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Abstract

Proteins implicated in the ‘‘SNARE hypothesis’’ for membrane fusion have been characterized in

the acrosome of several mammalian species, and a functional role for these proteins during the

acrosome reaction has been proposed. We have investigated the presence of SNAREs in equine

sperm, using semen samples obtained from stallions with varying fertility. Immunocytochemical

analysis revealed that members of different SNARE families can be detected on the acrosome of

equine sperm, notably in the acrosomal cap and equatorial segment. These proteins include the t-

SNARE syntaxin, the v-SNARE synaptobrevin/VAMP, the calcium sensor synaptotagmin, and the

ATPase NSF. Also present is caveolin-1, a component of lipid rafts. Stallions with fertility problems

presented the worst quality of sperm and acrosomal membrane, and had less sperm cells stained

positively for SNAREs and caveolin-1, than sperm from fertile donors (p < 0.001). Ubiquitin surface

staining was also performed and it seemed to inversely correlate with stallion fertility, supporting data

obtained with the negative staining technique. A male-related problem was confirmed when mares

that had failed to impregnate with samples from an infertile stallion were successfully inseminated

with sperm from a fertile donor. Furthermore NSF, synaptotagmin and caveolin-1 staining seemed to

be useful in predicting stallion fertility, i.e. significantly more sperm cells stained positively for these

proteins in samples from fertile males. Although these results need to be expanded on a larger scale,
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they suggest that acrosomal and surface staining of equine sperm with novel probes may constitute

useful tools in predicting stallion fertility.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

One of the most important problems in horse breeding is the prediction of stallion

fertility. Seminal and behavioural parameters routinely used to access and predict stallion

fertility have a limited capacity for general infertility detection. Subfertile or infertile males

can present normal semen profiles, while fertile stallions can have abnormal ones, given

that a sperm population is very heterogeneous, and probably only a minority of cells are

actually required to be functional in order for fertilization to take place [1]. Various

laboratories have developed new methods for the evaluation of stallion breeding capacity,

but a standardized technique that fits the majority of stallions is still not well-defined.

Sperm function, including proper sperm-zona pellucida (ZP) binding, acrosome

reaction (AR), binding of the spermatozoon to the oocyte plasma membrane and sperm–

egg fusion, is paramount for fertility. The acrosome reaction is a regulated exocytotic event

that involves fusion of the apical sperm plasma membrane and the outer acrosome

membrane at multiple sites, resulting in the formation of mixed vesicles that disperse the

acrosomal content. The molecular mechanisms involved are still not well-known, but it is

reasonable to assume that acrosomal exocytosis is similar to other calcium-triggered

secretory events [2,3]. Fusion of biological membranes requires specific proteins, and

various protein-mediated membrane merging models have emerged [4]. SNARE proteins

(soluble NSF attachment protein receptors) are good candidates for universal fusion

mediators in the secretory pathway, and form a fusion complex, consisting of a target t-

SNARE, such as syntaxin, and a vesicle v-SNARE, such as vesicle-associated membrane

protein (VAMP)/synaptobrevin. Neural SNAREs assemble spontaneously into stable

complexes that can be disassembled by the concerted action of the conserved cytosolic

ATPase NSF (soluble N-ethylmaleimide-sensitive fusion protein) and the adaptor

attachment proteins a/b- and g-SNAP [5,6]. In regulated exocytosis the SNARE complex

seems to be activated by calcium [7], and the t-SNAREs SNAP25 and syntaxin-1 interact

with the calcium sensor synaptotagmin in a calcium-dependent manner [5,8]. Recently,

SNARE proteins were identified on the acrosome of mammalian sperm cells ([3,9–12]; for

a comprehensive review see [13]). These sperm proteins modulate secretion during the AR,

and members of the synaptotagmin family are also present on the sperm head [3,14,15]. On

the other hand, spermatozoa must also develop and retain a proper distribution of proteins

and lipids in the plasma and acrosomal membranes, until membrane fusion can take place

[16]. Mammalian sperm exhibit surface component regionalization related to plasma-

membrane domains [17] and to regional diffusibility [18–20]. Detergent-insoluble lateral

membrane specializations, named caveolae or rafts (glycosphingolipid–cholesterol

microdomains), function in the sorting and transport of lipids and proteins in

cellular membranes, forming a multimolecular signalling complex [21,22]. Caveolin-1,
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a cholesterol-binding protein [23], is considered the structural component responsible for

the morphology of caveolae, and a key raft organizer [21,24]. Very recently, caveolin-1 was

also identified in mature mouse and guinea pig sperm [25,26].

The aim of the present study was to investigate the presence of SNAREs, SNARE-

associated proteins and caveolin-1 in stallion sperm, as well as to correlate the number of

sperm cells positive for each protein with stallion fertility, in order to determine if this

approach with novel probes could be used as a predictive tool in the field. On the other

hand, while functionally important proteins are predicted to be associated with functional

spermatozoa, surface sperm ubiquitination has been described as a phenomenon that labels

defective spermatozoa, whether those defects are obvious at the morphological level or not

[27–30]. Therefore, we have also investigated the surface ubiquitination of stallion sperm

cells of varied fertility. This study thus focuses on a comprehensive dual analysis of stallion

fertility, using both markers for defective (ubiquitin) and functional (SNARE-related

proteins, caveolin) sperm in the same semen samples. We have also compared these novel

methodologies with classic assessments of stallion sperm.

2. Materials and methods

2.1. Antibodies and probes

Antibodies specific for syntaxin 1 (neural forms 1A and 1B), VAMP/synaptobrevin and

NSF were obtained from Synaptic Systems (Göttingen, Germany), a polyclonal anti-

synaptotagmin I was a kind gift from Dr. Gary Wessel (Brown University), and a

synaptotagmin I monoclonal antibody was also obtained from Synaptic Systems. Anti-

caveolin 1 was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and anti-

ubiquitin was obtained from Sigma (St. Louis, MO, USA). FITC-conjugated pea agglutinin

PSA (Pisum sativum lectin) was also obtained from Sigma and Propidium Iodide (DNA

stain) was purchased from Molecular Probes Inc. (Eugene, OR, USA). Fluorescein (FITC)-

conjugated secondary antibodies were obtained from Zymed (San Francisco, CA, USA).

2.2. Semen collection and assessment of semen quality

The study was performed during the breeding season (February to July—crescent day

light period) and the bulk of semen samples used were obtained from four stallions (A–D)

housed at the Agricultural School, Polytechnic Institute of Coimbra, (Coimbra, Portugal), a

region with a mediterranean climate. These stallions were considered representative from a

population of eight stallions analysed for SNAREs, caveolin-1 and ubiquitin. The males

were evaluated according to the protocol developed by Palmer and Fauquenot [31] and

previously classified as fertile (stallions A and B) or subfertile (stallions C and D).

Additionally, stallion A (Anglo-Arab, 16 years old) was classified as fertile based on

fertility rates (62.5–95%) obtained in the past four breeding seasons, with an average of

1.5–2.2 heat cycles per pregnancy. Stallion D (Hannoverian, 19 years old), a male with a

history of fertility, had been experiencing fertility problems that persisted during this study.

Stallion B (Lusitano, 20 years old) and C (Sorraia, 4 years old) did not have reproductive
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histories. In addition, samples were collected from three other stallions (three to five

samples per male) which were, however, not available for direct fertility assessment by

mare insemination during the period of this study. Stallion F (Lusitano, 20 years old),

stallion G (Lusitano, 5 years old), and stallion H (Sorraia, 10 years old) were classified as

fertile (F and G) and infertile (H) based on their performances in the previous breeding

seasons. For these reasons data from these animals is considered separately (see Section 3).

Semen was routinely collected using a phantom (Hannover model) and an artificial

vagina (INRA model [32]) and it was filtered through gauze to remove the gel and any large

particles of debris. The gel-free semen was maintained at 35 8C in a water-bath during

dilution and semen analyses to assess sperm quality: (a) progressive motility was

estimated visually under light microscopy at 35 8C on a heated stage, (b) sperm

concentration was calculated using a previously calibrated photocolorimeter at 546 nm

(Colorimeter 254, Ciba-Corning), (c) viability (percent live sperma) was evaluated by the

nigrosin–eosin stain using bright-field microscopy [33] and (d) sperm morphology was

evaluated by a negative stain, using india ink as a contrasting reagent and bright-field

microscopy [34].

2.3. Artificial insemination (AI) of mares

Semen dilution was performed at a final concentration of 20 � 106 sperm cells/ml in a

milk extender medium [half skim UHT, ultra high temperature pasteurized, milk

supplemented with Gentamicin (50 mg/ml) and Penicillin (50 UI/ml)] maintained at 35 8C
prior to semen collection. Standard doses (15 ml) of diluted semen were used in AI within

the first 30 min after collection.

After detecting the mare’s estrus, by the observance of the estrous behaviour in the

presence of a male horse, the mare’s reproductive status were observed regularly by

ultrasonographic scanning (5 MHz transducer) and AI took place when a 35 mm follicle

was observed. Before inseminations the vulvar region was washed with Betadine solution.

An intrauterine insemination catheter (Sonde Equine-imv Technologies) was used to

deposited the semen in the uterus (10 cm behind the uterine portion of the cervix) by virtue

of passing the catheter through the cervix using the finger to direct it to the uterine body.

Mares were inseminated with at least 300 � 106 spermatozoa per AI every 48 h until

ovulation.

For diagnosis of pregnancy and twining inspection ultrasonographic images of the

conceptus at 13 days after last AI were taken with a 5 MHz transducer. Due to embryonic

loss in early pregnancy this examination was repeated at day 45.

2.4. Fertility rates

To calculate the fertility rates (fertility per cycle [FC] and fertility at the end of the

breeding season [F]) we utilized the estimations and rules commonly used in French

National Studies [32]. For each stallion we determined the (1) total heat cycles (all the

cycles explored), positive heat cycles (pregnant cycles determined by ultrasonography at

days 13 and 45 after last AI) and negative heat cycles (non-pregnant cycles or cycles

followed by a new cycle); (2) total mares, positive mares (pregnant mares) and negative
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mares (nonpregnant mares), (3) number of cycles utilized per mare inseminated and (4)

number of cycles utilized per pregnancy.

2.5. Assessment of acrosomal status

Acrosomal integrity was evaluated by the acrosome content marker FITC-PSA (Pisum

sativum agglutinin linked to fluorescein isothiocyanate) [35]. A stock solution of FITC-

PSA was prepared by dissolving 2 mg of FITC-PSA in 2 ml of Hank’s balanced salt

solution containing 10 mM Hepes (HH) and it was stored in aliquots at �20 8C. Semen

sample was diluted at a final concentration of 20 � 106 spz/ml in HHBSA medium (HH

plus 1% BSA) at 35 8C, fixed for 10 min in 2% paraformaldehyde and washed by

centrifugation at 600 � g for 3 min at 20 8C. The samples were permeabilized using 95%

ethanol in HHBSA (1%) for 30 min at 4 8C and then washed with HH. The samples were

then incubated in FITC-PSA at a final concentration of 1 mg/ml for 15 min at 4 8C. Sperm

cells samples (8 ml) were placed on glass microscope slides with coverslips and 200 cells/

ejaculate were visualized with a HUND H 600 AFL fluorescence microscope using a

fluorescein filter (excitation range 450–490 nm, dichromatic mirror 510 nm, supression

filter 520 nm). Two fluorescent patterns were clearly identified: completely apple-green

acrosome fluorescence (acrosome intact), and another pattern showing only a fluorescent

band at the equatorial segment of the sperm head (acrosome reacted).

2.6. Immunocytochemistry

2.6.1. Sperm processing for ubiquitin

Sperm cells (10 � 106 spz/ml) were attached to poly-L-lysine-coated microscope

coverslips and fixed for 2 h in PBS containing 2% formaldehyde. The samples were

blocked in PBS containing 1% BSA + 400 mM glycine for 1 h and labelled overnight with

the primary antibody (1:50 dilution), then washed in PBS and incubated for 60 min with the

appropriate secondary antibody (1:200 dilution). The DNA stain propidium iodide was

added 10 min before the end of incubation. Dilutions of the primary and secondary

antibodies were done in blocking solution negative control samples were incubated with

the secondary antibody alone. Coverslips were mounted in VectaShield mounting medium

(Vector Laboratories, Burlingame, CA, USA) and 100–200 cells in each sample were

visualized with a HUND H 600 AFL fluorescence microscope.

2.6.2. Sperm processing for SNAREs and caveolin-1

Sperm cells were attached to poly-L-lysine-coated microscope coverslips and fixed as

described previously. Permeabilization was performed for 30 min in PBS with 1% Triton

X-100, and nonspecific reactions were blocked by further incubation in PBS containing 1%

BSA and 400 mM glycine for 1 h at room temperature. For labelling, samples were

incubated overnight with the primary antibody diluted in blocking solution. After washing

in PBS with 0.1% Triton X-100 the samples were incubated with the appropriate secondary

antibody (1:200 dilution). Mounting and observations of coverslips were performed as

described previously. Negative control samples were incubated with the secondary

antibody alone. Alternative staining using simultaneous fixation in paraformaldehyde (2%)
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and permeabilization with 0.1% Triton X-100 at 37 8C for 1 h was also carried out [10,11]

for all antibodies, with similar results (data not shown).

2.7. Statistical analysis

For semen quality characteristics (motility, viability, gel-free volume and total sperm

number), acrosomal status and SNARE results differences between means were tested by

ANOVA considering the effect of stallion (and ejaculates within any given stallion, since

more than one ejaculate per stallion was used). Tukey HSD post hoc tests were performed if

the initial test result was significant at p � 0.05. According to the fertility rates obtained

two groups of animals were considered, fertile (stallions A and B) and in(sub)fertile

(stallions C and D), and t-test was used to compare the means of positive staining cells. For

morphological characteristics general differences between means were tested by an

ANOVA considering effects of method (negative stain, ubiquitin), stallion (and ejaculates

within any given stallion, since more than one ejaculate per stallion was used), and the

interaction of stallion versus method. Differences in pregnancy cycles between groups

were analysed by the chi-square (x2) test. Multiple regression was performed and we

extended the ANOVA to include the semen parameters and SNARE-positive cells as

sources of explained variation in fertility. Statistical significance was set at the 0.05

probability level. Results are expressed as means � S.D.

3. Results

3.1. Clinical semen parameters and fertility results

All semen samples were collected during the breeding season (February to July) and the

ejaculates utilized to inseminate the mares, as described. Stallions A and B were highly

fertile (Table 1) and all measures of seminal parameters (Table 2) were in accordance with

their age. The sperm characteristics of stallion D were typical of a subfertile stallion (low

percentages of viability and motility, and low sperm count), but the infertility problem

observed before this study persisted, and it was therefore characterized as infertile. A male-

related problem was confirmed when mares that had failed to impregnate with samples

from this male were successfully inseminated with sperm from a fertile donor. Stallion C,

the youngest one, presented the worst semen characteristics, and experienced difficulty in
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Table 1

Fertility rates in four stallions of varying fertility

Stallion Total

mares

FC

(%)

F

(%)

Total

heat cycles

Heat

cycles/mare

Heat

cycles/pregnancy

Notes

A 20 79.17 95.0 24 1.2 1.26 Fertile

B 6 100 100 6 1.0 1.0 Fertile

C 4 40 50 5 1.25 2.5 Subfertile

D 7 0.0 0.0 14 2.0 – Infertile

FC: fertility per heat cycle; F: fertility rate at the end of the breeding season.
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Table 2

Clinical semen parameters in four stallions of varying fertilitya

Stallion Age

(years)

Total sperm

number (�109)

Vitalityb (%) Motilityc

(percent progressive)

Abnormald (%) Volume (gel-free) (ml) pH Notes

A 16 8.06 � 4.03 (33)a 73.19 � 12.44 (26)c 51.14 � 6.59 (33) 16.09 � 3.86 (11) 46.18 � 18.06 (30)e 7.15 � 0.3 (34)e,f Fertile

B 20 7.8 � 3.5 (14)a 74.83 � 12.02 (12)c 45.18 � 6.54 (12)d 11.33 � 3.5 (9) 47.25 � 21.71 (13)e 7.00 � 0.0 (14)f Fertile

C 4 4.6 � 1.8 (10)b 31.53 � 13.18 (8) 30.00 � 6.24 (10) 55.82 � 10.85 (11) 14.77 � 5.36 (10) 7.00 � 0.0 (11)f Sub-fertile

D 19 4.7 � 1.5 (22)b 52.36 � 11.82 (22) 40.38 � 7.66 (20)d 27.55 � 7.97 (11) 29.72 � 10.65 (22) 7.30 � 0.4 (22)e Infertile

Values in parentheses indicate number of ejaculates observed for each stallion. In columns with the same superscripts (a–f) the samples are not significantly different

(p < 0.05).
a Values are means � S.D. of measurements.
b Values are mean (�S.D.) percentages of the viable (not eosin stained) cells. For each ejaculate, counts were performed on 200 cells.
c Progressive motility observed after collection.
d Values are mean (�S.D.) percentages of the cells that had abnormal morphology. For each ejaculate, counts were performed on 200 cells. For statistical differences

between samples see Table 3.



impregnating mares (2.5 heat cycles utilized per mare inseminated—Table 1). This last

animal belongs to a Portuguese native horse breed, the Sorraia horse, that was subject in the

past to complete genetic isolation, leading to extremely high levels of inbreeding [36]. At a

5% level, a significant portion (adjusted r2 = 0.42) of the total variance in fertility was

explainable by seminal characteristics, namely by viability (p < 0.01).

3.2. Ubiquitin

The putative ubiquitin-dependent sperm quality control mechanism that resides in the

mammalian epididymis [27] was very recently extended to the equine [30]. In this report,

13 ejaculates for stallion A, 6 for stallions B and C and 4 for stallion D were analysed, and a

mean value of 176 cells/ejaculate were observed to determine to what extent surface

ubiquitination could be related with semen quality and fertility. Although some apparently

normal spermatozoa were labelled using this technique (especially for stallion D, see the

following), the intensity of surface ubiquitination was highest in cells that possessed visible

morphological defects on the sperm head and tail (data not shown), similarly to what has

been previously reported [30].

These results were compared with the negative stain commonly used in our laboratory to

routinely assess sperm morphology (Table 3). This simple method uses Indian ink to

outline the cells, contrasting them against a dark background, thus allowing an easy

evaluation of obvious morphological abnormalities. No significant differences were found

between the results obtained with the two methods, and both seemed to inversely correlate

with stallion fertility: (1) with negative staining, fertile males registered an average of

13.95 � 4.35% of morphologically abnormal cells, while stallions with fertility problems

were found to have 41.68 � 17.2% of abnormal cells; (2) with ubiquitin surface staining

fertile stallions registered an average of 11.54 � 6.62% ubiquitin-positive cells, while

in(sub)fertile stallions were found to have a 34.78 � 13.81% staining rate. In both cases

these differences were statistically significant (p < 0.001). However, with negative

staining we found some differences between in(sub)fertile stallions, while with the

ubiquitin method the differences observed were just between fertile and in(sub)fertile

stallions. Additionally, we note that, for stallions A–C, the abnormal rate detected with

negative staining was higher than with ubiquitin, and that for stallion D ubiquitin surface

S. Gamboa, J. Ramalho-Santos / Theriogenology 64 (2005) 275–291282

Table 3

Abnormal sperm cells in four stallions of varying fertility observed by ubiquitin surface labelling and negative

stain

Spermatozoa Stallion

A (fertile) B (fertile) C (sub-fertile) D (infertile)

Ubiquitin 12.95 � 7.47

(13) , b

8.50 � 2.70

(6) , b

37.68 � 12.43

(6)

30.44 � 16.51

(4) , b

Negative stain 16.09 � 3.86

(11) , b

11.33 � 3.5

(9) , b

55.82 � 10.85

(11)

27.55 � 7.97

(11) b

The values are the mean (�S.D.) percentages of the cells that had abnormal morphology. Values in parentheses

indicate number of ejaculates observed for each stallion. For each ejaculate, counts were performed on 200 cells.

Within a column, same letter (b) means no differences between the two methods, see text. Within a row, same mark

( , ) denotes no differences between stallions, see text.



staining revealed a percentage of putative defective cells not detectable by the traditional

method (i.e. cells stained with ubiquitin without obvious morphological defects).

3.3. Structural integrity of the acrosome

A proportion of 7–15% of cells with a deteriorated plasma membrane is common in

freshly ejaculated equine sperm [37], and this may imply that acrosomal contents can be

lost. FITC-PSA binds to the acrosomal content of spermatozoa after plasma membrane

permeabilization, and thus determines the presence or absence of the acrosomal matrix,

which can then be correlated with intact or reacted/damaged sperm membranes,

respectively. Acrosomal status of freshly collected stallion sperm, probed using FITC-PSA,

revealed intact acrosomes in 90.40 � 5.99% of observed cells in fertile stallions and in

60.0 � 18.56% cells in stallions with fertility problems (p < 0.001). No differences were

detected between stallions A and B as well as between stallions C and D (Fig. 1). These

results are gross indicators of a worse acrosomal quality for the in(sub)fertile males.

Indeed, when acrosomal integrity was introduced in the model utilized to correlate semen

parameters and fertility rates, a significant contribution (p < 0.05) to total variation in

fertility was observed (adjusted r2 = 0.54). We then attempted to probe sperm for different,

functionally relevant, acrosomal proteins.

3.4. SNAREs in equine sperm

To better understand stallion fertility we focused our attention on SNARE-related

proteins, based on previous findings that these proteins have a role in the acrosome reaction

[3,11–13,38,39]. The t-SNARE syntaxin, the v-SNARE VAMP/synaptobrevin, NSF and

the calcium sensor synaptotagmin were all identified on equine sperm by immunocy-

tochemistry. Despite some variability between these proteins three major distinct cell

labelling patterns were observed: (1) only equatorial labelling, (2) anterior head labelling

associated with the acrosomal region and labelling in the equatorial region, (3) anterior

head labelling associated with the acrosomal region only (Fig. 2).
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Fig. 1. Acrosome-intact spermatozoa in four stallions of varying fertility. Results represent the average � S.D. in

percentage of measurements from 200 spermatozoa observed for each ejaculate. Same letter indicates no

differences between stallions (a and b, p < 0.05). Values in parentheses indicate number of ejaculates observed.



Several ejaculates for each stallion and for each protein were analyzed (six to seven for

stallion A, five to six for stallion B, five to six for stallion C and three to four for stallion

D—see Table 4). For each protein an average of 120 cells were counted/ejaculate. In total,

7349 and 5706 cells were observed for fertile and in(sub)fertile stallions, respectively, and

the percentage of labelled (positive) cells was calculated. Mean values of marked cells

obtained with each antibody are presented (Table 4). In general, positive staining with

antibodies to SNARE-related proteins was found to occur in 65.17 � 19.29% of cells from

fertile stallions and in 42.24 � 22.08% of cells from in(sub)fertile males (p < 0.001).
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Fig. 2. SNAREs in equine sperm. VAMP/synaptobrevin, syntaxin, NSF and synaptotagmin are detected on the

acrosomal cap region of the sperm head and in the equatorial segment. Syntaxin (A) and NSF (C) are detected

preferentially as a halo like peripheral rim associated with mottled fluorescence labelling over the acrosomal

region. Sperm preferentially show a homogeneous head label for VAMP (B) and synaptotagmin (D). Magnifica-

tion �100. Bar: 5 mm.



Additionally, there were no significant differences between the presence and localization of

these proteins before and after spontaneous sperm capacitation (data not shown). On the

other hand, a relationship was observed between fertility and number of cells stained. At a

5% level, a large (adjusted r2 = 0.87) and significant (p < 0.0001) portion of the variance in

fertility could be explained by the number of SNARE-positive cells, namely considering

synaptotagmin (p < 0.05) and NSF (p < 0.0001), as discussed in the following. Although

fewer samples were available (see Section 2), similar findings were obtained with stallions

F (fertile), G (fertile) and H (infertile) (see the following).

3.4.1. Synaptotagmin

Synaptotagmin appeared on the acrosome with a strong smooth fluorescence signal, not

only in the acrosomal cap, but also in the equatorial region (Fig. 2D). Synaptotagmin

staining seemed to be related with stallion fertility, with fertile males registering an average

of 84.23 � 8.31% labelled cells, while stallions with fertility problems were found to

have a 63.00 � 10.45% staining rate (p < 0.001—Table 4). A higher percentage of

synaptotagmin-positive cells were also found for the fertile stallions F and G (76.5 � 10%

and 91.6 � 7.8%, respectively), when compared to stallion H (70 � 3.5%).

3.4.2. Syntaxin and VAMP/synaptobrevin

Both proteins were localized on the acrosomal cap and the equatorial segment of equine

sperm cells (Fig. 2). For syntaxin, the predominant labelling pattern was a strong halo like

peripheral rim in addition to a mottled fluorescent labelling over the acrosomal region

(Fig. 2A). VAMP was also confined to the same regions, but mostly with a smooth anterior

head labelling pattern (Fig. 2B). The staining patterns observed are in concordance with

previous work [3,38]. Within each stallion syntaxin- and VAMP-positive cells were present

in the same number (i.e., no statistically significant difference was found). Also, although

differences were detected between several stallions, no statistically significant difference
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Table 4

The mean percentage for spermatozoa staining positive for SNAREsa in four stallions of varying fertility

VAMP/

synaptobrevin

Syntaxin NSF Synaptotagmin Notes

Stallion

A 74.47 � 11.59 (6) b 72.68 � 8.61 (7) c 66.46 � 8.97 (6) 85.43 � 8.20 (7) e Fertile

B 34.80 � 6.38 (5) 43.62 � 7.72 (6) 48.60 � 8.17 (5) 82.83 � 8.98 (6) e, f Fertile

C 19.17 � 8.93 (6) 25.95 � 5.45 (6) 32.00 � 3.95 (6) d 56.20 � 9.26 (5) Sub-fertile

D 60.59 � 21.09 (4) b 68.75 � 6.09 (4) c 19.33 � 5.86 (3) d 71.50 � 1.92 (4) f Infertile

Groups

Fertile 56.44 � 22.64 (11) 59.26 � 18.70 (13) 58.34 � 12.40 (11)*** 84.23 � 8.31 (13)***

In(sub)fertile 35.74 � 25.50 (10) 43.07 � 22.81 (10) 27.78 � 7.65 (9)*** 63.00 � 10.45 (9)***

a The values are the mean (�S.D.) percentages of the cells that were positively stained for SNAREs. Values in

parentheses indicate number of ejaculates observed for each stallion. For each ejaculate, counts were performed on

100–200 cells. Within a column, same letters (b–f) denotes no differences between stallions; in all other cases

significant differences were encountered (p < 0.05–0.001), see text.
*** Differences (p < 0.001) between groups.



was observed between fertility groups (Table 4). For stallions F, G (fertile) and H (infertile)

the percentages of syntaxin-positive cells were 84.1 � 10.1, 22.0 � 8.5 and 72.7 � 13.5,

respectively; while they were 77.2 � 1.2, 25.0 � 19.1 and 72.7 � 13.5 (respectively) for

VAMP-positive cells.

3.4.3. NSF

Localization of NSF on the sperm acrosomal region and equatorial segment (Fig. 2C)

was similar to what has been previously described [11,40]. Analysis performed on

percentages of cells labelled for NSF indicated that fertile and in(sub)fertile stallions

differed significantly (p < 0.001—Table 4), with fertile males registering an average of

58.34 � 12.40% labelled cells, while stallions with fertility problems had a 27.78 � 7.65%

staining rate (p < 0.001—Table 4). There were also significant individual differences

between stallions (p < 0.01—Table 4). The percentage of cells labelled with NSF was

similar to that of VAMP and syntaxin (p < 0.1), except for the infertile stallion. In this

animal we found a high number of cells stained for monomers of the SNARE complex

(60.59 and 68.75% of cells displaying acrosomal staining for VAMP and syntaxin,

respectively) but a low percentage of cells stained for NSF (19.33%). A similar result was

found for the infertile stallion H (17.1 � 3.6% of positive cells), but not for the fertile

stallions F (84.0 � 4.2%) and G (82.6 � 1%). If the role of NSF is recycling SNARE

monomers for subsequent rounds of fusion, and this protein is not present in the majority of

the sperm cells, as seems the case for stallion D, free v- and t-SNAREs may not be available

for interbilayer partnering. The capacity of rendering mares pregnant observed for the

subfertile stallion could be explained on the basis that a significantly higher (p < 0.01) sub-

population of cells is competent to trigger acrosomal exocytosis and promote fertilization.

To determine if the low level of NSF in in(sub)fertile stallions could be the result of a

high number of acrosome reacted cells we investigated if these parameters were correlated

and no correlation was found. Thus, our data indicate that the low percentage of cells

labelled for NSF in these stallions is an intrinsic phenomenon.

3.5. Caveolin-1

The presence of membrane rafts enriched in caveolin-1 in sperm was reported, and it

was hypothesized that they act as scaffolds or foci for signalling pathways regulating sperm

capacitation in both the head and flagellum [26]. Here we investigated the presence of

caveolin-1 in equine sperm. Anti-caveolin-1 antibodies revealed strong fluorescence

patterns in the same regions of the sperm cell that are enriched in cholesterol, namely at the

acrosomal cap and the equatorial segment of the sperm head (Fig. 3B). Analysis of variance

performed on the percentage of cells labelled with caveolin-1- (Fig. 3A) showed no

differences between the two fertile stallions as well as between the stallions with fertility

problems. However, caveolin-1 immunofluorescence was detected in the acrosome region

of 54.30 � 10.02% of sperm cells in fertile males and in only 25.50 � 10.08% of cells in

stallions with fertility problems (p < 0.001). Additionally, we observed that fertile

stallions present a higher number of cells labelled at the equatorial region. This suggests

that antibodies against caveolin-1 could help distinguish between fertile and infertile

males.
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4. Discussion

For this study we have chosen animals of varying fertility whose reproductive behaviour

parameters were normal, whose seminal characteristics varied from normal to abnormal,

and whose reproductive potential could be quantified directly during the study. The

subfertile male presented a marginal semen profile, while the infertile stallion showed

evidence of declining seminal quality (lower motility, lower viability, lower total sperm

number and high level of morphologically abnormal cells). Despite the fact that stallions A

and B presented ejaculates containing �60% progressively motile sperm they were highly

fertile, and all the others reproductive parameters were normal. Some authors have

encountered a correlation between sperm concentration, sperm motility and percentage of

abnormal spermatozoa with stallion fertility [32], but, in face of the results obtained in this

work, we conclude that these seminal parameters have a limited capacity in predicting

stallion fertility.
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Fig. 3. (A) Presence of caveolin-1 on sperm cells of the four stallions of varying fertility. Results represent the

mean � S.D. in percentage of cells labelled from 100 to 200 spermatozoa observed for each ejaculate. Same letter

indicates no differences between stallions (p < 0.05). Values in parentheses beside stallions indicate number of

ejaculates observed. (B) Caveolin-1 is detected in the equatorial segment and at the acrosomal cap of equine

sperm. Magnification �100. Bar: 5 mm.



In contrast, there were significant differences in surface ubiquitination of equine sperm

cells from different stallions, confirming a previous report [30]. Ubiquitin occurs universally

in eukaryotic cells, and constitutes a nonlysosomal pathway for protein degradation [41]. In

some mammalian species male infertility has been associated with a higher content of sperm

surface ubiquitination, acquired during epididymal passage [27]. The observation that the

ubiquitin method revealed a higher number of abnormal cells in the infertile stallion than

were detected using the traditional (and simpler) negative staining method seems to support

the idea that, besides labelling obviously defective cells, ubiquitination may occur in cells

that appear morphologically normal, for reasons that are, as of yet, unclear. Morphologically

abnormal spermatozoa have been related with stallion fertility and, although we have not

found significant differences between the two methods, the results suggest that ubiquitin

staining could reveal some novel cases of stallion infertility, regardless of the mechanism by

which morphologically normal (but possibly defective) sperm are labelled.

Functional sperm undergo the exocytotic acrosome reaction, with the release of acrosomal

content following fusion betweeen the outer acrosomal membrane and the plasma

membrane. Recent studies indicate that components that are essential for intracellular

membrane merging in somatic cells, such as SNAREs, NSF and synaptotagmins, are also

present in mammalian sperm, and participate in membrane fusion events at fertilization (see

[13]). In the context of the prevalent model multiple copies of free v- and t- SNAREs are

needed to trigger fusion, and the role of SNARE proteins is to bring membranes into close

apposition [4,42]. Studies of neuronal synapses and isolated vacuoles suggest that NSF and

a-SNAP allow docking by dissociating preexisting stable complexes of v- and t-SNAREs

[43]. The disruption of the SNARE complex by NSF makes SNAREs available for later

rounds of fusion (for a recent review and model see [13]).

This study describes the presence of SNARE-related proteins in equine sperm, and also

providespreliminaryevidence that functional componentsof themembranefusionmachinery

couldbeused tohelppredict equinefertility.Previousfindingshaveidentified theseproteins in

other species, and functional evidence that SNAREs could modulate secretion during the

acrosome reaction has emerged [3,9–12]. In addition, members of the synaptotagmin family

of calcium sensors that are active in regulated exocytosis were also described in mammalian

sperm [3,14,15]. We have extended these findings to the equine model, although, since the

probes used are known to react with several family members [13], we cannot be sure which

isoforms of syntaxin, VAMP or synaptotagmin are present in this case.

Syntaxin and VAMP localized to the acrosomal cap and equatorial segment, and the

number of sperm cells labelled in fertile stallions did not differ from what was found in

in(sub)fertile stallions. Although these results in no way challenge the known importance

of SNAREs in the acrosome reaction, they imply that quantification of syntaxin- and

VAMP-positive sperm cells in a semen sample could not be used to predict the fertility

problems presented by the stallions utilized in this study. On the other hand, we have also

identified NSF in equine spermatozoa, and the differences encountered between stallions

for NSF-positive sperm seemed to be correlated with fertility. Furthermore, the presence of

NSF-positive cells was not related to acrosome integrity. In the infertile stallions (D and H)

we found a high number of cells labelled for SNAREs, but a much lower number

labelled for NSF. This observation suggests that NSF activity was possibly not sufficient to

disassemble the SNARE complex. As a consequence, a majority of the sperm cells would
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probably not be competent to trigger the acrosome reaction in these cases. Similar results

were obtained for synaptotagmin-positive sperm cells. Following an initial study [3],

synaptotagmin VI and synaptotagmin VIII have been identified in human [14] and mouse

sperm cells [15], respectively. In our equine system the high percentage of cells labelled for

synaptotagmin in fertile stallions differed significantly from the average found in stallions

with fertility problems, which could mean that calcium sensitivity is impaired in a

significant number of sperm cells from infertile stallions.

Another essential feature of sperm biology is capacitation, which precedes the acrosome

reaction. This process involves the removal of cholesterol from sperm membranes, an event

connected with signal transduction [37,44]. Cholesterol causes dramatic changes in

membrane molecular order and fluidity [45] and modulates the occurrence and structure of

lipid-driven membrane domains [46,47]. It also has a critical influence in the integrity of

lipid rafts [48]. We have detected caveolin-1 on the cholesterol rich-regions of equine

sperm cells, the acrosomal cap and equatorial segment [49], the same localization as for

SNARE proteins. Furthermore, the number of caveolin-positive cells could be used to

distinguish between fertile and infertile stallions. Previous authors have suggested that the

localization and/or organization of specific signalling pathways in sperm could be

mediated by caveolin rafts [26], and it is possible that lack of caveolin-positive cells may

impair stallion fertility by affecting these pathways.

In conclusion, prediction of stallion fertility could be improved if additional parameters

were to be used. Based on our samples and observations (which will require further

validation, using a larger number of animals) there appears to be a relationship between

equine fertility and the presence of more or less sperm cells positively labelled for

synaptotagmin (a calcium sensor), NSF (a SNARE complex disassembler) and caveolin-1

(a signalling pathways organizer). What the exact functional relevance of these

observations is in terms of sperm physiology remains to be determined.
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