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Summary

Expression of olfactory receptors (ORs) in non-olfactory tissues has been widely reported over the last 20 years.
Olfactory marker protein (OMP) is highly expressed in mature olfactory sensory neurons (mOSNs) of the olfactory
epithelium. Itis involved in the olfactory signal transduction pathway, which is mediated by well-conserved components,
including ORs, olfactory G protein (Golf), and adenylyl cyclase 3 (AC3). OMP is widely expressed in non-olfactory
tissues with an apparent preference for motile cells. We hypothesized that OMP is expressed in compartment-specific
locations and co-localize with an OR, Golf, and AC3 in rat epididymal and human-ejaculated spermatozoa. We used
immunocytochemistry to examine the expression patterns of OMP and OR6B2 (human OR, served as positive olfactory
control) in experimentally induced modes of activation and determine whether there are any observable differences
in proteins expression during the post-ejaculatory stages of spermatozoal functional maturation. We found that OMP
was expressed in compartment-specific locations in human and rat spermatozoa. OMP was co-expressed with Golf
and AC3 in rat spermatozoa and with OR6B?2 in all three modes of activation (control, activated, and hyperactivated),
and the mode of activation changed the co-expression pattern in acrosomal-reacted human spermatozoa. These
observations suggest that OMP expression is a reliable indicator of OR-mediated chemoreception, may be used
to identify ectopically expressed ORs, and could participate in second messenger signaling cascades that mediate
fertility. (J Histochem Cytochem 68: 491-513, 2020)
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when an odorant binds to an OR on the cilia of an OSN,
initiating an intracellular second messenger pathway
mediated by an olfactory G protein, Golf, and involving
AC3. ORs also play a crucial role in axon guidance to
the proper glomeruli by recognizing internal cues in the

Introduction

Chemoreception is fundamental to all living organisms.
Itis the process by which a cell or an organism responds
to a chemical substance in its environment through
chemoreceptors often in the form of olfactory receptors
(ORs)."? ORs have been shown to be expressed within
and outside of the olfactory system.® Within the olfac-
tory system, they are expressed by olfactory sensory
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neurons (OSNs) where they detect and distinguish a
diversity of volatile chemicals (odorants) of diverse
structures.’246 OR-mediated chemoreception begins
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olfactory bulb (OB).57-° Signals from the OSNs travel to
the OB and higher centers where odor perceptions are
processed.*1%-13 Each OR is expressed by only one of
many hundreds of OR genes, and each OSN expresses
only one type of OR."6 In spite of this specificity, indi-
vidual ORs can recognize more than one odorant, and
individual odorants can bind to more than one OR.5"7

ORs have also been found in non-olfactory tissues
of different mammalian species.'®2° They are present
in the tongue,?'=23 spleen, pancreas,?*?® placenta,?®
enterochromaffin cells of the gut,?” and spermatozoa
of various species, including human, dog, mouse,
hamster, and rat.2-32 Canine germ cells were shown
to contain approximately 20 human OR transcripts.3°
Mouse testes were found to express 66 OR genes.*3
Human testes were shown to contain the highest num-
ber of ectopically expressed OR transcripts (at least
90 different OR transcripts) for multiple human tissues
investigated.?°

Olfactory marker protein (OMP) is notable because
immunological studies have demonstrated it as phy-
logenetically conserved, widely distributed, and
expressed in the olfactory system of virtually every
vertebrate species, including humans.343¢ OMP
characterizes mature olfactory sensory neurons
(mOSNSs) in the olfactory epithelium (OE), olfactory
septal organ, and vomeronasal organ. In mOSNs,
OMP is localized within cilia, dendrites, dendritic
knobs (only in those with cilia expressing ORs), in
the cytoplasm of cell bodies, and along axons target-
ing the OB.35373° OMP is associated with the olfac-
tory signal transduction cascade,*®*¢ is involved in
clearing Ca?* influx during olfactory transduction,*#48
may regulate neurogenesis in the olfactory system,*°
and participates in axon targeting into the OB.5°
OMP-knockout mice exhibit reduced odorant sensi-
tivity, slower odorant response kinetics, and impaired
odor discrimination.41-43:45.47.48.51 Expression of OMP
is a key indicator for normal function in the olfactory
system.*®

In addition to the olfactory system, OMP is
expressed in brain and spinal cord®? and in variety of
non-olfactory tissues.'®5354 OMP genes were detected
in the liver, skeletal muscle, bladder, pancreas, stom-
ach, duodenum, testes, spleen, heart, thymus, kidney,
thyroid, and lung of mice, although conventional
Western blot analysis using a specific OMP antibody
failed to detect OMP expression.'® The more sensitive,
high-resolution double immunoassay, however,
showed different levels of expression in various tis-
sues, with the highest levels of OMP expression occur-
ring in skeletal muscle, heart, thymus, and thyroid,
whereas the lowest levels of expression in liver, blad-
der, pancreas, stomach, duodenum, testes, spleen,

and lung."® Immunohistochemistry (IHC) confirmed
the expression of OMP in five non-olfactory tissues,
bladder, thyroid, thymus, heart, and testes,'® and dou-
ble-labeling IHC using specific marker proteins showed
that OMP was differentially expressed within specific
cell types, including the interstitial cells of Cajal of the
bladder, parafollicullar cells of the thyroid, medullary
epithelial cells of the thymus, Leydig-like cells in the
interstitial tissue (IT) of the testes, and in the heart.
This widespread expression of OMP suggests a bio-
logical economy in the animal kingdom for detecting
extracellular chemical cues and argues that OMP
immunoreactivity might be a powerful indicator of non-
olfactory OR-mediated chemosensing.™

We hypothesized that OMP would be expressed in
human and rat spermatozoa in compartment-specific
locations and that it would also be co-expressed with
OR6B2, Golf, and AC3. The co-expression of these
molecules in specific compartments of spermatozoa
could indicate the presence of an intracellular signal-
ing pathway that activates functional processes in the
non-olfactory cells. We used IHC analysis and bright-
field and fluorescent microscopy to identify OMP
immunoreactivity in compartment-specific locations
in human and rat spermatozoa under the different
conditions of spermatozoal activation. These findings
suggest a role for ectopically expressed ORs in sper-
matozoa that might have an impact on the fertilization
process in mammals.

Materials and Methods

Animals

Adult male Wistar rats (n=16) were used in accor-
dance with the NHMRC (National Health and
Medical Research Council) Animal Experimentation
Guidelines and the Australian Code of Practice for
the Care and Use of Animals for Scientific Purposes
(1990) and with the approval of the Animal Care and
Experimentation Committee for the University of New
South Wales (UNSW). Animal tissues and spermato-
zoa were obtained from the School of Optometry and
Vision Science and from the Victor Chang Research
Institute, UNSW.

Tissue Processing

Tissues of testes and olfactory turbinates containing
OE and OBs were post-fixed (12—14 hr) in 10% neu-
tral buffered formalin solution (Sigma-Aldrich Corp.;
Sydney, Australia). Tissues were immersed overnight
in 70% (v/v) ethanol and embedded in paraffin using
standard embedding procedures. Tissues were sec-
tioned at 5 um thickness on a motorized microtome
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(Leica RM 2155; Leica Microsystems; Wetzlar,
Germany), serially collected, and mounted in con-
secutive order on electrostatic slides (Menzel-Glaser;
Braunschweig, Germany). Slides were randomly
selected from each experimental animal from differ-
ent points in the numbering spectrum. The exception
was for experiments with negative control staining,
for which adjacent slides were selected. Hematoxylin
and eosin staining was performed to evaluate tissue
structure and quality.

Rat Spermatozoa Collection and Preparation

Spermatozoa were obtained from the epididymis. The
epididymis was separated from the testes, cut along
its length, and placed in phosphate-buffered saline
(PBS; D8537; Sigma-Aldrich Corp.). Spermatozoa
were allowed to diffuse into PBS at room temperature
for 10 min and then aliquoted into 10 to 20 pl batches,
smeared, and air-dried on microscope slides
(4951PLUS4; Menzel-Glaser). Spermatozoa prepa-
rations were then fixed by immersion in methanol (AR
grade; Fronine; Sydney, Australia) at —20C for 10 min,
then washed three times, and stored in PBS at 4C
until staining.

Human Spermatozoa Collection and
Preparation

Discarded anonymous samples for the current study
were provided by consenting men attending the NSW
Health Pathology—Andrology Laboratory at the Royal
Hospital for Women, UNSW, for semen analysis. Clean
samples were treated in accordance with the
Declaration of Helsinki. Human ethics approval was
not required because our study used only surplus ano-
nymized clinical samples.

Samples were placed into a non-toxic specimen
container and processed within 1 hr of collection. A
total of 15 samples from 15 individual donors were
analyzed according to the World Health Organization
criteria.>® For semen analysis, only samples with nor-
mal sperm morphology and semen parameters were
included in the study. Normal sperm morphology was
considered to include a smooth, oval head, approxi-
mately 3.7—4.7 pm long, and 2.5-3.2 ym wide with a
well-defined acrosomal area occupying 40—-70% of the
head; a middle piece, approximately 3.3-5.2 ym long
and 0.6 ym wide; and a tail, approximately 45 pym long,
without kinks or coils.5*%” Sperm concentration ranged
from 42.0 x 10° to 68.9 x 108 mI~' (mean, 57.4 x 10° mI~")
and sperm motility (grade a: progressive motility) from
36% to 65% (mean, 50.3%).%°

Experimental Design to Test Functional Modes
of Spermatozoa

Three functional modes of spermatozoa were pre-
pared. Initially, a general procedure was used for all
three modes of spermatozoa preparation. Following
this, an additional procedure was used for each of the
three modes.

Initial Procedure. Spermatozoa from 15 semen samples
were separated from the seminal plasma by centrifu-
gation using SAGE PureCeption Media (SAGE IVF
Inc.; CooperSurgical; Trumbull, CT). In an 11 ml Nunc
IVF centrifuge tube (137860; Thermo Fisher Scientific;
Roskilde, Denmark), 2 ml of liquefied semen was lay-
ered in a single column over upper phase gradient
([40%, v/v, 2 ml]; silane-coated colloidal silica in
HEPES-buffered human tubal fluid (HTF; ART-2040)
and lower phase gradient ([80%, v/v, 2 ml]; ART-2080),
and centrifuged for 18 min at 244 x g force at 30C. The
seminal plasma and waste phase gradients were
removed. The lower pellet of spermatozoa was
removed and washed in a clean 11 ml Nunc tube by
inversion in 10 ml Quinn’s Advantage Medium (QAM)
with HEPES (ART-1024; SAGE IVF Inc.; CooperSurgi-
cal) supplemented with 10 mg/ml human serum albu-
min (HSA; ART-3003; SAGE IVF Inc.; CooperSurgical).
The spermatozoa were then centrifuged for 8 min at
244 x g force at 30C. The wash solution was removed,
and the remaining spermatozoa pellet resuspended in
0.5 ml in the same QAM wash solution.

Preparation of Mode |: Control Spermatozoa. Aliquots (2 pl)
of washed spermatozoa from all samples were placed
inside a defined circle on a plain microscope slides
(Menzel-Glaser) and the slides were labeled. Sperma-
tozoa were air-dried and fixed with cold methanol (AR;
Fronine) for 10 min at —20C.

Preparation of Mode 2: Activated (AC) Spermatozoa. The
control spermatozoa from all samples were activated
by incubating in the fresh QAM wash solution for 1.5 hr
at 30C. On a plain microscope slide (Thermo Fisher
Scientific), a circular area was defined into which 2 pl
aliquots of the AC spermatozoa were placed. They
were air-dried and fixed with cold methanol (AR grade;
Fronine) for 10 min at —20C. The slides with fixed-sper-
matozoa were labeled and stored in PBS at 4C until
immunostaining.

Preparation of Mode 3: Hyperactivated (HAC) Spermato-
zoa. Samples (0.5 ml) of control spermatozoa were
placed in an 11 ml Nunc IVF centrifuge tube, and 0.5 ml
of HAmax reagent was added. The HAmax reagent
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Table |. Primary Antibodies and Their Specificity.

Antibody Dilution

Rat Human

Primary Antibody OE IT Spermatozoa Specificity

OMP, goat antiserum (019-22291; Wako Pure Chemical  1:1000F 1:1000"F 1:800'F 1:800'F mOSNss
Industries; Osaka, JP) 1:25" 1:25"

Golf, goat pAb (P-15) (sc-26763; Santa Cruz NA NA 1:250" NA OSNs
Biotechnology; Dallas, TX)

AC3, rabbit pAb (C-20) (sc-588; Santa Cruz NA NA 1:250" NA OSNs
Biotechnology; Dallas, TX)

OR6B2, rabbit pAb (NBP2-13711; Novus Biologicals; NA NA NA 1:100"F OR6B2
Littleton, CO)

Calretinin, rabbit pAb (ab702; Abcam; Sydney, Australia) NA 1:400'F NA NA Leydig cells

Abbreviations: AC3, adenylyl cyclase 3; IT, interstitial tissue; IF, immunofluorescent histochemistry; IP, immunoperoxidase histochemistry; mOSNs,
mature OSNs; OE, olfactory epithelium; OMP, olfactory marker protein; OR6B2, specific human olfactory receptor; OSNs, olfactory sensory neurons;

NA, not applicable; pAb, polyclonal primary antibody.

contained progesterone ([2 ng/ml]; P6149; Sigma-
Aldrich Corp.), pentoxifylline ([7.2 mM]; P1784; Sigma-
Aldrich Corp.) and HSA, and was dissolved in
bicarbonate-buffered Earle’s Balanced Salt Solution
(E2888; Sigma-Aldrich Corp.), a spermatozoa medium
that supports human spermatozoa capacitation. The
11 ml Nunc tubes were then incubated for 1 hr at 37C
in a CO, incubator. On a plain microscope slide (Men-
zel-Glaser), a circular area was defined into which 2 pl
aliquots of the HAC spermatozoa were placed. They
were air-dried and fixed with cold methanol (AR grade;
Fronine) for 10 min at —20C. The slides with fixed-sper-
matozoa were labeled and stored in PBS at 4C until
immunostaining.

IHC

Immunoperoxidase (IP) Histochemistry. Paraffin sections
(rat OE and testes) were dewaxed in xylene twice for
5 min, rehydrated in a graded series of alcohol dilu-
tions (100% and 70% ethanol), and placed in water for
1 min. Sections were subjected to heat-induced anti-
gen retrieval with 10 mM citrate buffer (CB; pH 6.0),
using a microwave oven for 5 min. Sections were then
rinsed three times for 5 min each in Tris buffer, pH 7.4.
Endogenous peroxidase activity was blocked by
exposing sections to 0.3% hydrogen peroxide (H,O,;
Millipore Australia; Sydney, Australia) for 5 min. After
rinsing in the buffer solution, sections were incubated
for 1 hr at room temperature with primary antibody
(Table 1). Sections were then rinsed three times in the
buffer solution for 2 min each and left in a post-primary
solution (DS 9800; Bond Polymer Refine; Leica
Biosystems; Newcastle, UK) for 8 min. They were
rinsed three times in the buffer solution and placed in

polymer (DS 9800; Bond Polymer Refine; Leica Bio-
systems) for 8 min. Sections were then rinsed twice in
the buffer solution for 2 min each and again in water
once. Colorimetric visualization was performed using
3,3’-diaminobenzidine (DAB; DAKO liquid DAB+ Sub-
strate Chromogen System; DAKO; Sydney, Australia).
Reactions were stopped by washing slides in water.
Sections were counterstained with hematoxylin for 5
min, and then rinsed once in water, once in the buffer
solution, and again in water. They were dehydrated in
four changes of 100% ethanol, cleared in xylene, and
cover-slipped with Aqua mount (BDH Laboratories
Supplies; Poole, UK).

Single-labeling Immunofluorescent (IF) Histochemistry. Paraf-
fin sections (rat OE and testes) for IF histochemistry
were dewaxed in Histo-Clear (National Diagnostic
Products; Sydney, Australia), rehydrated in a descend-
ing series of alcohol dilutions (100%, 75%, 50%, H,0),
and subjected to heat-induced antigen retrieval with
CB. After cooling, sections were washed three times in
PBS, and nonspecific staining was blocked with 10%
normal donkey serum (NDS; D9663; Sigma-Aldrich
Corp.) for 20 min at room temperature in a humidified
chamber. Tissue sections were incubated in 2% NDS in
PBS containing appropriate primary antibody (Table 1)
and then placed in a humidified chamber for either 1 hr
at room temperature or overnight at 4C. Sections were
rinsed three times with PBS and incubated with appro-
priate Alexa secondary antibodies (Invitrogen Molecu-
lar Probes; Carlsbad, CA). Sections were left for 30
min at room temperature in the dark and then washed
three times with PBS. Nuclei were stained with
4’,6-diamidino-2-phenylindole dihydrochloride (DAPI)
using an anti-fading fluorescence mounting medium
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(Vectashield Hard+Set Mounting Medium with DAPI;
Vector Labs; Fluoroshield with DAPI; Sigma-Aldrich
Corp.) and cover-slipped. Negative control slides were
incubated with 1% normal serum (NS) without the pri-
mary antibody and subjected to the IHC protocol as
described above.

Immunocytochemistry (ICC)

Single-labeling IF Cytochemistry. Fixed samples of human
and rat spermatozoa were washed three times in PBS.
Nonspecific staining was blocked with 10% NDS
(Sigma-Aldrich Corp.) for 20 min at room temperature
in a humidified chamber. Spermatozoa were incu-
bated in 2% NDS in PBS containing appropriate pri-
mary antibody (Table 1) and then placed in a humidified
chamber for overnight at 4C. The next morning, slides
were rinsed three times with PBS and then incubated
with appropriate Alexa secondary antibodies (Invitro-
gen Molecular Probes). Sections were left for 30 min
at room temperature in the dark and then washed
three times with PBS. Nuclei were stained with DAPI
using an anti-fading fluorescence mounting media
(Sigma-Aldrich Corp.). In the negative control slides,
spermatozoa were incubated with 1% NS without the
primary antibody and subjected to our ICC protocol,
as described above.

Double-labeling IHC and ICC. Double-labeling staining
was performed, using the same protocol as described
for single-labeling staining, with the exception that two
primary antibodies were mixed in PBS containing 2%
NDS. The same method was used with the Alexa-
labeled secondary antibodies (Invitrogen Molecular
Probes).

Antibodies. The goat antiserum recognizing OMP,
developed with rodent OMP as the immunogen, was
used to identify mMOSNs in the OE of rat, OMP expres-
sion in the IT of rat, and in spermatozoa of rat and
human (019-22291; Wako Pure Chemical Industries;
Osaka, Japan). OMP is a known marker for mOSNs,
their axons, and terminals.3#3¢:52%8 The goat polyclonal
primary antibody (pAb) recognizing Gaolf (Golf; P-15),
developed against a peptide mapping near the N-ter-
minus of Gaolf of human origin, was used to detect
OSNs in the OE and Golf expression in the spermato-
zoa of rats (sc-26763; Santa Cruz Biotechnology; Dal-
las, TX) as recommended for detecting Goolf in mice,
rats, and humans.'25%-¢" The rabbit pAb recognizing
adenylyl cyclase Ill (AC3; C-20), developed against a
peptide mapping at the C-terminus of AC3 of mouse,
rat, and human origin, was used to detect OSNs in the
OE and AC3expression in the spermatozoa of rats

(sc-588; Santa Cruz Biotechnology). This pAb detected
AC3 in mice, rats, and humans."2-%* The rabbit pAb
ORG6B2 (gene ID: 389090, gene symbol OR6B2), was
developed against recombinant protein corresponding
to amino acids ENVTKVSTFILVGLPTAPGLQYLL
(NBP2-13711; Novus Biologicals; Littleton, CO). IHC
data showed its specificity for OR6B2 in the human
spermatozoa. OR6B2 protein was localized in two par-
ticular positions relevant to our study—on the equato-
rial segment of the head and from the annulus down
the tail.®®* The rabbit pAb recognizing calretinin (full-
length protein, corresponding to calretinin) was used
to identify Leydig cells in the IT of rat testes (ab702;
Abcam; Sydney, Australia). Calretinin (CR), a 29-kDa
neuronal calcium-binding protein, has been found in
distinct subsets of neurons and fibers in the central
and peripheral nervous systems.®6-68 Expression of
CR is found in all Leydig cells of the IT in human tes-
tes, and is a valuable marker for detecting Leydig cells
in the testes.?7° Primary antibodies used for IHC and
ICC are summarized in Table 1.

Fluorescent secondary antibodies were Alexa Fluor
488 donkey anti-rabbit (DaR), Alexa Fluor 594 DaR,
Alexa Fluor 488 donkey anti-goat (DaG), and Alexa
Fluor 594 DaG (in dilution:1:500; Invitrogen Molecular
Probes).

Digital Microscopy, Image Processing, and Photography. Bright-
field and fluorescent images were viewed and ana-
lyzed using a motorized Axioplan 2ie microscope (Carl
Zeiss; Gottingen, Germany). Images were captured
with Axiocam HRc and MRm digital cameras using
AxioVision microscopy software that allowed multi-
channel and Z stack image acquisition and process-
ing. Stained slides of rat spermatozoa and slides of
human spermatozoa from each of the three modes
(control, AC and HAC) were examined using 40x
(Zeiss; EC Plan-NEOFLUAR, 40x/0.75) and 63x
(Zeiss; Plan-APOCHROMAT, 63x/1.4 oil DIC) objec-
tives. Spermatozoa were randomly selected for analy-
sis and photographed. Confocal Z stack image analysis
was performed on control (Mode 1) and AC (Mode 2)
spermatozoa. Deconvolution (constrained iterative
algorithm) was performed on the fluorescence Z
stacks to allow three-dimensional (3D) reconstructions
and display. Leydig cells were also examined and pho-
tographed at 100x (Olympus Plan, 100x/1.25 oil)
objective with Axioplan 2ie microscope (Carl Zeiss;
Gottingen, Germany) and ProgRes C5 CCD 5.0 cam-
era (Jenoptik; Jena, Germany). Stained tissues were
scanned (Aperio ScanScope AT Slide Scanner; Leica
Biosystems, Germany), viewed, and analyzed with
Aperio ImageScope software. Representative images
were selected and photographed. Stained slides were
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evaluated using light microscope, and the presence/
absence of expression was assessed as “+” (staining
observed) or “-~” (no staining observed). Final images
were imported into Adobe Photoshop (CS6; Adobe
Systems; San Jose, CA) for adjusting brightness, con-
trast, and size.

Identification and Quantitative Analysis of CR-expressing and
OMP-expressing Cells in IT. Double-labeling IHC with
OMP and CR was performed on testes tissues from
three different rats. Nuclei of the cells were counter-
stained with DAPI (blue fluorescence). Stained testes
slides were inspected using the 40x objective lens.
The randomly selected IT sections were magnified
and photographed for cell counting using the 63x oil
immersion lens. Images were opened in Adobe Photo-
shop (CS6; Adobe Systems). Each image was sepa-
rated into three channels: red for OMP-expressing
(OMP+) cells, green for CR-expressing (CR+) cells,
and blue for nuclei (DAPI+). Images were then con-
verted from color to black/white to emphasize cells,
and were counted manually. To identify and count Ley-
dig cells in the IT, we calculated the percentage of CR+
cells and cells that did not express CR (CR-) cells
from the total number of DAPI-stained cell nuclei. Cell
density of CR+ and CR- cells was expressed as a per-
centage. The chi-square test and Wald 95% confi-
dence interval (Cl) were applied for this calculation. To
count OMP+ Leydig cells in the IT, we calculated the
percentage of Leydig cells co-expressing CR and
OMP (Double: CR+OMP+), percentage of Leydig cells
expressing only OMP (OMP Single+), and percentage
of Leydig cells expressing only CR (CR Single+) and
called these percentage’s “cell density.” The chi-square
test, Wald 95% CI, and Fisher’s exact (F) test were
applied for these calculations.”'="® Values of p<0.05
were considered significant.

Results

Expression of OMP in Rat OE

OMP was expressed in the mOSNs of the OE. The
application of goat antiserum to OMP (Table 1) showed
that OMP expression was restricted to the upper band
of neuronal cell populations of the OE (Fig. 1). OMP
specifically labeled mOSNs located above the lamina
propria and above rows of OMP-negative (OMP-) cells
at the base of the OE. The cytoplasm of mOSNs
showed diffuse patterns of OMP expression, with
occasional dense accumulations (Fig. 1). OMP was
also expressed in dendrites of MOSNs and throughout
most of the olfactory cilia. Intense OMP expression
was observed along axons and within axon bundles

(Fig. 1). No expression of OMP was observed in nega-
tive control slide (data not shown). We found that OMP
was expressed in mOSNs in the rat OE, and this
expression was used as a positive control for studies
of OMP expression in non-olfactory tissues.

Expression of OMP in Rat Testes: IT

OMP was expressed in the Leydig cells of the IT.
Sections of rat testes were immunostained with anti-
body to OMP and analyzed using digital microscopy at
high magnification. We found that OMP was localized
to specific cell type within the IT. No OMP expression
was seen in cells of seminiferous tubules (Figs. 2B and
3B). We observed that immunostained OMP (OMP+)
cells in the IT had distinct morphological features and
were similar to those described for the Leydig cell-like
population.””8 The OMP+ Leydig-like cells were
located singly or in clumps within the IT and generally
grouped near blood and lymph capillaries (Fig. 2B).
Cell bodies were polygonal or oval-round in shape and
had prominent nucleoli in nuclei that tended to be
eccentrically located (Fig. 2B). We observed diffuse
patterns of OMP staining in the cytoplasm of Leydig-
like cells at high magnification (Figs. 2B and 3B). No
immunostaining of OMP was observed in negative
control slides (Fig. 2A).

Immunohistochemical techniques and quantitative
analysis were performed to identify OMP+ cells in the
rat IT. OMP+ cells in the IT were co-labeled using the
antibody to CR (Table 1), a cell-specific marker for
Leydig cells in human and rat testes.%%7° First, we
identified the Leydig cell population and found that
79.13% (95% CI, 71.70-86.56) of all IT cells were
immunostained by CR (CR+); other CR-negative (CR-)
cells represent 20.87% (95% CI, 13.44-28.30,
*p<0.001) (Figs. 3A and 4A). Then, double-labeling
IHC showed that 81.32% (95% CI, 73.31-89.33) of
Leydig cells were co-labeled by CR and OMP
(CR+OMP+) with only 18.68% (95% Cl, 10.67-26.69,
*p<0.001) of cells expressing CR singly and no cells
(0%; 95% CI, 0.0-1.05, *p<0.001) expressing OMP
alone (Figs. 3C and 4B). Co-expression CR with OMP
indicates that OMP was expressed in Leydig cells, and
81% of Leydig cells were OMP+ (Fig. 4B). These data
demonstrated that OMP was expressed in Leydig cells
of IT of rat testes.

OR-associated Signaling Molecules in Rat
Spermatozoa
Expression of OMP, Golf, and AC3 was observed in

spermatozoa collected from the rat epididymis with the
use of IF cytochemistry. OMP was expressed on the
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= Cilia
OSN dendrites and
unstained

sustentacular cells

Mature OSNs

Unstained basal cells
and immature OSNs

Lamina propria

OSN axons

Figure 1. Bright-field photomicrograph of OMP distribution in the rat OE as revealed by immunohistochemistry. The OMP brown
reaction product is distributed in the somata of mature olfactory sensory neurons, in their dendrites and knobs, the cilia, and their

axons. Sustentacular cells, basal cells, and immature OSNs are unlabeled. This pattern is as previously reporte

d3#367¢ and thus serves

as positive control for other rat tissues. Scale bar = 20 um. Abbreviations: OMP, olfactory marker protein; OE, olfactory epithelium;

OSN:s, olfactory sensory neurons.

head, connecting piece, and tail of rat spermatozoa
(Fig. 5). The anatomic location (Fig. 5A) of OMP
expression was determined by comparison with pub-
lished images of rat spermatozoa.®?>8'-83 On the head,
OMP was expressed on the acrosomal region (located
on the apical part of the head) and on the equatorial
segment. OMP was expressed prominently on the
connecting piece where the centriole is located and in
a discontinuous, punctate fashion along the plasma
membrane of the tail. Strongest labeling was observed
along the middle piece (Fig. 5B), where the mitochon-
dria is situated.®® No expression of OMP was observed
in negative control slides (data not shown).

Double-labeling ICC with Golf and AC3 showed that
they were co-expressed on the head, connecting
piece, and tail of rat spermatozoa (Fig. 6). On the
head, Golf and AC3 were expressed on the apical part
of the acrosomal region and on the equatorial seg-
ment (Fig. 6A and B). Along the tail, Golf and AC3 were
expressed in a dot-like, discontinuous fashion, with
prominent expression occurring on the middle piece
and gradually diminishing along the principal piece
(Fig. 6A and B). These patterns of Golf and AC3
expression were similar to those of OMP expression
on the head, connecting piece, and tail (Fig. 5B).

We found that OMP, Golf, and AC3 were expressed
in the same compartment-specific locations in rat

epididymal spermatozoa: on the head (acrosomal
region and equatorial segment), connecting piece,
and along the tail in a discontinuous pattern, with
strongest expression occurring on the middle piece.

Expression of OMP in Human Spermatozoa

OMP was expressed in human-ejaculated spermato-
zoa. IF cytochemistry showed that OMP was expressed
on the head, connecting piece, and tail of human sper-
matozoa (Fig. 7). On the head, OMP was expressed
on the equatorial segment and the apical part of the
acrosomal region. OMP expressed prominently on the
equatorial segment—the membranous structure
located in the middle of the head—that underlies the
domain of the sperm that fuses with the oocyte mem-
brane during fertilization.8+%7 This expression was
observed as ring-like staining around the head with
dense accumulations on the periphery that often
appeared as a pair of lateral blotches (Fig. 7B). OMP
was also expressed, faintly, on the apical part of the
acrosomal region of the head. This is a cap-like struc-
ture overlying the anterior half of the spermatozoa
head (Fig. 7B) that is essential for fertilization. Agenesis
of the acrosome produces infertility.2 OMP was promi-
nently expressed on the connecting piece, where the
centriole is located (Fig. 7B). Along the tail, OMP was
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Figure 2. Bright-field photomicrograph of olfactory marker protein (OMP) staining in the rat testes. (A) Control tissue containing
seminiferous tubules (ST) and interstitial tissue (IT) is stained by cresyl violet but there is no immunostaining when the OMP antibody
is left out. Leydig-like cells are shown on the right at higher magnification and are void of OMP reaction product. (B) Tissue stained by
OMP antibodies reveal Leydig-like cells express OMP (brown) and these are only found in the IT. OMP+ Leydig-like cells are shown on
the right at higher magnification. Scale bar = 50 pm for the tissue and 18 pum for the panel of individual cells.

expressed in discontinuous and punctate patterns
along the entire length of tail, except for the middle
piece (Fig. 7B and C). No OMP expression was
observed in negative control slide (data not shown).
Confocal Z stack image analysis showed that OMP
was expressed along the equatorial segment and on
the anterior part of the head (acrosomal region) in a

dot-like pattern (Fig. 10A and B). OMP was prominently
expressed on the connecting piece and in discontinu-
ous and punctate pattern along the tail. However, the
absence of OMP immunoreactivity on the middle piece
is clearly visible (Fig. 10A).

We observed that OMP expression in human sper-
matozoa took place in compartment-specific locations
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CR|DAPI

OMP|DAPI

OMP|CR|DAPI

Figure 3. Identification of OMP+ staining of Leydig cells in the
rat testes. (A) Photomicrograph of calretinin (CR) immunostain-
ing (green) of cells of IT. CR is a marker for Leydig cells.®*’° The
somata of Leydig cells are polygonal or round-oval in shape and
have positively stained cytoplasm and prominent round nuclei.

(continued)

Figure 3. (continued)

(B) Photomicrograph shows Leydig cells stained with OMP (red).
OMP immunoreactivity varies in intensity between individual
OMP+ cells but no OMP+ staining is observed in cells of the ST.
(C) OMP is co-expressed with CR using double-labeling IHC as
revealed by yellow-orange cytoplasm in merged image. CR immu-
noreactivity can be observed singly in some IT cells but all OMP+-
stained cells are co-stained with CR. DAPI (blue) stains cell nuclei.
Scale bar =20 pm. Abbreviations: OMP, olfactory marker protein;
IT, interstitial tissue; ST, seminiferous tubule; IHC, immunohisto-
chemistry; DAPI, 4’,6-diamidino-2-phenylindole dihydrochloride.

A

100 — *
1

90 —

_ 80 — I

X

< 70 —

z

2 60 —

3

[=]

= 50 —

o

]

2 40

=

z

3 30 — T
20 — l
10 —

0

=

100 — |
90 — 1
80 —
70 —
60 —
50 —
40 —

30 —

20 I
ik

[ I
CR Single+  OMP Single+

OMP+ Leydig Cell Density (%)

10 —

Double
(CR+OMP+)

Figure 4. Graph of Leydig and OMP+ cells representation in
the IT of the rat testes. (A) Leydig cell population, as defined by
immunolabeling by CR (CR+), represent the majority—79% of all
cells (n=115) in the IT of rat testes. The CR-negative (CR-) cells
represent the remaining 21%. (B) 81% of the Leydig cell popula-
tion (n=91) was OMP+ (Double: CR+OMP+). No cells are labeled
by OMP alone (OMP Single+) and CR+ only cells (CR Single+) are
represented 19% of the Leydig cell population. Statistical signifi-
cance between groups is indicated by asterisks. CR+ vs CR— (32
test, *p<0.001); double vs CR single+ (y2 test, *p<0.001); double
vs OMP single+ (F test, *p<0.001). Abbreviations: OMP, olfactory
marker protein CR, calretinin; IT, interstitial tissue.
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Figure 5. Expression of OMP showing compartment-specific distribution in the rat spermatozoa. (A) Phase-contrast photomicrograph
shows the typical structure of rat spermatozoa: head (bracket), mp, and tail. (B) Immunofluorescence image shows expression of OMP
(red) on the head (white arrow), cp (yellow arrow), and tail of spermatozoa, with strongest expression along the mp. The arrowhead
marks the border of the mp and the tail. (C) High-power photomicrograph shows OMP expression on the acrosomal region (arrow)
and EqS (crossed arrows) of the head, the cp (yellow arrow), and the mp (double arrowhead). (D) DAPI (blue) stains the spermatozoa
nucleus (asterisk). Scale bar = 20 um for low-power photomicrographs (A and B) and 8 pm for high-power photomicrographs of head
region (C and D). Abbreviations: OMP, olfactory marker protein; mp, middle piece; cp, connecting piece; EqS, equatorial segment; DAPI,

4’,6-diamidino-2-phenylindole dihydrochloride.

that were similar to those in which OMP was expressed
in rats. The main difference in expression locations
was observed on the middle piece. In human sperma-
tozoa, we did not observe OMP expression on the
middle piece; however, in rat spermatozoa, OMP
expression was prominent on the middle piece
together with Golf and AC3.

Co-expression of OMP With OR6B2 in Human
Spermatozoa: Effect of Functional Modes (AC,
HAC) on Expression Pattern

We performed double-labeling ICC to test whether
OMP and OR6B2 would co-express and whether
modes of spermatozoal activation would affect this
co-expression pattern. In a previous study on human

spermatozoa, OR6B2 was the only OR to express in
the equatorial segment of the head—where it express
strongly—and in the principal piece of the tail.5® Because
the OMP expression was observed on the equatorial
segment of the head, the connecting piece, and along
the tail of control spermatozoa, we used OR6B2 as our
positive olfactory control. We found that OMP co-
expressed with OR6B2 in control, AC, and HAC human
spermatozoa in compartment-specific locations. In con-
trol spermatozoa, OMP and OR6B2 co-expressed on
the head and along the tail, except for the middle piece
(Fig. 8A). On the head, co-expression occurred on the
equatorial segment of all control spermatozoa (Fig. 8A).
No co-expression occurred on the apical part of the
acrosomal region of the head or on the connecting
piece, where single OMP expression was observed
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Figure 6. Fluorescent photomicrographs showing compartment-specific expression of Golf and AC3 in the rat spermatozoa. (A)
Expression of Golf (red) is seen on the acrosomal region (arrow) and EqS (crossed arrow) of the head, on the cp (yellow arrow), and
along the tail in a discontinuous pattern. (B) Expression of AC3 (green) is seen in similar compartments: on the head (arrow, crossed
arrow), on the cp (yellow arrow), and along the tail in a discontinuous pattern. Strong expression of Golf and AC3 is seen on the mp,
gradually diminishing along the tail. DAPI (blue) stains spermatozoal nuclei. Scale bar = 10 um. Abbreviations: AC3, adenylyl cyclase
3; Golf, olfactory G protein; EqS, equatorial segment; cp, connecting piece; mp, middle piece; DAPI, 4’,6-diamidino-2-phenylindole
dihydrochloride.

(Fig. 8A and B). OR6B2 was expressed on the equato- In AC spermatozoa, OMP and OR6B2 co-expressed
rial segment of the head and along the tail, but not on on the head and tail, except for the middle piece (Fig.
the middle piece (Fig. 8C), and this expression pattern 9A). In the majority of AC spermatozoa, co-expression
was consistent with that reported previously.®® occurred on the equatorial segment of the head and
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Figure 7. Photomicrographs show compartment-specific
expression of OMP in ejaculated human spermatozoa (con-
trol). (A) Phase-contrast image shows the structure of human
spermatozoa, consisting of the head (bracket), cp (arrow-
head), and tail. (B) Immunofluorescence shows expression of
OMP (red) on the apical part of the acrosomal region (crossed
arrows) and along the EqS of the head (arrows), on the cp
(arrowheads), and along the tail, except for the mp. (C) DAPI
(blue) shows spermatozoal nuclei, surrounded by a thin rim
of cytoplasm. Acrosome is seen above nuclei, on the anterior
part of the head (crossed arrows in B). Scale bar = [0 pm.
Abbreviations: OMP, olfactory marker protein; cp, connect-
ing piece; EqS, equatorial segment; mp, middle piece; DAPI,
4’,6-diamidino-2-phenylindole dihydrochloride.

Figure 8. Fluorescent photomicrographs showing co-expression
of OMP with OR6B2 in control human spermatozoa. OR6B2, a
marker for a human OR,%> was co-labeled with OMP using double-
labeling ICC. (A) OMP co-expresses with OR6B2 (yellow) on the
EgS (arrows) of the head, and along the tail, except for the mp.

(continued)
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Figure 8. (continued)

DAPI (blue) stains spermatozoal nuclei. (B) Immunofluorescence
shows expression of OMP (red) on the head, cp (arrowheads),
and along the tail. On the head, expression of OMP is seen
prominently on the EqS and faintly on the apical part of acroso-
mal region. OMP is also expressed in a discontinuous and punc-
tate pattern along the tail, except for the mp. (C) Expression of
OR6B2 (OR, green) is seen on the EqQS of the head (arrows) and
evenly along the tail, but not on the cp or mp. Scale bar = [0 pm.
Abbreviations: OMP, olfactory marker protein; OR, olfactory
receptor (OR6B2); ICC, immunocytochemistry; EqS, equatorial
segment; DAPI, 4’,6-diamidino-2-phenylindole dihydrochloride;
cp, connecting piece; mp, middle piece.

along the tail in a dot-like pattern, with OR6B2 express-
ing more strongly on the tail and OMP expressing
more strongly on the equatorial segment (Fig. 9A to C).
These patterns of co-expression were similar to those
observed in control spermatozoa (Fig. 8A). In some AC
spermatozoa, we observed prominent OMP and
OR6B2 co-expression across the entire acrosomal
region of the head (acrosomal-expressed AC sperma-
tozoa), rather than on the equatorial segment (Fig.
9A). In these acrosomal-expressed AC spermatozoa,
we also observed co-expression of OMP with OR6B2
along the tail. However, the intensity of OMP expres-
sion was less than that observed in controls, with no
changes in intensity of OR6B2 expression along the
tail (Fig. 9B and C). Confocal Z stack image analysis
with 3D reconstruction of an acrosomal-expressed AC
spermatozoon showed that OMP and OR6B2 promi-
nently co-expressed across the entire acrosomal
region of the head. This co-expression also occurred
along the tail (Fig. 10C). No OR6B2 expression was
observed on the connecting and middle piece (Fig.
10E). OMP expressed singly and densely on the con-
necting piece and in a few spots along the tail in close
proximity to the connecting piece (Fig. 10D).

In HAC spermatozoa, we observed that OMP and
OR6B2 co-expressed on the head and tail, except
for the middle piece. On the head, we observed
prominent co-expression only in a single location—
across the entire acrosomal region of all HAC sper-
matozoa, and this pattern of co-expression was
identical to the pattern of OMP and OR6B2 co-
expression observed in acrosomal-expressed AC
spermatozoa, shown in Fig. 10C.

We found that the co-expression of OMP with
OR6B2 in control, AC, and HAC spermatozoa occurred
in compartment-specific locations on the head and
tail, but not on the middle piece. Activation and hyper-
activation triggered a change in expression location of
OMP and OR6B2 from the equatorial segment to the
acrosomal region of the head (Fig. 10A—E).

Figure 9. Fluorescent photomicrographs showing co-expres-
sion of OMP with ORé6B2 in activated human spermatozoa using
double-labeling ICC. (A) OMP co-expresses with OR6B2 (yellow)
on the head and tail, but not on the mp. On the head, prominent
co-expression is seen across the entire acrosomal region (arrow-
heads). DAPI (blue) stains spermatozoal nuclei. (B) Expression

(continued)
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Figure 9. (continued)

of OMP (red) is observed on the head, the cp, and along the
tail. In some spermatozoa, OMP expression is seen across the
entire acrosomal region (arrowheads). In other spermatozoa,
OMP expression is seen primarily on the EqS (arrow). OMP is
expressed along the tail in a discontinuous pattern. (C) Expression
of OR6B2 (OR, green) is seen on the head (arrowheads), and tail
in some spermatozoa, whereas in other spermatozoa, OR6B2
expression is seen only along the tail. No single expression of
OMP or OR6B2 is seen on the mp. The pattern of staining in
activated spermatozoa is distinct from that of control (unacti-
vated) spermatozoa. Scale bar = |0 pum. Abbreviations: OMP,
olfactory marker protein; OR, olfactory receptor (OR6B2); ICC,
immunocytochemistry; mp, middle piece; DAPI, 4’,6-diamidino-
2-phenylindole dihydrochloride; cp, connecting piece; EqS, equa-
torial segment.

Discussion

Fertilization remains a complex biological process with
much still to be learned.?®°!' Spermatozoa require
chemosensory properties to respond to chemical cues
as they pass through the epididymis and female geni-
tal tract and to communicate with the oocyte before
and during fertilization.5-92-%5 The connection between
olfaction and reproduction in mating behavior is well
known, so it seems remarkable that at a cellular level,
an analogous chemical system seems involved in trig-
gering sperm to migrate, identify, depolarize, and acti-
vate its target.®¢%” Many signaling molecules such as
ORs, G proteins, isoforms of adenylyl cyclase, protein
kinases (GRK3/BARK2), B-arrestin2, B1 isoform of
phospholipase C (PLC), inositol 1,4,5-trisphosphate
(IP;), CNGAS, and a CNGA2 subunit of a cyclic nucle-
otide-gated (CNG) channel are conserved between
the olfactory and reproductive systems.3264.98-108 Gjyen
that only a small fraction of spermatozoa succeed in
fertilizing an egg, there must be strong selective pres-
sure for each spermatozoon to be equipped with a
sensitive guidance system. Our observations are rele-
vant to understanding this process in reproduction.
Despite intensive research, the identification of ORs
and OR-associated proteins in non-olfactory tissues
has been difficult. First, non-olfactory tissues express
lower levels of OR transcripts than olfactory tissue.™
Second, there is a dearth of high-quality, commercially
available OR antibodies due to the high homology
between ORs (40-90%).'° Third, less than 100 OR
ligands have been isolated."%-"'3 OMP is a protein that
is intimately involved in olfactory signal transduction
and is highly expressed in mOSNs,3+45:48,51.114 Ectopic
expression of OMP has been found in some non-olfac-
tory tissues of mice, suggesting that it could play a role
in chemosensing.'®'® We confirmed and extended this
finding in rats where OMP was expressed not only in

mOSNSs of the olfactory system, but also in Leydig
cells of the reproductive system. These cells are
involved in the production of testicular androgen, which
is important for the paracrine regulation of spermato-
genesis within the testes and for a multitude of endo-
crine effects, outside the testes.?2 We applied OMP
immunostaining as a surrogate representative of natu-
ral ORs and observed its relationship with Golf and
AC3 in rat spermatozoa that indicate the presence of
ORs and an OR-like signaling pathway.2° This expands
knowledge about the ectopically expressed ORs and
plays an important role in understanding the chemo-
sensing in non-olfactory systems. Moreover, we co-
localized OMP with OR6B2 which has been shown to
be part of an olfactory phenotype with odorant’s per-
ceived intensity and pleasantness.’”™ The OR6B2
gene is highly expressed in human trigeminal ganglia
(TG), dorsal root ganglia (DRG), and neuronal retina,
all of which perform sensory functions. The OR6B2
antibody detects the corresponding OR protein that is
thought to be chemosensory in nature. OR6B2 stains
satellite glial cells that envelop and form a discrete
anatomical unit with somatosensory neurons—sen-
sors for various innocuous and noxious physical and
chemical stimuli—of the TG and DRG.2%'6-""® These
diverse observations are consistent with OMP being a
reliable marker for OR proteins.

OMP Expression in Human and Rat
Spermatozoa

Our study is the first to demonstrate OMP expression
in ejaculated human spermatozoa. OMP was
expressed on the equatorial segment and the anterior
acrosomal region of the head, on the connecting
piece, and along the tail, except for the middle piece.
We also showed OMP expression in rat epididymal
spermatozoa. OMP was expressed on the equatorial
segment and the acrosomal region of the head, on the
connecting piece, and along the tail. The strongest
OMP expression was observed on the middle piece.
Expression of OMP on the tail of both human and rat
spermatozoa occurred in a discontinuous punctate
pattern. A clear difference in the pattern of OMP
expression between human and rat spermatozoa was
observed on the middle piece of the tail. In rats, OMP
was expressed prominently together with Golf and
ACS3. In humans, however, no OMP was expressed on
the middle piece (Fig. 11). The conserved molecular
presence but variable distribution across species mer-
its further consideration. Species-specific difference in
OMP expression on the middle piece of the tail may be
explained in several ways. The differences may be due
to the maturational status of the spermatozoa studied.
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Figure 10. Photomicrographs show confocal Z stack images of human spermatozoa in control (A and B) and activated (C to E) modes.
Activation of spermatozoa affects OMP and OR6B2 expression pattern on the head. Photomicrographs (A and B) show control (unactivated)
spermatozoa stained with OMP using single-labeling ICC. (A) Similar patterns of OMP expression (red) are seen in two control spermatozoa.
OMP expression is seen on the EqS (arrow) and on the apical part of the acrosomal region (crossed arrow) of the head, on the cp (arrowhead),
and, in a discontinuous pattern, along entire tail. No OMP expression is seen on the mp (double head arrow). (B) Photomicrograph shows
heads of two control spermatozoa in two rotations. Dot-like expression of OMP (red) is seen on the EqS (arrow) and on the apical part of the
acrosomal region of the head, and on the cp (arrowhead). Photomicrographs (C to E) show activated spermatozoon co-stained with OMP and
OR6B2 using double-labeling ICC. Representative co-expression is shown in merged image C, and representative expression of each antibody
is displayed in image D (OMP) and image E (OR6B2). (C) Three-dimensional image stack reconstruction of spermatozoon shows co-expression
of OMP with OR6B2 (yellow) in dot-like patterns across the entire acrosomal region of the head (bracket), and along the tail. On the head,
strongest co-expression is visible on the apical tip. (D) Single-image slice shows OMP (red) expression across the entire acrosomal region
of the head in defined dot-like pattern, and along the tail. OMP expression is seen on the cp (arrowhead), and a few spots of OMP staining
are seen in near proximity. (E) Single-image slice shows OR6B2 (OR, green) expression across the entire acrosomal region of the head in a
dot-like pattern, and along the tail. No OR6B2 expression is visible on the cp or mp (double head arrow). DAPI (blue) stains spermatozoa
nuclei. Scale bar =5 um for B, C and |0 pum for A, D, E. Abbreviations: OMP, olfactory marker protein; OR, olfactory receptor (OR6B2); ICC,
immunocytochemistry; EqS, equatorial segment; cp, connecting piece; mp, middle piece; DAPI, 4',6-diamidino-2-phenylindole dihydrochloride.
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Figure I 1. OMP, OR6B2, Golf, and AC3 are localized in compartment-specific locations in human and rat spermatozoa. In rat sperma-
tozoa, OMP, Golf, and AC3 are simultaneously expressed on the head (acrosomal region and equatorial segment), the connecting piece,
and along the tail, with strongest expression on the middle piece. In control human spermatozoa, OMP co-expresses with OR6B2 on
the head (equatorial segment), and along the tail, except for the middle piece. In the hyperactivated spermatozoa, OMP co-expresses
with OR6B2 on the head (acrosome), and along the tail, except for the middle piece. In control and hyperactivated spermatozoa, OMP
is singly expressed on the connecting piece. A clear difference in the pattern of OMP expression between human (both control and
hyperactivated) and rat spermatozoa is observed on the middle piece. The differences in the pattern of OMP and OR6B?2 co-expression
between the control and hyperactivated human spermatozoa are observed on the head, with no changes of OMP single expression on
the connecting piece. Abbreviations: OMP, olfactory marker protein; OR, olfactory receptor (OR6B2); AC3, adenylyl cyclase 3; Golf,

olfactory G protein.

Whereas the human spermatozoa in our study were
fully mature, rat spermatozoa were collected from dif-
ferent parts of the epididymis and were undoubtedly in
different stages of maturation. Additional studies of
ejaculated rat spermatozoa that mapped epididymal
location could clarify the pattern of tail staining as it
relates to maturational status and need to be con-
ducted. Another explanation for the species-specific
differences in OMP expression on the middle piece
may be due simply to dissimilarity in the morphology
of human and rat spermatozoa. In many species,
including rats, cytoplasmic droplets (CDs) are shed
from spermatozoa after ejaculation. However, in
humans, CDs remain attached to spermatozoa, where
they have a role in motility development during sper-
matozoa epididymal maturation, and in spermatozoa
volume adaptation during movement through the
female reproductive tract."®-22 Differences in OMP

expression may reflect the divergent challenges that
spermatozoa face as they negotiate species-specific
variations in the female genital tracts across mam-
mals. Species-specific differences have been already
observed in the expression of ion channels and signal-
ing molecules in the spermatozoa between humans
and rodents. '23-126

We found that OMP was expressed in compart-
ment-specific locations in both human-ejaculated
and rat epididymal spermatozoa. Such compartment-
specific expression suggests that OMP may perform
a number of different physiological processes. For
example, expression of OMP on the head suggests
the existence of a guidance mechanism to direct
spermatozoa to the oocyte. Expression of OMP on
the equatorial segment suggests that OMP may be
involved in sperm—egg binding and fusion during fer-
tilization.8*12” Expression of OMP on the acrosomal
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region of the head suggests that OMP may be
involved in exocytotic release of acrosomal enzymes
that help the sperm penetrate the zona pellucida of
the egg.'2812° Expression of OMP on the head and on
the tail could also contribute to spermatozoal develop-
ment and maturation by recognizing chemicals, such
as hormones, proteins, or lipids in the luminal environ-
ment as spermatozoa pass through the epididymis.
The guided and timed movement of spermatozoa
through the epididymis may involve epididymo-
somes—small membrane—bound vesicles released by
principal epithelial cells and located in the luminal fluid
of the epididymis in humans, mice, sheep, rats, ham-
sters, and bulls.'3%-1% |t is thought that they may deliver
a broad range of enzymes, proteins, chaperons, cyto-
kines, and small non-coding RNA.™%-%1 The content
of epididymosomes varies from one epididymal seg-
ment to another and is selectively transferred to sper-
matozoa to contribute to sperm function, protection,
and maturation. 130142

Co-expression of OMP With an OR (OR6B2),
Golf, and AC3 in Spermatozoa

We examined the co-expression of OMP with OR6B2
in human spermatozoa and of OMP with Golf and AC3
in rat spermatozoa. In all control human-ejaculated
spermatozoa, OMP strongly co-expressed with
OR6B2 in compartment-specific locations—on the
head, and along the tail, except for the middle piece. In
the rat epididymal spermatozoa, OMP, Golf, and AC3
were localized to similar compartment-specific loca-
tions: on the head, connecting piece, and along the
tail, with strong expression on the middle piece. OMP
co-localizes with OR6B2 in human spermatozoa in a
pattern resembling that observed for OMP, Golf, and
ACS in rats with the exception of the middle piece.

The co-expression in spermatozoa of OMP with
olfactory-signaling molecules, such as ORs, Golf, and
AC3, implies a chemosensing role for OMP in the
reproductive system that is similar to that in the olfac-
tory system. Human and rat spermatozoa might use
these molecules as an intracellular signaling pathway
resembling that described in the bladder and thyroid of
mice, suggesting a broad application of OR-mediated
chemosensory signaling in the body.'®

Co-expression OMP With OR6B2 in Control, AC,
and HAC Human Spermatozoa

The co-expression of OMP with OR6B2 in control, AC,
and HAC human spermatozoa was consistent with
other data that OMP marked ORs in both olfactory and
non-olfactory systems.® This shared labeling was
generally replicated in spatial location and for different

functional modes of spermatozoa for both markers.
Two types of co-expression were observed on the
head of AC spermatozoa. In the majority of AC sper-
matozoa, OMP co-expressed with OR6B2 on the
equatorial segment of the head, whereas, in a smaller
proportion, OMP and OR6B2 co-expressed promi-
nently across the entire acrosomal region of the head.
The different co-expression patterns on the head may
be due to the acrosomal status of the spermatozoa,
especially as co-expression on the acrosomal region
occurred only in acrosome-reacted spermatozoa. 03143
In HAC spermatozoa, OMP strongly co-expressed
with OR6B2 only across the acrosomal region of the
head. Whereas this type of co-expression occurred
only in a small number of AC spermatozoa, it occurred
in all HAC spermatozoa. This result may be because
all HAC spermatozoa were acrosomal-reacted due to
the presence of progesterone and pentoxifylline in
HAmax reagent (Fig. 11). It has been reported that
progesterone, a steroid hormone released post-ovu-
lation by the corpus luteum, forms a gradient along
the cumulus and beyond that may attract the sper-
matozoa.'+1%5 Progesterone also induces robust
Ca?* influx into human spermatozoa,'#6147 triggers
sperm hyperactivation, and initiates the acrosomal
reaction—the preparative processes of spermatozoa
essential for fertilization.25144148,149  Pentoxifylline
has been found to enhance spermatozoa motility
and induce hyperactivation and acrosome reaction in
spermatozoa.®0151

OMP did not co-express with OR6B2 in only one
location: the connecting piece of control, AC, and HAC
human spermatozoa. This finding was consistent with
a previous study that found that a small number of
OMP+ cells did not co-express with ORs in the bladder
and thyroid of mice.® Although we found that OMP did
not co-express with OR6B2 in the connecting piece,
OMP may co-express with other ORs, such as OR3A2,
OR2H1/2, OR10J1, or OR51E2,% in this location, and
this could be the subject of future investigations.

In conclusion, our study demonstrates that OMP is
expressed in specific cells of the reproductive system
in humans and rats. OMP co-expressed with the
unique OR (OR6B2), Golf, and AC3 in compartment-
specific locations in spermatozoa, suggesting that
OMP expression is a reliable indicator of OR-mediated
chemoreception in human and rat spermatozoa.
Co-expression differences in the location and distribu-
tion of OMP and OR6B2 are evident with respect to
activation and hyperactivation of spermatozoa and
may reflect signaling processes involved in the differ-
ent stages of fertilization. Further studies involving
endogenous ligands from oocyte cumulus cells and
follicular fluid are needed to confirm these associa-
tions. These data emphasize the significance of
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determining individual ORs and their specific ligands
for advancing our knowledge of chemoreception.
They also argue for human studies using a large
cohort of fertile and infertile males to determine differ-
ences in expression patterns of olfactory-signaling
proteins (ORs, OMP, Golf, and AC3). The resulting
knowledge could be useful in developing clinical strat-
egies for combating infertility.
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