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Abstract

Efferent ductules are responsible for the transportation of sperm from the testis to the epididymis
and their epithelium is responsible for the reabsorption of over 90% of the luminal fluid. The
purpose of this research was to characterize the gross morphology and histology of efferent
ductules in the male Golden Syrian hamster. The efferent ductules emerge from rete testis with a
unique polarity at the apex or cephalic pole of the testis. The number of efferent ductules varied
from 3 to 10 with an average of 6.0 and blind ending ducts were observed in approximately 56 %
of the males. The ductules merged into a single common duct prior to entering the caput
epididymidis. The proximal efferent ductule lumen was wider than the distal (conus and common
ducts), consistent with reabsorption of most of the luminal fluid, as was morphology of the ductal
epithelium. Nonciliated cells in the proximal region had prominent endocytic apparatuses,
showing both coated pits and apical tubules in the apical cytoplasm. Large basolateral,
intercellular spaces were also present in the epithelium of the proximal region. Distal nonciliated
cells had an abundance of large endosomes and lysosomal granules. Localization of sodium/
hydrogen exchanger-3 (NHE3; SLC9A3) and aquaporins 1 and 9 (AQP1, AQP9) along the
microvillus border was also consistent with ion transport and fluid reabsorption by this epithelium.
In comparison, the caput epididymidis epithelium expressed only AQP9 immunostaining. Another
unusual feature of the hamster efferent ductules was the presence of glycogen aggregates in the
basal cytoplasm of small groups of epithelial cells, but only in the proximal ducts near the rete
testis. Androgen (AR), estrogen (ESR1 and ESR2) and vitamin D (VDR) receptors were also
abundant in epithelial nuclei of proximal and distal efferent ductules. In comparison, caput
epididymidis showed very little immunostaining for ESR1.
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Introduction

In the 17t century De Graaf became the first to describe the ductuli efferentes, or efferent
ducts of the testis. He described the tubules as being very thin and “coiled individually from
side to side”. Since then, efferent ductules have been described in more than 20 different
mammalian (Hess, 2002; llio & Hess, 1994) and numerous nonmammalian vertebrate
species (Guerrero et al., 2004; Hernandez-Franyutti & Uribe, 2012; Hess et al., 1976;
Holmes & Gist, 2004; Rheubert et al., 2010; Sever & Freeborn, 2012). Efferent ductules
transport spermatozoa from rete testis to the epididymis. However, in addition to providing a
conduit for sperm, the ductules play an important role in sperm maturation by isosmotic
reabsorption of water, ions (Clulow et al., 1994; Clulow et al., 1998) and protein
(Veeramachaneni et al., 1990), thereby increasing the concentration of sperm that enter the
epididymis. Epithelial cells that line the ductal lumenare classified as either pseudostratified
or simple columnar, consisting of nonciliated and ciliated cells and occasional intraepithelial
lymphocytes (Hess, 2002; Ilio & Hess, 1994). A layer of smooth muscle and connective
tissue surrounds the epithelium.

Considerable variation in histological appearance of the epithelium has been observed along
the length of the ductules. One difference is a greater proportion of nonciliated cells in the
proximal region and an increased proportion of ciliated cells in the conus and common ducts
near the epididymis (Ilio & Hess, 1994). Another difference from proximal to distal is in the
presence or absence of granules and vesicles previously identified as endosomes and
lysosomes (Hermo et al., 1985; Hess, 2002; Robaire & Hermo, 1988). However, the
granular component of the endocytic apparatus varies significantly between species, with
larger mammals showing the highest variation (llio & Hess, 1994). Ciliated cells appear
more consistent in structure, with an apical positioning of their nuclei, short microvilli
between typical ciliary projections from basal bodies lining the apical surface and numerous
mitochondria in the apical cytoplasm to support the high-energy requirement of motile cilia
(Hess, 2002), which has also been shown in the hamster (Yokoyama & Chang, 1971).

Nonciliated cells are related embryologically to the derivation of proximal convoluted
tubules of the kidney; therefore, it is not surprising that their ultrastructure is similar in
appearance and consistent with their physiological function of fluid reabsorption. The
efferent ductule epithelium is responsible for reabsorption of over 90% of the fluid that exits
the testis, including water, low molecular weight solutes and proteins (Clulow et al., 1994;
Clulow et al., 1998; Hansen et al., 2004) (Hermo et al., 1985; Igdoura et al., 1993). This
important physiological function involves three major processes of active solute transport,
passive paracellular diffusion and fluid phase endocytosis (Clulow et al., 1998; Hermo et al.,
1985; Hermo & Morales, 1984; Hess, 2002; Robaire & Hermo, 1988). Morphologically, the
apical cytoplasm contains a complex endocytic apparatus of tubular coated pits, apical
tubules, endosomes, multivesicular bodies and secondary lysosomes (Hermo et al., 1985;
Hermo et al., 1988), similar to structures reported in the Chinese hamster (Yokoyama &
Chang, 1971). Hermo et al (1988) proposed a model in which the apical tubules are involved
in both endosome activity and the recycling of membrane back to the apical plasmalemma.
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This massive movement of water, which results in nearly 25-fold increase in the
concentration of epididymal sperm (Clulow et al., 1994), is dependent on an active
absorption of sodium and an apical expression of the Na(+)/H(+) exchanger (SLC9A3) and
aquaporins (AQP) (Oliveira et al., 2005; Ruz et al., 2006) and basal localization of Na+-K+-
ATPase (llio & Hess, 1992) and AQP-1 (Ruz et al., 2006). Consistent with this
physiological activity, the basolateral plasma membranes show extensive interdigitations
and often dilated intercellular spaces in the proximal ductules of some species (Goyal &
Williams, 1988; Holmes & Gist, 2004; Ilio & Hess, 1992; Jones & Jurd, 1987; Pudney &
Fawcett, 1984; Ramos & Dym, 1977; Sever & Freeborn, 2012).

The male reproductive tract function is dependent upon a complex expression of multiple
nuclear steroid receptors (Hess et al., 2011; Robaire & Hamzeh, 2011; Robaire et al., 2006).
In contrast to the androgen receptor’s (AR) importance in testis and epididymis, estrogen
receptor (ESR1) plays a dominant role in the efferent ductules (Hess et al., 2011; Hess et al.,
2002; Nie et al., 2002; Zhou et al., 2002), and also in contrast to AR, ESRs are
constitutively expressed after castration (Oliveira et al., 2004). Although we have known
since the 1980s that vitamin D and 17- estradiol show intense nuclear labeling in epithelia
of the efferent ductules and epididymal initial segment (Schleicher et al., 1984; Schleicher et
al., 1989), only recent studies have begun to link the expression of their receptors with
physiological functions in the upper male reproductive tract (Blomberg Jensen et al., 2010;
Dornas et al., 2007; Hess et al., 2011; Mahmoudi et al., 2013; Oliveira et al., 2008; Oliveira
& Oliveira, 2011). The lack of ESR1 or treatment with an antiestrogen disrupts efferent
ductule development, alters epithelial morphology, and inhibits fluid reabsorption in the
adult epithelium (Hess et al., 1997; Hess et al., 2001; Joseph et al., 2011). However, the
balance of ESR1 and AR appears to be important, as some genes expressed in efferent
ductules contain response elements for both receptors (Trepos-Pouplard et al., 2010). For
example, Slc9a3 mRNA is reduced nearly 6-fold in ESR1 -/- mice and in mice treated with
an antiestrogen compound (Joseph et al., 2010; Zhou et al., 2001), but following castration
testosterone treatment alone increases the Slc9a3 message (Snyder et al., 2009).

Several studies have investigated the hamster efferent ductules (Flickinger et al., 1978;
Montorzi & Labiano, 1970; Nagy, 1990; Vicentini et al., 1990; Yokoyama & Chang, 1971);
however, gross morphological and immunohistochemical evaluations are lacking. An earlier
study examined the ultrastructure of ciliated and nonciliated epithelial cells in the Chinese
hamster efferent ducts (Yokoyama & Chang, 1971), but they did not distinguish between
proximal and distal regions, which makes the study difficult to interpret. In the current
study, efferent ducts were found to exit the hamster testis in a uniquely polarized manner
from the cephalic pole and other unique observations were found, such as glycogen granules
in the proximal ductules. Immunohistochemistry of the efferent ductule epithelium was
compared to the caput epididymis. Numerous nuclear steroid receptors were present
simultaneously in the epithelium of the efferent ductules, but some also displayed
cytoplasmic staining.
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Materials and Methods

Animals and Experimental Design

A total of 24 adult Golden Syrian hamsters were used in this study. The hamsters were
maintained under a temperature of 22°C and a circadian light cycle of 16 hours light and 8
hours of darkness. Animals were fed ad libitum (Teklad Chow; Harlan Teklad, Madison,
WI1) with unlimited access to tap water. All animal experiments were approved by the
Institutional Animal Care and Use Committee of the University of Illinois and were
conducted in accordance with the National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals.

Gross Morphology

Sixteen hamsters used for gross morphology were deeply anesthetized by intraperitoneal
injection of Sleepaway (0.1 ml; 26% sodium pentobarbital, 7.8% isopropyl alcohol; Fort
Dodge Animal Health, Fort Dodge, IA). A midventral incision was made from the sternum
to the umbilicus to expose the testes and epididymides, which were removed and incubated
in calcium- and magnesium-free Hank’s Balanced Salt Solution (HBSS-CMF).

Excised tissues were dissected using a stereomicroscope and jeweler’s forceps, first
removing the fat and connective tissue covering the reproductive tract. The efferent ductules
were cut at the rete testis junction and the initial segment epididymis. Efferent ductules were
transferred to a Petri dish containing HBSS-CMF and the remaining fat and connective
tissue was removed. The partially dissected ductules were then placed in HBSS-CMF
containing 1% trypsin-EDTA (Gibco — Invitrogen Corporation, Grand Island, NY) for 30
minutes at 4°C, followed by three washes in HBSS-CMF. Individual ductules were exposed
further by dissection with forceps and iridectomy scissors, until the entire length of all
ductules was revealed. The isolated ductules were fixed in 4% gluteraldehyde in 0.135 M
phosphate buffer (pH 7.4). Digital images were obtained of the reproductive tracts and the
efferent ductules using a SPOT Cooled Color Digital Camera (Diagnostic Instruments, Inc.,
Sterling Heights, Ml).

Histology and electron microscopy

The male reproductive tract was fixed via vascular perfusion (Hess & Moore, 1993) and
processed for histological, morphometric or immunohistochemical analysis (Guttroff et al.,
1992; Oliveira et al., 2005). For bright-field light microscopy (morphometry) and
transmission electron microscopy, 5 males were perfused with 4 % glutaraldehyde in 0.135
M phosphate buffer. For electron microscopy, glutaraldehyde fixed tissues were postfixed in
1% osmium tetroxide containing 1.5% potassium ferrocyanide and processed for epoxy
embedment (Hess et al., 2000). Ultrathin sections were prepared and imaged with a Hitachi
H600 electron microscope. For immunohistochemistry, 3 males were perfused with cold
neutral buffered formalin (Zhou et al., 2002). Brightfield photomicrographs were imaged
with a BX51 Olympus microscope (Olympus Corp., Melville, NY, Center Valley, PA,
www.olympusamerica.com) and planapochromatic lenses.
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Morphometry

Efferent ductules were dissected away from the surrounding tissue, dehydrated with ethanol,
embedded in glycol methacrylate, sectioned at 2.5-um thickness, stained with periodic acid-
Schiff (PAS), counterstained with Mayer’s hematoxylin, and mounted for observation. To
determine epithelial heights, images were captured using an Olympus BX51 microscope
(Olympus, Melville, NY) and a digital camera (ProgRes C14, Jenoptik L.O.S. GmbH,
Germany). Images were compiled using Adobe Photoshop (Adobe Systems, San Jose, CA)
and analyzed with image J (version 1.29x, National Institutes of Health, U.S.A.). Five
epithelial cell heights were determined in five distinct fields per hamster and reported as the
mean of 25 measurements per male.

Immunohistochemistry

Results

The efferent ductules and caput epididymidis were fixed with neutral buffered formalin and
processed as for morphometry, but sectioned at 5-um thickness, stained with the appropriate
antibody, counterstained with Mayer’s hematoxylin (Sigma Diagnostics, St. Louis, MO) and
mounted for observation. Immunohistochemical staining was performed for sodium/
hydrogen exchanger-3 (NHE3; SLC9A3), aquaporins 1 and 9 (AQP1, AQP9), androgen
receptor (AR), estrogen receptor-alpha (ESR1), estrogen receptor-beta (ESR2) and vitamin
D receptor (VDR). Similar procedures were followed as previously reported (Oliveira et al.,
2008; Oliveira et al., 2005; Zhou et al., 2002) (Picciarelli-Lima et al., 2006; Ruz et al.,
2006; Zhou et al., 2001). All tissues were blocked in 10% normal goat serum and for ESR1
and AR the slides were exposed to avidin-biotin blocking solutions. Incubation of the
primary antibodies was performed overnight (4°C). Primary antibody included the
following: rabbit anti-rat NHE3 (SLC9A3; Chemicon International, Temecula, CA) diluted
1:1000; rabbit anti-rat AQP1 and AQP9 (Alpha Diagnostic International, San Antonio, TX),
diluted 1:1000; mouse anti-human ESR1 (NCL-L-ER-6F11; Novocastra Laboratories LTD,
Newecastle upon Tyne, UK) diluted 1:100; rabbit anti-rat ESR2 (PA1-310; Affinity
BioReagents, Golden, CO) diluted 1:50; rabbit anti-rat AR (PG21-40, kindly provided by
Dr. Gail Prins, University of Chicago, IL) diluted 1:300; rat anti-human VDR (MA1-710;
Affinity BioReagents, Golden, CO) diluted 1:150. Tissues were then incubated with
secondary antibodies at room temperature for one hour and antibody binding was visualized
using the avidin-biotin complex (ABC Kit, Vector Laboratories, Burlingame, CA) and
diaminobenzidine (DAB; Sigma Diagnostics, St. Louis, MO) and counterstained with
Mayer’s hematoxylin. Antibody competition was previously performed for AR and ESR1
(Zhou et al., 2002). Negative controls were obtained by staining without the primary
antibodies. Stained sections were visualized and images captured using an Olympus
microscope model BX51 (Olympus, Melville, NY) and the ProgRes C14 digital camera
(Jenoptik L.O.S. GmbH, Germany).

Gross Morphology

In the Golden Syrian hamster, excurrent ducts were polarized, as the rete testis and attached
efferent ductules exited the testis at the apex or cephalic pole (Fig. 1). There were three
regions of efferent ductules, proximal nearest the rete testis, conus where the ductules
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merged and the common or single ductule that entered the capsule of the epididymis. The
smaller efferent ductules were surrounded by adipose tissue and connected to a larger caput
epididymidis. The caput region then formed a much thinner corpus, which flowed into a
rather large cauda epididymidis (Fig. 1A). The number of efferent ducts varied from 3 to 10
with an average of 6.0 £0.4 (Table 1). Blind ending ductules were present in approximately
56 % of the hamsters examined, and if present there was on average 1.3 £0.2 blind-ending
ductules per male.

A great variety of branching patterns for the efferent ductules were observed (Fig. 1). The
ductules were highly convoluted in the conus region, but eventually converged into one
small, highly convoluted common duct that rapidly transitioned into the initial segment of
the caput epididymis. Although in a few animals the efferent ductules had a symmetrical
pattern of branching, most branching exhibited an asymmetrical alignment.

Light and Electron Microscopy

The proximal efferent ductule began abruptly after the rete testis exited the testicular
capsule. The squamous or low cuboidal epithelium of the rete testis suddenly changed into a
columnar epithelium with ciliated and nonciliated cells lining the proximal ducts (Fig. 2).
The proximal ductules had a wide lumen that became progressively smaller in diameter in
the common duct. Luminal sperm concentration was dilute in the proximal region, while the
common duct contained a much higher concentration. In proximal regions, the epithelium
was 35% taller than that of the common ductule (Table 2), but common and conus ductal
epithelia contained PAS+ lysosomal-like granules that were more numerous and larger in
size than in the proximal region (Figs. 2D-1). In the proximal epithelium, occasional groups
of cells contained lipid-like droplets in the basal cytoplasm (Fig. 2G), similar to that
reported in the rat (Ilio & Hess, 1994). Additionally, the proximal epithelium was unique in
that small groups of cells near the rete testis junction, both ciliated and nonciliated,
contained an abundance of glycogen granules that were PAS+ and electron dense (Fig. 2B-
C, D).

Ultrastructure of the proximal efferent duct epithelium revealed prominent intercellular
spaces, primarily in the basolateral regions (Fig. 3A-B). The apical cytoplasm of proximal
nonciliated cells also had a few endosomes and lysosomes, consistent with light microscopy
(Fig. 2), but an abundance of tubular coated pits originating between microvilli at the
luminal surface, along with an apical tubular system (Fig. 3C). An occasional intraepithelial
lymphocyte-like cell was seen resting near the basement membrane. These did not appear to
be epithelial basal cells because their plasmalemma did not appear attached to the basal
lamina (Fig. 3B).

Immunohistochemistry

Some major proteins that are involved in the reabsorption of luminal fluid were localized by
immunohistochemistry in the efferent ductules. Caput epididymal epithelium was stained for
comparison (Table 3). NHE3 has the primary responsibility for Na+/H+ exchange at the
luminal surface and thereby mediates autoregulated fluid reabsorption (Clulow et al., 1998).
NHE3 was present on the apical border of nonciliated cells of the efferent ductules, but
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absent in the ciliated cells (Fig. 4A-C). Staining intensity for NHE3 was higher in the
proximal compared to the distal (conus and common) efferent ductules. In contrast, caput
epididymidis epithelium was negative. AQP1 staining was intense among the microvilli and
cilia of the proximal and distal efferent ducts; however, in the proximal region, but not
distal, cytoplasmic staining was observed, as well as basolateral membranes (Fig. 4D-F).
AQP9 staining of efferent ductules was more intense on microvilli of nonciliated cells in the
proximal than in the distal region and cilia appeared to be negative (Fig. 4G-I). In caput
epididymidis, AQP1 was negative, except for intense staining of the blood vessels; however,
AQP9 stained intensely the entire layer of long microvilli (Fig. 4F, ).

AR immunostaining was strong in nuclei of ciliated and nonciliated epithelial cells of
proximal and distal (conus and common) efferent ductules and in all epithelial cells of the
caput epididymis (Fig. 5A-C). Nuclear ESR1 staining was equally intense in all regions of
the efferent ductules, but there appeared to be a low level of staining in cytoplasm of
epithelial cells in the proximal ductules. In contrast, apical cell nuclei of the caput
epididymidis were negative for ESR1, while principal and basal cells showed occasional low
levels of immunostaining (Fig. 5D-F). ESR2 staining was equally distributed among
epithelial cell nuclei of all regions of the efferent ductules and the caput epididymidis, but
with less intensity in the efferent ducts compared to ESR1 (Fig. 5G-1). VDR staining in
efferent ductule epithelium was less consistent than for the other steroid hormone receptors,
but staining was observed in all epithelial cell nuclei of the caput epididymidis (Fig. 5J-L).
In efferent ducts, most ciliated cells were negative for VDR, while most nonciliated cells
were positive.

Discussion

This study in the Golden Syrian hamster revealed a rather unusual anatomical arrangement
of the rete testis/efferent ductules, as the ductules exited from the apex or cephalic end of the
testicular capsule. Efferent ducts in the mouse and rat exit the testis eccentrically or off-
center (Ilio & Hess, 1994), but never directly from the apex. The rete testis gave rise to an
average of 6 efferent ductules per male reproductive tract, similar to the rat (Guttroff et al.,
1992), with a minimum of 3 ducts and a maximum of 10 being observed. Others have
reported an average of 5 ductules in the hamster (Mason & Shaver, 1952; Montorzi &
Burgos, 1967; Montorzi & Labiano, 1970). Also similar to rodents, blind ending efferent
ductules were common in the hamster. More than half of the hamsters examined had at least
one blind ending efferent duct, which results from abnormal development of the ductules
from the mesonephros (Guttroff et al., 1992; Ilio & Hess, 1994).

In the conus region, the efferent ductules began to merge into a single duct, following
patterns of considerable variation. Efferent ductules enter the epididymis using one of only
two basic designs; either as a single ductule that collects rete testis fluid in a funnel-like
manner through the anastomosis of the efferent ductules, as seen in smaller mammals (Hess,
2002) oras parallel coils of efferent ductules that form multiple entries into the head of the
epididymis, as observed in larger mammals (Hemeida et al., 1978; llio & Hess, 1994).
Efferent ductules of the hamster merge into a single duct, similar to other rodents (Guttroff
etal., 1992).
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Efferent ductules are a key participant in the transportation of spermatozoa from testis to the
epididymis. However, their major function is the reabsorption of over 90% of the testicular
fluid entering their lumen (Clulow et al., 1994; Clulow et al., 1998; Hansen et al., 2004), at
a rate that is greater than in the proximal convoluted tubules of the kidney (Jones & Jurd,
1987). Reabsorption is dependent upon the following: (a) Na+/H+ exchange and the
expression of an apical NHE3 antiport (Clulow et al., 1998; Hansen et al., 1999; Hess et al.,
1997; Zhou et al., 2001); (b) active endocytosis (Hermo et al., 1985; Hermo & Morales,
1984; Hermo et al., 1988; Hess, 2002); and (c) expression of water channels (Hermo et al.,
2004; Hermo & Smith, 2011; Oliveira et al., 2005; Ruz et al., 2006). Morphological features
of hamster efferent ductal epithelium (Table 3) are consistent with this major function, as
components of an active endocytic apparatus (Hermo et al., 1985; Hermo et al., 1988) were
abundant in the apical cytoplasm of nonciliated cells, similar to a previous report in the
Chinese hamster (Yokoyama & Chang, 1971). NHE3, AQP1 and AQP9 were prominent
along the microvillus border of efferent ductules. In contrast, only AQP9 was found lining
the lumen of the caput epididymidis.

A thorough review of APQs in the male reproductive tract has been published (Badran &
Hermo, 2002; Hermo & Smith, 2011). In the rat and mouse efferent ductules, AQP-1 was
present on microvilli of nonciliated cells but also on cilia of ciliated cells, while absent from
the epididymal epithelium (Badran & Hermo, 2002; Ruz et al., 2006), similar to that seen in
the hamster. Its presence on ductal cilia is not understood, but recent studies have linked the
sensory function of the cilium with cell signaling pathways and the expression of AQPs in
kidney tubules (Marion et al., 2011; Saigusa et al., 2012). In nonciliated cells, AQP-1 was
also found along the basolateral plasmalemma (Badran & Hermo, 2002; Hermo & Smith,
2011), where Na+/K+-ATPase (llio & Hess, 1992) would couple its presence to allow for
rapid movement of water into expanded intercellular channels along basolateral regions of
the epithelium (Jones & Jurd, 1987). AQP-1 was also present in the apical cytoplasm of
efferent ducts, consistent with that reported on the membranes of endosomes in rats and
mice (Badran & Hermo, 2002). AQP-9 staining in the hamster was similar to that seen in
other species, with exclusive staining of microvilli and more intensity in the caput
epididymis (Badran & Hermo, 2002; Hermo et al., 2008; Hermo & Smith, 2011; Oliveira et
al., 2005).

Since the mid 1990’s, it has been well recognized that, in addition to androgens acting
through their nuclear receptor (AR) to regulate male reproductive tract function (Robaire &
Hamzeh, 2011; Robaire & Viger, 1995), estrogen and its receptor (ESR1) also have a major
role, especially in the regulation of fluid reabsorption in the efferent ductules (Hess et al.,
1997). In the hamster, nuclear localizations of AR and ESR1 were intense in the epithelium
that lined all regions of the efferent ductules, which is similar to other rodents (Joseph et al.,
2011; Oliveira et al., 2004; Zhou et al., 2002). In contrast, caput epididymal epithelium was
stained extensively with AR but showed a very weak staining for ESR1 in some principal
and basal cells, as previously reported (Joseph et al., 2011). ESR1 staining in the epididymis
shows tremendous species variability (Hess et al., 2011; Joseph et al., 2011), with more
recent studies supporting the hypothesis that cytoplasmic and apical membrane receptors are
also present and contributing to efferent ductule function (Hess et al., 2011; Sinkevicius et
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al., 2008; Weiss et al., 2008). Hamster efferent ductal epithelium also showed moderate
cytoplasmic staining for ESR1, which in the past may have been ignored, but based upon
newer studies (Hess et al., 2011) should receive special attention in the future. As in other
species (Hess, 2003; Hess et al., 2011), ESR2 immunostaining was also present in all
epithelial cells in these ducts of the hamster, as in all species studied to date (Hess & Carnes,
2004).

A link between estrogen and vitamin D has been demonstrated in various animal models
(Iguchi et al., 1999; Kinuta et al., 2000; Liel et al., 1999); therefore, the discovery of high
concentrations of ESR1 in efferent ductules (Hess et al., 1997; Oliveira et al., 2004) led to
the investigation of VDR in this region of the male reproductive tract. Although there are
only a few studies reporting VDR in the epididymis (Blomberg Jensen et al., 2013;
Blomberg Jensen et al., 2010; Dornas et al., 2007; Schleicher et al., 1989), its expression in
efferent ductules and epididymis is similar across species, including the hamster. In the
rooster, epididymal lithiasis was associated with increases in the level of 17p-estradiol and
expression of ESR2, but decreases in vitamin D3, testosterone and ESR1 (Mahecha et al.,
2002; Oliveira et al., 2011). The role of hormonal imbalances and VDR expression in
calcium homeostasis in the male reproductive tract needs to be investigated, as testicular
microlithiasis has been observed in men (Menchinelli et al., 1999; Sakamoto et al., 2006;
Serter et al., 2006; Thomas et al., 2000), but potential involvement of the efferent ductules
and epididymis were never examined.

Finally, the proximal efferent ductules of the hamster exhibited an unusual abundance of
glycogen in the basal cytoplasm of small groups of epithelial cells, always near the rete
testis junction. Glycogen aggregates are rarely found in normal ductal epithelia. However,
they have been reported in efferent ductules of the common shrew and guinea pig, and as in
hamsters, the glycogen-rich cells were always located only in the rete testis area (Fawcett &
Dym, 1974; Suzuki & Racey, 1984). Glycogen accumulations have been noted in epithelia
of mesonephric tubules and ductules (Martino & Zamboni, 1966; Pelliniemi et al., 1983;
Tiedemann, 1971) and are common in developmental tissues (Winkler & Wille, 1998). Its
role in normal efferent ductule tissue is not known, but its presence in this species may be
associated with the potential for hibernation in hamsters and subsequent reproductive tract
regression and recrudescence. In the ESR1 knockout and antiestrogen-treated mice,
glycogen has been associated with abnormal morphology of the efferent ductule epithelium,
which exhibited underdevelopment or regression (Hess et al., 2000; Lee et al., 2000). Others
have reported glycogen in neoplastic cells of epididymis and in tumors of the rete testis
(Jones et al., 1997; Kimura et al., 1998; Torikata, 1994).

In conclusion, the hamster excurrent ducts of the testis exhibited a unique positional exit
from the testicular capsule at the apex, compared to medial to off-center in most other
species. The efferent ductules were similar to other rodents, except for two morphological
features: glycogen granules accumulated in the basal cytoplasm of some proximal epithelial
cells and nonciliated epithelial cells of the conus and common ducts contain very large PAS
+ lysosomal granules. The presence of NHE3 and aquaporins was consistent with fluid
reabsorption activity of the efferent ductules. Nuclear steroid receptors were prominent in
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the efferent ductules, as in other species, but the caput epididymis lacked ESR1 staining in
most epithelial cells.
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Figure 1.
A) Gross morphology of the male hamster reproductive tract after dissection to remove

surrounding connective tissues and fat. The rete testis exits under the capsule at the apex or
cephalic pole of the testis, connecting to thin, delicate efferent ductules. Efferent ductules
connect to the expanded caput epididymidis that connects to a very thin corpus and then a
very large cauda epididymidis. A thin vas deferens extends from the cauda. B)
Microdissection revealed six individual efferent ductules that merge into a common duct
that flows toward the epididymis (arrow). The number of ductules ranged from 3 to 10 ducts
per testis. C) In this sample, microdissection revealed a blind ending efferent ductule in the
region nearest the rete testis. Arrow indicates direction of epididymis. (D-G) These drawings
represent 4 different patterns observed of efferent ductules merging into a common duct.
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Figure 2.
Morphology of efferent ductules in the Golden Syrian hamster. A) Transmission electron

microscopy (TEM) of the epithelial junction (arrow) between rete testis and proximal
efferent ductule shows cilia projecting into the lumen from the ciliated cell (Ci), while
microvilli extend from the surface of the nonciliated cell (N). B) Proximal efferent ductule
epithelium near the rete testis contained aggregates of PAS+ granules (arrows). C) TEM of a
ciliated cell (Ci) shows aggregates of glycogen (G). At higher magnification in the circular
inset photo, the rosettes or glycogen granules are resolved. D) The proximal efferent ductule
has a wider lumen (L) than the more distal ducts. E) The common efferent ductule has a
narrow lumen (L) and the epithelium contains numerous PAS+ lysosomal granules in the
apical cytoplasm. F) Higher magnification of proximal efferent ductal epithelium near the
rete testis illustrates an abundance of glycogen (PAS+) granules (G). N, nucleus. G) An area
of proximal efferent ductule illustrates epithelial cells with smaller endosomes (arrows) in
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the apical cytoplasm and lipid-like vacuoles (shown by TEM in Fig. 3 to be large
intercellular spaces) in the basal cytoplasm (L). N, nucleus. H) In the conus efferent
ductules, nonciliated cells have an abundance of large lysosomal granules (Ly) in the apical
cytoplasm and endosomes (arrows). N, nucleus. 1) Nonciliated cells in the common efferent
duct contain the largest and most numerous lysosomal granules (Ly) and also larger
endosomes (arrows). N, nucleus. Bars for A, F-I1=5um; Bar for C=2 pm; Bars for B, D,
E=20pm.

Andrology. Author manuscript; available in PMC 2015 July 01.



1duasnuely Joyiny vd-HIN duasnuey Joyiny vVd-HIN

1duasnuely Joyiny vd-HIN

Ford et al.

Page 18

Figure 3.
Transmission electron microscopy of the proximal efferent ductule epithelium. A-B)

Numerous basolateral dilations (*) are present in spaces between the epithelial cells. The
apical cytoplasm shows numerous mitochondria (Mt) and several small lysosomal-like
granules (Ly). The nuclei (N) show considerable variation in shape. One small, lymphocyte-
appearing cell (L) is noted near the basement membrane. Lu, lumen; Mi, microvilli. C)
Higher magnification of the nonciliated cell (N) reveals initial components of the endocytic
apparatus, tubular coated pits (Tcp) and apical tubules (At) beneath a prominent microvillus
border (Mi) that lines the lumen (Lu). To the right of the nonciliated cell, cilia (Ci) extend
into the lumen from a ciliated cell. Bars for A, B=2.5um; Bar for C=0.5um.
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Figure4.
Immunohistochemistry for sodium/hydrogen exchanger-3 (NHE3), aquaporins-1 (AQP1)

and -9 (AQP9) in proximal and conus efferent ductules and caput epididymidis. Arrows
point to strongly positive areas of staining. A-C) NHE3 staining was intense on the apical
border of nonciliated cells of the proximal efferent ductules, but absent in the ciliated cells.
Conus efferent ducts show less intense staining for NHE3, but remain specific for
nonciliated cells. Caput epididymidis epithelium was negative for NHE3. D-F) AQP1
staining was intense among the microvilli and cilia of the proximal efferent ducts.
Cytoplasmic staining was also observed, as well as along the basolateral membranes. AQP1
staining in the conus region was intense along the microvillus and ciliary borders, but
cytoplasmic staining was absent. In the caput epididymidis, AQP1 staining was observed
only in capillaries. G-1) AQP9 staining was intense among the microvilli and cilia of the
proximal efferent ducts. In the conus ductules, AQP9 showed less intense staining compared
to the proximal region. In the caput epididymidis, AQP9 staining was intense along the
entire layer of the long microvilli. Bars=50 pm.
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Figure5.
Immunohistochemistry for androgen receptor (AR), estrogen receptor-a (ESR1), estrogen

receptor-p (ESR2) and vitamin D3 receptor (VDR) in proximal and conus efferent ductules
and caput epididymidis. A-C) AR was localized as intense nuclear staining in ciliated (Ci)
and nonciliated (N) epithelial cells of the efferent ductules and in apical (Ap), principal (P)
and basal (Bs) epithelial cells of caput epididymidis. D-F) ESR1 appeared as intense nuclear
staining in ciliated (Ci) and nonciliated (N) epithelial cells of the efferent ductules. The
cytoplasm also showed immunostaining as well. In caput epididymidis the apical nuclei
(Ap) were negative and principal cells (P) showed occasional weak staining, while basal cell
nuclei (Bs) had moderate staining. G-1) ESR2 stained ubiquitously all nuclei throughout the
efferent ductules and caput epididymidis. Ci, ciliated; N, nonciliated; Ap, apical; P,
principal; Bs, basal. J-L) VDR staining was moderate to intense in nuclei of nonciliated (N)
epithelial cells of the proximal and conus efferent ductules and in cytoplasm of the proximal
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ductules. In the caput epididymidis, apical (Ap), principal (P) and basal cells (Bs) were
positive for VDR. Bars for A-1=50 ym; Bars for J-L=25 pm.
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Table 1

The number of efferent ductules in Golden Syrian hamster2

Mean | Minimum | Maximum
Total Ducts 6.0 3 10
Normal Ducts 5.4 3 10
Blind Ending Ducts 0.6 0 3

a . L . .
16 hamsters were used in the analysis, with 26 reproductive tracts successfully dissected
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Morphometric analysis of efferent ductule epithelium in the Golden Syrian hamster

Table 2

Proximal Ductule

Common Ductule

Epithelial Cell Height, (um)

436+14"

324+25

Number of epithelial Cells / 100 pm

21.9+06"

18.2+0.5

*

P<0.01, comparing means from the proximal versus the common ductules(N=5).
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Table 3

Histological and immunohistochemical features of efferent ductules and caput epididymidis epithelium in the
Golden Syrian hamster?

Location in Reproductive Tract
Cellular Feature | Proximal Efferent Ductule | pigal Efferent Ductule? Caput Epididymidié3

Glycogen +- - -
PAS+ lysosomes + +++ -
NHE3 ++ ++ -
AQP1 +++ ++ -

AQP9 ++ ++ +++

AR +++ +++ +++

ESR1 +++ +++ I+

ESR2 ++ ++ ++

VDR ++/- ++/- ++

Staining intensity scores were as follows: Staining intensity scores were as follows: -, negative; +, weak staining; ++, moderate staining; +++,
strong staining; +/-, some cells were negative; -/+, some cells were positive

2
Conus and common efferent ductules

3 . . .
Photos are shown only for the immunohistochemistry
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