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Abstract The plasmalemma of spermatozoa bears negative charges as is the case for most mammalian cells.
This has been concluded from the sperm cell’s electrophoretic behaviour and from labelling experiments with
various cationic probes followed by transmission electron microscopy of ultrathin sections. An overall view of
the cell surface, however, is necessary in order to assess
the distribution and density of the anionic sites adequately. We, therefore, used scanning electron microscopy in
combination with cationised colloidal gold labelling to
analyse the presence of anionic sites on ejaculated boar
spermatozoa. Incubations were performed at pH 3.5, 2.5
and 1.0. Labelling was specific and bound gold particles
were unequivocally identified using the backscattered
electron signal. The chemical nature of the anionic sites
involved was investigated by treating spermatozoa with
pronase, phosphatase and neuraminidase as well as by
methylation, acid hydrolysis and β-elimination prior to
cationised gold labelling. Our results suggest that besides phosphates, carboxyl groups are predominantly accountable for the binding of cationised colloidal gold.
Presumptive macromolecules bearing these anionic sites
are phospholipids and sialic acid residues. The combination of methods presented herewith should be of value in
order to elucidate charge interactions which have been
shown to play a role in cellular recognition events and
adhesion.
Keywords Negative charges · Sialic acid · Carboxyl
groups · Cell–cell interactions
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Introduction
Like most mammalian cells, spermatozoa bear a net negative surface charge. This has long been known since
sperm cells exposed to an electric field migrate toward
the anode (Bedford 1963; Nevo et al. 1961). Further evidence came from observations on isoelectric focusing of
sperm cells (Moore 1979) and from direct detection of
anionic sites in transmission electron microscopy by
means of cationic probes such as colloidal iron hydroxide, ruthenium red and cationised ferritin (Danon et al.
1972; Delgado et al. 1990; Fléchon 1975; Lopez et al.
1987; Yanagimachi et al. 1972). Recently, the interest in
the presence and distribution of electrical charges at the
cell surface has met a revival since electrostatic phenomena are likely to play a pivotal role in cell–cell interactions in general and fertilisation in particular (Iqbal and
Hunter 1995; Philip et al. 1997). To date, however, ultrastructural localisation of anionic sites at the sperm surface only has been achieved by transmission electron microscopy and information on density and distribution of
negative charges has been drawn from cross-sectional
views. Although these techniques allowed anionic sites
to be localised to the glycocalyx, the use of ultrathin sections inevitably imposed tangible limitations on the assessment of labelling density at the cell surface. Provided suitable probes are available, scanning electron microscopy (SEM) unquestionably would be a more adequate approach to provide an overall picture of the sperm
surface and to address this issue. Colloidal gold has been
introduced in recent years as a cationic probe (Kashio et
al. 1992; Ohtsuka and Murakami 1994; Saga 1998;
Skutelsky and Roth 1986; Skutelsky et al. 1995). This
lead us to attempt to track the anionic charges by means
of cationised gold and using the backscattered electron
signal in SEM. The goals of the present study, therefore,
were to demonstrate the presence and distribution of
negative charges on sperm cells by SEM and to provide
information on their chemical nature by selective removal.
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Materials and methods
Materials
Spermatozoa were obtained from a boar station providing boar semen for artificial insemination (SUISAG, Knutwil, Switzerland).
Ejaculates were collected with an artificial vagina and suspended
in an appropriate extender (modified after Pursel and Johnson
1976) for transport. Experiments were performed at least in triplicate and a minimum of 50 sperm cells per sample were examined
by SEM.

1995). After two more washing steps, sperm cells were adsorbed
onto gold-sputtered coverslips which had been precoated with
poly-L-lysine.
Labelling with colloidal gold at pH 1
Fixed but otherwise untreated sperm cells were suspended in potassium chloride-HCl buffer (pH 1) and incubated with colloidal
gold as described above (Ueda et al. 1998).
Controls

Methods
Washing and fixation of sperm cells
Upon receipt, 1 ml sperm suspension was added to 12 ml washing
solution (6% w/v D-glucose, 0.37% w/v trisodium dihydrate,
0.37% w/v disodium EDTA, 0.12% w/v sodium hydrogen carbonate, pH 7.2) and centrifuged at 180 g for 15 min. Sperm cells were
washed two more times with intervening centrifugation. The final
sperm pellet was resuspended in 1 ml PBS. Where appropriate,
sperm cells were fixed in 1% paraformaldehyde, 1% glutaraldehyde in 0.2 M cacodylate buffer (pH 7.4) for 1 h at room temperature. Free aldehydes were blocked thereafter with 0.2 M glycine in
0.1 M PBS (pH 7.2) at 4°C overnight in order to block the negative charges of free aldehyde residues (Torihara et al. 1995).
Enzymatic treatment
Washed but unfixed sperm cells were incubated for 3 h at room
temperature in the presence of the respective enzyme. Enzymatic
treatments with pronase, phosphatase (acid phosphatase from
sweet potato) and neuraminidase (type V from Cl. perfringens)
were performed at pH 5.3, but at pH 4.5 for α-mannosidase
(Parillo et al. 1997; Wall et al. 1995). The final concentration of
all enzymes was 1 IU/ml in washing solution. After enzymatic digestion, sperm cells were fixed as described above. All enzymes
were purchased from Sigma (Buchs, Switzerland).

In all experiments, control samples were preincubated with
1 mg/ml poly-L-lysine in 0.05 M TRIS (pH 2.5) for 1 h at room
temperature prior to cationic gold labelling. Furthermore, when
sperm samples were subjected to chemical or enzymatic procedures prior to the gold labelling, sham-treated control aliquots
were incubated with washing solution instead of the corresponding treatment. Again, these samples were split into two aliquots,
one of which was incubated with poly-L-lysine prior to the colloidal gold labelling.
Processing for SEM
Samples were osmicated in 1.33% OsO4 with 0.11% ruthenium
red in 0.13 M cacodylate buffer (pH 7.4; Stoffel et al. 1991), dehydrated through an ascending alcohol series and critical-point dried
in a CPD 030 (Bal-Tec, Balzers, Liechtenstein) or dried by evaporation of hexamethyldisilazane (Sigma, Buchs, Switzerland; Braet
et al. 1997; Ting-Beall et al. 1995). Secondary electron and corresponding backscattered electron images were obtained with a
scanning electron microscope DSM 982 Gemini (Leo, Oberkochen, Germany) at an accelerating voltage of 5 kV.

Results
Untreated sperm cells

Methylation
Sperm cells were washed and fixed as described above. After
blocking free aldehydes with 0.2 M glycine in PBS, samples were
incubated in 0.1 N HCl in methanol for 24 h at 60°C (Friess and
Liebich 1972; Gasic et al. 1968; Lillie 1965).

β-elimination
Fixed sperm cells were resuspended in 0.5 N NaOH/70% ethanol
and incubated for 7 days at 4°C. Samples were then washed with
70% ethanol (Leis et al. 1997; Ono et al. 1983).
Acid hydrolysis

Labelling of untreated sperm cells at pH 3.5 (not shown)
and at pH 2.5 (Fig. 1a, b, d, e, h, i) yielded identical results. Distribution of anionic sites on sperm heads was
uniform and of considerable density. Gold particles were
spread evenly over the anterior acrosomal, the equatorial
and the postacrosomal segments of the sperm head plasma membrane (Fig. 1a–c). Labelling density on sperm
tails was comparable to or lower than that observed on
sperm heads (Fig. 1d, e). After incubating the sperm
cells with colloidal gold at pH 1, no labelling was present (Fig. 1f, g). Preincubation of control samples with
poly-L-lysine effectively prevented labelling with cationised colloidal gold (Fig. 1h, i).

Samples were fixed as described above. Pellets were then incubated in 0.1 M HCl for 2–3 h at 82°C (Leis et al. 1997).

Treated sperm cells
Labelling with colloidal gold at pH 2.5
Prior to proceeding with the gold labelling, all samples were resuspended in 0.05 M TRIS (pH 2.5). Aliquots of treated and untreated samples were then incubated with 15-nm cationic gold
(British BioCell International, Basel, Switzerland) at a dilution of
1:50 in 0.05 M TRIS (pH 2.5) for 2 h at room temperature and
overnight at 4°C (Skutelsky and Roth 1986; Skutelsky et al.

The labelling pattern of anionic sites on sperm cells was
altered by foregoing treatment with neuraminidase. A
difference in cationised gold binding was noted between
acrosomal and postacrosomal regions. Whereas the density in the postacrosomal region was not diminished as
compared to untreated cells, the number of anionic sites
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Fig. 1a–i Labelling of untreated spermatozoa with 15-nm cationised colloidal gold. At pH 2.5 (a, b, d, e, h, i) anionic sites were
evenly distributed over the anterior acrosomal (c; AAS), the equatorial (c; ES) and the postacrosomal segments (c; PAS) of the
sperm head plasma membrane (a, b). Labelling density on sperm
tails (d, e) was inferior to head labelling. No labelling was detected at pH 1 (f, g). Preincubation of sperm cells with poly-L-lysine
completely prevented binding of cationised gold particles (h, i).
Secondary electron micrographs showing plasmalemma (a, d, f, h)
and backscattered electron micrographs revealing bound gold particles (b, e, g, i). Bar 1 µm

on the acrosomal plasma membrane was reduced
(Fig. 2a, b). The opposite effect was observed after phosphatase digestion since labelling was virtually absent
from the postacrosomal region while still being present
over both the acrosomal and the equatorial segments
(Fig. 2c, d). Pronase did affect plasma membrane integrity in most cells thus making assessment of labelling density difficult (not shown). As compared to sham-treated
sperm cells (not shown), exposure to mannosidase barely
reduced the number of anionic sites as evidenced by colloidal gold labelling (Fig. 2e, f).
Acid hydrolysis (Fig. 2g, h), methylation (Fig. 2i, j)
and β-elimination (Fig. 2k, l), however, completely abolished binding of cationised colloidal gold to sperm cells.
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Discussion

▲

In the present study, we successfully used cationised colloidal gold and SEM to demonstrate anionic sites on
ejaculated boar spermatozoa. Bound gold particles were
detected by collecting the backscattered electron signal
and, thus, we were able to clearly visualise the presence
and distribution of discrete negative charges at the surface of boar ejaculated spermatozoa. In addition, we
used enzymatic and cytochemical treatments in order to
narrow down the wide range of possible acidic groups.
In our experiments, labelling at pH 2.5 was uniform
in all three plasma membrane domains of the sperm
heads. Labelling density was never found to be higher on
sperm tails than on sperm heads. This is in agreement
with previous reports in this species since fewer negative
charges on tails than on heads have been demonstrated
on boar (Delgado et al. 1990), stallion (Lopez et al.
1987), bull and human sperm cells (Yanagimachi et al.
1972). However, there seem to be substantial interspecies differences. In ejaculated or cauda epididymal spermatozoa from rabbit, mongoose, rat, guinea-pig and
hamster, heavier iron hydroxide labelling of sperm tails
as compared to the sperm heads has been reported
(Fléchon 1975; Yanagimachi et al. 1972). Rabbit sperm
cells also point their tails towards the anode when exposed to an electrostatic field (Bedford 1963). Electrophoretic behaviour, however, does not say anything
about the absolute number of negative charges present
but only about the net electrical charge. In order to monitor the actual density and distribution of binding sites,
SEM is likely to yield the most reliable information and
the comparative aspect of interspecies differences
should, thus, be revisited.
The binding of cationised colloidal gold particles to
negative charges rests on an electrostatic interaction.
Ionisation at low pH can be ascribed to acidic groups
such as carboxyl groups of glycoproteins and/or glycolipids associated with sialic acid residues, sulphated
polysaccharides and phosphate groups of phospholipids.
From these, only sulphates are still being ionised at pH 1
(Kashio et al. 1992). Since no labelling of the sperm surface was detected at pH 1, sulphates do not seem to contribute significantly to making the boar sperm surface
electronegative. This conclusion is in conflict with a report associating the binding of ruthenium red to the presence of heparin sulphate at the sperm surface (Delgado
Fig. 2a–l Labelling of spermatozoa after previous enzymatic and
cytochemical treatment. After neuraminidase digestion (a, b) no
difference in labelling density was noted for the postacrosomal region whereas a slight decrease was observed over the acrosomal
plasmalemma. Treatment of sperm cells with phosphatase selectively interfered with labelling in the postacrosomal region (c, d).
Homogeneous labelling was still present after α-mannosidase
treatment (e, f). However, acid hydrolysis (g, h), methylation (i, j)
and β-elimination (k, l) completely prevented labelling with cationised gold. Secondary electron micrographs showing plasmalemma (a, c, e, g, i, k) and backscattered electron micrographs revealing gold particles (b, d, f, h, j, l). Bar 1 µm

et al. 1990). The reason for this discrepancy is unclear
although we suspect differences in methods used to account for this variation. It would seem, however, that differences in distribution and density of anionic sites are
more easily assessed on scanning electron micrographs
of whole cells after exposure to cationised colloidal gold
than on ultrathin sections after colloidal iron hydroxide
labelling.
Phosphate and carboxyl groups are in an ionised state
at pH 2.5. Both phosphatase and neuraminidase selectively affected the labelling pattern. Phosphatase treatment
interfered with binding of cationised gold to the postacrosomal region whereas neuraminidase reduced labelling
density over the acrosomal and equatorial segments.
Thus, phospholipids are likely to account to a substantial
degree for the binding of cationised colloidal gold over
the postacrosomal region. Neuraminidase has been reported to be effective in removing negative charges from
hamster, rat and mouse epididymal spermatozoa (Moore
1979) and from peritoneal mesothelium (Ohtsuka and
Murakami 1994). In several other investigations, however, anionic sites supposed to belong to sialic acid residues
were insensitive to neuraminidase treatment as concluded
from both labelling experiments and electrophoretic mobility (Fléchon and Morstin 1975; Lopez et al. 1987;
Moore 1979; Yanagimachi et al. 1972). In our experiments, neuraminidase treatment did not affect labelling of
the postacrosomal plasmalemma but somewhat reduced
the number of binding sites for cationised gold over the
acrosomal area. Neuraminidases have preferences for different linkages of sialic acid, and factors determining resistance to enzymatic hydrolysis have been established
(Parillo et al. 1997; Rodriguez et al. 1996). Thus, enzymatic digestion is not effective in every case. We, therefore, subjected boar spermatozoa to biochemical procedures as well. Acid hydrolysis and methylation of sperm
cells completely abolished cationised gold labelling. Acid
hydrolysis removes sialic acid and methylation esterifies
carboxyl and cleaves sulphate groups. Elimination of colloidal iron hydroxide binding after methylation has also
been reported for stallion spermatozoa (Lopez et al.
1987). Methylation is not group specific, but proceeding
from a lack of sulphate groups as mentioned above, sensitivity to methylation is likely to betray the presence of
carboxyl groups. Presence of sialic acid residues at the
sperm surface has been demonstrated in several species
(Lopez et al. 1987; Retamal et al. 2000; Schröter et al.
1999; Toshimori et al. 1988). Indirect support for this
contention also comes from the specific attachment of
Sendai virus or influenza virus and from evidence that
sperm cells acquire sialic acid groups during epididymal
transit (Holt 1980; Olson and Hamilton 1978). Therefore,
we attribute binding of cationised gold over the acrosomal region to the presence of neuraminidase-resistant
sialic acid residues. The observation that β-elimination
drastically reduced labelling with cationised colloidal
gold further suggests that sialic acid residues are associated to a substantial degree with O-linked oligosaccharides
(Arenas et al. 1998). In addition, α-mannosidase treat-
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ment did not prevent labelling with cationised colloidal
gold as compared to sham-treated spermatozoa. This
finding lends further support to the conclusion that
O-linked glycans bear most detectable sialic acid residues
since one would expect α-mannosidase to remove terminal sialic acid residues together with the high mannose
core of N-linked carbohydrates (Arenas et al. 1998;
Kirchhoff and Schröter 2001). Apart from the presence of
phosphate groups of phospholipids demonstrated in the
postacrosomal region, the bulk of negative charges at the
sperm surface, thus, appears to be attributable to carboxyl
groups of sialic acid residues. Analogously, sialylated
N-acetyllactosamine repeats in O-linked carbohydrate
chains have also been reported in porcine zona pellucida
glycoproteins (Hokke et al. 1994).
Net negative surface charge has long been suspected
to be an indicator of sperm maturity (Bedford 1963).
This contention is supported by increasing evidence that
charge interactions may mediate recognition events and
cellular adhesion (Philip et al. 1997). It has been shown
that the zona pellucida is virtually devoid of negatively
charged constituents and thus might attract spermatozoa
whereas the cumulus cells are intensely labelled with
polycationic probes and, therefore, will repel sperm cells
(Skutelsky et al. 1992). In the bull, capacitation is associated with a reduction of the net negative surface charge
of sperm cells and electronegativity is inversely correlated with the penetration of zona-free hamster eggs (Iqbal
and Hunter 1995). A main purpose of capacitation then
would be to remove surface charges so as to allow particle clustering and formation of protein-free areas of lipid
as a prerequisite for membrane fusion events. Taken together, these observations lend considerable support to
the contention that charge interactions might play a pivotal role in sperm–egg interactions. The use of cationised
colloidal gold and SEM should help unravel the functional implications of anionic sites in sperm maturation
and fertilisation.
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