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ABSTRACT

Background: The identification of transcripts encod-
ing putative olfactory receptors in mammalian germ
cells (1) has generated the hypothesis that olfactory
receptors may serve a chemosensory role in sperm
chemotaxis during fertilization. We have sought to
identify and localize these receptors and their regula-
tory machinery in rat sperm in order to gain further
insight into mammalian sperm chemotaxis and odor-
ant receptor physiology.
Materials and Methods: We conducted reverse tran-
scription-polymerase chain reaction (RT-PCR) using
degenerate primers directed against sequences con-
served across members of the known odorant receptor
family to identify transcripts from testis and round
spermatids. Western analysis and immunohistochem-
istry were performed using antibodies raised against
two peptide sequences conserved among odorant
receptors and using fusion protein antibodies to G-
protein receptor kinase 3 (GRK3/,BARK2) and

03-arrestin2.

Results: We detected transcripts encoding putative
odorant receptors in both testis and round spermatids
of the adult rat. Restriction digests of the PCR products
demonstrated the existence of multiple gene products.
Two anti-odorant receptor antibodies specifically rec-
ognized a 64 kD band in rat sperm preparations by
Western blot. The proteins GRK3 and ,B-arrestin2, im-
plicated in olfactory desensitization, were detected in
sperm cytosolic extracts using Western analysis. Im-
munohistochemistry colocalized putative odorant re-
ceptors, GRK3 and ,3-arrestin2 to elongating sperma-
tids in the testis and to the midpiece of mature sperm.
Conclusions: The specific localization of odorant re-
ceptors to the respiratory center of mature sperm is
consistent with a role for these proteins in transducing
chemotactic signals. Based on the colocalization, it is
plausible that GRK3 and ,3-arrestin2 function in sperm
to regulate putative chemoreceptor responses.

INTRODUCTION

Chemoattraction is a common feature of olfac-

tion and sperm-egg interactions. Given the im-

portance of chemosensation in reproductive be-
havior, a strong conservation may exist in the
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molecular mechanisms that underly olfaction
and gamete chemotaxis. Molecular cloning of
putative odorant receptors revealed a large mul-
tigene family of seven transmembrane G-protein
linked receptors (2). Odorants are likely recog-
nized by specific odorant receptors localized to

the cilia at the ends of olfactory neuronal den-
drites. Estimates of the number of distinct recep-
tor proteins approach one thousand, consistent
with the ability of mammals to differentiate
thousands of odorants (3). Sperm-egg chemo-

Copyright X) 1995, Molecular Medicine, 1076-1551/95/$10.50/0
Molecular Medicine, Volume 1, Number 2, January 1995 130-141



Walensky et al.: Olfactory Signal Transduction Proteins in Sperm 131

taxis has been well documented in invertebrates,
where very low concentrations of speract and
resact, peptides secreted by sea urchin eggs, at-
tract spermatozoa in a species-specific manner
(4,5). The peptides facilitate fertilization by bind-
ing to sperm receptors and thereby stimulate
motility and respiration (6). Analogous ligand-
receptor interactions in vertebrates have not
been characterized, although human sperm are
attracted by follicular fluid in vitro (7).

For G-protein linked receptors, desensitiza-
tion of receptor responses plays an important
role in signal transduction. The principal mech-
anism of agonist-specific desensitization appears
to involve receptor phosphorylation by G-pro-
tein coupled receptor kinases (GRKs) (8). ,3-
Adrenergic receptor kinase-1 (J3ARKI/GRK2)
was first identified on the basis of its ability to

specifically phosphorylate agonist bound a-ad-
renergic receptors (9,10). An additional protein,
designated f3-arrestin, binds to the phosphor-
lyated receptor and prevents its further activa-
tion of G-proteins (1 1). Multiple isoforms of GRK
7 and arrestin (11,12,13) have been described.
GRK3 (P3ARK2) and ,B-arrestin2 were recently
localized to the dendritic knobs and cilia of olfac-
tory receptor neurons and have been implicated
in agonist-dependent desensitization in olfaction
(14). Whereas desensitization has been docu-
mented in invertebrate sperm chemotaxis (15,
16), a corresponding process in vertebrates has
not been explored.

Initial cloning studies suggested that odorant
receptors occurred only in olfactory tissue (2).
Recently, Parmentier and colleagues identified
putative odorant receptors in dog testis (1) and
localized one of these receptors in dog sperm
(17). In the present study, we identify odorant
receptor transcripts in rat testis and in round
spermatids and colocalize putative odorant re-
ceptors with specific GRK and ,3-arrestin iso-
forms in mature rat sperm. These results suggest
that common mechanisms to detect and modu-
late chemical signals may exist in the olfactory
and reproductive systems.

MATERIALS AND METHODS

Reverse Transcription-Polymerase Chain
Reaction Amplification of Putative
Sperm Chemoreceptors

RNA was prepared from testis and whole brain of
350-g Sprague-Dawley rats using TRIzol reagant

(GIBCO-BRL) and Oligotex poly A selection
(Qiagen) according to manufacturer protocols.
Round spermatids were purified from adult rat
testis according to established procedures (18);
the cell pellet was homogenized in guanidinium
isothiocyanate and RNA was pelleted through a
cesium chloride gradient by centrifuging for
20-22 hr at 35,000 rpm (19). Integrity and
quantity of RNA was assessed by absorbance at
260/280 nm and purity confirmed by agarose gel
electrophoresis. RNA was subsequently treated
with 10 U RNAse-free DNAse (GIBCO-BRL) per
,ug of RNA. Five micrograms of RNA from each
source was reverse transcribed (Superscript RT,
GIBCO-BRL) using oligo-dT or random primers
(Promega). In addition, control reactions were
run that excluded enzyme from the reverse tran-
scription (RT) reaction. Polymerase Chain reac-
tion (PCR) was performed on a 1/2o aliquot of the
RT reaction mixture for 35 cycles of 94°C for 1
min, 50°C for 1 min and 72°C for 1 min using
TAQ DNA Polymerase (GIBCO-BRL).

Degenerate primers were designed to hy-
bridize to conserved regions of all members of
the originally cloned putative odorant receptor
family. The primer pairs are as follows:

OdR 1 (5'): ATGGCCTATGACC (G/A)CTA (T/C)GTGGC

OdR2(3'): T(C/T/A)AG(G/A)CT(G/A)TAGATGAA

(G/A/C)GG(G/A)TTCAGC

OdR3 (5'): CT(C/G/A)CACAC (A/C)CCCATGTA(C/T)

TT(G/T/C)T7(C/T)

OdR4(3'): AG(G/A)TG(G/A)GAA(G/C)CG(A/G)CAG

GT(G/T/A)

PCR reactions were analyzed by agarose gel
electrophoresis. Reamplified PCR products were
digested with the restriction enzymes EcoRI,
AvaIl and AluI. The original products and diges-
tion fragments were compared on agarose gels.

Odorant Receptor Antibody Preparation

Two peptide sequences were synthesized which
contained motifs expressed in all members of the
putative odorant receptor family. The first pep-
tide designated OD1 is LHTPMY(F/L)FLSNLSFC
and represents a highly conserved portion of the
second transmembrane domain of all known
odorant receptors. The second peptide sequence
(OD2), ARLSFCEDNVI(N/D)HFFC, is less highly
conserved across the entire family of receptors



132 Molecular Medicine, Volume 1, Number 2, January 1995

but is highly conserved among several of the
subfamilies identified. The sequence corresponds
to an extracellular loop between transmembrane
regions 4 and 5 of the odorant receptor family.

Peptides were chemically cross-linked to the
carrier bovine serum albumin (BSA) for immu-
nization into New Zealand white rabits according
to established protocols (Hazelton Labs). Succes-
sive bleeds were tested and those positive for
putative odorant receptors in olfactory cilia were
isolated by purifying IgG on a Protein A-Sepha-
rose column (Pharmacia). Eluates were further
purified by adsorbing anti-BSA antibodies with
two passes over a BSA-Sepharose column (Phar-
macia). The subsequent eluate was spectropho-
tometrically assessed for protein (IgG) concen-
tration and used for Western blot analysis and
immunohistochemistry. The purified antibodies
specifically stain olfactory neuronal cell bodies
and sensory cilia in cross sections of olfactory
epithelium. Control conditions were established
by first incubating IgG with a 10-fold excess
(w/w) of pure peptide.

Western Blotting

Crude membrane fractions were prepared from
adult rat testis, brain, lung, ovary, heart, and
kidney by homogenizing tissue in a Brinkmann
Polytron in 5 ml of ice cold 50 mM Tris pH 7.4
containing 0.1% Triton X- 100, 1 mM EDTA and
protease inhibitors (4 jig/ml leupeptin, 2 ,tg/ml
antipain, 2 ,ug/ml chymotrypsin, 2 jig/ml pepsta-
tin), followed by centrifugation at 30,000 x g for
20 min at 4C. The supernatants were discarded
and pellets resuspended in homogenization
buffer. Cilia were prepared from male rats ac-
cording to established procedures (20). Rat and
hamster sperm were collected by suspending the
cauda epididymis in a culture dish containing
PBS. The epididymal tubules were carefully
punctured under a dissecting microscope with a

27-gauge needle and sperm were allowed to dis-
perse at room temperature with gentle shaking.
Human sperm samples from normal, healthy do-
nors were obtained from the Johns Hopkins Hos-
pital Andrology Laboratory. Sperm were washed
twice with PBS and the pelleted cells resus-
pended in the homogenization buffer described
above. The cell suspensions were probe sonicated
(Ultrasonics W-220F) on ice at 30% with two
5-sec bursts. After spinning in a table top centri-
fuge at maximal speed, the supernatants were
removed and the pellets resuspended in homog-
enization buffer. All tissue samples were protein

assayed using DC protein assay reagants (Bio-
rad). Protein samples (50 ,g) were subjected to
electrophoresis using precast 8-16% gradient
tris-glycine gels (Novex) for odorant receptor
blotting and precast 12% tris-glycine gels
(Novex) for GRK3 and f3-arrestin2 blotting. The
separated proteins were semi-dry transferred to
nitrocellulose and the blots blocked in 5% nonfat
dry milk (NFDM) for 2 hrs, followed by over-
night incubation at 40C in antibody diluted with
3% BSA/PBS. Antibody dilutions were 1:500 for
ODI and OD2. Antibodies to GRK3 and f3-arres-
tin2 have been described previously (13,21) and
were diluted 1:100. The blots were developed
using the ECL detection system (Amersham) ac-
cording to the manufacturer's protocol or by the
alkaline phosphatase method. For alkaline phos-
phatase detection, the blots were washed in
0.1% Tween-20 in PBS 3 X 5 min and incubated
for 1 hr with alkaline phosphatase-conjugated
goat anti-rabbit IgG secondary antibody (Boehr-
inger Mannheim) in 1% BSA/1% NFDM. The
strips were subsequently washed again as above
and incubated for 5 min in the dark with BCIP/
NBT (GIBCO-BRL) in alkaline phosphatase sub-
strate buffer (0.1 M Tris pH 9.5, 0.1 M NaCl, 50
mM MgCl2).

Immunohistochemistry and Indirect
Immunofluorescence

Adult Sprague-Dawley rats were used to obtain
testis sections for immunohistochemical studies.
Tissue sections were prepared and immunohis-
tochemistry performed according to established
procedures (14). Primary antibody dilutions
were 1:250 for the odorant receptor antibodies
and 1:50 for the GRK3 and ,B-arrestin2 antibod-
ies. The sections were stained with an avidin-
biotin-peroxidase system (Vector Laboratories)
using diaminobenzidine as the chromagen.

For indirect immunofluorescence micros-
copy of sperm, cells were harvested from the
cauda epididymis as described above and dis-
persed in PBS. Sperm were then mixed with an
equal volume of 8% freshly depolymerized
paraformaldehyde and incubated on ice for 30
min. Subsequently, fixed sperm were wet-
mounted on slides and allowed to air dry. The
slides were then washed in PBS for 3 X 5 min, 50
mM NH4C1 for 3 X 15 min, PBS for 3 X 5 min,
permeabilized in 0.1% Triton X- 100 for 1 5 min,
and then rinsed again in PBS for 3x 5 min. Slides
were then blocked for 1 hr at room temperature
with 2% NGS/1% BSA in PBS, suctioned dry,
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and incubated overnight at 40C with antibody
diluted in 0.5% BSA/PBS. Odorant receptor an-
tibodies were diluted 1:250 and GRK3 and 1B-
arrestin2 antibodies were diluted 1:50. Slides
were washed in PBS for 3 x 5 min, incubated for
1 hr at room temperature with 30 ,ig/ml FITC-
conjugated goat anti-rabbit IgG secondary anti-
body (Boehringer Mannheim), washed again in
PBS for 3 X 5 minutes, coverslipped with
vectashield mounting medium (Vector laborato-
ries), and examined by immunofluorescence and
confocal microscopy.
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RESULTS

Identification of an Odorant Receptor
Multigene Family in Rat Testis

We conducted RT-PCR using two pairs of degen-
erate primers directed against sequences con-
served across known members of the odorant
receptor family (Figure LA). Using OdRI and
OdR2, a discrete band is apparent in testis that
corresponds in size to a band derived from a
known odorant receptor clone, F2 (2). Because
odorant receptor genes lack introns, controls
were performed for each PCR reaction using
RNA that was mock reverse transcribed in the
absence of reverse transcriptase. No signal is de-
tected in the testis control. Because mature
sperm do not express mRNA, we focused on
identifying receptors in those cells that are im-
mediate precursors of mature, differentiated
spermatids. We purified round spermatids from
testis by elutriation and isolated RNA for RT-
PCR. A robust PCR product is observed in round
spermatids using the OdRI and OdR2 primers.
No signal is detected in the spermatid control or
in brain tissue. Primers OdR3 and OdR4 also
produce a band of the correct size in round sper-
matids (Fig. 1A).

Buck and Axel (2) first obtained evidence for
the existence of an odorant receptor multigene
family by digesting PCR products with restriction
enzymes and demonstrating that the sum of the
digestion fragment sizes exceeded the molecular
weight of the original PCR product. Utilizing
three different restriction enzymes, we digested
the PCR products derived from OdRI and OdR2
in testis and OdR3 and OdR4 in round sperma-
tids (Fig. iB). In both cases, multiple products
are generated whose sum exceeds the molecular
weight of the parent band. Subcloning and se-
quencing of the PCR products confirm the pres-
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FIG. 1. RT-PCR amplification and restriction
digestion of odorant receptor transcripts from
rat testis and round spermatids

PCR was conducted with cDNA from rat testis,
round spermatids, and brain using degenerate prim-
ers designed against conserved regions of all mem-
bers of the originally cloned putative odorant recep-
tor family. (A) Using OdRI and OdR2 primers,
discrete products were obtained in testis and sper-
matids that correspond in size to a band derived
from known odorant receptor clone F2. Primers
OdR3 and OdR4 additionally produced a band in
round spermatids corresponding in size to that ob-
tained from the F2 clone. No products were detected
in brain or in control samples that were reverse
transcribed in the absence of reverse transcriptase.
(B) The OdRl+2 testis product and the OdR3+4
spermatid product were isolated, reamplified and
digested with EcoRI, AvaIl, and AluM. In each case,
fragments were produced whose sum was greater
than that of the undigested band, suggesting the ex-
istence of multiple receptor transcripts in testis and
round spermatids.
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FIG. 2. Identification of putative odorant receptors, GRK3, and 13-arrestin2 in mammalian sperm by
Western blotting

(A) Anti-odorant receptor antibody OD1 (1:500) detects specific bands of approximately 52 kD in olfactory cilia
and 64 kD in testis and rat sperm membranes. Crude membranes prepared from kidney, heart, ovary, lung, and
brain are negative. (B) Anti-odorant receptor antibody OD2 (1:500) recognizes a specific 64-kD band in olfactory
cilia, testis, and rat, hamster, and human sperm. Kidney, heart, ovary, lung, and brain are negative. (C) Affinity-
purified fusion protein antibodies to GRK3 (1:100) and P3-arrestin2 (1:100) detect 77-kD and 45-kD bands, respec-
tively, in rat sperm cytosolic extracts.

ence of several molecular species that share mo-
tifs with other members of the putative odorant
receptor family (data not shown). These data are
consistent with the existence of multiple odorant
receptor transcripts in testis and more specifically
in round spermatids.

Immunodetection of Odorant Receptors,
GRK3, and f8-Arrestin2 in Sperm

To document the presence of odorant receptor
protein in sperm, we employed two different
antibodies developed against conserved regions
of known odorant receptors. Using antibody
OD1, we observe a band of approximately 52 kD
in olfactory cilia and a discrete band of approxi-
mately 64 kD in rat sperm membranes (Fig. 2A).
Both bands are abolished by preadsorption with
the immunizing peptide. No specific immunore-

active bands are observed in kidney, heart,
ovary, lung, or brain (Fig. 2A).

Antibody OD2 detects a 64-kD band in olfac-
tory cilia and in rat, hamster, and human sperm
membranes (Fig. 2B). Preadsorption with the
immunizing peptide blocks the appearance of the
64-kD band. No specific immunoreactive bands
are evident in kidney, heart, ovary, lung, or
brain (Fig. 2B).

Breer and colleagues developed antibodies to

specific odorant receptors which detect a 50-kD
band in olfactory cilia preparations (22). Upon
deglycosylation with N-glycosidase F, the band
shifts to 30-35 kD, consistent with the predicted
molecular weight from molecular cloning stud-
ies. Western blotting of olfactory cilia using
higher concentrations of antibody OD1 reveals
several specific bands between 50 and 64 kD
(data not shown). Taken together, these data
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suggest that differential post-translational modi-
fications in sperm and cilia, such as glycosylation
and phosphorylation, may account for the vari-
ation in molecular weight and their deviation
from predicted molecular weight.

Western blot analysis of cauda sperm cyto-
solic extracts with specific antibodies to GRK3
and 13-arrestin2 reveals discrete bands of 77 kD
and 45 kD, respectively (Fig. 2C). These antibod-
ies previously identified GRK3 and 03-arrestin2
proteins in testis and olfactory cilia (14). Thus,
both sperm cells and olfactory cilia express sim-
ilar isoforms of GRK and f-arrestin.

Localization of Odorant Receptors, GRK3,
and 83-Arrestin2 in Testis and Sperm

Using immunohistochemistry, we colocalized
putative odorant receptors, GRK3 and f3-arres-
tin2 proteins in the adult rat testis (Fig. 3 B-F).
The cellular composition of the seminiferous tu-
bules varies along the length of the tubule ac-

cording to the 14-stage growth cycle of the
seminiferous epithelium (23). Thus, different
cross-sectional segments of seminiferous tubule
in rat testis correspond to distinct stages of sper-
matogenesis. Robust staining for odorant recep-
tors, GRK3, and ,B-arrestin2 is apparent in adlu-
minal cells of those seminiferous tubule
segments undergoing spermatid elongation. Pos-
itive immunoreactivity is seen only in late sper-
matids, whereas spermatogonia, spermatocytes,
early spermatids, Sertoli cells, and Leydig cells
are negative (Fig. 3 B-F).

Immunofluorescent staining of cauda sperm
with OD 1 (data not shown) and OD2 antibodies
(Fig. 4B) localizes receptor protein to the mid-
piece of the sperm tail. Confocal microscopy re-
veals punctate staining along the plasma mem-
brane of the midpiece (Fig. 4 C-E). A particularly
high density of receptors is detected on the con-
necting piece using the OD2 antibody. Immun-
ofluorescent staining with this antibody is main-
tained when indirect immunofluorescence is
performed on unpermeabilized, intact sperm.
This is consistent with antibody recognition of an
extracellular epitope. GRK3 and 0-arrestin2 im-
munoreactivity occurs throughout the midpiece,
with higher densities in the proximal midpiece
immediately subjacent to the connecting piece
(Fig. 5 A and B). For all three proteins studied,
no staining is present in the sperm head, the
principal piece or the endpiece (Figs. 4 and 5).

DISCUSSION

The main finding of our study is the selective
localizations of putative odorant receptors and
associated desensitizing proteins in mature

sperm cells. The proteins colocalize by indirect
immunofluorescence in the midpiece. Whereas
Western blotting identifies putative odorant re-

ceptors in the membrane fraction, GRK3 and
/-arrestin2 are identified in cytosolic extracts.
The midpiece is that part of the sperm tail char-
acterized by the presence of tightly packed mito-
chondria, and therefore contributes to the pro-
duction of energy required for motility (24).
Chemotaxis of sperm in invertebrates is associ-
ated with marked augmentation of respiratory
activity, presumably to maximize locomotion to-
ward the egg (4,5). In mammals, a large portion
of ejaculated sperm are retained motionless in
the female reproductive tract; upon ovulation,
an unidentified signal stimulates sperm motility,
rapidly propelling sperm toward the fertilization
site (25). It is plausible that ovulation triggers the
release of an agent that is specifically recognized
by odorant receptor proteins, resulting in a re-

spiratory burst and locomotion toward the egg.
Desensitization occurs in essentially all inter-

actions between ligands and G-protein coupled
receptors. The association of GRK3 and ,B-arres-
tin2 with putative odorant receptors in rat sperm
implies a role for desensitization in mammalian
sperm-egg communication. In sea urchin sperm,
"egg-derived" peptides produce a surge in cGMP
levels followed by a rapid decline within seconds
(26). Exposure of A. Punctulata sperm mem-
branes to elevated concentrations of resact re-
sults in dephosphorylation and subsequent inac-
tivation of the membrane guanylate cyclase,
possibly representing an adaptive response in in-
vertebrates to sustained receptor occupancy
(15,16,27). Agonist-induced desensitization may
be particularly important in mammalian fertili-
zation as a means of regulating sperm locomo-
tion once the egg has been reached. It is striking
that similar isoforms of GRK and ,B-arrestin are
detected in association with odorant receptors in
both olfactory cilia and sperm cells, emphasizing
the potential similarities between olfactory and
spermatozoal signal transduction systems.

In permeabilized preparations of olfactory
cilia, odorants stimulate cAMP and/or IP3 pro-
duction (28). Do these second messenger sys-
tems participate in sperm activation following
stimulation of putative odorant receptors?
Sperm capacitation in the female reproductive

135
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FIG. 3. Putative odorant receptors, GRK3, and ,3-arrestin2 colocalize in late spermatids of rat testis by
immunohistochemistry

(A) A hematoxylin and eosin (H&E) stain of the rat testis reveals seminiferous tubule cross sections representing
each of the 14 stages of the epithelial cycle. Shown here is a tubule cross section that contains cells representative
of the differentiation continuum including spermatogonia (SG), spermatocyte (SC), early spermatid (EST), and late
spermatid (LST); 200X. (B) Preincubation of the ODI antibody with pure peptide produced no staining of the tes-

tis; 200X. (C) The seminiferous tubule cross sections containing elongating spermatids stain intensely with the
OD1 antibody (arrows), while tubules at earlier stages in the spermatogenic cycle are negative (arrowheads);
IOOX. (D) The OD1 antibody (1:250) stains adluminal late spermatids; 200X. (E and F) ,-Arrestin2 and GRK3 an-
tibodies (1:50) similarly stain late spermatids; 200X. The antibodies do not stain spermatogonia, spermatocytes,
early spermatids, Sertoli cells, or Leydig cells.
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FIG. 4. Indirect immunofluorescent staining of mature rat sperm with odorant receptor antibodies

(A) A phase image of a rat sperm isolated from the cauda epididymis demonstrates its anatomical features includ-
ing head, connecting piece (CP), midpiece (MP), principal piece (PP), and endpiece (EP); IOOOX. (B) Indirect im-
munofluorescent staining with the OD2 antibody (1:200) illuminates the connecting piece and midpiece of mature
sperm. The head, principal piece, and endpiece are negative; lOOOX. (C) Indirect immunofluorescent confocal mi-
croscopy of positively stained rat sperm overlayed on the corresponding phase image reveals intense staining of
the connecting piece and diffuse punctate staining along the plasma membrane of the midpiece; Bar = 5 ,um. The
fluorescent staining pattern (D) is completely blocked when antibody is preadsorbed with pure peptide (E).

I
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FIG. 5. Indirect immunofluorescent staining

of mature rat sperm with GRK3 and j3-arres-

tin2 antibodies

Antibodies to f-arrestin2 (1:50) (A) and GRK3
(1:50) (B) stain the midpiece (MP) of capda sperm.

Staining with both antibodies is most intense at the
proximal midpiece (arrowheads); 1OOOX.

tract involves alterations in the sperm surface
coat, resulting in exposure of surface proteins
(31). Subsequent hyperactivation of sperm coin-
cides with elevations in intracellular cAMP, pH,
and calcium (32). Alterations in the phosphoi-
nositide system have not been characterized. We
recently identified inositol 1,4, 5-trisphosphate
(IP3) receptors in mammalian sperm (Walensky
and Snyder, in preparation) and immunohisto-
chemically detected 1P3 receptor in the proximal
midpiece of rat sperm. In the present study, high
densities of odorant receptor, GRK3, and /3-

arrestin2 staining are also observed in the vicin-
ity of the proximal midpiece. Thus, the proximal
midpiece of rat sperm may be a center for signal
transduction activity that contributes to motility
regulation (Fig. 6). During hyperactivation in
hamster sperm there are increased levels of cal-
cium in the midpiece, which correlate with
changes in the flagellar beat amplitude and fre-
quency (33). Putative chemotactic ligand-recep-
tor interactions may produce an IP3-induced cal-
cium release from an internal store at the
proximal midpiece, which may in turn contrib-

ute to elevated internal calcium and a subse-
quent change in motility.

Eisenbach and colleagues have proposed that
chemotaxis in mammalian fertilization is dis-
tinctly suited to select those sperm that are in the
optimal physiologic state at the time of ovulation
(34). When Parmentier and colleagues con-
ducted immunohistochemistry with an antibody
to one dog testis odorant receptor named DTMT,
only a limited population of dog sperm exhibited
robust midpiece staining (17). The absence of
staining in some cells may be the result of differ-
ential expression of diverse populations of odor-
ant receptors among sperm, thereby conferring
selective advantage to some cells over others de-
pending upon the particular female environ-
ment.

What might be the nature of the ligand that
interacts with putative odorant receptors? Ap-
propriate candidate molecules are likely to be
contained in follicular fluid, since this medium
can attract sperm. (7) Isolation of the appropriate
ligand and characterization of its interactions
with receptors such as those identified in this
study, may provide further insight into odorant
receptor physiology and mammalian fertiliza-
tion. Ultimately, dissecting the molecular com-

ponents that underly chemoattractive processes
in mammalian sperm could have implications for
the development of diagnostic tests and new

therapies for infertility and contraception.
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FIG. 6. Model of signalling events in mammalian sperm triggered by a chemotactic ligand produced
by the egg

As in the olfactory system, putative sperm chemoreceptors may be coupled with either adenylate cyclase (AC) or
phospholipase C (PLC) by the appropriate G protein (G). Stimulation of the receptor by a chemotactic ligand
would result in conversion of cellular ATP to cAMP, which would in turn stimulate respiration and motility. In
addition, activation of PLC would produce inositol 1,4,5-trisphosphate (IP3) from phosphatidylinositol 4,5-bisphos-
phate (PIP2). lP3-stimulation of 1P3 receptors (IP3R) at the proximal midpiece would release calcium from stores in
this region, thereby elevating intracellular calcium and modulating motility. Phosphorylation of agonist-occupied
chemoreceptors by G-protein receptor kinase 3 (GRK3), followed by f3-arrestin2 (P3ARR) binding, would subse-
quently desensitize the receptors.
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