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ABSTRACT 
 

Study objectives were to; 1) determine if supplementing of n-3 fatty acids 

improves membrane integrity, and hence viability and motility of stallion 

spermatozoa following cold storage, and following cryopreservation, and 2) 

determine if n-3 supplementation alters the fatty acid composition of stallion 

spermatozoa.  Data indicate that following 90 d of n-3 supplementation daily 

sperm output and the percentage of morphologically normal sperm in neat 

semen are increased.  Omega-3 supplementation for 90 d did not improve 

spermatozoal motility or viability following short-term preservation (0, 24 h, 48 h), 

or following cryopreservation.  Although motility was unchanged in this study, 

individual stallion responses did indicate that n-3 supplementation in stallions 

with marginal to poor semen quality may benefit from n-3 supplementation.  

Finally, n-3 fatty acid supplementation does alter plasmalemma fatty acid 

composition.  Spermatozoa from supplemented stallions had increased 

docosahexaenoic acid (DHA) concentrations as compared to non-supplemented 

stallions. It is postulated that an increase in long chain n-3 fatty acids, specifically 

DHA in spermatozoa membrane improves membrane integrity, and thus 

enhances spermatozoa recovery following the stresses of cold storage and 

cryopreservation.  This phenomenon appears to be beneficial to stallions with 

marginal to poor quality ejaculates.   
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CHAPTER 1 
 

LITERATURE REVIEW 
 

INTRODUCTION 

 In recent years much attention has been given to dietary supplementation 

of various nutrients and their effects on equine performance, both athletic and 

reproductive.  These include Vitamin E (Ball et al., 2001; Williams et al., 2004), 

amino acids (Vervuert et al., 2005), “natural” herbs and essential oils (Poppenga, 

2001), as well as the extensive use of dietary fat and its influences on equine 

performance (Oldham et al., 1987; Scott et al., 1987; Webb et al., 1987).  

Recently data in the boar (Penny et al., 2000), rooster (Kelso et al., 1997a), and 

rabbit (Castellini et al., 2003), indicate fatty acid supplementation (with and 

without supplemental antioxidants) may prove beneficial to sperm production and 

function.  This area continues to be an area of research and horse owner 

interest.   

Polyunsaturated fatty acids (PUFA) are classified into different families 

according to the position of the first double bond relative to the methyl end.  For 

example, linoelic acid has 18 carbon atoms and two double bonds (C18:2), with 

its first double bond at the sixth position from the methyl end, and is therefore a 

member of the n-6 family.  In contrast, linolenic acid (C18:3 ∆ 9, 12, 15) belongs to 

the n-3 family because the first of its double bonds is at the third carbon position.   

Processing of fatty acids in one family can only generate fatty acids of the same 

family, i.e., fatty acids of the n-3 family cannot be converted into members of n-6 
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family and vice-versa (Figure 1.1).  Eicosapentaenoic acid, (EPA, C20:5) and 

docosahexaenoic acid (DHA, C22:6), two n-3 long-chain PUFAs are found in 

marine products such as algae, fishmeal, fish oil, and some seafood by-products.  

These fatty acids have been increasing in popularity as supplements for some 

farm animals such as the boar (Penny et al., 2000; Rooke et al., 2001; Maldjian 

et al., 2003), and rooster (Kelso et al., 1996) for added benefits in sperm 

production and quality.   
n-6 series 
 

Linoleic (18:2, ∆9,12)

Eicosatrienoic (20:3, ∆8,11,14)

Eicosatetrenoic  (20:4, ∆5, 8, 11, 14)

Docosatetraenoic  (22:4, ∆7, 10, 13, 16)

Docosapentaenoic  (22:5, ∆4, 7, 10, 13, 16)

n-3 series 
 

Linolenic (18:3, ∆9,12, 15)

Eicosatetraenoic (20:4, ∆ 8, 11, 14, 17)

Eicosapentaenoic (20:5, ∆5, 8, 11, 14, 17)

Docosapentaenoic (22:5, ∆7, 10, 13, 16, 19)

Docosahexaenoic (22:6, ∆ 4, 7, 10, 13, 16, 19)

Figure 1.1: Polyunsaturated fatty acid biosynthesis by desaturation and 
chain elongation in animal tissues. (adapted from Scott, 1973) 

Prostaglandin E1 or F1α
Prostaglandin E2 or F2α

Prostaglandin E3 or F3α
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Fat in the equine diet 
 

The addition of fats and oils to horse diets has been a relatively common 

practice in the past few years from both a nutritional as well as a health and well-

being standpoint. A high-fat diet contains approximately 4.5 to 12% or more fat in 

the concentrate portion of the diet, which represents between 3-6% fat in the total 

diet.  This amount of dietary fat has been shown to have many beneficial effects 

on horse health (Taylor et al., 1995; Bush et al., 2001), and performance 

(Lawrence, 1990; Hintz 1994).  

 Fats in the equine diet serve a number of functions:  1) source of essential 

fatty acids; 2) source of concentrated energy; 3) absorption of fat-soluble 

vitamins; and 4) increase palatability of feeds with some fat sources.  For years, 

horses have received supplemental fat, with vegetable oils the most common 

source (rich in n-6 fatty acids).  Researchers at Texas A&M University have 

looked at the impact of added dietary fat on the exercising horse (Webb et al., 

1987; Oldham et al., 1987).  These researchers have reported a sparing effect on 

muscle glycogen reserves, suggesting that the working horse may be 

conditioned to use fat as a fuel source of choice during aerobic work.  

Traditionally, fat supplementation in the equine diet has been of vegetable origin, 

(specifically, corn oil), which supplies a greater proportion of n-6 PUFA.  

Recently, the literature suggests the type of fat (n-3 vs. n-6 fatty acids) may play 

a role in the performance of the equine athlete (Wilson et al., 2003; O’Connor et 
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al., 2004) and spermatozoa production in the stallion (Brinsko et al,. 2005; Harris 

et al., 2005a).   

Membrane composition of the spermatozoa 
 

All mammalian cells contain a plasma membrane, but its properties vary 

with cell type and confer both form and function to the cell.  The membrane 

represents a very structured, ordered normal state.  The plasma membrane is 

composed of two layers of phospholipids and is referred to as a phospholipid 

bilayer (Voet and Voet, 1995).  Phospholipids include phosphatidyl choline, 

phosphatidyl ethanolamine, and sphingomyelin.  Furthermore, molecules of 

cholesterol are dispersed throughout the phospholipid layers (Ahluwalia and 

Holman, 1969; Colbeau et al., 1971) and function primarily to assist in the 

randomized arrangement of phospholipids throughout the bilayer (Quinn, 1985; 

Gennis, 1989; Voet and Voet, 1995).  Spanning the phospholipid domains are 

integral membrane proteins that serve as channels for the phospholipid 

bidirectional transport of molecules (Voet and Voet, 1995).  The bilayer’s ability to 

act as a barrier is enhanced by polar and nonpolar regions.  The interior of the 

bilayer, where fatty acyl chains and intrinsic membrane proteins are located, is 

very hydrophobic in nature, whereas the phospholipid head groups are 

hydrophilic (Gennis, 1989; Voet and Voet, 1995).  Glycolipids reside on the outer 

surface of the plasma membrane (Hammerstedt et al., 1990).  Proteins and 

carbohydrates are found in the glycolipids and makeup the glycocalyx 
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(Hammerstedt et al., 1990; Gadella et al., 2001).  The glycocalyx plays an 

important role in the structure and function of the sperm plasma membrane. 

Importance of lipids for the structure and function of spermatozoa 

The discovery that sperm lipids contain extremely high proportions of long-

chain PUFAs (Ahluwalia and Holman, 1969) establishes a potential link between 

lipid biochemistry and male fertility.  Moreover, the fact that PUFAs must be, in 

some form, supplied in the diet suggests a relationship between fertility and 

nutrition and raises the possibility of improving male fertility by dietary means. 

The unique structure of spermatozoa reveals why lipids are quantitatively 

such important structural components.   Spermatozoa are composed of a head, 

neck, middle piece, principle piece, and end piece (Figure 1.2).  Surrounding the 

entire cell is the plasma membrane, which is in opposition to the immediately 

underlying structures.  The plasma membrane is attached to the caudal margin of 

the head, the annulus, and along the longitudinal columns of the tail (Amann and 

Pickett, 1987).  In addition to the plasma membrane, other membranous regions 

exist, including inner and outer acrosomal, nuclear, and mitochondrial 

membranes.   
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The relatively large surface area resulting from the elongated shape, the 

dynamic acrosome, abundance of mitochondria, and absence of cytoplasm all 

contribute to the prevalence of membranous structures (Amann and Pickett, 

1987).  Phospholipids are the major lipid class of spermatozoa of the rooster 

(Kelso et al., 1996), bull (Kelso et al., 1997b), boar (Vos et al., 1994; Rooke et 

al., 2001), and stallion (Gadella et al., 2001).  Although the majority of the lipids 

of stallion spermatozoa are phospholipids, the percentage of phospholipid is 

about 15% lower than that reported for the boar (Vos et al., 1994).  This lower 

phospholipid content in stallion spermatozoa is off-set by higher cholesterol (the 

other major membrane lipid) content (Parks and Lynch, 1992).  

Figure 1.2: Schematic presentation of a stallion spermatozoon 
depicting the regions of the spermatozoa: head, neck, midpiece, 
principle and end pieces (Gadella et al., 2001). 
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Mature spermatozoa are highly specialized cells consisting of three 

distinct regions, the head, midpiece, and tail, each performing defined roles 

during the events leading to fertilization.  The function of membrane lipids in 

sperm differ between these regions.  The lipids of the sperm head are intimately 

involved in the mechanism by which the outer membrane of the sperm fuses with 

the plasma membrane of the oocyte.  To achieve fertilization, the plasma and 

acrosomal membranes must first undergo a series of changes.  These occur 

during the successive stages of capacitation and acrosome reaction which 

require drastic reorganization of the sperm head lipids (Wolf et al., 1998).  

Moreover, capacitation and the acrosome reaction are triggered by complex 

signal transduction cascades mediated by lipid-derived messengers such as 

inositol trisphosphate, diacylglycerol, lysophospholipids, and free fatty acids 

(Yanagimachi, 1994; Speake et al., 2003).  Generation of these molecular 

signals within the cell is achieved by the action of phospholipases C and A2 on 

membrane lipids of the head region and follows the stimulation of the 

spermatozoon by zona pellucida proteins and other agents present in the female 

tract (Visconti et al., 1997).    

Dramatic changes in the domain structure of the spermatozoal plasma 

membrane are detected during capacitation and acrosome reaction.  The sperm 

surface is altered during capacitation, in part due to the removal of the glycocalyx 

(Meyers and Rosenberger, 1999; Gadella et al., 2001) as well as the adsorption 

of new components from the female tract (Cheng et al., 1998).  In the boar when 
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spermatozoa are exposed to acrosomal inducing agents there is a decrease in 

the packing order of membrane lipid and is accompanied by an increase in the 

permeability of the membrane (Harrison et al., 1996).  Fleming and Yanagimachi 

(1981) reported that some lysophospholipids promote (lysophosphatidyl choline, 

lysophosphatidyl ethanolamine, and lysophosphatidyl inositol) or retard 

(phophatidyl serine, lysophosphatidylserine, and cholesterol) the membrane 

perturbing action of the acrosome reaction.  They further suggest that a shift in 

the lipid composition of the spermatozoa membrane may alter the intrinsic 

distribution of the phospholipids in the membrane, which would, when exposed to 

an inducing agent (Ca2+) alter (promote or delay) the acrosome reaction.   

Physical structures within the membrane, such as the posterior ring at the 

junction of the sperm head and tail, have long been thought to act as diffusion 

barriers to help segregate important molecules required for fertilization within 

specific domains and to regulate migration of molecules between domains.  

Mackie and co-workers (2001) showed that a lipid reporter probe (DilC12) was 

able to traverse the posterior ring from the direction of the postacrosomal plasma 

membrane and to diffuse onto the midpiece plasma membrane, suggesting that 

the posterior ring is not an immutable barrier to lipid exchange in mature 

spermatozoa and that there are other mechanisms for maintaining in-plane lipid 

asymmetry, such as differential phase behavior and interaction with the 

submembranous cytoskeleton. 
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The relatively high lipid diffusion rates into the sperm plasma membrane of 

live bull, ram, boar, mouse and guinea pig spermatozoa suggest that fluid phase 

lipids predominate the plasma membrane of these species (Ladha, 1998).  This 

is in agreement with the high proportion of PUFAs in sperm phospholipids that, 

theoretically, would favor fast diffusion because of their low transition 

temperatures (Wolfe et al., 1998).   

DHA and mammalian sperm function 

 The most striking feature of the fatty acid composition of sperm 

phospholipid is the very high proportion of DHA.   For example, DHA forms 

approximately 61, 61, 38, and 35% (w/w) of the phospholipid fatty acids of bull, 

ram, boar, and human spermatozoa, respectively (Salem et al., 1986).  Parks 

and Lynch (1992) reported that boar and stallion spermatozoa have an 

interestingly higher percentage of docosapenteanoic acid (DPA, 22:5n-6) as 

compared to bull and ram spermatozoa.  The exceptionally high proportions of 

DHA present in bull and ram spermatozoa are particularly impressive since this 

fatty acid is usually absent from the traditional diets of these species.  Moreover, 

much of the dietary 18:3n-3, which could serve as a precursor for the 

biosynthesis of DHA, is modified in the rumen of these animals by 

biohydrogenation.  The testes of the bull and ram, must therefore, be highly 

efficient in using the limited amount of 18:3n-3 for DHA formation during 

spermatogenesis (Speake et al., 2003). 
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 Of the many cell types in the body, the phospholipids of only three are 

notable for being so enriched with DHA:  the neurons of the brain, the rod outer 

segments of the retina, and sperm (Salem et al., 1986).  In addition to this sparse 

distribution, DHA is also unique in being the most highly unsaturated fatty acid to 

be found in cellular lipids.  This feature undoubtedly comes with great functional 

significance.  The synthesis and maintenance of a long-chain fatty acid with six 

double bonds represents a substantial investment of biological energy and also 

demands a high degree of antioxidant protection, thus cells must have a good 

reason for incorporating DHA into their phospholipid (Salem et al., 1986).  

 In 1998, Connor and co-workers discovered that in monkey spermatozoa 

almost all DHA was located in the tail, while the head region was practically 

devoid of DHA.  Since the tail and head have distinctive functions, this highly 

polarized distribution strongly implies, at least in the monkey, that DHA is not 

involved in the membrane fusion and signal transduction events associated with 

fertilization.  Rather, it seems likely that the presence of DHA in sperm 

phospholipids somehow relates to the ability of the tail to provide motility, 

perhaps by improving the flexibility and flagellar action as a function of increased 

flexibility due to the increased acyl chain length and degree of unsaturation. 

 Membranes with a high content of DHA in their phospholipids are 

distinguished by high levels of flexibility, compressibility, deformability and 

elasticity (Salem et al., 1986), which further indicates a potential role of DHA in 
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sperm motility, and perhaps membrane stability following the stresses of cooling 

and cryopreservation. 

DIETARY SUPPLEMENTATION AND STALLION SPERMATOZOA 

Provision of DHA for spermatogenesis 

 The differentiation of immature germ cells into mature spermatozoa during 

human spermatocytogenesis is accompanied by a progressive increase in the 

proportion of DHA in the cellular lipid (Lenzi et al., 2000).  In the rat, where DPA 

is the main PUFA of sperm, the proportion of this fatty acid increased from 10 to 

20% during the differentiation of spermatocytes into spermatids (Beckman et al, 

1978).  When rats were raised on a diet deficient in essential fatty acids, their 

seminiferous tubules contained spermatogonia but few spermatocytes and no 

spermatids or a spermatozoon, illustrating that spermatogenesis is dependent on 

the appropriate provision of fatty acids (Setchell, 1982). 

 Speake  and co-workers (2003) note that one feature common to the three 

cell types that display high DHA contents is their association with other cells that 

specifically perform a supporting role.  Since neurons, photoreceptor cells, and 

spermatozoa are all highly differentiated cells performing extremely specialized 

functions, tasks related to nutrient provision, removal of waste products, and 

metabolites are delegated to helper cells (astrocytes, retinal pigment epithelial 

cells, and Sertoli cells, respectively; Speake et al., 2003).  

 Throughout their differentiation, male germ cells remain in close contact 

with Sertoli cells.  During this process, germ cells migrate from the basal to the 
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inner face of the Sertoli cell, where mature spermatozoa are then released into 

the seminiferous tubule lumen.  With the exception of spermatogonia, the 

maturing germ cells are tightly sandwiched between adjacent pairs of Sertoli cells 

or embedded in crypts at the luminal surface.  Thus, once a germ cell has 

become committed to spermatogenesis, all the nutrients required by these 

differentiating cells must first transit part of the Sertoli cells (Speake et al., 2003).   

It is unclear if the testis obtains PUFAs from the nonesterified fatty acid 

fraction of plasma, as is the case for neurons (Rapoport et al., 2001).  The 

extracellular matrix that separate the seminiferous tubules from blood capillaries 

appear to exclude any access of very low density lipoproteins and low density 

lipoproteins to the germ cells, although some high density lipoprotein particles 

can permeate this barrier and deliver cholesterol to Sertoli cells (Maboundou et 

al., 1995). 

Coniglio (1994) suggests that the Sertoli cell plays an important role in 

delivering the requisite PUFA to the developing sperm.  Retterstøl and co-

workers (2001) demonstrated spermatocytes and spermatids isolated from rat 

testes were almost incapable of converting radioactivated C20-polyunsaturates 

to their C22-derivatives, although isolated Sertoli cells were effective in 

synthesizing DHA from radioactive 20:5n-3.  Also, rat testicular cell cultures 

enriched in Sertoli cells actively synthesized both DHA and DPA from their 

respective C18-precursors (Retterstøl et al., 1998).  These results indicate that 

Sertoli cells take up 18:3n-3 from circulation and convert it to DHA for transfer to 
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the developing sperm.  Even when DHA is provided in the diet (negating the 

need for its synthesis from C18:3n-3), it will still be necessary to pass through 

part of the Sertoli cell to gain access to the sperm (Speake et al., 2003).   

Effect of dietary DHA on sperm production 

The phospholipid membrane of mammalian spermatozoa has a 

characteristic fatty acid composition as compared with almost all other tissues in 

the body.  The most distinctive feature of the spermatozoa plasma membrane is 

a very high proportion of long chain (C20-22) highly polyunsaturated fatty acids 

(Scott, 1973).  These have either been directly derived through nutrition or 

indirectly through synthesis by processes within the tissues themselves that 

involve interrelated desaturation and chain elongation of both linoleic and alpha-

linolenic acids (Cook, 1991).   

In most mammals, DHA is the major component, although this varies by 

species (Parks and Lynch, 1992) as well as by male within species (Conquer et 

al., 1999).   Recent research suggests that DHA is important to normal 

spermatozoa function. The biophysical properties of DHA contribute to plasma 

membrane fluidity and flexibility (Connor et al., 1998), which is necessary for 

normal motility of the tail. In addition, as indicated below, DHA may impart 

important functional properties to other regions of spermatozoa. 

The deficiency of n-3 fatty acids, especially DHA in the spermatozoon 

plasma membrane is one of the markers of impaired fertility in men (Conquer et 

al., 1999).  Recent research suggests that fertility of men (Conquer et al., 2000) 
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and boars (Rooke et al., 2001) can be improved through dietary fat 

supplementation.  Specifically, diets formulated to increase DHA in spermatozoa 

plasma membranes have been associated with improved fertility (Cerolini et al., 

1997; Kelso et al., 1997a; Rooke et al., 2001; Blesbois et al., 2004; Mitre et al., 

2004).  Stallion spermatozoa, as in the boar, are comprised of a higher 

proportion of DPA (Parks and Lynch, 1992).  In boars, high DPA concentrations 

are associated with poor semen quality, while high DHA concentrations are 

associated with good semen quality.  Higher fertility may be associated with 

improved tail function related to the higher proportions of DHA, as spermatozoa 

motility patterns correlate closely with pregnancy rates (Beauchamp et al., 1984).   

Moreover, boars fed diets to enhance DHA in spermatozoa had ejaculates with 

increased sperm concentration (Penny et al., 2000; Maldjian et al., 2003) and a 

higher percentage of morphologically normal spermatozoa (Rooke et al., 2001). 

 In humans, DHA is proposed to play a major role in fertility, as higher 

concentrations in the phospholipid membrane have been associated with higher 

sperm concentrations in the ejaculate (Nissen and Kreysel, 1983), improved 

progressive motility and higher percentages of morphologically normal 

spermatozoa (Conquer et al., 1999).  A reduction in spermatozoa concentration, 

as well as quality and fertilizing ability, are associated with decreased proportions 

of C20-22 fatty acids that occurs during the aging of chickens (Kelso et al., 1996) 

and bulls (Kelso et al., 1997b).   
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 The effects on spermatozoa motility of dietary supplementation via two 

compounds have been previously investigated.  Spermatozoa motility was 

improved in asthenozoospermic men with daily vitamin E supplementation 

(Suleiman, 1996).  Knapp (1990) identified that an oil mixture containing DHA and 

eicosapentaenoic acid (EPA) increased the proportion of EPA in phospholipids, but 

had no effect on spermatozoal motility in the man.  Kelso et al. (1997a) 

supplemented young cockerels with fish oil (rich in DHA and EPA), which resulted 

in an increase in DHA content in the spermatozoon plasma membrane.  Feeding 

cockerels alpha-linolenic acid resulted in an increase in proportions of DPA, at the 

expense of its 20 carbon precursor, arachadonic acid (AA; C20:4n-6), but had little 

effect on DHA.  The small increase in DPA resulted in enhanced fertility, perhaps 

due to the lower n-6 to n-3 ratio.   

Paulenz et al. (1995) reported that supplementation of fertile boars with cod 

liver oil (rich in docosatetraenoic acid (C22:5n-3) and DHA) resulted in increases in 

sperm phospholipid concentrations of DHA, while DPA concentrations did not 

change.  In humans, there is evidence to suggest that the synthesis of DHA is 

reduced in infertile men (Conquer et al., 1999) and that the intake of preformed 

DHA in the diet, in the presence of EPA, did not alter fertility (Conquer et al., 2000).  

Conquer et al. (2000) determined that purified DHA supplementation in 

asthenozoospermic men increases DHA concentration in blood plasma and to a 

limited extent, seminal plasma.  However, dietary DHA supplementation had little 

effect on DHA levels in sperm and had no effect on spermatozoa motility.  The lack 
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of an effect in these men may be attributed to the low dose of DHA supplemented 

(800 mg), and a higher dose may result in improvements in semen quality in 

asthenozoospermic men. 

Finally, Rooke et al. (2001) concluded that feeding tuna oil to servicing boars 

changed sperm phospholipid fatty acid proportions and increased spermatozoa 

viability, and the proportions of spermatozoa with progressive motility and normal 

morphology.  This finding was in contrast to previous findings (Paulenz et al., 1999) 

describing no improvements in sperm motility or acrosome integrity after fish oil 

supplementation.  However, initial values for motility (78 vs. 71%) and acrosomal 

integrity (98 vs. 45%) were markedly higher in the by Paulenz and co-workers 

(1999), indicating that responses to the inclusion of fish oil in the diet may depend 

on initial sperm quality.  This suggests that males with excellent semen quality may 

not benefit from n-3 fatty acid supplementation, but males with marginal quality 

may. 

SHORT- AND LONG-TERM STORAGE 

The plasma membrane functions as the outermost barrier, and the 

maintenance of this membrane is essential for successful preservation (short- 

and long-term) of sperm.  The plasma membrane acts as a semi-permeable 

barrier for molecules and modulates the intracellular composition (Steponkus and 

Lynch, 1989; Borg et al., 1997).  It also serves as a protective barrier from the 

genital tract and/or non-physiological influences like temperature and media 

(Borg et al., 1997).   
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Stresses and membrane stability 

The prospects of limiting membrane reorganization during cooling may be 

enhanced by knowledge of membrane phospholipid composition.  Composition, 

along with other factors, determines lipid phase transition temperature.  Other 

factors include pressure, ionic strength and pH.  

There is considerable variation in the lipid composition of the spermatozoa 

plasma membrane in different mammalian species.  However, there is a general 

similarity. For example, the plasma membrane of boar spermatozoa contains 

approximately 67% phospholipids, 25% neutral lipids and 8% glycolipids (Vos et 

al., 1994), while that of a stallion spermatozoon contains approximately 57% 

phospholipids, 37% cholesterol and 6% glycolipids, such that the stallion 

spermatozoa differs primarily with regard to its relatively high cholesterol content. 

Phospholipids can be divided into phosphoglycerolipids and sphingomyelin (SM) 

and the phospholipid class composition of spermatozoa is unique when 

compared to that of somatic cells. More specifically, stallion spermatozoa contain 

approximately 48% phosphocholineglycerides (PC), 16% phospho-

ethanolamineglycerides (PE), 13% SM, 15% phosphatidylserine/cardiolipin, 5% 

phosphatidylglycerol and approximately 3% phosphatidylinositol (Parks and 

Lynch, 1992). Moreover, not only do the PC and PE fractions of mammalian 

spermatozoa have fairly unique structural characteristics, but stallion 

spermatozoa differ from those of the other mammalian species by having a high 

content of DPA fatty acids in their PC and PE fractions and relatively low DHA 
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fatty acids (Parks and Lynch, 1992). In spermatozoa from other mammalian 

species the situation is reversed in that the PE and PC fractions contain a 

profound amount of DHA and much less DPA PC fatty acids (Parks and Lynch, 

1992). Stallion and other mammalian spermatozoa share the property that PE 

and PC contain almost exclusively DPA or DHA fatty acids, which is fairly unique 

for sperm (Vos et al., 1994).  Parks and Lynch (1992) further suggest the varying 

ratios of these components are indicative of the ability of a particular membrane 

to withstand a change in temperature.  More specifically, the ratio of PC:PE was 

related to cold shock resistance.  The spermatozoa of bulls, rams, and roosters, 

(the more cold-shock resistant species), contain higher ratios of PC:PE than the 

boar and stallion.  Ethylene phosphoglyceride is a nonbilayer preferring 

phospholipid (Gennis, 1989).  This, in concert with a reduced temperature, forces 

nonbilayer lipids to interact with integral membrane proteins (Parks and Lynch, 

1992).  It is believed that upon rewarming of the phospholipid bilayer, the lipid 

phase transition may not occur, leading to surface disruption of the plasma 

membrane and cell death (Parks and Lynch, 1992; Drobnis et al., 1993). 

Major variations in the neutral lipid composition of spermatozoa 

membranes are found not only between different species but also between 

different males within a species and even between different ejaculates from a 

single male. The major variable is the amount of cholesterol in the spermatozoa 

plasma membrane. For instance, human and equine spermatozoa contain much 

higher amounts of cholesterol (>40 and 37% of total lipids, respectively) than 
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boar spermatozoa (24%; Gadella et al., 2001). Furthermore, the cholesterol 

content seems to be related to the rate of capacitation (Yanagimachi, 1994) 

possibly because cholesterol must be depleted from the plasma membrane 

during this process.  

 There are other factors, which influence the ability of a particular species 

to withstand lipid phase transition (Quinn, 1985; Steponkus and Lynch, 1989; 

Parks and Lynch, 1992).  A high protein-to-phospholipid content reduces the 

ability of the bilayer to undergo rapid lipid phase transitions without disrupting the 

plasma membrane.  Therefore, lower protein content within the membrane, in 

addition to the presence of cholesterol molecules, may lessen the severity of 

phase transitions.  Gennis (1989) suggested that cholesterol achieved this by 

reducing attractive forces between lipid hydrocarbon tails.  Slightly higher levels 

of cholesterol would then reduce packing restraints, thereby minimizing damage 

or micellular formation following temperature reductions.  The overall stability of 

the membrane is dependent on the organization, energy requirements, as well as 

the composition of the lipid bilayer. 

The plasma membrane represents a very structured, ordered normal 

state.  It is the deviation from this normal state by external or internal influences 

such as changes in temperature or ATP synthesis, which may lead to membrane 

alterations (Hammerstedt et al., 1990).  Low temperatures influence many cell 

types, but the stallion’s spermatozoa plasma membrane appears to be especially 

susceptible to cold shock (Amann and Pickett, 1987; Parks and Lynch, 1992).   
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Cold shock has been defined as a series of incompletely understood, 

partially irreversible, changes in spermatozoa cooled from 20oC to 1oC (Amann 

and Pickett, 1987).  Cold shock may consist of either direct injury (apparent 

shortly after reducing temperature) or latent injury (apparent after prolonged 

storage; Morris and Watson, 1984).  Membrane reorganization/injury, along with 

subsequent membrane deterioration, may cause substantial cell damage or cell 

death (Steponkus and Lynch, 1989).  Therefore one of the goals of preservation 

should be to minimize irreversible membrane alterations that occur during cooling 

and freezing and subsequent thaw/rewarming. 

Researchers (Amann and Pickett, 1987; Borg et al., 1997) have 

suggested that maintaining the integrity of the lipid bilayer is necessary for 

maintaining viability, motility, and thus fertilizing ability following short- and long-

term storage.  There are factors that influence spermatozoa survival in vitro 

including lipid bilayer composition and phase transition temperature (Parks and 

Lynch, 1992).  It has been well documented that subjecting a membrane to a 

lower temperature causes reorganization in the lipid layer and surrounding areas 

(Quinn, 1985; Crowe et al., 1989; Quinn, 1989; Drobnis et al., 1993).  A second 

consideration is the severity of lipid reorganization that occurs during the cooling 

and warming process.  Any disruption to the plasmalemma predisposes the cell 

to injury and perhaps death.  Moreover, lipid phase transitions have been shown 

to be directly related to damage caused by cold shock (Drobnis et al., 1993). 
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During lipid phase transitions, similar phospholipids migrate together along 

with proteins and integral membrane proteins (Cullis and Hope, 1978; Gennis, 

1989; Voet and Voet, 1995).  The fatty acyl chains located on their respective 

phospholipids become elongated allowing for the close-packing of lipids (Gennis, 

1989).  This process is believed to occur normally in membranes containing large 

amounts of lipids, and the rate at which this reorganization occurs may actually 

be a deciding factor in the cell’s future.  An increased rate of lipid reorganization 

leads to a phenomenon known as micellular dysfunction (Gennis, 1989).  

Formation of micelles in the bilayer alters cell permeability.  The lipids that 

participate in forming micelles may exhibit one of two phases.  In the hexagonal 

one phase (HI), they organize into cylindrical-like shapes within the bilayer, with 

the polar head groups aligned around the exterior of the cylinder in contact with 

water (Cullis and Hope, 1978; Gennis, 1989).  In contrast, the hexagonal two 

phase (HII), produces the basic cylindrical conformation, but polar and nonpolar 

regions are in reverse (Cullis and Hope, 1978; Gennis, 1989; Hammerstedt et al., 

1990), therefore allowing polar solutes to reside within the cylindrical 

conformation.   During spermatozoal cooling, the model proposed by Amann and 

Pickett (1987) states that the HII phase is the most likely arrangement.  This has 

not been clearly proven and there are other factors which may influence the 

spermatozoal membrane and subsequent phase choice.  Moreover, Gennis 

(1989) outlined two factors that contribute to the critical packing parameter, or 

which micelle (HI or HII) may be favoured: molecular volume of the nonpolar 
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region and the optimal surface area of the polar head group are two likely 

explanations for determining the most desired phase.  On the basis of molecular 

size and orientation, HI would therefore be the most likely to exist during cooling 

because bulky polar head groups would be oriented outward with fatty acyl 

chains inward.  An understanding of what actually occurs during lipid 

reorganization may lead to the development of techniques specifically designed 

to reduce the detrimental effects of phase transitions. 

Antioxidant Supplementation 

 Because of their highly unsaturated lipids, spermatozoa are very 

susceptible to peroxidative damage resulting from the action of free radicals and 

reactive oxygen species (Baumber et al., 2002).  This heightened vulnerability is 

regarded as a major cause for male infertility (Aitken, 1995).  It is, therefore, of 

great importance that semen contains sufficient antioxidants to protect 

spermatozoa from such harmful effects (Surai et al., 1997).  Dietary 

supplementation of antioxidants such as vitamin E and selenium has been shown 

to improve the quality, motility, and fertilizing ability of spermatozoa in the boar 

(Penny et al., 2000) and rabbit (Castellini et al., 2003). 

 Certain dietary fatty acid supplementations can alter the fatty acid 

composition of spermatozoa (Rooke et al., 2001); these beneficial effects can be 

offset by the increased peroxidative susceptibility of the spermatozoa.  Speake 

and co-workers (2003) therefore suggest that any elevation of dietary 

polyunsaturates should be accompanied by supplementary vitamin E. 
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The literature reviewed identifies the beneficial effects of n-3 dietary 

supplementation on semen characteristics of several farm animal species, as 

well as man.  More research is needed to identify if dietary n-3 supplementation 

offers the same benefits in stallion spermatozoa. 
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CHAPTER 2 

EFFECTS OF FEEDING AN OMEGA-3 RICH SUPPLEMENT ON MOTION 

CHARACTERISTICS OF STALLION SPERMATOZOA  

ABSTRACT 

Six stallions were paired by semen characteristics and allocated to one of 

two diets (three stallions per diet) to determine the effects of a marine based 

protected fatty acid (PFA) on stallion semen characteristics. The diets, fed for 90 

d, consisted of a basal diet that was either non-supplemented or supplemented 

with 550 g/d PFA containing 29.1 g/d of long chain n-3 PUFA. Prior to diet 

initiation and following 90 d supplementation, ejaculates were collected and 

processed by standard procedures for cold-storage (5 oC, 24 and 48 h) and 

cryopreservation. Data were analyzed as a repeated measures design using 

PROC GLM procedure of SAS. Protected fatty acid supplementation resulted in 

increased (46%; P <.05) daily spermatozoa output (DSO) and improved 

morphology (16%; P <.05), as compared to non-supplemented stallions. The 

number of motile sperm was similar following both cold-storage and 

cryopreservation from stallions fed either PFA-supplemented or control diets. The 

data suggests PFA supplementation alters spermatozoa production in stallions; 

however the effect on spermatozoal function remains unclear. 
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INTRODUCTION 

 Even with the recent advances of assisted reproductive technologies there 

is still a population of males classified as sub- or infertile.  Many researchers 

have looked at several potential mechanisms to explain this male to male 

variability of fertility and spermatozoal response to the stresses of cooling and 

cryopreservation.  Some areas of interest related to variability of stallion fertility 

have been seminal plasma constituents (Pangawkar et al., 1988a; 1988b), or 

factors at the membrane level, such as reactive oxygen species (Baumber et al., 

2002), and lipid peroxidation (Alvarez and Storey, 1984).   

Parks and Lynch (1992) identified that docosahexaenoic acid (DHA; 

22:6n-3) is a major component of the phospholipid bilayer of spermatozoa in 

many farm animal species and its concentration varies by species and between 

males within species.  Conquer and co-workers (1999) reported that males 

classified as asthenozoospermic (poor forward motility) had lower DHA 

concentrations in sperm and seminal plasma when compared to the 

normozoospermic male.  Further, the stallion, similar to the boar, has a higher 

proportion of docosapentaeonic acid (DPA; 22:5n-6) present in spermatozoa 

membranes (Parks and Lynch, 1992) as compared to the bull and ram.  

Interestingly both the swine and equine industries utilize cold-storage of 

spermatozoa rather than the well accepted and successful practice of 

cryopreservation used by the dairy and beef industries.  This higher proportion of 

DPA:DHA raises the question of how specific fatty acid compositions may play a 
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role in membrane stability following the stresses of cooling and cryopreservation.   

Studies in the boar and other species have shown that a high DHA:DPA ratio in 

semen results in enhanced fertility (Conquer et al., 1999; Penny et al., 2000; 

Blesbois et al., 2004). 

MATERIALS AND METHODS 

Design, Animals and Treatments 

 The University of Arizona Institutional Animal Care and Use Committee 

approved all procedures involving animals.    Six breeding stallions housed at the 

University of Arizona Equine Center were used.  Stallions were paired based on 

semen quality following a freeze/thaw evaluation, and one of each pair randomly 

assigned to one of two diets (n=3/group).  Stallion ages for this study ranged 

from 7-20 years and averaged 9 (+ 1.4) years for supplemented and 16 (+ 2.5) 

years non-supplemented.  Body condition scores ranged from 5.0 to 6.5 and 

were maintained throughout the study (supplemented average was 5.8 + 0.10 

and non-supplemented averaged 5.5 + 0.17). Control stallions were fed a 

standard diet consisting of a commercially available feed and alfalfa hay, 

whereas the treatment group received the standard diet top-dressed with 550 g/d 

of a PFA (United Feeds, Inc., Sheridan, IN; Table 2.1).  The supplemented 

stallions received n-3 supplementation for a period of 90 d.  Stallions were fed at 

0600 and 1800 h, and orts were weighed and recorded daily at 0530 h.  Water 

was available at all times.   
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Semen Processing Procedures 

Semen was collected prior to and following supplementation (d 0 and 90) using 

an artificial vagina (Missouri Model, NASCO, Fort Atkinson, WI) and filtered 

through an inline filter (NASCO, Fort Atkinson, WI).  On each occasion, the 

volume of the gel-free portion of the ejaculate was recorded and spermatozoal 

concentration determined using a SpermaCuePhotometer (MiniTube, Verona, 

WI).   

Stallions were collected daily for 10 d with ejaculates from days 8, 9, and 10 

used to determine daily spermatozoa output (DSO).  Stallions were then maintained 

on an every-other day collection schedule to conduct the preservation studies.   The 

percentage of progressively motile spermatozoa (PMS) was assessed and 

recorded prior to processing.  Motility estimates were achieved by placing 20 µl of 

extended semen (1:4 dilution, semen:extender; EZ Mixin CST, Animal 

Reproduction Systems, Chino, CA) on a microscope slide and covered with a 

22x22-mm cover slip.  Samples were then evaluated for the percentage of 

progressively motile spermatozoa by one technician, using bright field microscopy 

(400x).  Morphology was determined using a commercially available staining kit 

(Spermac®, Minitube America, WI).   One hundred spermatozoa per slide were 

counted in a double-blind fashion using Strict Krueger criteria (WHO, 1992).   

 Stallion spermatozoa were subjected to standard processing procedures for 

cold-stored stallion semen as previously reported for our laboratory (Dawson et al., 

2000). Briefly, the gel-free portion of the ejaculate was harvested and initial 
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parameters recorded (volume, concentration and progressive motility).  

Spermatozoa were extended with a commercially available skim milk-glucose 

(SKMG) extender containing antibiotic (EZ Mixin CST, Animal Reproduction 

Systems, Chino, CA) to a final concentration of 25 x 106 progressively motile sperm 

per ml (PMS/ml) and packaged in 5 ml centrifugation tubes.  The extended semen 

was placed into a static cooling device (Equine Express, Exodus Breeders Supply, 

York, PA.) per manufacturer instructions for 24 h of cold storage.  Samples were 

then removed from the cooling device and evaluated (percentages of spermatozoa 

that are motile and viable).  A second aliquot was removed from the static cooling 

device and stored in a refrigerator (4-6°C) for the next 24 h for final evaluation. 

Standard processing procedures for long-term preservation of stallion 

spermatozoa were utilized.  Briefly, the gel-free semen was extended 1:1 with 

SKMG and centrifuged for 15 min at 400 x g.  The sperm-rich pellet was 

resuspended in a commercially available lactate-citrate based freezing extender 

(EZF-LE, ARS, Chino,CA) containing egg yolk (10%) and glycerol (2.5%).  

Extended semen was packaged at a final concentration of 600 x 106 /ml in 0.5 ml 

straws for controlled freezing in liquid nitrogen vapor utilizing a floatation rack 

(Minitube America, WI).  Straws were stored in liquid nitrogen (below -79°C) until 

post-thaw evaluation. 

Statistical Analysis 

 Spermatozoa characteristics, expressed as a percent change, were 

analyzed by repeated measures with the PROC GLM (adjusted using a Poisson 
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link) procedure of SAS (2001) with day of treatment as the repeated effect.  The 

model contained day of treatment, treatment and day of treatment by treatment 

interactions.   

RESULTS 

 Mean semen quality parameters of neat semen and after short- and long-

term preservation prior to and following 90 d PFA supplementation are presented 

in Table 2.2.  Protected fatty acid supplementation resulted in increased (46%; P 

<.05) daily spermatozoa output (DSO), whereas control stallion DSO did not 

change (Figure 2.1); further each stallion receiving supplement showed a positive 

response in DSO (Figure 2.2). Mean percentages of progressively motile 

spermatozoa did not differ between non-supplemented and supplemented 

stallions prior to preservation or following cold storage and cryopreservation 

(Figure 2.3).  Similarly, mean percentages of viable spermatozoa did not differ 

between non-supplemented and supplemented stallions at any time point (neat, 

24 h, 48 h, or freeze-thaw; Figure 2.4).  However, supplemented stallions had a 

higher (P <.05) percentage of morphologically normal spermatozoa following 

supplementation (Figure 2.5) and the most significant improvement (25.5%) was 

the stallion with the lowest initial morphology (46 vs. 59% normal forms). 

DISCUSSION 

 Dietary supplementation of n-3 PUFAs has been shown to change the 

fatty acid composition of spermatozoa in human (Conquer et al., 2000) fowl 

(Blesbois et al., 2004), boar (Penny et al., 2000; Rooke et al., 2001) and most 
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recently in stallion spermatozoa (Brinsko et al., 2005; Harris et al., 2005b).  

Vegetable oils, such as corn and soybean oil, contain high levels of linoleic acid 

(18:2n-6) and are found in high concentrations in the typical equine diet; 

therefore supplying the horse with substantial amounts of n-6 fatty acids and a 

ratio of n-6:n-3 of 6:1 and higher.  A diet of this nature provides an ample supply 

of n-6 precursors to the longer chain n-6 fatty acid, DPA, a major constituent of 

stallion spermatozoa, and interestingly associated with lower sperm quality and 

fertility in the boar (Penny et al., 2000).  This dietary situation could have a 

negative impact on quality of stallion semen and its tolerance to cooling and 

freezing. 

 In the current study, PFA supplementation resulted in a dramatic increase 

in DSO (46%).  Increases in total sperm numbers have been reported in the boar 

(Penney et al., 2000; Maldjian et al., 2003), as well as in the aging cockerel 

(Kelso et al., 1997) following supplementation of n-3 rich marine oils.  This 

significant increase in DSO may be explained by two hypotheses:  first, PFA 

supplementation could be promoting net spermatogenesis by inhibiting 

apopotosis during germ cell maturation or decrease in phagocytosis of abnormal 

forms.  In the current study we observed an improvement in morphologically 

normal forms.  This improvement in morphology, may in part, explain the 

increase in DSO.  Another mechanism to explain this dramatic effect on DSO 

could be the role played by the Sertoli cell function and spermatogenesis.  It may 

be that the increase of DHA provided in the diet, and the Sertoli cells’ high affinity 
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for DHA (Retterstøl et al., 1998), supports increased spermatogenesis, and 

ultimately DSO.     

 In our experiments, PFA supplementation resulted in no improvements in 

motility and viability of fresh spermatozoa or following the stresses of cooling and 

cryopreservation.  Brinsko et al. (2005) reported improved motion characteristics 

after 48 h of cold storage when stallions were fed an n-3 rich nutriceutical, and 

this response was especially pronounced in stallions classified as ‘poor coolers’ 

(<40% PMS after 24 h of cold storage).  In the current study, two of the six 

stallions classified as ‘poor coolers’ showed a positive percent change in PMS at 

48 h following PFA supplementation (stallions 1 and 3; Figure 2.6).  It can be 

hypothesized that the higher DHA concentrations in stallion spermatozoa (via 

dietary supplementation) improves membrane flexibility and thus, play a role in 

improved motilities following cold storage.    

One should not over look the importance of supplemental antioxidants 

with PUFA supplementation and their biological role.  Studies in the rabbit 

(Castellini et al., 2003) and boar (Penny et al., 2000) identify a synergistic effect 

between supplemental antioxidants (Vitamin E and selenium) and fish oil 

supplementation when added to the feed, and the associated improvements in 

the quality of ejaculate.  In the current study, stallions did not receive additional 

antioxidants (more than those included in the product to maintain shelf-life).  The 

addition of antioxidants in conjunction with dietary n-3 supplementation may 
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provide the additional protection from the oxidative stresses associated with 

short- and long-term preservation.  

 

CONCLUSION 

 In conclusion, PFA supplementation to stallion’s diets dramatically 

increased DSO and improved spermatozoa morphology in neat semen.  This 

increase in DSO is of great economical importance to stallion owners that have a 

limited book due to low spermatozoa production.  Further, stallions with marginal 

to poor quality ejaculates, similar to that reported in the boar, may receive the 

greatest benefit of n-3 supplementation, as the most dramatic improvements 

were observed in ‘poor coolers.’ 
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Table 2.1: Fatty acid composition of Protected Fatty Acid from 
marine sources (PFA) 1.
Fatty Acid PFA Source (W/W%) 

14:0 
15:0 
16:0 
16:1  
18:0 
18:1 n-9 
18:1 n-7 
18:2 n-6 
18:3 n-3 
20:1 n-9 
20:3 n-3 
20:4 n-6 
20:5 n-3 
22:5 n-6 
22:6 n-3 
 
Unknown 
 
Total n-6 (>C20) 
Total n-3 (>C20) 
 

6.70
0.59

18.20
8.57
3.35
9.13
3.51
4.52
4.59
1.56
0.28
1.01

11.21
2.18

12.75

11.85

3.19
24.24

1PFA contained 28.68% fat determined by acid hydrolysis  
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Table 2.2: Semen quality parameters of neat semen and after short- and long-term preservation 
prior to and following 90 d PFA supplementation.  

Non-supplemented Supplemented   
0 d 90 d 0 d 90 d SEM P 

 
Progressively motile spermatozoa1

Neat 
 Cold Storage 24 h 
 Cold Storage 48 h 
 Freeze/thaw 
 
Viable spermatozoa1

Neat 
 Cold Storage 24 h 
 Cold Storage 48 h 
 Freeze/thaw 
 
Daily Sperm Output2

Morphologically normal forms1

61  
51  
48  
39  
 

76  
74  
70  
44  
 

7.4a

54a

58 
56  
43  
32  
 

71  
68  
64  
45  
 

7.4a

51a

58  
43  
39  
34  
 

73 
62  
60  
45  
 

6.3a

54a

59  
42  
48  
34  
 

63  
52  
58  
42  
 

9.2b

62b

0.07 
0.18 
0.20 
0.13 

 

0.07 
0.14 
0.10 
0.10 

 
0.05 

 
0.05 

 

0.83 
0.37 
0.80 
0.37 

 

0.54 
0.14 
0.28 
0.57 

 
0.04 

 
0.02 

 
1Expressed as a percentage 
2Expressed in billions 
a,b Different superscripts within a row indicates a P-value <0.05. 
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Figure 2.1: Percent change (SEM) of daily sperm output for non-supplemented and 
supplemented stallions following 90 d PFA supplementation (*means differ P < .05). 
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Figure 2.2: Individual stallion percent change (SEM) in DSO from non-supplemented 
(black bar) and supplemented (gray bar) stallions following 90 d PFA supplementation.  
Each bar within group represents individual stallion.  
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Figure 2.3: Percent change (SEM) in the percentage of progressively motile 
spermatozoa from non-supplemented (black bar) and supplemented (gray bar) stallions 
prior to and following cold storage and cryopreservation. Means within class are similar
(P >.05).   
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Figure 2.4: Percent change (SEM) in the percentage of viable spermatozoa in non-
supplemented (black bar) and supplemented (gray bar) stallions prior to and following 
cold storage and cryopreservation.  Means within class are similar (P >.05).   
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Figure 2.5: Percent change (SEM) in the percentage of morphologically normal 
spermatozoa in neat semen following 90 days of PFA supplementation (*means differ P 
<.05). 

*
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Figure 2.6: Individual stallion percent change (SEM) in motility following 48 h cold-
storage from non-supplemented (black bar) and supplemented (gray bar) stallions 
following 90 d PFA supplementation.  Each bar within group represents individual 
stallion.  
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CHAPTER 3 

STALLION SPERMATOZOA MEMBRANE LIPID DYNAMICS FOLLOWING 

DIETARY N-3 SUPPLEMENTATION 

 ABSTRACT 

Dietary supplementation of n-3 fatty acids in marine oil have been shown 

to have beneficial effects on spermatozoa production in the boar, but such 

supplementation in the stallion remains unclear.   Study objectives were to 

characterize the effects of feeding a protected fatty acid from marine sources 

(PFA; United Feeds, Inc., Sheridan, IN, USA) on fatty acid composition of plasma 

and stallion spermatozoa. Six stallions were paired by semen characteristics and 

allocated to one of two diets (three stallions per diet). The diets fed for 90 d, 

consisted of a basal diet that was either non-supplemented or supplemented with 

550 g/d PFA containing 29.1 g/d of long chain n-3 PUFA. Blood samples were 

harvested via jugular venipuncture on d 0, 19, 33, 47, 61, 75, and 90 and total 

plasma lipids analyzed for fatty acid composition. Spermatozoa samples were 

collected on d 0 and 90 and analyzed for fatty acid composition.  Data were 

analyzed as a repeated measures design using PROC MIXED procedure of 

SAS.  Lipid plasma concentrations of long chain n-3 PUFA in PFA-supplemented 

animals increased (P <.05) by d 32 and remained elevated (P <.05) through d 90. 

Spermatozoa total lipid concentrations of DHA of PFA-supplemented animals 

increased (P <.05) following supplementation while non-supplemented stallion 
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spermatozoa DHA concentration remained unchanged. Data suggests 

supplementing a PFA alters the DHA content in stallion spermatozoa. 

INTRODUCTION 
 

The phospholipid membrane of mammalian spermatozoa has a 

characteristic fatty acid composition as compared with almost all other tissues in 

the body.  The most distinctive feature of the spermatozoon plasma membrane is 

a very high proportion of long chain (C20-22) highly polyunsaturated fatty acids 

(Scott, 1973).  In most mammals, DHA is the major component, although this 

varies by species (Parks and Lynch, 1992) as well as between males within 

species (Conquer et al., 1999).   Recent research suggests that DHA is important 

to normal spermatozoa function. The biophysical properties of DHA contribute to 

plasma membrane fluidity and flexibility (Connor et al., 1998), which is necessary 

for normal motility of the tail.  

The deficiency of n-3 fatty acids, especially DHA in the spermatozoon 

plasma membrane is one of the markers of impaired fertility in men (Conquer et 

al., 1999).  Recent research suggests that fertility of men (Conquer et al., 2000) 

and boars (Rooke et al., 2001) can be improved through dietary fat 

supplementation.  Specifically, diets formulated to increase DHA in spermatozoa 

plasma membranes have been associated with improved fertility (Kelso et al., 

1997a; Rooke et al., 2001).  In man, DHA is proposed to play a major role in 

fertility, as higher concentrations in the phospholipid membrane have been 

associated with higher sperm concentrations in the ejaculate (Nissen and 
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Kreysel, 1983), improved progressive motility and higher percentages of 

morphologically normal spermatozoa (Conquer et al., 1999).   

Stallion spermatozoa, similar to boar spermatozoa, are comprised of a 

higher proportion of docosapentanoeic acid (C20:5n-6; DPA; Parks and Lynch, 

1992).  In boars, high DPA concentrations are associated with poor semen 

quality, while high DHA concentrations are associated with good semen quality. 

Moreover, boars fed diets to enhance DHA had ejaculates with increased sperm 

concentration and a higher percentage of morphologically normal spermatozoa 

(Rooke et al., 2001).  These authors concluded that feeding tuna oil to boars 

changed sperm phospholipid fatty acid proportions and were responsible for the 

improved ejaculate characteristics.  In a study utilizing boars of acceptable initial 

quality, Paulenz et al. (1999) did not observe the same improvements in boar 

ejaculates following n-3 supplementation, suggesting that responses to the 

inclusion of fish oil in the diet may depend on initial semen quality.   

Therefore, the study objectives were to characterize the effects of feeding 

a protected fatty acid from marine sources (PFA; United Feeds, Inc., Sheridan, 

IN, USA) on fatty acid composition of total plasma and stallion spermatozoa.  

MATERIALS AND METHODS 

Design, Animals and Treatments 

 The University of Arizona Institutional Animal Care and Use Committee 

approved all procedures involving animals.    Six breeding stallions housed at the 

University of Arizona Equine Center were used.  Stallions were paired based on 
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semen quality following a freeze/thaw evaluation, and one of each pair randomly 

assigned to one of two diets (n=3/group).  Stallion ages ranged from 7-20 years 

and averaged 9 (+ 1.4) years for supplemented and 16 (+ 2.5) years non-

supplemented groups.  Body condition scores ranged from 5.0 to 6.5 and were 

maintained throughout the study (supplemented stallion BCS averaged 5.8 +

0.10 and non-supplemented stallion BCS averaged 5.5 + 0.17). Control group 

stallions were fed a standard diet consisting of a commercially available feed and 

alfalfa hay, whereas the treatment group received the standard diet top-dressed 

with 550 g/d of a PFA (United Feeds, Inc., Sheridan, IN; Table 3.1).  The 

concentrate portion of the diet was analyzed (data not shown) by our laboratory 

and provided no fatty acids beyond alpha-linolenic acid.  Alfalfa hay was not 

analyzed; however, a typical fatty analysis of alfalfa hay reports insignificant 

sources of fatty acids having more than 18 carbons.  Therefore, the long chain 

PUFAs of interest (EPA and DHA) were provided by PFA supplementation. 

Supplemented stallions received PFA supplementation for a period of 90 d.  

Stallions were fed at 0600 and 1800 h, and orts were weighed and recorded daily 

at 0530 h.  Water was available at all times.  Blood samples were obtained from 

each stallion on d 0, 19, 33, 47 61, 75, and 90 and kept on ice until centrifuged at 

3000 x g for 15 min.  Plasma was split into two aliquots that were immediately 

frozen at -20 oC and later analyzed for total lipid fatty acid composition.  Semen 

was collected prior to and following supplementation (d 0 and 90) using an 

artificial vagina (Missouri Model, NASCO, Fort Atkinson, WI) and filtered through 
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an inline filter (NASCO, Fort Atkinson, WI).  On each occasion, the volume of the 

gel-free ejaculate was recorded and spermatozoal concentration determined 

using  SpermaCuePhotometer (MiniTube, Verona, WI).  Semen was centrifuged 

at 500 x g for 15 min to pellet sperm and remove excess seminal plasma.  Sperm 

pellets were washed twice in 10 ml of phosphate buffered saline (PBS) followed 

by centrifugation at 500 x g for 10 min and resuspended to 2.5 x 109 sperm/ml 

and plunged into liquid nitrogen and stored at -20 oC and later analyzed for total 

lipid fatty acid composition. 

Fatty Acid Analysis 

 Plasma lipids were extracted according the procedures of Hara and Radin 

(1978) with modifications.  Briefly, 1 ml of plasma was added to a hexane-

washed extraction tube.  To this tube, 5.4 ml of hexane:isopropanol (3:2 v/v) was 

added and samples were vortexed for 30 sec.  Next, 3.6 ml of sodium sulfate (1 

g/15 ml water) was added and re-vortexed for 30 seconds.   Samples were 

centrifuged for 5 min at 4 oC at 800 x g.  Following centrifugation, the top layer 

was transferred to a second tube containing 0.5 g sodium sulfate and samples 

were allowed to stand for 30 min.  The liquid portion was transferred to a pre-

weighed 4 ml glass vial and dried completely under nitrogen.  Weight of lipid 

recovered was determined and methylation (<10 mg) was conducted in the same 

glass vial.  Methylation as described by Christie (1982) with modifications.  

Briefly, 200 µl hexane was added to dried lipid and vortexed for 30 sec or until all 

lipid was resuspended.  To samples, 20 µl methyl acetate was added, vortexed 
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for 30 sec, then 20 µl of methylation reagent (1.75 ml methanol and 0.4 ml 

NaOMe) was added and re-vortexed for 2 min.  Samples were allowed to stand 

for an additional 8 min to allow methylation reaction to reach completion.  

Following this incubation period, 30 µl termination reagent (1 g oxalic acid and 30 

ml diethyl ether) was added and vortexed for 30 sec.  A few grains of calcium 

chloride were added and samples were allowed to stand for 60 min.  A small 

amount (100 µl) of sample was transferred to a GC vial with an insert.  Samples 

were stored at –20 oC until analyzed.   

Whole spermatozoa total lipid fatty acids were extracted according to Bligh 

and Dyer (1959) with modifications.  Briefly 1 ml of spermatozoa (2.5 x 109) was 

added to a hexane-washed extraction tube.  To this tube, 4 ml methanol, 2 ml 

chloroform, and 1.1 ml water was added and the tube was flushed with nitrogen 

and capped.  Tubes were vortexed for 30 sec and placed in the refrigerator 

overnight.  Samples were centrifuged for 5 min at 4 οC at 2300 x g.  Following 

centrifugation, the top layer was transferred to a second extraction tube and 2 ml 

chloroform and 3 ml sodium chloride to separate layers and centrifuged for 5 min 

at 4 οC at 2300 x g.  The lipid containing phase was transferred to a new (pre-

weighed) extraction tube and dried completely under nitrogen.  Weight of lipid 

recovered was determined. Methylation was as described by Christie (1982) with 

modifications.  Briefly, 0.2 ml toluene was added to the lipid (<10 mg) and 

vortexed for 30 sec and followed with 0.4 ml 1% Sulfuric acid in methanol and 

incubated overnight at 5 oC.  Following this incubation period, 1 ml 5% sodium 
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chloride was added to the sample and vortexed. Samples were then washed with 

2 ml hexane (twice) and each time the hexane layer was transferred to a new 

extraction tube.  The sample was then washed with 0.8 ml 2% potassium 

bicarbonate.  The hexane layer was transferred to a new tube containing 1 g 

sodium sulfate for 30 min.  The hexane layer was transferred to a pre-weighed 4 

ml tube and dried completely under nitrogen.  The sample was reconstituted in 

100 µl hexane and transferred to GC vial with an insert.  Samples were stored at 

–20 οC until analyzed.   

Fatty acid methyl esters (plasma and spermatozoa) were quantified using 

a gas chromatograph (Hewlett Packard GC system 6890; Wilmington, DE) 

equipped with a flame ionization detector and a CP-7420 fused silica capillary 

column (100 m x 0.25 mm i.d. with 0.2 µm film thickness; Varian, Walnut Creek, 

CA).  Initial oven temperature (160 oC) was held for 55 min then ramped at 

5oC/min to 220 oC, where it was held for 30 min.  Inlet and detector temperatures 

were maintained at 250 oC and the split ratio was 25:1.  Hydrogen carrier gas 

flow rate through the column was 1 ml/min.  Hydrogen flow to the detector was 

30 ml/min, airflow was 400 ml/min and the nitrogen make-up gas flow was 25 

ml/min.  Peaks in the chromatogram were identified and quantified using pure 

methyl ester standards (GLC60, GLC68, GLC566b; Nuchek Prep, Elysian, MN).  

A butter oil reference standard (anhydrous milk fat; R.T. Corporation, Laramie, 

WY) was used to determine recoveries and correction factors for individual fatty 

acids (Baumgard et al., 2000).  
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Statistical Analysis 

 Fatty acid profile was analyzed by repeated measures with the PROC 

MIXED procedure of SAS (2001) with day of treatment as the repeated effect.  

The model contained day of treatment, treatment and day of treatment by 

treatment interactions.

RESULTS 

Lipid plasma concentrations of long chain n-3 PUFA in PFA-supplemented 

animals increased (P <.05) by d 33 and remained elevated (P <.05) through d 90 

(Figure 3.1).  A similar response (P <.05) was observed for n-6 PUFA (Figure 3.2).  

The total lipid fatty acid composition of spermatozoa prior to and following 

supplementation (d 0 and 90) are presented (Table 3.2).  Saturated (16:0 and 18:0, 

52%) and monounsaturated (18:1, 14.0%) acids were quantitatively the most 

important fatty acids in whole spermatozoa and quantitatively more variable than 

plasma total lipid.   PFA supplementation resulted in an increase (P <.05) in DHA 

concentrations in whole spermatozoa extracts and this elevation was sufficient to 

lower the n-6/n-3 PUFA ratio.  Feeding PFA from marine sources increased (P 

<.05) long chain PUFA n-3 as well as long chain PUFA n-6 proportions in plasma 

lipid concentrations.  The increase of n-3 fatty acids was to a greater extent than n-

6 fatty acids as demonstrated by an increase in the ratio of n-3/n-6 fatty acids of 

plasma (Figure 3.3).  
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DISCUSSION 

The aim of this study was to assess whether daily supplementation of PFA 

would modify sperm lipid composition.  Previous research (Siciliano et al., 2003) 

has established that n-3 supplementation in horses resulted in elevated mean 

plasma concentrations of long-chain PUFA by d 14 and remain elevated during 

continued feeding.  In the current study, plasma PUFA concentration elevation was 

not detected until d 33, but remained elevated for the remainder of the study.  The 

delay in response in the current study may have been due to oxidation of the 

supplement at the beginning of the trial.  Once fresh product was supplied (d 20), 

the plasma total lipid fatty acid response is similar to that reported by Siciliano et al. 

(2003).  Even though PFA supplementation elevated both n-6 and n-3 long chain 

fatty acids in plasma, the supplement was successful in elevating the n-3/n-6 ratio. 

The present evaluation of the composition of spermatozoa lipid fatty acids 

agreed broadly with a previous study (Parks and Lynch, 1992) comparing fatty acid 

composition of spermatozoa from several farm animal species.  These researchers 

report that DHA is the major fatty acid of the phospholipid fraction of sperm 

membranes, with the exception of the boar and stallion.  These two species have 

an interestingly higher concentration of DPA, the n-6 counterpart to DHA.  Although 

in the current study, the fatty acid composition is reported for whole spermatozoa, 

DPA is present in higher concentrations when compared to DHA at the beginning of 

the trial.   
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Following 90 d PFA supplementation, there was an increase in whole 

spermatozoa fatty acid proportions of DHA. Interestingly, although the supplement 

provided nearly as much EPA as DHA (12.6 g vs. 15.9 g, respectively) in the 550 g 

dose, EPA is not detected in the spermatozoa membrane fatty acid profile, which 

may suggest that EPA is readily converted to DHA in the stallion.  This agrees with 

reports in other species where EPA concentrations were not detectable in the 

phospholipid extracts of spermatozoa (Conquer et al., 1999; Penny et al., 2000; 

Rooke et al., 2001).  Although no values were reported, Brinsko et al., (2005) 

reported at 3-fold increase in DHA concentrations in stallion ejaculates following 14 

weeks of supplementation with a n-3 nutriceutical, which is similar to the 3.5-fold 

increase observed in the current study (16.97 vs. 65.12 mg/g).  Researchers 

(Paulenz et al., 1995; Rooke et al., 2001) observed increases in DHA 

concentrations in the phospholipid fraction of boar spermatozoa, and this increase 

was clearly established at the expense of the n-6 counterpart DPA.  The increase in 

DHA concentrations in whole spermatozoa extracts in the current study is clear, yet 

this increase in DHA is not complemented with a significant decrease of any one 

particular fatty acid, nor a culmination of fatty acids (saturated, monounsaturated, 

and PUFA).  The difficulty in detecting such a shift may be due to using whole 

sperm extractions rather than lipid classes. 

Supplementing the diet of the stallions with PFA changed semen 

characteristics as previously reported by our laboratory (Harris et al., 2005a).  

Omega-3 supplementation, via a PFA source, resulted in an increase (16%) of 
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the percentage of morphologically normal spermatozoa present in neat semen.  

This finding is similar to that of Rooke et al., (2001) in the boar, who reported that 

tuna oil supplementation improved ejaculate characteristics (viability, motility, and 

morphology); but in contrast to Paulenz et al. (1999) who found no improvements 

in sperm motility or acrosome integrity following fish oil supplementation.  

Interestingly, initial values for motility and acrosome integrity were markedly 

higher in the study of Paulenz et al. (1999) when compared to the study of Rooke 

et al., (2001; motility 78 vs. 71%; acrosome integirity 98 vs. 45%), indicating that 

spermatozoa response to the inclusion of n-3 fatty acids in the diet may depend 

on initial sperm quality.  Interestingly in the current study, the greatest increase in 

spermatozoa DHA membrane content (data not shown) was observed in the 

stallion that showed the greatest percent change in motility following 48 h of cold 

storage and morphologically normal spermatozoa, suggesting a greater benefit of 

n-3 supplementation in stallions with marginal quality ejaculates. 

CONCLUSION 

In conclusion, stallions consuming PFA for a period of 90 d changed total 

plasma fatty acid profiles as well as DHA concentrations in whole spermatozoa.  

Further, the significant increase of DHA was sufficient enough to alter the n-3/n-6 

fatty acid ratio, which is associated with improved fertility in cockerels (Kelso et 

al., 1997a).  These changes in membrane composition may result in improved 

spermatozoa production (DSO) and function (motility), as well as aid in recovery 

following the stresses of short- and long-term storage.  Additional studies are 
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required to further elucidate at what point during spermatogenesis or epididymal 

storage DHA is incorporated into the sperm plasma membrane. 
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Table 3.1: Fatty acid composition of Protected Fatty Acid from 
marine sources (PFA) 1.
Fatty Acid PFA Source (W/W%) 

14:0 
15:0 
16:0 
16:1  
18:0 
18:1 n-9 
18:1 n-7 
18:2 n-6 
18:3 n-3 
20:1 n-9 
20:3 n-3 
20:4 n-6 
20:5 n-3 
22:5 n-6 
22:6 n-3 
 
Unknown 
 
Total n-6 (>C20) 
Total n-3 (>C20) 
 

6.70
0.59

18.20
8.57
3.35
9.13
3.51
4.52
4.59
1.56
0.28
1.01

11.21
2.18

12.75

11.85

3.19
24.24

1PFA contained 28.68% fat determined by acid hydrolysis.  
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Table 3.2: Fatty acid composition of stallion spermatozoa prior to and following PFA 
supplementation1

Fatty Acid Non-supplemented Supplemented  
0 d 90 d  0 d  90 d SEM P 

 
SFA 
MUFA 
PUFA 
 
18:2 n-6 
20:4 n-6 
22:4 n-6 
22:5 n-6 
22:6 n-3 
 
Ratio n-6/n-3 
>18 
 

648.12 
163.84 
184.67  

 
7.04  
12.30  
7.39  

117.78  
14.98a

10.11a

678.67  
182.49  
214.83  

 
12.24  
11.64  
11.32 
121.64  
18.81a

9.14a

659.93  
147.84  
189.14  

 
8.09  

14.36  
14.76  
101.62  
16.97a

8.86a

708.20  
109.60  
178.75  

 
13.46  
14.60  
10.71  
93.36  
65.12b

1.47b

32.26 
33.64 
23.84 

 
2.74 
1.74 
4.34 

22.31 
4.24 

 
4.24 

 
0.80
0.74
0.44

0.38
0.15
0.11
0.40
0.01

0.01 

1 Values expressed as mg/g per 2.5x109 spermatozoa/ml (n=6) 
a,b Different superscripts within a row indicates a P-value <0.05. 
SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid 
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Figure 3.1: Temporal pattern of total plasma lipid fatty acid profile of n-3 long chain 
fatty acids EPA (A) and DHA (B) from non-supplemented (dashed line) and 
supplemented (solid line) stallions fed 550 g PFA.  (Values are means, n = 6, SEM 
averaged 5.44 and ranged from 5.4 to 5.6 and averaged 4.09 and ranged from 4.01 to 
4.25 for EPA and DHA, respectively.  *Means differ, P <.05). 
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Figure 3.2: Temporal pattern of total plasma lipid fatty acid profile of n-6 long chain fatty 
acids arachadonic acid (A) and DPA (B) from non-supplemented (dashed line) and 
supplemented (solid line) stallions fed 550 g PFA.  (Values are means, n = 6; SEM
averaged 1.73 and ranged from 1.68 to 1.88 and averaged 4.1 and ranged from 4.05 to 
4.30 for arachadonic acid and DPA, respectively. *Means differ, P <.05). 
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Figure 3.3: Temporal pattern of total plasma lipid fatty acid profile expressed as a ratio 
n-6/n-3 long chain fatty acids from non-supplemented (dashed line) and supplemented 
(solid line) stallions fed 550 g PFA.   (Values are means, n = 6; SEM averaged 0.41 and 
ranged from 0.37 to 0.61.  *Means differ, P <.05). 
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CHAPTER 4 

SUMMARY 

Research conducted for this dissertation had three goals; 1) determine if the 

supplementation of n-3 fatty acids improves membrane integrity, and hence viability 

and motility of spermatozoa follow cold storage, 2) cryopreservation, and 3) 

determine if n-3 supplementation alters the fatty acid composition of stallion 

spermatozoa.    

The spermatozoon is one of the select groups of cell types whose 

phospholipids contain exceptionally high proportions of C20-22 PUFAs. It is 

suggested that the high concentrations of DHA in the membrane lipids of 

mammalian spermatozoa tail enhances the flexibility and compressibility of the 

bilayer, thereby facilitating the flagellar movements.  The elevated concentrations of 

DPA in relation to DHA in spermatozoa have been associated with decreased 

motility and fertilizing capacity. 

Inclusion of a dietary source of DHA of several farm animal species, 

including the stallion, resulted in improvements in the production (DSO and 

morphology) as well as the quality (motilities prior to and following preservation) of 

spermatozoa.  The mechanism of these effects is not clearly understood, but 

various roles of PUFAs in spermatozoon assembly, anti-apoptosis, and Sertoli cell 

function are reasonable suggestions.  It may seem surprising that such major 

improvements in fertility can be achieved by simple changes to the diet.   
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We are beginning to see the application of these findings to livestock 

production in the form of internationally marketed products (Magnitude® and 

Prosperm®), and anticipate the further spread of such technology in to human 

fertility. 
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APPENDIX A 

CHEMICAL ANALYSIS OF PROTECTED FATTY ACID FROM MARINE 

SOURCES (PFA)

W/W% a
Crude Protein 
Crude Fat 
Ash 
Moisture 
 
Calcium 
Phosphorus 
 
NFE 
 
Energy b

10.81
17.94

2.44
7.38

0.28
0.13

58.06

450.00
a Results are expressed on an “as received” basis unless otherwise 
indicated. 
b Calories/100 grams by calculation 
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