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Abstract Although chemotaxis has been proposed to
guide sperm to egg throughout the animal kingdom,
sperm attractants released from mammalian eggs have
not been identiWed. Since the G protein subunit �-gust-
ducin is accepted as a marker of chemosensitive cells,
attempts were made to explore whether �-gustducin is
also expressed in spermatozoa of mammals. Immunohis-
tochemical approaches using an anti-�-gustducin-speciWc
antibody revealed the most intense immunoreactivity in
diVerentiating spermatids. Further evidence for the
�-gustducin expression was obtained analyzing testicu-
lar and sperm-derived tissue preparations in western
blot analyses. To elucidate whether �-gustducin is
retained in mature spermatozoa, epididymal mouse
and rat sperm were subjected to immunocytochemistry
as well as immunogold electron microscopy. A speciWc
staining was obtained within the circumference of the
midpiece-localized mitochondria, on the axoneme and
the outer dense Wbers surrounding the microtubules of

this region, whereas no labeling was detectable in the
end piece regions. The analysis of ejaculated bovine
and human sperm revealed a comparable segmental
distribution pattern for �-gustducin. Although a possi-
ble function for �-gustducin has yet to be determined,
the axonemal-associated localization within the midpiece
and principal piece of diVerent mammalian spermato-
zoa raises the possibility that this G protein �-subunit
may process intracellular signals controlling sperm
motility.

Keywords �-Gustducin · G protein · Spermatozoa · 
Signal transduction · Motility

Abbreviations
cAMP 3�,5�-Cyclic adenosine monophosphate
cGMP Cyclic guanosine 5�-monophosphate
FITC Fluorescein isothiocyanate
PDE Phosphodiesterase
PLC Phospholipase C
SCC Solitary chemosensory cells

Introduction

Chemotaxis of sperm is well documented for marine
invertebrates with external fertilization. Chemotaxis
also is proposed to operate in sperm of mammals,
including humans, to increase the likelihood of fertiliza-
tion by chemically guiding spermatozoa to the mature
oocyte within the oviduct (Eisenbach 2004). The search
for sperm attracting activity has focused on the Xuids
secreted by the upper female genital tract, like the fol-
licular Xuid (Ralt et al. 1994; Oliveira et al. 1999; Fabro
et al. 2002; Munuce et al. 2004) or secretions from the
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egg and its surrounding cumulus cells (Sun et al. 2005).
However, in mammals, the molecular identities of
physiological factors are still unknown. Although great
progress has been made very recently in resolving the
behavioural strategies (e.g., Ca2+ controlled swimming
trajectories and Xagellar waveforms) induced by a gra-
dient of chemoattractants (Bohmer et al. 2005), the
molecular transduction process(es) linking the detec-
tion of attracting factors to swimming responses are
still ambiguous: in invertebrates, like sea urchin, resact,
a chemoattractant peptide secreted by the egg, induces
motor responses of the Xagellum by a cGMP (cyclic
guanosine 5�-monophosphate)-mediated transient
increase in intracellular calcium (Kaupp et al. 2003). In
contrast, in human spermatozoa, odorant-induced cal-
cium inXux as well as chemotaxis can be blocked by
adenylyl cyclase inhibition (Spehr et al. 2004), thus
suggesting that sperm chemotaxis in mammals may be
mediated by a cAMP (3�, 5� cyclic adenosine mono-
phosphate)-signaling pathway resembling the one of
the olfactory system (Breer 2003). This promising pos-
sibility is supported by the observation that olfactory
receptor proteins (Parmentier et al. 1992; Vanderhaeg-
hen et al. 1993, 1997; Walensky et al. 1995; Goto et al.
2001; Spehr et al. 2003; Fukuda et al. 2004), as well as
key elements of the olfactory signaling cascade includ-
ing adenylyl cyclase III (Defer et al. 1998; Gautier-
Courteille et al. 1998; Livera et al. 2005) the cyclic
nucleotide activated channel (Weyand et al. 1994;
Wiesner et al. 1998) as well as the olfactory selective G
protein �-subunit G�olf (Fraser et al. 2003; Spehr et al.
2004) are also expressed in mammalian spermatozoa.

Especially for G�olf in neurons of the nasal cavity,
but also for transducins in rods and cones, a tissue-
enriched expression proWle has been described (Shep-
herd 1991; Milligan and Kostenis 2006). The same
observation has been made for gustducin, a G protein
�-subunit that has been demonstrated to play a key
role in “bitter”, “sweet” and “umami” taste sensation
(Wong et al. 1996; Ruiz-Avila et al. 2000; Caicedo et al.
2003; He et al. 2004). �-gustducin, which was originally
discovered in a subset of taste cells on the tongue
(McLaughlin et al. 1992), is also expressed in a variety
of other sensory systems, like the gut (Hofer et al.
1996; Hofer and Drenckhahn 1998) and the vomerona-
sal organ (Zancanaro et al. 1999), as well as in solitary
chemosensory cells (SCC) of the airway (Merigo et al.
2005), the nasal cavity (Finger et al. 2003; Gulbransen
and Finger 2005) and the tongue (Sbarbati et al. 1999).
To test the hypothesis that transduction mechanisms
exist in mammalian sperm that are common to cells in
diVerent chemosensory systems, we looked for the
expression of �-gustducin, a marker of chemosensitive

cells (Sbarbati and Osculati 2003), using light and
electron microscopy. We observed that �-gustducin is
detectable in mature spermatozoa from mouse to
humans and that the expression is notably enriched in
the mitochondria-rich midpiece region as well as the
proximal part of the principal region of the sperm tail.

Materials and methods

General reagents and antibodies

This study was conducted on male adult Balb/c mice
and Wistar rats raised in the central departmental ani-
mal facility or purchased from Charles River (Sulzfeld,
Germany). Testes and epididymides of mature bulls
were obtained from a local slaughterhouse. Frozen bull
semen samples were obtained from local veterinarians.
Freshly ejaculated human semen samples were
obtained from young healthy donors. A rabbit poly-
clonal anti-�-gustducin antibody generated against a
peptide sequence of rat �-gustducin as well as an anti-
G�3, -G�13 and anti-phospholipase C �2 (PLC�2) anti-
body were obtained from Santa Cruz Biotechnology
(Heidelberg, Germany). Horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG was provided
by BioRad (München, Germany) and Xuorescein
isothiocyanate (FITC)-conjugated secondary antibody
against rabbit immunoglobulin was acquired from
Sigma–Aldrich (Deisenhofen, Germany). Taq DNA
polymerase, DNase I and dNTP mix were supplied by
Fermentas (St. Leon-Rot, Germany). Primers were
ordered from Metabion (Planegg-Martinsried, Germany).
Unless speciWed otherwise, reagents were either pur-
chased from Sigma–Aldrich (Deisenhofen, Germany)
or Carl Roth (Karlsruhe, Germany).

Sperm preparation and capacitation

Sperm from adult mice, rats, and bulls were isolated as
described previously (Wennemuth et al. 2000). BrieXy,
carefully dissected caudae epididymes were excised
and washed in HS working solution (30 mM HEPES,
135 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2,
10 mM glucose, 10 mM lactic acid, and 1 mM pyruvic
acid), adjusted to pH 7.4 with NaOH. Subsequently,
cleaned tissue was transferred to HS working solution
supplemented with 0.5% BSA and 15 mM Na2CO3
(HS/BSA/Na2CO3), and incised several times to allow
the sperm to exude into the medium. After a “swim
out” period of 15 min at 37°C and 5% CO2, the
medium was collected, the sperm were concentrated by
centrifugation (5 min, 400g, RT), washed three times
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with HS working solution and used for immunoXuores-
cence. To obtain spermatozoa of diVerent capacitated
status, motile cauda epididymal sperm were collected
in Na2CO3/BSA supplemented HS working solution
and subsequently incubated for diVerent time periods
(0, 60, 90, and 120 min) at 37°C in 5% CO2. At each
experimental time point, two aliquots of cells were
removed from the sperm suspension and carefully
washed in PBS. One aliquot was smeared on slides, air-
dried and used to either evaluate the acrosomal status
by Commassie blue staining or directly deployed for
immunocytochemistry. Cells of the second aliquot
were used to control sperm motility.

Cryopreserved bovine semen samples and freshly
ejaculated human semen were Wrst washed two times
with a ninefold volume of PBS to separate spermato-
zoa from seminal plasma. Subsequently, the sperm
were concentrated by centrifugation (5 min, 500g, RT).
The Wnal bovine sperm pellet was resuspended in PBS
(150 mM NaCl, 1.4 mM KH2PO4, 8 mM Na2HPO4,
pH 7.4) and cells were directly used for immunocyto-
chemical experiments. The human sperm pellet was
carefully covered with prewarmed (37°C) PBS, incu-
bated for 25 min at 37°C and 5% CO2, and subse-
quently, motile sperm in the supernatant were used for
immunocytochemistry.

Total RNA isolation and reverse transcription-
polymerase chain reaction (RT-PCR)

Tissue (pooled circumvallate papillae, testes and total
epididymis not depleted of sperm) removed from adult
male rats was frozen in liquid nitrogen and stored at
¡70°C. For RNA isolation the frozen tissue was mixed
with Trifast reagent (Peqlab, Erlangen Germany),
minced on ice and, subsequently total RNA was
extracted according to the manufacturer’s instructions.
After spectrophotometric determination of total RNA
content, traces of genomic DNA were removed by
treating 4 �g of RNA with RNase-free DNase I, and
the corresponding cDNA was produced using the Revert
Aid Wrst-strand cDNA synthesis kit as described in the
manufacturer’s speciWcations (Fermentas, St. Leon-Rot,
Germany).

PCR reactions were performed in a volume of 25 �l,
containing cDNA from diVerent tissue (20–100 ng),
4 pmol of each primer, 0.4 mM dNTPs, 2 mM MgCl2,
2.5 U Taq DNA polymerase, and 2.5 �l 10£PCR buVer,
pH 8.4. The PCR cycling proWle for the ampliWcation of
�-gustducin was as follows: 5 min at 94°C, followed by 30
cycles of denaturation at 94°C for 30 s, annealing at 55°C
for 1 min and extension at 72°C for 1 min. The PCR pro-
gram Wnished with a Wnal annealing period at 72°C for

10 min. Primers used to amplify �-gustducin from cDNA
derived from rat tissue were 5�-CAATCCGAGAAGT
AGAGAGG-3� and 5�-GCTGTTGAAGAGGTGAA
GAC-3� (sense position, nucleotide 401–420, antisense
position, nucleotide 869–850, according to Genbank
accession no. X65747). Based on the primer design, the
expected size of the �-gustducin PCR product was
469 bp. To exclude an ampliWcation of genomic DNA,
the quality of the cDNA was monitored by using primer
pairs spanning exon junctions of the ribosomal gene L8
of rat (data not shown). The expression of L8 was also
used as an internal standard for diVerent cDNA probes
(Shi and Liang 1994). Following the PCR, 10 �l of the
reaction products were analyzed on 1.5% agarose gels,
subcloned into pGEM-T Easy (Promega, Mannheim,
Germany), and subsequently subjected to sequencing
(MWG Biotech, Ebersberg, Germany).

Immunocytochemistry and Confocal Microscopy

For immuncytochemical analyses, sperm from diVerent
species were prepared as described above, placed on
glass slides and allowed to settle for 15 min. Adherent
cells were subsequently washed with PBS, Wxed for
2 min with ice-cold (¡20°C) methanol and immedi-
ately transferred to PBS. All following steps were
performed in a humidiWed chamber. To reduce non-
speciWc binding of antibodies, samples were blocked
for 30 min at RT with PBS supplemented with 10%
FCS, and thereafter, incubated overnight at 4°C with
the anti-�-gustducin antibody diluted in PBS contain-
ing 10% FCS. To check the speciWcity of antibody
binding, control slides were incubated with PBS/10%
FCS only. In addition, primary antibody was co-incu-
bated with the corresponding synthetic peptide as
speciWed by the manufacturer’s instructions. After
removing the primary antibodies by three washes for
5–10 min in PBS, cells were incubated with a 1:750
dilution of a FITC-conjugated goat anti-rabbit IgG for
1 h at RT. Subsequently, slides were washed three
times with PBS, and cell nuclei were counterstained
with propidium iodide (Heydecke et al. 2006). After
three additional washes in PBS, samples were coated
with Xuorescent mounting medium (DAKO Cytoma-
tion, Hamburg, Germany) and examined with a Zeiss
LSM 510 Meta laser scanning confocal microscope
(Zeiss, Jena, Germany).

Immunohistochemistry

Immunohistochemical experiments were performed as
outlined previously (Aigner et al. 2002). BrieXy,
paraYn-embedded sections of adult mouse testis Wxed
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in formalin were deparaVinized using xylene, and, sub-
sequently, rehydrated with descending ethanol solu-
tions (100, 96, 80, and 70%) and an incubation in
10 mM citrate buVer (pH 7.4) at 90°C for 10 min. Sub-
sequently, sections were washed in PBS/0.1% Tween
20, and blocked for 2 h at RT with 10% normal goat
serum in PBS. Control sections were treated in parallel
but were incubated without the primary antibody. To
verify the speciWcity of the labeling, the anti-�-gustdu-
cin antibody was co-incubated with the corresponding
peptide as speciWed by the manufacturer’s instructions.
After an overnight incubation at 4°C in a wet chamber,
the sections were washed three times with PBS/0.1%
Tween, and thereafter, samples were incubated with
the FITC-conjugated secondary antibody. After 2 h
incubation at RT, excess secondary antibody was
removed by washes as described above, and the sections
were coated with Xuorescent mounting medium (DAKO)
and coverslipped for microscopic analysis.

Immunoelectron microscopy

Immunoelectron microscopic analyses were essentially
performed as described before (Neesen et al. 2002).
BrieXy, rat testes samples were immersion Wxed for 2 h
either in 0.625% paraformaldehyde, 1.25% glutaralde-
hyde, and 0.025% picric acid in 0.05 M sodium cacody-
late buVer (pH 7.3) or in a Wxative consisting of 1.25%
paraformaldehyde and 0.5% glutaraldehyde in 0.05 M
sodium cacodylate buVer (0.1 M, pH 7.3). Samples were
washed with sodium cacodylate buVer, dehydrated in
ethanol and propylene oxide as described (Neesen et al.
2002) and embedded in Epon. Ultrathin sections were
cut on a Reichert ultramicrotome, equipped with a dia-
mond knife, and mounted on 100 mesh gold grids. Grids
were incubated with the anti �-gustducin antibody,
diluted in TBS for 1 h at room temperature or 12 h at
4°C, washed with TBS three times for 15 min and, subse-
quently, incubated with a 1:100 dilution of a goat anti-
rabbit IgG conjugated to colloidal 10 nm gold particles
(BBInternational, CardiV, UK). Then, sections were
washed again with TBS, brieXy treated with alkaline lead
citrate and uranyl acetate solutions, and examined in an
EM 10 electron microscope (EM 10). In control experi-
ments, the primary antibody was replaced by TBS buVer
used to dilute the primary antibody (negative control);
under these conditions, no labeling could be detected
(data not shown).

SDS/PAGE and western blot analysis

Dissected mouse and rat circumvallate papillae, testes
and intact epididymis not depleted from sperm were

homogenized in buVer containing 10 mM Tris, 2 mM
EGTA, 3 mM MgCl2, 0.1 mM PMSF, 0.25% NP-40
and protease inhibitor cocktail (Set III, Calbiochem,
Schwalbach am Taunus, Germany). To separate tissue
debris, the homogenate was centrifuged for 10 min at
1,500g and the supernatant was collected. After a
further centrifugation at 43,000 rpm for 30 min in a
Beckman SW 50.1 rotor, the resulting membrane pel-
lets were resuspended in homogenization buVer, and
the protein concentration was determined according to
Bradford (Bradford 1976).

For SDS-PAGE, protein samples of rodent tissue
and isolated sperm were mixed with 5£ sample buVer
(625 mM Tris/HCl, pH 6.8, 50% glycerol, 5% SDS,
7.5 mM dithiothreitol, 0.05% bromphenol blue),
heated at 94°C for 5 min and, subsequently, subjected
to 10% polyacrylamide gel electrophoresis using the
Laemmli buVer system (Laemmli 1970).

The separated proteins were transferred to nitrocel-
lulose using a semidry blotting system. The blots were
stained with Ponceau S and then, non-speciWc binding
sites were blocked with 5% non-fat milk powder in
10 mM Tris/HCl, pH 8.0, 150 mM NaCl and 0.05%
Tween 20 (TBST). The blots were then incubated
overnight at 4°C with speciWc primary antibodies
(0.2 �g/ml in TBST containing 3% non-fat milk
powder) or antibodies together with their correspond-
ing peptides (2 �g/ml in TBST containing 3% non-fat
milk powder). After three washes with TBST, a
horseradish-peroxidase-conjugated goat anti-rabbit
IgG (1:7,500 in TBST containing 3% non-fat milk
powder) was applied for 1 h at RT. Excess antibody
was removed by three washes with TBST, and subse-
quently, the ECL-system (Amersham Biosciences
Europe, Freiburg, Germany) was used to visualize
bound antibodies.

Results

To address the question whether �-gustducin is
expressed in testicular tissue, RT-PCR was performed
analyzing testicular and tongue tissue samples from
rat. Employing rat cDNA derived from isolated cir-
cumvallate papillae, testis and total epididymides
together with primers speciWcally matching to rat
�-gustducin yielded a PCR product with the predicted
size (469 bp) in all examined cDNA samples (Fig. 1).
Subsequent cloning and sequencing of the testicular
PCR products conWrmed sequence identity with the
reported rat �-gustducin sequence. These results indi-
cate the presence of �-gustducin mRNA in testicular
tissue.
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To determine whether the �-gustducin mRNA is
actually translated, testicular tissue was assessed by
means of western blot analysis (Fig. 2). Control immu-
noblots with membrane-enriched fractions of taste
bud-containing circumvallate papillae of the mouse
tongue revealed that the antibody recognized a band of

about 40 kDa (Fig. 2a, left panel), a size, which corre-
sponds well to the predicted molecular mass derived
from the sequence data for �-gustducin (McLaughlin
et al. 1992). In addition, a faint band with a molecular
mass of about 60 kDa was detectable in taste tissue
preparations, which recently has been described to
represent �-gustducin within insoluble complexes (von
Buchholtz et al. 2004). Analyzing testis- and epididy-
mides-derived membrane fractions as well as isolated
rat and mouse sperm, a strong 40 kDa �-gustducin-
reactive band as well as the 60-kDa band were detect-
able (Fig. 2a), whereas kidney and heart tissue did not
show �-gustducin staining (Fig. 2b). The immunoreac-
tive bands from taste tissue preparations as well as
from testis, epididymides and sperm fractions could be
successfully eliminated by applying the immunogenic
peptide (Fig. 2c), thus conWrming the identity of �-gust-
ducin.

To deWne the testicular cell type in which �-gustducin
is detectable at the protein level, immunohistochemical
experiments were performed, incubating coronal
sections of adult mouse testis with an anti-�-gustducin
antibody. Initially, the speciWcity of the anti-�-gust-
ducin antibody was veriWed by incubating coronal
sections of circumvallate papillae with the anti-�-gust-
ducin antibody, as well as with the primary antibody
together with the antigenic peptide. As documented in
Fig. 3, the anti-�-gustducin antibody shows an intense

Fig. 1 Detection of �-gustducin transcripts in rat circumvallate
papillae and testicular tissue using the RT-PCR technique. PCR
primers were chosen on the basis of the cDNA sequence of rat
�-gustducin. The expected size of the PCR product was 469 bp.
The 100-bp ladder DNA size marker is shown on the left

Fig. 2 IdentiWcation of �-gustducin in testicular tissue by western
blot analyses. Analyzing diVerent tissue preparations for �-gust-
ducin immunoreactivity, a labelled band of the expected size
(approximately 40 kDa) was detectable in membrane fractions of
circumvallate papillae (mouse), testis (rat) and epididymidis (rat)
as well as in total homogenates of isolated rat and mouse sperm
(a), whereas in mouse kidney and heart preparations no staining

was visible (b). A larger band at about 60 kDa might represent
insoluble complexes containing �-gustducin. Note that immuno-
reactive signals were successfully blocked in control experiments
employing the immunogen peptide (c). The positions of the
molecular weight standards (MW) in kDa for each western blot
are indicated on the left
1 3
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labeling of a subset of spindle-shaped taste bud cells
and no staining in the surrounding lingual epithelium
(Fig. 3c, d). Preincubation of the antibody with the
immunogenic peptide eliminated the signal (Fig. 3b)
thus conWrming the speciWcity of the labeling. Incubat-
ing coronal testicular sections of adult male mouse with
the anti-�-gustducin antibody revealed a bright immu-
noXuorescence signal in the luminal part of the semi-
niferous epithelium and staining of some Leydig cells
(Fig. 3g, arrowhead), whereas no staining was visible in
the earliest precursors of spermatogonia, located at the
outer region of the seminiferous tubule (Fig. 3g). At a
higher magniWcation, it becomes obvious that the high-
est intensity of immunoreactivity marks the diVerenti-
ating spermatid population next to and lining the
lumen of the tubule (Fig. 3h). This �-gustducin-immu-
nolabeling in late spermatids could be blocked by
applying the antigenic peptide (Fig. 3f), whereas
unspeciWc staining of Leydig cells, also detectable in
sections incubated with secondary antibody only
(Fig. 3e), was still visible (Fig. 3f).

To verify whether �-gustducin is also expressed in
mature spermatozoa that have moved to the epididymis,
epididymal mouse and rat sperm were subjected to
immunostaining using the anti-�-gustducin antibody and
subsequently processed for immunoXuorescence micros-
copy. To visualize the subcellular distribution of �-gust-
ducin, Wxed germ cells were counterstained with the
DNA-intercalating dye propidium iodide (red). Immu-
nocytochemical analysis of mouse sperm stained with the
anti-�-gustducin antibody revealed an intense labeling of
the sperm tail, but no detectable staining of the head
(Fig. 4a, c). Interestingly, analyzing the labeling of the tail
at a higher magniWcation, it becomes obvious that stain-
ing was not detectable along the entire length of the tail,
but was greatly diminished in the distal part of the princi-
pal and end piece regions of the sperm tail (Fig. 4b, d).
Remarkably, the staining pattern in the mitochondria-
rich midpiece region and the proximal part of the princi-
pal piece of the Xagellum varies between individual germ
cells: whereas in some sperm, labeling was most abun-
dant at the midpiece as well as the proximal part of the
principal region (Fig. 4a, b), in other spermatozoa stain-
ing was more concentrated at the principal than at the
midpiece region of the sperm tail (Fig. 4c, d). In order to
examine the speciWcity of the staining, immunocytochem-
ical experiments were repeated preincubating the pri-
mary antibody with an excess of the immunogenic
peptide. Figure 4e and f shows that the corresponding
peptide eliminated the staining in the midpiece, as well as
in the principal piece of the Xagellum, thus conWrming
the speciWcity of the �-gustducin expression in mouse
spermatozoa.

Analyzing the �-gustducin expression in epididymal
rat sperm revealed a crescent-shaped staining of the
acrosomal cap, although with varying intensities
(Fig. 5a, c). In addition, the segmental distribution of
�-gustducin at the Xagellum diVered from cell to cell, as
observed for mouse spermatozoa: The Xuorescence sig-
nal was either conWned to the midpiece (Fig. 5a, b,
arrowhead), or the midpiece and, especially, the proxi-
mal part of the principal piece of the sperm tail
(Fig. 5c, d, arrowhead), whereas the end piece did not
show apparent labeling. SpeciWc neutralization of the
primary antibody with the respective immunogenic
peptide abolished staining (Fig. 5e, f), thus conWrming
the speciWcity of �-gustducin detection.

Since electron microscopy provides higher resolu-
tion and, thus, allows a more precise determination of
the subcellular localization of �-gustducin expression
within the sperm tail, immunoelectron microscopy was
performed with ultrathin sections of adult rat testis tis-
sue. Consistent with the immunoXuorescence staining
at the light microscopic level, few immunoreactive gold
particles were detected in the acrosomal cap of elon-
gated spermatids (Fig. 6a, arrowhead). However, the
majority of �-gustducin gold particles were visible on
the midpiece and proximal part of the principal piece
of the sperm tail (Fig. 6b, c), whereas in the distal part
of the principal piece (Fig. 6d), no gold labeling was
detectable. Interestingly, �-gustducin gold particles
were not localized at the surface of the Xagellar axo-
nema, but were restricted to the circumference of the
spiral mitochondria, on the axonemal microtubules
and most abundant at the outer dense Wbers surround-
ing the microtubules (Fig. 6b, c, arrowheads). In con-
trol sections where incubation of the primary antibody
was omitted, no gold labeling was detectable (data not
shown).

So far, the outlined results indicate that the G protein
�-subunit gustducin is present in the midpiece and proxi-
mal principal region of the tail of rodent spermatozoa.
To examine whether �-gustducin is also expressed in
spermatozoa of other mammalian species, epididymal as
well as ejaculated bovine sperm were subjected to
immunostaining using the anti-�-gustducin antibody.
Figure 7 documents that �-gustducin staining was diVer-
ent in epididymal bovine sperm compared to ejaculated
spermatozoa: Although sperm of both stages of matura-
tion are characterized by a weak labeling of the postacr-
osomal region (Fig. 7a, b, e, f), epididymal sperm show
the strongest immunolabeling in the cytoplasmic droplet
(Fig. 7a, b, arrowhead), a remnant of the germ cell cyto-
plasm that is shed oV during spermatogenesis (Meggiol-
aro et al. 2003; Cooper 2005), whereas ejaculated bovine
spermatozoa are characterized by the same tail-speciWc
1 3
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segmental distribution pattern observed for rodent sper-
matozoa (Fig. 7e, f, arrowhead).

To examine whether �-gustducin is also present in
human spermatozoa, ejaculated human sperm were
subjected to immunostaining for �-gustducin. In

Fig. 8a and b, a typical labeling image is shown in
which Xuorescence is predominantly localized to the
midpiece of the tail (Fig. 8, arrowhead), leaving the
principal piece almost completely unstained. Compe-
tition experiments with an excess of immunogenic

Fig. 3 Immunohistochemical 
localization of �-gustducin in 
mouse taste bud cells of cir-
cumvallate papillae and in late 
spermatids in mouse testis. An 
anti-�-gustducin-speciWc anti-
body labels a subset of spin-
dle-shaped cells in the cleft of 
the taste bud whereas no sig-
nal was detectable in nonsen-
sory epithelium and 
connective tissue (c, d). In 
coronal sections of testicular 
tissue, prominent �-gustdu-
cin-labeling was exclusively 
observed in diVerentiating 
spermatids covering the lumi-
nal surface of the seminifer-
ous tubules (g, h). Note that 
the strong immunostaining in 
taste and testicular tissue was 
extinguished by the presence 
of the immunogenic peptide 
(b, f), whereas the weaker 
staining of Leydig cells, also 
observed in sections only 
incubated with the FITC-con-
jugated secondary antibody 
(e, arrowhead), was still visi-
ble. a, e Negative controls, in 
which the primary antibody 
was omitted. c, d, g and h 
Immunostaining of the 
anti-�-gustducin antibody. b, f 
Preabsorption of the primary 
antibody with the antigenic 
peptide. The superimposed 
box in (c) marks the higher 
magniWcation shown in (d). 
Pictures of the Xuorescence 
channels (green) are overlaid 
with the corresponding trans-
mitted-light channels
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peptide revealed that the Xuorescence signal was
completely undetectable (Fig. 8c, d).

Discussion

The principle Wnding of this study is the identiWcation
of �-gustducin in spermatozoa of diVerent mammalian
species. Performing immunocytochemical experiments
as well as immunogold electron microscopy, a segmen-
tal expression pattern of �-gustducin with an apparent
accumulation within the mitochondrial-rich midpiece
region and/or the proximal part of the principal piece
of the sperm tail was observed.

The Wnding that sperm of diVerent mammalian species
are characterized by a segmental distribution of �-gustdu-
cin along the Xagellum may suggest a common functional
role for this G protein �-subunit in male germ cells.
Remarkably, a strong expression level was detectable at
the site of the axoneme (Fig. 6), a highly conserved and
organized microtubule-based structure, that serves as
general motility module but also as a sensory apparatus
not only of sperm cells but also of trachea cells or inner-
ear hair cells of mammals (Inaba 2003; Scholey 2003;
Turner 2003). Thus, one may speculate that �-gustducin
in mammalian spermatozoa plays a functional role either
in signal transduction controlling sperm chemotaxis, or
alternatively in the process of sperm motility.

Fig. 4 Determination of sub-
cellular localization of �-gust-
ducin in mouse spermatozoa 
by indirect immunoXuores-
cence. Isolated mouse sperm 
were Wxed with ice-cold meth-
anol and subsequently incu-
bated with an anti-�-gustducin 
antibody. Bound primary 
antibody was visualized by a 
FITC-conjugated anti-rabbit-
IgG. Note that staining pat-
tern of the anti-�-gustducin 
antibody varies among indi-
vidual epididymal mouse 
spermatozoa: Whereas in 
some sperm �-gustducin stain-
ing is visible in the midpiece 
and the proximal part of the 
principal region of the tail 
(a and b, arrowhead), other 
spermatozoa show a reduced 
labeling of the proximal prin-
cipal part of the Xagellum and 
the mid piece (c and d, arrow-
head). After preabsorption of 
the primary antibody with an 
excess of the antigenic pep-
tide, the signal was eliminated 
(e, f). Samples only incubated 
with the secondary antibody 
as a negative control were un-
stained (data not shown). The 
inserts in (a, c, e) indicate re-
gions shown at higher magniW-
cation in (b, d, f). Confocal 
photomicrographs were cre-
ated by the overlay of Xuores-
cence channels (red channel 
for nuclear staining with pro-
pidium iodide; green channel 
for the FITC-conjugated sec-
ondary antibody) with the 
corresponding transmitted-
light channels
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Importantly, regarding the molecular transduction
mechanisms of sperm chemotaxis, diVerent models are
currently discussed: In species with external fertilization,
like the sea urchin, cGMP has clearly been demon-
strated to control Xagellar motor responses (Kaupp et al.
2003). However, in human spermatozoa, recent pharma-
cological approaches indicated that cAMP participates
in the transduction of sperm chemotaxis in mammals
(Spehr et al. 2004). Although it cannot be excluded that
internally fertilizing species use a diVerent signaling
pathway than marine invertebrates, the two models may
implicate that more than one transduction system is
involved (Eisenbach 2004). In this context, it is impor-
tant to mention that the detected segmental expression

pattern of �-gustducin shows a striking co-localization
with key elements of the olfactory cAMP signaling path-
way (Vanderhaeghen et al. 1993; Walensky et al. 1995;
Baxendale and Fraser 2003; Spehr et al. 2004) demon-
strated to participate in sperm chemotactic signaling
(Spehr et al. 2004; Spehr and Hatt 2005). Thus, it is rea-
sonable to assume that the �-gustducin identiWed in
sperm may represent a candidate component of an addi-
tional chemosensitive transduction cascade in sperm. In
taste cells, where �-gustducin contributes to the trans-
duction of bitter, sweet and umami, a G�3�13-mediated
stimulation of a PLC�2 isoform has been described
(Rössler et al. 1998, 2000; Huang et al. 1999; Zhang et al.
2003). However, using speciWc antibodies against these

Fig. 5 Confocal Xuorescence 
images showing the subcellu-
lar localization of �-gustducin 
in rat spermatozoa. Subcellu-
lar localization of �-gustducin 
was demonstrated by indirect 
immunoXuorescence using a 
FITC-conjugated secondary 
antibody. The overview pre-
sented in (a, c) reveal that 
(�-gustducin staining is 
detectable on the acrosomal 
cap of the sperm head as well 
as in the sperm tail. The 
arrowheads at higher magniW-
cation point to �-gustducin 
staining at the midpiece re-
gion (b) and the principal 
piece (d) of the tail. Primary 
antibody preincubated with 
the respective antigenic pep-
tide gave no staining (e, f). In 
the absence of the primary 
antibody, no staining was ob-
served (data not shown). The 
inserts in (a, c) indicate re-
gions shown at higher magniW-
cation in (b, d). Confocal 
photomicrographs were 
created by the overlay of Xuo-
rescence channels with the 
corresponding transmitted-
light channels
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key molecules of taste signaling, we could not detect
expression of G�3�13 partners of �-gustducin, nor PLC�2
in isolated spermatozoa (in preparation). Interestingly,
taste cells respond to bitter tastants by a synchronous
activation of the heterotrimeric G protein complex: a
G�3�13-mediated PLC�2 stimulation and an �-gustducin
controlled stimulation of PDEA1, a phosphodiesterase
expressed in taste cells (Margolskee 2002). Thus, it may
be possible that �-gustducin directly controls the activity
of an yet unidentiWed eVector enzyme of a chemosensi-
tive signaling cascade in mammalian spermatozoa.

One key result of the present study is that localiza-
tion of �-gustducin was not detectable at the plasma
membrane of the tail axoneme, but was concentrated

at cytoskeletal-associated subcellular compartments,
such as mitochondria, the axonemal microtubules and
the outer dense Wbers, surrounding the axonema in the
midpiece and principal piece of the sperm tail (Fig. 6).
Although heterotrimeric G proteins were originally
thought to be membrane-bound molecules, results
from several laboratories currently also suggest that G
proteins interact with intracellular compartments
(Takesono et al. 1999). Interestingly, in a distinct taste
cell population, there is also evidence for a cytoplasmic
localization of �-gustducin (Sbarbati and Osculati
2003). In this context, it is important to mention that in
retinal rods and cones, the cytoskeleton network
aVects translocation of transducin from the outer to the

Fig. 6 Immunoelectron 
microscopic analysis of �-gust-
ducin in adult rat testis. Rat 
testis samples were exposed to 
an anti-�-gustducin IgG fol-
lowed by an incubation with a 
goat-anti-rabbit IgG conju-
gated to colloidal gold parti-
cles. The most intense staining 
was detectable at the outer 
dense Wbers of the midpiece 
region (MP) of the tail 
(arrowheads in b and c) as 
well as in the circumference of 
the spiral mitochondria (b and 
c, arrowheads). In a longitudi-
nal section of the acrosomal 
region of a sperm (a) a weak 
immunogold staining was 
detectable in the acrosomal 
cap (arrowhead). In a cross 
section of the sperm tail at the 
level of the distal part of the 
principal piece (PP)(d), no 
labeling was detectable. 
Arrowheads pinpoint to 
groups of gold particles. 
Results shown here are repre-
sentative of those from two 
replicate experiments. ac 
Acrosomal cap, ax axonemal 
microtubules, fs Wbrous 
sheath, ms mitochondrial 
sheath, nu nucleus, odf outer 
dense Wbers, MP midpiece, 
PP principal piece
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Fig. 7 Localization of �-gust-
ducin in epididymidal and 
ejaculated bovine spermato-
zoa. Note that epididymal 
(a–d) as well as ejaculated bo-
vine sperm (e–h) are charac-
terized by a distinct labeling of 
the acrosomal region. How-
ever, in ejaculated spermato-
zoa, labeling is restricted to 
the midpiece (f, arrowhead) 
and proximal principal region 
of the tail, whereas in epididy-
mal sperm, bright staining was 
only visible at the cytoplasmic 
droplet (cd), which is located 
either at the head–tail junc-
tion (a, arrow) or already mi-
grated to the midpiece region 
(b, arrowhead). Inserts pre-
sented on the left (a, c, e, g) 
show higher magniWcation on 
the right (b, d, f, h). 
Green Xuorescence indicates 
positive immunostaining re-
vealed by an FITC-conju-
gated anti-rabbit IgG, 
red Xuorescence indicates nu-
clear staining with propidium 
iodide and yellow Xuorescence 
indicates overlapping of green 
and red Xuorescence. a–h 
Overlay of corresponding Xu-
orescence images. c, d, g, h 
Primary antibody preincubat-
ed with the antigenic peptide
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inner segment of the highly polarized photoreceptor
cell (Peterson et al. 2005). Because we currently cannot
exclude that under diVerent experimental conditions,
partial localization of �-gustducin may be detectable at
the plasma membrane, it is possible that cytoskeletal
elements in spermatozoa may also aVect the distribu-
tion of �-gustducin to the membrane. Interestingly, a
redistribution of �-gustducin was detectable during the
transit of spermatozoa from seminiferous tubules
through the epididymis (Fig. 7), but was obviously not
altered during capacitation (data not shown). Since
cytoskeletal proteins have been described as highly
dynamic structures which actively participate in epi-
didymal maturation (Howes et al. 2001), it will be
interesting to examine whether the described cytoskel-
etal rearrangements during spermatozoal development
may be accompanied by the observed redistribution of
�-gustducin from the cytoplasmic droplet to the Xagel-
lum in ejaculated bovine sperm.

However, the observed cytoplasmic localization of
�-gustducin could also implicate that this G protein
�-subtype in sperm cells processes intracellular
signals that do not directly involve cell surface recep-
tors. Notably, G protein �-subunits and ��-dimers
are able to straightly interact with tubulin, a cyto-
skeletal protein that forms the microtubules within

the axoneme, thus regulating microtubule polymeri-
zation and reorganization of cytoskeletal elements
(for review see Rasenick et al. 2004). Since �-gustdu-
cin distribution was also found to be concentrated in
the axonema, the Xagellar motor module (Inaba
2003), it is intriguing to suggest that �-gustducin, or
the associated G��-subunits, which have not yet
been identiWed, aVect the dynamics of the microtu-
bule cytoskeleton in spermatozoa. Thus, it will be
crucially important for future work to identify G�- and
G�-subtypes interacting with �-gustducin in mamma-
lian spermatozoa. Furthermore, it will be challenging
to examine whether �-gustducin in spermatozoa is
involved in modulating cytoskeletal organization
and function, and whether sperm of �-gustducin deW-
cient mice (Wong et al. 1996) possess defects in
motility, a phenotype, which may have escaped
detection so far.
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Fig. 8 Immunolocalization of 
�-gustducin in human sperma-
tozoa using confocal laser 
scanning microscopy. Indirect 
immunoXuorescence staining 
with an anti-�-gustducin anti-
body and a goat anti-rabbit 
IgG-FITC-coupled secondary 
antibody. Note that immu-
nolabeling was only visible in 
the midpiece region of the 
sperm tail (b, arrowhead), 
leaving the head completely 
unlabeled (a and b). The 
immunoXuorescence pattern 
was completely abolished 
when the primary antibody 
was preincubated with the 
neutralizing peptide (c and d). 
Inserts presented on the left 
(a and c) show higher magniW-
cation on the right (b and d)
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