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Introduction envelope and the plasma membrane. It consists of an
inner and outer membrane, which in the equatorial re-

The mammalian spermatozoon is a highly polarized celgion, form a stable parallel arrangement. During the ac-
consisting of two main sections, the head and the tailrosome reaction enzymes are released from this vesicle
These sections are enclosed by a differentiated plasmBhe outer acrosomal membane fuses with the overlaying
membrane to give five specialized regions: acrosomelasma membrane of the anterior head region. The hy-
(AC), equatorial region (EQ), postacrosome (PA), mid-brid membrane is shed, before the spermatozoon can
piece (MP) and the principle piece (PP) (Fig. 1) (Bedfordpenetrate the egg. The inner membrane and the equato
& Hoskins, 1990). Each region has a specialized funcrial region of the acrosome remain intact after comple-
tion; its associated membrane has a lipid and proteinion of the reaction (Bedford & Hoskins, 1990). Energy
composition that is tailored to provide a suitable envi-for the cell is provided by mitochondria that are located
ronment for that function (Holt, 1984; Peterson & Rus-in the midpiece region. The highest concentration of
sell, 1985). The membrane lipid infrastructure and flu-membranous structures is therefore located in the ante-
idity develops during maturation to ensure that the gerior head (AC) and the midpiece regions.
netic material carried by the sperm cellis joined with that The literature regarding ||p|d Composition and flu-
of the ovum for fertilization. idity of mammalian spermatozoan membranes is frag-

Mammalian spermatozoa, upon leaving the testismentary and often species-specific. However, this re-
pass through the epididymis, where they undergo a proyiew summarizes current knowledge of how the mem-
cess of maturation. The sperm transits from the caput tgrane organization of the mammalian spermatozoon is
the cauda via the corpus, during which it undergoes varigetermined by its complex mixture of lipids. Where nec-
ous morphological, physiological and biochemical essary aspects such as the role of the lipids in cryopres-
changes (Bedford & Hoskins, 1990). The plasma memeryation (Parks & Graham, 1992), peroxidation (Aitken,
brane especially undergoes considerable reorganizatiopggs; Lenzi et al., 1996) and protein regionalization
to provide the potential for capacitation (Cooper, 1986;(Cowan & Myles, 1993; Cowan et al., 1997) will be
Fraser, 1995; Harrison & Gadella, 1995). The process ofentioned but have been adequately dealt with by the
capacitation prepares the plasma membrane for the ageviews cited.
rosome reaction, and is essential if the spermatozoon is
to fertilize an egg (Fraser, 1995).

The acrosome is a membrane limited vesicle that is

located in the anterior head region, between the nucleaipermatozqan Membrgqes are Composed of
omplex Mixtures of Lipids

Key words: Spermatozoa — Lipid composition — Membrane fluidity SPermatozoan membranes are composed of a heteroge
— Membrane domains neous mixture of phospholipids, glycolipids and sterols
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Fig. 1. Diagram showing the different regions of
the mammalian spermatozoon (adapted from

L Alberts et al., 1989).
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(Parks & Lynch, 1992). Attempts have been made tocomposition, shape and fluidity within the plane of the
fractionate subcellular membranes and to define theimembrane, over the range of hundreds of nanometers tc
lipid composition (Parks, Arion & Foote, 1987). The a few micrometers (Edidin, 1997). They arise from the
plasma membrane is of special interest because of itsomplex interactions of the heterogeneous mixtures of
direct role in the fertilization process, and consequentlyphospholipids, sterols, and proteins that make up all bio-
has been the focus of several studies. Its lipid compositogical membranes. For example, cholesterol preferen-
tion is similar to that of whole sperm but with differences tially associates with spingomyelin, and it is proposed
in distribution (Holt & North, 1985; Hinkovska, Dimi- that lateral assemblies form platforms that encourage
trov & Koumanov, 1986). particular cellular events (Simons & lkonen, 1997,

The majority of the compositional studies were car-Harder & Simons, 1997). A more detailed explanation
ried out in the 1970s and 1980s, and Lin et al (1993) isof membrane domains can be found in some thorough
one of only a very few that used modern analytical tech-and excellent reviews presented recently (Thompson,
nigues. Although all these studies give a good insightl993, 1997).
into the composition of the membrane, variations in ex-
traction and analysis methods make quantitative com-
parisons between investigations difficult. Information Phospholipids of the Spermatozoan Membrane
on the precise lipid molecular structures present in sperHave a High Proportion of sn-1 Ether-Linked Fatty
matozoa is rare, and there is a need for more data in thidcyl Groups
area using modern, standardized procedures.

The organization of the lipids in spermatozoan The major phospholipids of the spermatozoan membrane
membranes (Cardullo & Wolf, 1990) is much more com-are phosphatidylcholine (PC), phosphatidylethanoline
plex than that suggested by the original Fluid Mosaic(PE) and sphingomyelin (SPM). Phosphatidylserine
Model of membrane structure of Singer & Nicolson, (PS), Phosphatidylinositol (PI), phosphatidic acid, di-
1972. They envisaged lipids and proteins freely diffus-phosphatidyl glycerol (DPG) and lysophospholipids are
ing within a simple bilayer structure. It is now widely present as relatively minor components. Analysis of the
recognized that membranes are not homogenous but thatiphatic moieties linked to the phospholipids shows that
lateral asymmetry (Curtain, Gordon & Aloia, 1988; To- the major saturated fatty acids are palmitic acid (16:0),
canne et al., 1989, 1994; Glaser, 1993) and transmenand stearic acid (18:0). The major polyunsaturated fatty
brane asymmetry (Devaux, 1993; Zachowski, 1993) aracids are arachidonic acid (20:4, n-6), docosapentanoic
the rule rather than the exception. Lipids and proteing22:5, n-6) and docosahexonic (22:6, n-3) acid (Horrocks
are arranged in a mosaic of domains (Thompson, 1993% Sharma, 1982; Parks & Lynch, 1992). A high propor-
These domains represent small-scale heterogeneities tion of the saturated fatty acyl moieties are linked via an
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Fig. 2. Structure of the three subclasses of
H;C—O0—P—0—X phospholipids in the spermatozoa membrane.
R = fatty acid group
X = choline or ethanolamine

ether bond in the PC and PE fractions at position 1 of thgosition and 22:5 (n-6) or 22:6 (n-3) as the ester linked
glycerol moiety én-1linked). This ether bond can be group at thesn-2position. The diacyl PC and PE have a
either an alkylether or an alk~enylether (plasmologen). more complex fatty acid composition. As a result of the
The sn-2 position in these ether lipids is predominately metabolic stability of the ether linkage, ether lipids in the
occupied by polyunsaturated fatty acids attached via thenembrane may form stable structural components while
normal ester bond to the glycerol moiety of the phos-the diacyl lipids undergo degradation and resynthesis
pholipid (Horrocks & Sharma, 1982). The manor of at- (Selivonchick et al., 1980; Paltauf, 1994).
tachment gives rise to three subclasses of phospholipids Spermatozoa from a number of species have a high
in sperm membranes: 1,2 diacyl, 1-alkyl-2-acyl and 1-proportion of polyunsaturated fatty acids linked to the
alk-1'-enyl-2-acyl (Evans, Weaver & Clegg, 1980; Hor- phospholipid fractions (Parks & Lynch, 1992; human,
rocks & Sharma, 1982) (Fig. 2). Lenzi et al., 1996; hamster, Awano, Kawaguchi & Mo-
Using modern analytical techniques, Lin et al. hri, 1993; ram, Jones & Mann, 1976; Parks & Hammer-
(1993) investigated the molecular species of phosphostedt, 1985; Hinkovska et al., 1986; rat, Agrawal, Ma-
lipid in rhesus monkey spermatozoa. Using the PE theyargee & Hammestedt, 1988; Aveldano, Rotstein & Ver-
showed that the different fatty acid moieties linked to mouth, 1992; boar, Nikolopoulou, Soucek & Vars, 1985,
this fraction alone gave rise to thirteen molecular species1986; bull, Selivonchick et al., 1980; rhesus monkey, Lin
A remarkable feature of the ether linked PE and PCet al., 1993). However, in goat spermatozoa the phos-
fractions isolated from spermatozoa of a number of spepholipids have a much larger proportion of saturated
cies is that the predominant molecular configuration isfatty acid moieties, with little 22:5 (n-6) or 22:6 (n-3)
the one with 16:0 as the ether linked group at ¢mel  (Rana et al., 1991); the major unsaturated fatty acids are
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18:1 (n-9), 18:2 (n-6) and 20:4 (n-6). In addition, goatter-linked 22:6-PC. Molecular modeling of the diacyl
epididymal sperm plasma membranes contain wax esteesquivalent of this phospholipids(-1 ester linked 16:0/
and 1-O-alkyl-2, 3-diacyl glycerols (Rana et al., 1992).sn-2ester linked 22:6-PC) reveals that the high degree of
Sphingomyelin from rhesus monkey (Lin et al., unsaturation of the acyl moieties in tlem-2 position
1993), goat (Rana et al., 1991), and boar (Nikolopouloueduces the effective chain length of these moieties and
et al., 1985, 1986; Evans et al., 1980) spermatozoa hasiacreases the overall cross-sectional area of the phospho
low polyunsaturated fatty acid content. Saturated andipid. The interaction with cholesterol is compromised,
monounsaturated fatty acids predominant in SPMthereby reducing the rigidifying effect on the membrane
Sphingomyelin forms 10-15% of the total lipids in sper- (Stubbs & Smith, 1994). The high degree of unsatura-
matozoa. Polyenoic very long chain fatty acids (VLCFA tion, the weaker interaction with cholesterol and the
-22 carbons or more) have also been found associatddrger cross-sectional area all indicative of a highly fluid
with sphingomyelin in ram, bull, rat, boar and human outer leaflet. The localization of aminophospholipids in
spermatozoa (Poulos et al.,, 1986, 1987; Robinsonthe inner leaflet favors the formation of nonbilayer struc-
Johnson & Poulos, 1992); the amount increases duringures (hexagonal Il phases) particularly when interacting
maturation to form 5% of the total fatty acid content in a with calcium (Verkleij, 1984; Quinn, 1989; Allen, Hong
number of mammalian species (Robinson et al., 1992)& Papahadjopoulos, 1990; Chernomordik, 1996). This
In addition, a novel molecular species of sphingomyelinmay lead to the coexistence of bilayer and nonbilayer
containing 2-hydroxylated polyenoic VLCFA has also structures in the membrane as a whole, which will pro-
been isolated (Robinson et al., 1992). mote destabilization of the bilayer and facilitate the ac-
The phospholipids PS and Pl comprise approxi-rosome reaction.
mately 4 and 3% respectively of the total phospholipids.
In studies where analysis has been carried out, the fatty
acids associated with these lipids are largely 16:0 andterols are Concentrated in the Acrosomal Region
18:0 (Nikolopoulou et al., 1985, 1986; Lin et al., 1993).
However, hamster (Awano et al., 1993) and rat (Avel-The second major lipid component of sperm membranes
dano et al., 1992) spermatozoa have appreciable amounissterol of which cholesterol is the most abundant found
(30%) of polyunsaturated fatty acids (20:4 n-6, 22:5 n-6,in a variety of species (Parks & Lynch, 1992; boar, Ni-
22:6 n-3) bound to SPM, PS and PI fractions. kolopoulos et al., 1985; goat, Rana et al., 1991, rat,
Agrawal et al., 1988). Sterol sulfates and sterol esters
form minor components. However, in rhesus monkey

Phospholipids are Asymmetrically Distributed spermatozoa desmosterol is the major sterol (59%) and
Between the Inner and Outer Leaflets of the in mature hamster cholesta-7, 24-digg+@ together
Plasma Membrane with desmosterol form the main sterols (48% and 45%

respectively) (Lin et al., 1993). The sterol to phospho-

In spermatozoa, compositional asymmetry between thépid molar ratio varies from 0.21 in hamster (Awano et
outer and inner leaflet of the plasma membrane (transal., 1993), to 1.0 in human (Darin-Bennett & White, 1977).
membrane asymmetry) is well established, with clear  Sterol distribution in the membrane has been deter-
species-specific patterns. Compositional analysis remined using the polyene antibiotic filipin (Robinson &
veals that in ram (Hinkovska et al., 1986) and goat (Ran&arnovsky, 1980). Filipin forms complexes with sterols
et al., 1993) the choline phospholipids (PC and SPM) arghat can be assayed in freeze fracture replicas. The high-
mainly found in the outer leaflet. PS, PE and phosphaest density of these complexes is observed in the plasme
tidylglycerol (PG) are equally distributed between the membrane covering the acrosome (Friend, 1982; Toshi-
two leaflets of the membrane in ram. PE forms the majomori, Higashi & Oura, 1985; Tesarik & Flechon, 1986;
lipid of the inner leaflet of goat membranes whereas inSuzuki, 1988; Lin & Kan, 1996). The density of these
ram Pl and DPG predominate. Transmembrane asymezomplexes also increases during epididymal maturation
metry is established and maintained by an ATP-in the plasma membrane covering the acrosome. In the
dependent protein, aminophospholipid translocase (Nokhamster sterol is present mainly in the outer leaflet of the
lan et al., 1995; Muller et al., 1994, 1996). This enzymePM covering the acrosome (Suzuki, 1988) whereas in the
rapidly translocates PS and PE from the outer leaflet tguinea pig (Friend, 1982) and mouse (Lin & Kan, 1996)
the inner leaflet of the membrane. It may be important toit resides in the inner leaflet. The distribution of sterol is
the functioning of the leaflets that transmembrane asymef considerable importance because its depletion is an
metry provides each side with a different fluidity and important step of capacitation (Lin & Kan, 1996).
domain structure. A lower cholesterol/phospholipid ratio in human

For example, from compositional analysis, the phos-spermatozoa has been shown to correlate with faster ca:
pholipid molecular species that is likely to predominatepacitation time (Hoshi et al., 1990). This observation
in the outer leaflet is then-1ether-linked 16:3n-2es-  may be explained by an increase in membrane fluidity
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(Wolf, Scott & Millette, 198&) which facilitates fusion ~Membrane Fluidity Changes During

with the underlying outer acrosomal membrane (EhrenEpididymal Maturation

wald, Parks & Foote, 19&8h). The acrosome reaction

can be reduced by artificially increasing the levels of

cholesterol in the plasma membrane (Cross, 1996) or byijayasarathy (1982) first showed that in bull spermato-
dietary manipulation of both serum cholesterol and poly-zoa the lipid phase of the plasma membrane is more fluid
unsaturated fatty acids (Diaz-Fontdevila & Bustos-than the outer acrosomal membrane. This correlates
Obregon 1993). The higher concentration of cholesterowith a threefold higher cholesterol content of the outer
may alter the lipid domain organization and decrease th@crosomal membrane. The majority of studies since then
fluidity of the acrosomal region which would slow down have attempted to correlate the changes in plasma mem:
membrane fusion during the acrosome reaction. Simibrane composition during epididymal maturation with
larly, sterol sulfates also inhibit the acrosome reaction bynembrane fluidity.

inhibiting proteolytic enzymes involved in the reaction Membrane fluidity properties can be measured by a
(Roberts, 1987). These sterol sulfates are found in higmumber of methods, includingH-NMR, ESR, fluores-
concentrations in the epididymis, where they are takercence recovery after photobleaching (FRAP) and time-
up and localized in the plasma membrane overlying theesolved or steady-state fluorescence anisotropy (Stubbs
acrosomal and midpiece regions (Langlais et al., 1981)& Smith, 1984). Each method determines a different as-
They can be hydrolyzed via sulfatase activity in the fe-pect of membrane organization, although they are all
male tract to reverse the inhibition, promote the acro-referred to by the general term ‘membrane fluidity’. For
some reaction and enable fusion with the ovum (Robertsexample 2H-NMR, ESR, time-resolved and steady-state

1987). fluorescence anisotropy determine rotational motion of

lipid in the membrane, whereas FRAP measures lateral
Anionic Glycolipid Distribution Changes motion in the plane of the membrane (Stubbs & Smith,
During Capacitation 1984). The distinction between these measurements is

important; measurements of rotational diffusion provide
Glycolipids form approximately 8% of the total polar information about molecular motion on a molecular
lipids. Two glycolipids that have been characterized inlength scale; measurements of lateral diffusion provides
spermatozoa are 1-O-alkyl-2-O-acylg3p-galactosyl- information about molecular motion on a much larger
sn-glycerol and 1-O-alkyl-2-O-acyl-B-D- (3'-sulfo)-  scale. Thus the latter is sensitive to the presence of bar-
galactosyl-sn-glycerol (SGalAAG) (Ishizuka, Suzuki & riers to diffusion, which may be present within the mem-
Yamakawa, 1973; Murray et al., 1980). The latter isbrane and result in domain formation. In addition to di-
often referred to as seminolipid and is the major glyco-rect measurement of membrane fluidity, lipid composi-
lipid; it is not found in other mammalian cell membranes. tional data is also commonly used to indicate changes in
The molecular species that predominates contains 16:Mmembrane fluidity. The key chemical indices used are
as both the ether-linked alkyl and ester-linked acyl moi-sterol/phospholipid, PE/PC, SPM/PC and saturated/
eties in the structure (Selivonchick et al., 1980; Nikolo- unsaturated molar ratios (Shinitzky, 1984; Stubbs &
poulou et al., 1985). Using the fluorescent probe poly-Smith, 1994). An increase in any of these ratios indi-
mycin B, the distribution of anionic lipids has been cates a reduction in fluidity and an elevation of the phase
mapped and found to be concentrated in the acrosomatansition temperature.
region (Bearer & Friends, 1980; 1982). Since polymycin During epididymal maturation many of these indi-
B is membrane impermeable it only detects anioniccators of fluidity change. The total lipid content of sper-
lipids in the outer leaflet of the plasma membrane. Thematozoa decreases markedly and in most species ther
probe therefore reflects the surface distribution ofare specific changes in fatty acids, (bull, Poulos, Vogl-
SGalAAG which is the most predominant anionic lipid mayr & White, 1973; boar, Nikolopoulou et al., 1985;
in the outer leaflet (Gadella et al., 1994). Indirect im- ram, Poulos et al., 1975; Hammerstedt et al., 1979; Parks
munofluorescence labeling and detection with digital im-& Hammerstedt, 1985; goat, Rana et al., 1991; rat, Avel-
aging fluorescence microscopy shows that in freshlydano et al., 1992). There is a reduction in the saturated
ejaculated boar sperm the SGalAAG is primarily locatedand/or monounsaturated fatty acids, with a concomitant
at the apical ridge of the plasma membrane of the sperrncrease in the proportion of polyunsaturated fatty acid
head. The possible physiological function of SGalAAG groups. The consequence of all these changes is a low-
at this location on the membrane is to prevent prematurering of the PE/PC and saturated/unsaturated ratios dur-
initiation of the acrosome reaction. It may then contrib-ing maturation, potentially increasing the fluidity of the
ute to the final fusion event between the sperm and thenembrane. In studies that have measured the ether lipic
egg when it migrates to the equatorial region during caconcentrations (1-alkyl-2-acyl and 1-alk-&nyl-2-acyl
pacitation, as evidenced by experiments with zona coateBE and PC) there are marked alterations relative to other
coverslips (Gadella et al., 1995). phospholipids during maturation. However, in absolute
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terms the concentrations remain unchanged or eveacts as a ‘buffer’ of fluidity, stiffening the membrane at
slightly decrease. temperatures abovg, and making it more fluid below.
Remodeling of sterols also occurs during matura-In the complex lipid environment of the mammalian
tion, the extent of which is species dependent. In boamembrane, different lipids have a differeft, and gel
the total concentration of sterols remains unchanged, buind liquid crystalline phases coexist (Wolf, 1994).
with a decrease in the cholesterol concentration and an  Implicit in the transmembrane asymmetry model is
equivalent increase in desmosterol and cholesterol sukthe notion that phase transition behavior and fluidities of
fate (Nikolopoulou et al., 1985). There is no change inthe outer and inner leaflets are different. Isolation of
the sterol-to-phospholipid molar ratio. In ram (Parks & membranes may result in the loss of mechanisms that
Hammerstedt, 1985) the concentrations of sterols demajntain the asymmetry. Therefore measurement of
crease whereas in goat they increase (Rana et al., 199khese parameters in isolated membranes or extractec
In both ram (Parks & Hammerstedt, 1985) and goatjisid components may not reflect the situation in intact
(Rana et al., 1991) the sterol and phospholipid remodelspermatozoa and at best will reflect an average of the
ing results in an increase in the sterol-to-phospholipidynembrane properties (Devaux, 1993). Nevertheless,

molar ratio. from these experiments one can infer the phase behaviot

Dissecting the changes between the inner and OUt€f¢ the sperm membraria situ. Using differential scan-
leaflets 'of goat spermatozoa plasma membranes durmging calorimetry (DSC), experiments with extracted
maturation shows that there is a decrease in unsaturateq, ,spolipids show that major phase transitions are cen-
fatty acids in the inner leaflet and an increase in thetered around 26°C in a number of species (Wolf et al
saturated fatty acids in the outer leaflet (Rana et al.q90. parks & Lynch, 1992). However, extracted eg—”
- - ind Toli i’ds show higher : hase transitions ’centered around
of fluidity, cholesterol/phospholipid and saturated/ 35°pC. Phase tra%sitiorr)l as high as 60°C have also beer

u_nsa_lt_urated molar ratios, does '”de_eo_' correlate with Qetected and tentatively attributed to the presence of di-
significant decrease in measured fluidity of the plasmasaturated phospholipids. Fluidity measurements in iso-
membrane (Rana & Majumder, 1990). In rat spermato- ’
zoa, decreases in the chemical indices of fluidity corre-lated spermatozoa plasma membranes of boar reveal twe

late with an increase in local polarity, fluidity and mo- Eggge tsrgn_slltlons at_32 Ct: a_md 6°C (CaT\{['r? & Bﬁhr’
lecular disordering (Kumar, 1993). The lateral diffusion ). Similar experiments in ram reveal three phase

of mouse spermatozoa plasma membrane lipids chang% ggtl(t))ns.at 37 CI 26°C hand L7 C. '(Ho.lt j‘ Nortz,
little but there is a significant increase in the nondiffus- ), but in rat only one phase transition is detected at

ing fraction (Wolf, Hagopian & Ishijima, 198§. In  21°C (Hall, Hadley & Doman, 1991). The multiple
ram, however, there is an increase in both the nondiffusPhase transitions are thought to arise from the existence
ing fraction and the lateral diffusion (Wolf & Vogimayr, of different lipid domains. Using Four!e_r transform in-
1984; Wolf, 1995). The nondiffusing fraction is thought frared_ spectroscopy (FTIR) complex lipid phase transi-
to be due to the presence of gel phase domains within th#ons in intact, live boar spermatozoa occurred over a
plasma membrane lipid (Wolf, Lipscomb & Maynard, fange of 25°C, centereq around 18°C'(Drobn|s et al.,
1988). In guinea pig spermatozoa there is a decrease iH293). This may be attributable to multiple phase tran-
both the nondiffusing fraction and the lateral diffusion Sition events involving membrane lipids from different
(Cowan et a|_, 1997) In human Spermatozoa measuréegions or from different classes with different phase
ments indicate a high state of fluidity of the lipid do- transition temperatures. The latter possibility, in the
mains (Sinha, Kumar & Laloraya, 1994). In contrast, complex lipid mixture of live spermatozoa membranes,
spermatozoa from patients with oligospermia show morevill lead to the coexistence of liquid-crystalline and gel-
rigid lipophilic membranes domains which may be the phase lipid domains at physiological temperatures during
cause of their infertility. cooling, when some lipids reach thdig, and enter the

gel phase before others.

However, in intact, live human spermatozoa no ther-

The Phase Behavior of Lipids May Lead to the motropic phase transition in the plasma membrane is
Coexistence of Gel and Liquid Crystalline Domains  detected using the generalized polarization technique

(Palleschi & Silvestroni, 1996). This argues against the
The phase behavior of the lipids can lead to domaincoexistence of gel- and liquid-crystalline phase domains
formation (Quinn, 1989; Vaz & Almeida, 1993). Lipids in the case of humans, which could be due to the rela-
in artificial bilayers undergo phase changes at a temperatively high cholesterol content of these membranes com-
ture (thermotropic phase transition temperatufie}de-  pared to spermatozoa of other species (Darin-Bennett &
termined by the composition of the bilayer. Beldy, White, 1977). Similarly, it has been demonstrated that in
the lipids are in the gel phase whereas above they entgreparations made of mixed phospholipids with choles-
a more fluid liquid crystalline phase. The presence ofterol greater than 15 mol% the coexistence of gel- and
cholesterol tends to mask the phase changes becausdiguid-crystalline phase domains cannot be detected
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(Parasassi et al., 1994). The importance of the thermation, being fully formed after transit through the corpus.
tropic phase transition effects during cryopreservation ofin ram sperm they are present throughout the entire ep-
spermatozoa is well established (Parks & Grahamjdidymal maturation process (Schlegel et al., 1986).
1992), with a close relationship between cold shock sen- It cannot be mere coincidence that the two regions
sitivity and lipid composition (Watson & Morris, 1987; that have the highest concentration of membraneous
De Leeuw et al., 1990; Buhr et al., 1994). structures are the most intense when labeled with lipo-
philic dyes. An alternative explanation put forward re-
Membrane Lipid Domains are Reorganized During ~ Cently suggests that the sperm cell plasma membrane
Capacitation and Acrosome Reaction is very sensitive to mechanical and chemical stresses.
Since it is so easily compromised, it is possible that there
Changes in domain structure of the plasma membrane a§ some degree of labeling of internal membranes as well
spermatozoa is detected during capacitation and acras the plasma membrane (Ladha et al., 1997). In this
some reaction. Exposure of boar spermatozoa to effeazase, regions with the highest membranous structures,
tors of capacitation results in a decrease in the packinghe acrosome and midpiece, then have relatively more
order of membrane lipids and is accompanied by an indye associated with them.
crease in the permeability of the plasma membrane (Har-  Although GP, DSC and FTIR provide information
rison, Ashworth & Miller, 1996). Following the acro- on overall or ‘bulk’ properties of a cell membrane, they
some reaction, rearrangement of the membrane lipids itack the precision and resolution necessary to investigate
bovine and human spermatozoa is also detected, by fluspecific regions within it. FRAP on the other hand, is a
rescent lipid vesicles (Arts et al., 1993). These vesiclesnicroscopic technique that permits the interrogation of a
require the presence of anionic lipids in the liposomalspecific area within a region, defined by a laser beam.
bilayer to fuse with the spermatozoa membrane. The fuFluorescent lipophilic probes incorporated into the outer
sion is found to be restricted to the EQ region and lateraleaflet of the spermatozoa plasma membrane have beer
lipid diffusion from this region is inhibited (Arts, Jager & used with this technique to give information on the lipid
Hoekstra, 1994). Similarly, acrosome-reacted guinea pidateral diffusion—the diffusion coefficient (D) and the
spermatozoa show a marked reduction in the lateral difmobile fraction (%R) (Tocanne et al., 1989). It is im-
fusion of plasma membrane lipids over AC and PA re-portant to determine the labeling pattern prior to mea-
gions (Cowan, Myles & Koppel, 1987). suring the membrane lipid lateral diffusion. Using the
ODAF probe, bull spermatozoa with regionalized label-
Functional Barriers Between Regions Determine the ing have a large nondiffusing fraction; in contrast, evenly
Composition and Lateral Organization of labeled spermatozoa show little nondiffusing lipid frac-
Membrane Lipids tion. It is concluded that regionalized labeling is due to
permeabilization of the membrane (as explained above),
The distribution of phospholipids within the membrane leading to substantial changes in the physical state of the
has been investigated using several fluorescent lipophiliecnembrane lipid (Ladha et al., 1997). Lateral diffusion
probes. These reveal a variety of labeling patterns, deeoefficients in evenly labeled cells exhibit regionalized
pending on the condition and epididymal development ofdifferences, with D decreasing from the AC to the PP
the spermatozoa. Two types of labeling patterns occuregion (AC > PA > MP > PP). The values of D are
most commonly: even across all regions, and preferentiaignificantly higher than those obtained by another probe
regionalization into the acrosome and midpiece (Ladh&Dil. This was used to measure lipid lateral diffusion in
et al., 1997). This regionalization is observed with bothram (Wolf & Voglmayr, 1984), mouse (Wolf et al.,
cationic (1,1-dihexadecyl-3,3,3'-tetramethylindocar- 198@) and guinea pig (Cowan et al., 1997). The higher
bocyanine; Dil) Wolf & Voglmayr, 1984) and anionic D values with ODAF are in keeping with the indices of
dyes such as ODAF (5-N-(octadecanoyl) aminofluoresluidity suggested by the chemical composition of the
cein) (Ladha et al., 1997) or merocyanine (bis-(1,3-plasma membrane.
dibutylbarbiturate)trimethineoxonol) (Schlegel et al., The Dil probe also indicates a significant nondiffus-
1986; Sivashanmugam & Rajalakshmi, 1997). The prefing lipid fraction in ram and mouse but not in guinea pig
erential localization of cationic dyes may be due to theirspermatozoa. It has been suggested that Dil labels per-
attraction by anionic lipids of relatively higher concen- meabilized or damaged spermatozoa more efficiently
tration within these regions (Gadella et al., 1994). Simi-than live intact spermatozoa (Ladha et al., 1997). If the
larly, lipids that are packed loosely into domains, be-labeling pattern is not determined prior to the diffusion
lieved to be formed within regions enriched in anionic coefficient, it is not possible to differentiate between live
phospholipid, may be being detected by merocyanineand damaged spermatozoa, and an average value for L
(Stillwell et al., 1993). These domains in mouse (Schle-will be obtained that is lower than the true value. It is
gel et al., 1986) and rhesus monkey (Sivashanmugam &lso possible that because the two probes have different
Rajalakshmi, 1997) develop during epididymal matura-structures they may be localized in different lipid do-
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mains. Despite these problems the D for Dil shows re- lipid-diffusion barriers in the equatorial segment of human sper-
gionalized differences in ram (Wolf & Voglmayr, 1984)  matozoaBiochem. J304211-218 _ -
and mouse (Wolf et al., 19893 but not in guinea pig Arts, E.G., Kwkeq,J.,Jager, S Hoekstra, D. 1993. l':.US'IOH of artificial

tozoa (Cowan et al 1997) The lipid lateral dif- membranes with mammalian spermatozoa. Specific involvement of
spgrma » L p . . the equatorial segment after acrosome reacttom. J. Biochem.
fusion data suggest there are functional barriers to dif- 5171001-1009

fusion between regions in some species, preventing ramveldano, M.1., Rotstein, N.P., Vermouth, N.T. 1992. Lipid remodel-

domization of the plasma membrane lipids. These will  ling during epididymal maturation of rat spermatozoa. Enrichment
maintain region-specific membrane compositions which in plasmenylchglines containing long-chain polyenoic fatty acids of
are required for associated specialized functions. the n-9 seriesBiochem. J283235-241

Awano, M., Kawaguchi, A., Mohri, H. 1993. Lipid composition of
hamster epididymal spermatozak.Reprod. Fertil.99:375-383
Summary Beart_er, E.L.,_ Friend, D.S. 19£_30. Anionic Ilpld domains: correlation
with functional topography in a mammalian cell membraRrc.

h f i Natl. Acad. Sci. USA7:6601-6605
The membranes of mammalian spermatozoa are Comiearer, E.L., Friend, D.S. 1982. Modifications of anionic-lipid domains

posed of a complex mixture of lipids which is modified  preceding membrane fusion in guinea pig spetmCell Biol.
during epididymal maturation. Although there are many  92:604-615

species-specific changes in the membrane, a commoBedford, J.M., Hoskins, D.D. 1990. The mammalian spermatozoon:
characteristic is the introduction of highly unsaturated morphology, biochemistry and physiology. Marshall's Physiol-
phospholipid acyl moieties and an increase in the rela- ©°9 °f Reproduction. G.E. Lamming, editor. pp. 379-568. Chur-
. . o L chill Livingstone, Edinburgh

tive content (_)f ether-linked ph_OSphthldS at this _tlme_' Buhr, M.M., Curtis, E.F., Kakuda, N.S. 1994. Composition and behav-
The predominant phospholipid molecular species is o of head membrane lipids of fresh and cryopreserved boar sperm.
sn-lether-linked 16:@n-2ester-linked 22:6-PC and PE. Cryobiology31:224-238

This membrane lipid remodeling is thought to provide Canvin, A.T., Buhr, M.M. 1989. Effect of temperature on the fluidity
the correct infrastructure and fluidity for the membrane-  of boar sperm membrane. Reprod. Fertil.85:533-540
mediated events that lead to fertilization. In the plasmg-ardullo, R-A., Wolf, D.E. 1990. The sperm plasma membrane: A little
membrane, the |ipidS are organized into five specialized more than mosaic, a little less than fluid: Ciliary and Flagellar

. ] . Membranes. R.A. Bloodgood, editor. pp. 305-336. Plenum Press,
regions; acrosome (AC), equatorial (EQ), postacrosome .. vork

(PA), midpiece (MP) and the principle piece (PP). Eachchemomordik, L. 1996. Non-bilayer lipids and biological fusion in-

region has a distinct lipid composition, as required for  termediatesChem. Phys. Lipid81:203-213

associated specialized functions. Experiments suggestooper, T.G. 1986. The epididymis, sperm maturation and fertilization.
that functional barriers to diffusion exist between the  Springer-Verlag, Berlin

regions preventing mixing and randomization of mem-Cowan, A:E., Myle_:s,_ D.G. 1993. Biogenesi_s of surface domains during
brane components. There is compelling evidence to sup- SPeMiogenesis in the guinea plgev. Biol. 155124-133

port the existence of both lateral and transmembran&®"2" A-E. Myles, D.G., Koppel, D.E. 1987. Lateral diffusion of the

linid h itv in th | f PH-20 protein on guinea pig sperm: evidence that barriers to dif-
ipid heterogeneity in the plasma membrane of sperma- fusion maintain plasma membrane domains in mammalian sperm.

tozoa. J. Cell Biol. 104:917-923
Cowan, A.E., Nakhimovsky, L., Myles, D.G., Koppel, D.E. 1997. Bar-
The author is supported by funding from the BBSRC. Many thanks to  riers to diffusion of plasma membrane proteins from early during
Dr. A.C. Pinder for helpful discussions and critically reading the manu- ~ guinea pig spermiogenesBiophys. J.73:507-516
script. | would also like to thank Peter James, Paul Gunning and theCross, N.L. 1996. Human seminal plasma prevents sperm from becom-
library staff for their help and patience in dealing with my numerous  ing acrosomally responsive to the agonist, progesterone: cholesterol
requests. is the major inhibitor Biol. Reprod.54:138-145
Curtain, C.C., Gordon, L.M., Aloia, R.C. 1988. Lipid domains and
relationship to membrane function-chapter 1-lipid domains in bio-
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