementation on the reproductive capacity of male turkeys. Theriogenology. 
2004; 61:537-549. 
 
Blesbois E, Grasseau I, Hermier D. Changes in lipid content of fowl spermatozoa after 
liquid storage at 2 to 5 C. Theriogenology 1999; 52: 325-334. 
 
Blesbois E, Grasseau I, Seigneurin F. Membrane fluidity and the ability of domestic bird 
spermatozoa to survive cryopreservation. Reproduction. 2005; 129:371-378. 
 
Blesbois E, Lessire M, Grasseau I, Hallouis JM, Hermier D. Effect of dietary fat on the 
fatty acid composition and fertilizing ability of fowl semen. Biol. Reprod. 1997; 56:1216-
1220. 
 
Buhr MM, Curtis EF, Kakuda NS. Composition and behavior of head membrane lipids of 
fresh and cryopreserved boar sperm. Cryobiology. 1994; 31:224-238. 
 
Castellini C, Lattaioli P, Bosco AD, Beghelli D. Effect of supranutritional level of dietary 
alpha-tocopheryl acetate and selenium on rabbit semen. Theriogenology. 2002; 58:1723-
1732. 
Cecil HC, Bakst MR. In vitro lipid peroxidation of turkey spermatozoa. Poult. Sci. 1993; 
72: 1370-1378. 
 



Cerolini S, Pizzi F, Gliozzi TM, Maldjian A, Zaniboni L, Parodi L. Lipid manipulation of 
chicken semen by dietary means and its relation to fertility: a review. World Poultry 
Science Journal 2003; 59:65-75. 
 
Cerolini S, Surai PF, Speake BK, Sparks NH.  Dietary fish and evening primrose oil with 
vitamin E effects on semen variables in cockerels. Br. Poult. Sci. 2005; 46:214-22.  
 
Cerolini S, Zaniboni L, Maldjian A, Gliozzi T. Effect of docosahexaenoic acid and alpha-
tocopherol enrichment in chicken sperm on semen quality, sperm lipid composition and 
susceptibility to peroxidation. Theriogenology. 2006; 66:877-886. 
Chakrabarty J, Banerjee D, Pal D, De J, Ghosh A, Majumder GC. Shedding off specific 
lipid constituents from sperm cell membrane during cryopreservation. Cryobiology. 
2007; 54:27-35. 
 
Choi YH, Toyoda Y. Cyclodextrin removes cholesterol from mouse sperm and induces 
capacitation in a protein free medium. Biol. Reprod. 1998; 59:1328–1333. 
 
Comhaire FH, Christophe AB, Zalata AA, Dhooge WS, Mahmoud AM, Depuydt CE. 
The effects of combined conventional treatment, oral antioxidants and essential fatty 
acids on sperm biology in subfertile men. Prostaglandins Leukot Essent Fatty Acids. 
2000; 63:159-165. 
 
Connor WE, Lin DS, Wolf DP, Alexander M. Uneven distribution of desmosterol and 
docosahexaenoic acid in the heads and tails of monkey sperm. J. Lipid Res. 1998; 
39:1404-1411. 
 
Cook HK. Fatty acid desaturation and chain elongation in eukaryotes. In: D.E. Vance and 
J. Vance, Editors, Biochemistry of lipids, lipoproteins and biomembranes, Elsevier, 
Amsterdam, 1996, pp. 129–152. 
 
Cross NL.  Effect of methyl-beta-cyclodextrin on the acrosomal responsiveness of human 
sperm, Mol. Reprod. Dev. 1999; 53:92–98. 
 
Dimitrov SG, Atanasov VK, Surai PF, Denev SA. Effect of organic selenium on turkey 
semen quality during liquid storage. Anim. Reprod. Sci. 2007; 100:311-317. 
 
Douard V, Hermier D, Bleisbois E. Changes in turkey semen lipids during liquid in vitro 
storage. Biol. Reprod. 2000; 63: 1450-1466. 
 
Douard V, Hermier D, Magistrini M, Labbe C, Blesbois E. Impact of changes in 
composition of storage medium on lipid content and quality of turkey spermatozoa. 
Theriogenology 2004; 61:1-13. 
 
Freisleben HJ, Packer L. Free-radical scavenging activities, interactions and recycling of 
antioxidants. Biochem. Soc. Trans. 1993; 21:325-330. 
 



Fujihara N, Howarth B Jr. Lipid peroxidation in fowl spermatozoa. Poult. Sci. 1978; 
57:1766-1768.  
 
Gamzu R, Yogev L, Paz G, Yavetz H, Lichtenberg D. Reduction of sperm 
cholesterol:phospholipid ratio is a possible mechanism for enhancement of human sperm 
binding to the zona pellucida following incubation with phosphatidylcholine liposomes. 
Biol. Reprod. 1997; 57:539-546. 
 
Giraud MN, Motta C, Boucher D, Grizard G. Membrane fluidity predicts the outcome of 
cryopreservation of human spermatozoa. Hum. Reprod. 2000; 15:2160-2164. 
 
Glazar AI, Mullen SF, Liu J, Benson JD, Critser JK, Squires EL, Graham JK. Osmotic 
tolerance limits and membrane permeability characteristics of stallion spermatozoa 
treated with cholesterol. Cryobiology. 2009; 59:201-206. 
 
He L, Bailey JL, Buhr MM. Incorporating lipids into boar sperm decreases chilling 
sensitivity but not capacitation potential. Biol. Reprod. 2001; 64:69-79. 
 
Hemingway RG. The influences of dietary intakes and supplementation with selenium 
and vitamin E on reproduction diseases and reproductive efficiency in cattle and sheep. 
Vet. Res. Commun. 2003; 27:159-174. 
 
Hinkovska-Galcheva V, Peeva D, Momchilova-Pankova A, Petkova D, Koumanov K. 
Phosphatidylcholine and phosphatidylethanolamine derivatives, membrane fluidity and 
changes in the lipolytic activity of ram spermatozoa plasma membranes during 
cryoconservation.  Int. J. Biochem. 1988; 20:867-871. 
 
Holt WV. Fundamental aspects of sperm cryobiology: the importance of species and 
individual differences. Theriogenology. 2000; 53:47-58.  
 
Holt WV, North RD. Thermotropic phase transitions in the plasma membrane of ram 
spermatozoa. J. Reprod. Fertil. 1986; 78:447-457. 
 
Iborra A, Companyo M, Martinez P, Morros A. Cholesterol efflux promotes acrosome 
reaction in goat spermatozoa, Biol. Reprod. 2000; 62:378–383. 
 
Kelso KA, Cerolini S, Noble RC, Sparks NH, Speake BK. The effects of dietary 
supplementation with docosahexaenoic acid on the phospholipid fatty acid composition 
of avian spermatozoa. Comp Biochem Physiol B Biochem Mol Biol. 1997; 118:65-69. 
 
Keskes-Ammar L, Feki-Chakroun N, Rebai T, Sahnoun Z, Ghozzi H, Hammami S, Zghal 
K, Fki H, Damak J, Bahloul A. Sperm oxidative stress and the effect of an oral vitamin E 
and selenium supplement on semen quality in infertile men.  Arch. Androl. 2003; 49:83-
94. 
 



Klein U, Gimpl G, Fahrenholz F. Alteration of the myometrial plasma membrane  
cholesterol content with bcyclodextrin modulates the binding affinity of the oxytocin 
Receptor. Biochemistry. 1995; 34:13784–13793. 
 
 
Ladbrooke BD, Williams RM, Chapman D. Studies on lecithin-cholesterol-water 
interactions by differential scanning calorimetry and Xray diffraction. Biochim Biophys 
Acta 1968; 150:333–340. 
 
Long JA. Avian Semen Cryopreservation: What are the Biological Challenges? Poult. 
Sci. 2006; 85:232-236. 
 
Long JA, Bongalhardo DC, Pelaéz J, Saxena S, Settar P, O'Sullivan NP, Fulton JE. 
Rooster semen cryopreservation: Effect of pedigree line and male age on postthaw sperm 
function. Poult. Sci. 2010; 89:966-973. 
Long JA, Conn TL. Use of phosphatidylcholine to improve the function of turkey semen 
stored at 4°C for 24 hours. Poult Sci. 2012; 91:1990-1996. 
 
Long JA, Guthrie HD. Validation of a Rapid, Large-Scale Assay to Quantify ATP Levels 
in Spermatozoa. Theriogenology. 2006; 65:1620-1630. 
 
Long JA, Kramer M.  Effect of vitamin E on lipid peroxidation and fertility after artificial 
insemination with liquid-stored turkey semen. Poult. Sci. 2003; 82:1802-1807. 
 
Marin-Guzman J, Mahan DC, Whitmoyer R. Effect of dietary selenium and vitamin E on 
the ultrastructure and ATP concentration of boar spermatozoa, and the efficacy of added 
sodium selenite in extended semen on sperm motility. J. Anim. Sci. 2000; 78:1544-1550. 
 
Müller K, Müller P, Pincemy G, Kurz A, Labbe C. Characterization of sperm plasma 
membrane properties after cholesterol modification: consequences for cryopreservation 
of rainbow trout spermatozoa. Biol. Reprod. 2008; 78:390-399. 
 
Nissen HP, Kreysel HW. Polyunsaturated fatty acids in relation to sperm motility. 
Andrologia. 1983;15:264-269. 
 
Osheroff JE, Visconti PE, Travis AJ, Alvarez J, Kopf GS. Regulation of human sperm 
capacitation by a cholesterol efflux-stimulated signal transduction pathway leading to 
protein kinase A-mediated up-regulation of protein tyrosine phosphorylation, Mol. Hum. 
Reprod. 1999; 5:1017–1026. 
 
Pappas AC, Karadas F, Speake BK, Surai PF, Sparks NHC. Detection and dietary 
manipulation of selenium in avian semen. World’s Poultry Science Association. 2005; 
1:60-61. 
 



Peláez J, Long JA. Characterizing the glycocalyx of poultry spermatozoa: I. Identification 
and distribution of carbohydrate residues using flow cytometry and epifluorescence 
microscopy. J Androl. 2007; 28:342-352 
 
Peláez J, Long JA. Characterizing the glycocalyx of poultry spermatozoa: II. In vitro 
storage of Turkey semen and mobility phenotype affects the carbohydrate component of 
sperm membrane glycoconjugates. J. Androl. 2008; 29:431-439 
 
Peláez J, Bongalhardo DC, Long JA. Characterizing the glycocalyx of poultry 
spermatozoa: III. Semen cryopreservation methods alter the carbohydrate component of 
rooster sperm membrane glycoconjugates. Poult. Sci. 2011; 90:435-443. 
 
Ricker JV, Linfor JJ, Delfino WJ, Kysar P, Scholtz EL, Tablin F, Crowe JH, Ball BA, 
Meyers SA. Equine sperm membrane phase behavior: the effects of lipid-based 
cryoprotectants. Biol. Reprod. 2006; 74:359-365. 
 
Saenger W. Cyclodextrin inclusion compounds in research and industry. Angew Chem 
Int Ed Engl 1980; 19:344–362. 
 
Surai PF. Fat-soluble vitamins in turkey sperm.  Proceedings of 2nd Conference of 
Young Scientists. Zagorsk, USSR 1981; 55-56. 
 
Surai PF, Blesbois E, Grasseau I, Charlah T, Brillard JP, Wishart GJ, Cerolina S, Sparks 
NH. Fatty acid composition, glutathione peroxidase and superoxide dismutase activity 
and total antioxidant activity of avian semen. Comp. Biochem. Physiol. B. Biochem. 
Mol. Biol. 1998; 120: 527-533.  
 
Surai PF.  Vitamin E in avian reproduction. Avian Poult. Biol. Rev. 1999; 10:1–60. 
 
Surai PF.  Fatty acid composition and antioxidant protection of avian semen. In Natural 
Antioxidants in Avian Nutrition and Reproduction - P.F. Surai (Ed.), 2002. Nottingham 
University Press, Nottingham pp 391-435. 
 
Surai PF, Noble RC, Sparks NH, Speake BK. Effect of long-term supplementation with 
arachidonic or docosahexaenoic acids on sperm production in the broiler chicken. J. 
Reprod. Fertil. 2000; 120:257-264. 
 
Ullrey DE. Basis for regulation of selenium supplements in animal diets. J. Anim. Sci. 
1992; 70:3922-3927. 
 
Veronique MA, de la Llera Moya M, Stoudt GW, Rodriquez VW, Phillips MC, Rothblat 
GH. Cyclodextrins as catalysts for the removal of cholesterol from macrophage foam 
cells. J. Clin. Invest. 1997; 99:773–780. 
 
Visconti PE, Galantino H, Ning X, Moore GD, Valenzuela JP, Jorgez CJ, Alvarez JG, 
Kopf GS. Cholesterolefflux-mediated signal transduction in mammalian sperm. Beta-



cyclodextrins initiate transmembrane signaling leading to an increase in protein tyrosine 
phosphorylation and capacitation, J. Biol. Chem. 1999; 274:3235–3242. 
 
Waterhouse KE, Hofmo PO, Tverdal A, Miller RR Jr. Within and between breed 
differences in freezing tolerance and plasma membrane fatty acid composition of boar 
sperm. Reproduction. 2006; 131:887-894. 
 
Watson PF. The causes of reduced fertility with cryopreserved semen. Anim. Reprod. 
Sci. 2000; 60:481-492. 
 
Wishart GJ. Effects of lipid peroxide formation in fowl semen on sperm motility, ATP 
content and fertilizing ability.  J. Reprod. Fertil. 1984; 71:113-118. 
 
Zaniboni L, Cerolini S. Liquid storage of turkey semen: changes in quality parameters, 
lipid composition and susceptibility to induced in vitro peroxidation in control, n-3 fatty 
acids and alpha-tocopherol rich spermatozoa. Anim. Reprod. Sci. 2009; 112:51-65. 
 
Zaniboni L, Rizzi R, Cerolini S. Combined effect of DHA and alpha-tocopherol 
enrichment on sperm quality and fertility in the turkey. Theriogenology. 2006; 65:1813-
1827. 
 
 
 


