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ABSTRACT: B-Hexosaminidase (Hex) catalyzes the hydrolysis of
terminal sugar residues from a number of substrates such as GM2
gangliosides, glycoproteins, glycolipids, and glycosaminoglycans.
As an enzyme present in lysosomes of epithelial cells of the adult
rat epididymis, it serves to degrade substances endocytosed from
the epididymal lumen. In this way, it modifies and creates a luminal
environment where sperm can undergo their maturational modifi-
cations. In this study, the postnatal developmental pattern of ex-
pression of Hex was examined in animals from days 7-56. In ad-
dition, the role of testicular factors on Hex expression in the dif-
ferent cell types and regions of the epididymis of adult rats was
examined in orchidectomized and efferent duct-ligated rats. Both
parameters were examined on Bouin-fixed epididymides in con-
junction with light microscope immunocytochemistry. At postnatal
day 7, the epithelium of the entire epididymis was unreactive for
anti-Hex antibody. By day 21, narrow and clear cells of their re-
spective regions became reactive, whereas basal cells became re-
active only by day 29. Principal cells displayed only an occasional
reactive lysosome at day 21, several by day 29, and numerous
reactive lysosomes by day 39, comparable to the region-specific
distribution noted for 90-day-old animals, and at an age when high

androgen levels are attained. Thus, postnatal onset of Hex ex-
pression varies according to the different cell types of the epidid-
ymis, suggesting different regulatory factors. This finding was con-
firmed from studies employing adult orchidectomized and efferent
duct-ligated adult rats. Indeed, in all experimental animals, Hex
immunostaining in narrow, clear, and basal cells was intense and
comparable to control animals. In contrast, there was a notable
absence of lysosomal staining in principal cells at all time points
after orchidectomy, which was restored, however, following testos-
terone replacement. No effect on Hex expression was observed in
efferent duct-ligated animals. Taken together, the data suggest
that Hex expression in lysosomes of principal cells is regulated by
testosterone or one of its metabolites. However, the expression of
Hex being independent of testicular factors in narrow, clear, and
basal cells of adult animals, but occurring at different time points
during postnatal development, suggests that different regulatory
factors are responsible for onset of Hex expression in these cell
types during development.
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mong its numerous functions in creating a luminal

environment conducive to the maturation of sperm,
the epididymis is actively involved in the endocytosis of
various substances, including proteins, from the lumen
(Hoffer et a, 1973; Hamilton, 1975; Moore and Bedford,
1979; Robaire and Hermo, 1988). The removal of these
substances would serve to unclog the lumen of unwanted
proteins in each epididymal region and thus allow a more
efficient interaction of the sperm surface with recently
secreted proteins as sperm traverse the entire length of
the duct. The endocytosed proteins, after their receptor-
mediated uptake by coated pits, are internalized into an
endocytic apparatus consisting of endosomes, multivesic-
ular bodies, and lysosomes, whereupon the end products
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of endocytosis are ultimately degraded by lysosomal en-
zymes (Hermo et al, 1994a). Lysosomes are plentiful in
the different epididymal epithelia cell types (Hamilton,
1975; Robaire and Hermo, 1988). They contain numerous
lysosomal enzymes, including cathepsins, B-glucuroni-
dases, B-galactosidases, and prosaposin (SGP-1), to name
a few (Abou-Haila et al, 1996; Hermo et al, 1994a; To-
momasa et al, 1994; Igdoura et al, 1995), including re-
gion-specific differences of their integral membrane pro-
teins (Suarez-Quian et a, 1992). A consistent finding
among the different lysosomal enzymes, and a recurring
theme of the epididymis in many functional parameters,
is that expression of a given protein can at times be cell
type— and even region-specific (Cornwall et al, 2002; Her-
mo and Robaire, 2002).

B-Hexosaminidase (Hex) is an example of a lysosomal
enzyme showing cell type and region specificity in its
expression aong the epididymis. In an earlier study,
quantification of MRNA expression of the « and 8 sub-
units of Hex in the adult rat epididymis indicated that the
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B subunit is prominent in the epididymis, with highest
expression in the corpus region (Hermo et al, 1997). This
finding correlated with high levels of mMRNA expression
(Stirling et al, 1991) and enzyme activity (Conchie et a,
1959; Beccari et al, 1988) in the epididymis and higher
specific activity in the corpus region compared with other
regions (Hall and Killian, 1987; Hall et al, 1996). By light
microscope (LM) immunocytochemistry, although Hex
was intensely expressed in narrow and clear cells, prin-
cipa cells revealed region-specific differences, with nu-
merous lysosomes being intensely reactive in the caput
and proximal corpus, followed by the initial segment, dis-
tal corpus, and cauda regions (Hermo et al, 1997). The
prominent cell and region specificity of Hex suggested an
important role for this enzyme in the epididymis, as well
as substrate specificity with respect to substances inter-
nalized by principal cells (Hermo et al, 1997).

Functionally, Hex catalyzes the hydrolysis of terminal
B-linked N-acetylgalactosamine or N-acetylglucosamine
residues from a number of substrates, including GM2 gan-
glioside, as well as glycoproteins, glycolipids, and glycos-
aminoglycans (Gravel et a, 1995). There are 2 mgjor iso-
enzymes of Hex: Hex A, composed of an « and a B sub-
unit, and Hex B, a homodimer of B subunits (Mahuran et
a, 1988; Mahuran, 1990; Gravel et al, 1995). To better
understand the role of Hex in the epididymis, mice were
made deficient in Hex A through targeted disruption of the
Hexa gene (encodes the Hex « subunit) or in Hex A and
B through disruption of the Hexb gene (encodes the Hex
B subunit) (Phaneuf et a, 1996). In the Hexa—/— mice
(Hex A—deficient), major abnormalities were restricted to
the initial segment and intermediate zone of the epididy-
mis, whereas in Hexb—/— mice, extensive abnormalities
were found throughout the entire epididymis (Adamali et
a, 1999a and b). The abnormalities were seen as dramatic
changes to the lysosomes of all epithelia cells, as a con-
sequence of their inability to degrade appropriate substrates
internalized via endocytosis. In Hexa—/— and Hexb—/—
mice, significant quantities of 2 non-GM2 gangliosides, G2
and G3, accumulated in the epididymis (Trader et al,
1998). Such an accumulation resulted in a dramatic in-
crease in the appearance, size, number, and distribution of
lysosomes within the cytoplasm of the epithelial cells. Tak-
en together, these studies underline the importance of Hex
in the lysosomes of the epididymal epithelial cells.

In the context of regulation of epididymal lysosomal
enzymes, various studies have revealed that expression of
such enzymes can be under different regulatory factors.
In fact, several lysosomal enzymes such as acid phospha-
tase, N-acetyl-B-p-glucosaminidase, 3-glucuronidase, and
arylsulfatase showed decreased enzymatic activity in the
epididymis after orchidectomy (Mayorga and Bertini,
1982; Gupta and Setty, 1995; Abou-Haila et a, 1996). In
comparison, prosaposin and cathepsin A, as revealed by
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immunocytochemistry, appeared to be unaffected in their
expression in all epithelia cell types in the complete ab-
sence of testicular factors (Luedtke et al, 2000; Hermo
and Andonian, 2003). On the other hand, regulation of
cathepsin D revealed cell type and region-specific differ-
ences involving testicular factors (Hermo and Andonian,
2003). Thus, different regulatory factors appear to come
into play for the different lysosomal enzymes and be-
tween the different epithelial cell types.

During postnatal development, the expression of dif-
ferent proteins often correlates with different events tak-
ing place at specific time points. For instance, by day 21,
the lumen of many testicular seminiferous tubules is al-
ready formed, allowing the entry of Sertoli cell—secreted
substances into the epididymal lumen (Tindall et al, 1975;
Russell et a, 1989), and as such, these substances might
regulate expression of several epididymal proteins (Her-
mo et al, 19944a). By day 39, androgen levels become high
(Scheer and Robaire, 1980), at atime when principal cells
become structurally differentiated and many proteins are
expressed in an adultlike staining pattern (Sun and Flick-
inger, 1979; Hermo et al, 1992a; Hermo and Robaire,
2002). By day 49, sperm begin to appear in the caput
epididymidis and by day 56 in the cauda region (Robaire
and Hermo, 1988). Their entry into the epididymis has
been suggested to be important for expression of various
proteins (Garrett et al, 1991). Thus, from various post-
natal studies, it has been demonstrated that different pro-
teins are expressed at different time points and often in a
cell type— and region-specific manner, leading to complex
patterns of regulation during development (Hermo et al,
1994b and c; Hermo and Robaire, 2002).

In the rat epididymis, total Hex activity has been shown
to increase more than 10-fold from infancy to sexual ma-
turity and be dependent on androgens (Conchie et al,
1959). However, no information exists on the role of an-
drogens on Hex expression in the specific cell types and
different regions of the epididymis. Data on the cell type—
and region-specific expression of Hex during postnatal
development is also lacking. Considering the importance
of Hex in the epididymis and its role in the degradation
of endocytosed proteins, we undertook to examine the
effects of testicular factors on the expression of Hex dur-
ing postnatal development and in adult animals.

The purpose of this study was to examine the role of
testicular factors, including androgens, on the expression
of Hex in the different cell types and regions of the adult
epididymis, employing efferent duct-igated rats and or-
chidectomized rats supplemented or not with testosterone.
Studies of rats at different postnatal ages were aso per-
formed to determine whether or not a correlation exists
between the onset of Hex expression in the different ep-
ithelial cell types and regions of the epididymis and
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known events occurring in this tissue during postnatal de-
velopment.

Materials and Methods

Adult Animals and Experimental Protocols

Adult male Sprague Dawley rats (350-450 g, 3-4 months of
age) were obtained from Charles River Laboratory Ltd (St Con-
stant, Quebec), maintained on a 14-hour light/10-hour dark pho-
toperiod, and provided with food and water ad libitum. They
were divided into 5 groups. The first group consisted of 4 adult
control animals. Bilateral ligation of the efferent ducts consti-
tuted the second group. After an intraperitoneal injection of so-
dium pentobarbital (Somnitol, MTC Pharmaceuticals, Hamilton,
Ontario), the testes and epididymides of adult rats were exposed
through an incision of the anterior abdominal wall. With the help
of a dissecting microscope, a ligature was placed around both
right and left efferent ducts at a site close to and further removed
from the rete testis, with care being taken to avoid interference
of the blood vessels entering the testis. The interval between the
2 ligatures was then excised to ensure that no sperm or fluids
would enter the epididymis from the testis. The animals (4 per
interval) were sacrificed at 3, 7, 14, and 21 days following sur-
gery. Bilateral orchidectomy constituted the third group. After
anesthesia, both testes of each rat were removed after a ligature
was placed around the efferent ducts and testicular blood vessels.
The animals (4 per interval) were sacrificed at 3, 7, 14, and 21
days after surgery. Bilaterally orchidectomized rats that received
three 6.2-cm testosterone-filled implants constituted the fourth
group. Testosterone-filled polydimethyl-siloxane (Silastic) im-
plants were prepared according to the method of Stratton et al
(1973) and have well-characterized steroid release rates (Brawer
et al, 1983). Subsequent to anesthesia, both testes were removed
from each rat, and the implants were placed subcutaneously im-
mediately after orchidectomy. The rats (4 per interval) were sac-
rificed at 3, 7, 14, and 21 days after surgery. The fifth group
consisted of 4 sham-operated animals, 2 of which received 3
empty 6.2-cm-long implants, with all rats being sacrificed 14
days after initiation of the experiment. The success of orchidec-
tomy with or without testosterone implants was assessed by
gross differences in the size of the epididymides as compared
with control untreated animals.

All experimentation was carried out with minimal stress and
discomfort being placed on the animals both during and after
surgery, as set up by the guidelines and approval of the McGill
University Animal Care Committee.

Tissue Preparation for Light Microscope
Immunocytochemistry

At the end of each experiment, the epididymides of each rat were
fixed by perfusion with Bouin’s fixative via the abdominal aorta
for 10 minutes. Following perfusion, the epididymides were re-
moved and cut along their long axis, so that given sections
would include al of the major regions of the epididymis (ie, the
initial segment, intermediate zone, caput, corpus, and cauda)
(Hermo et a, 1991). The tissue was then immersed in Bouin's
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fixative for 72 hours, after which it was dehydrated and embed-
ded in paraffin.

Postnatal Studies

For postnatal developmental studies, timed pregnant female
Sprague-Dawley rats were obtained from Charles River Labo-
ratory Ltd. A number of litters, out of which 36 male pups were
chosen, were maintained on a 14 hour dark/10 hour light pho-
toperiod. They were provided with food and water ad libitum.
After birth, assessing body weight gain and palpating their testes
and epididymides, we monitored the normal development of the
male pups. Only those pups showing normal trends in devel-
opment as reported by Hermo et a (1992) were used, which
consisted of 6 rats at each of the following intervals: postnatal
days 7, 21, 29, 39, 49, and 56. At each age, 2 rats were used to
obtain the weights of the paired testes and epididymides, and
the other 4 were used to prepare the tissue for light microscope
immunocytochemical analysis. The body weights of al animals
used, as well as the testicular and epididymal weights of the 2
unfixed animals, were within the normal range obtained previ-
ously (Hermo et al, 1992). The size and appearance of the testes
and epididymides of the 4 chemically fixed animals were similar
to those of the 2 unfixed animals.

The epididymides of all animals were fixed with Bouin fixa-
tive through the heart (days 7 and 21) or viaretrograde perfusion
of fixative through the abdominal aorta (all other ages) for 10
minutes. Following perfusion with either fixative, the epididy-
mides were removed and cut so that given sections would in-
clude al of the major regions of the epididymis (ie, the initia
segment, intermediate zone, caput, corpus, and cauda) (Hermo
et a, 1991). The tissue was then immersed in Bouin fixative for
an additional 72 hours, after which it was dehydrated and em-
bedded in paraffin.

Light Microscope Immunostaining

Light microscope immunoperoxidase staining of the epididymi-
des of al animals was carried out with a rabbit polyclona anti-
Hex A antibody, raised against human placental Hex A. Dr Don
Mahuran provided the antibody to us; details of the specificity
and characterization of the antibody are described in one of our
earlier publications, where we examined Hex expression in the
epididymis of normal adult rats (Hermo et al, 1997).

Sections 5 pm thick were cut and mounted on glass slides.
They were then deparaffinized with xylene and hydrated in grad-
ed concentrations of ethanol (from 100% to 50%). During hy-
dration, immersing the tissues in 70% ethanol containing 1%
lithium carbonate for 5 minutes neutralized residua picric acid.
In order to inactivate any endogenous peroxidase activity, the
tissue sections were incubated for 5 minutes in 70% ethanol
containing 1% (vol/vol) hydrogen peroxide. Following hydra-
tion, the sections were incubated (5 minutes) in a 300-mM gly-
cine solution in order to block free aldehyde groups. The tissue
was then blocked with 40 mL of 10% goat serum and diluted in
TBS (20 mM TrissHCI saline containing 0.1% bovine serum
abumin) at pH 7.4 for 25 minutes at room temperature. The
dlides were then washed with Tween buffer solution (TWBS,
TBS with 0.1% Tween-20). A dilution factor of 1:100 in TBS
was used for the affinity-purified polyclona anti—3-Hex A an-
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tibody. Tissue sections were incubated at 37°C in a moist cham-
ber for 1 hour with 50 pL of the anti-Hex primary antibody.

After incubation, the sections were immersed in 4 consecutive
wells of TWBS for 2 minutes each. The sections were then
blocked with 40 mL of 10% goat serum for 15 minutes and
subsequently incubated for 1 hour at 37°C in a humidified in-
cubator with goat anti-rabbit 1gG conjugated to peroxidase (Sig-
ma Chemical Co, St. Louis, Mo) at a dilution of 1:250 in TBS.
After incubation with a secondary antibody, the tissue was
washed by immersion in 4 wells of TWBS for 2 minutes each.

The final reaction product was obtained by incubating the
slides for 10 minutes in 250 mL of TBS containing 0.03% hy-
drogen peroxide, 0.1 M imidazole, and 0.05% diaminobenzidine
tetrahydrochloride, pH 7.4. The sections were washed in distilled
water, counterstained with 0.1% methylene blue (2 minutes), and
then dehydrated in a graded series of ethanol solutions (30 sec-
onds each) and xylene (3 minutes). Cover slips were mounted
onto glass slides using Permount.

Incubation of epididymal tissues with normal rabbit serum at
a dilution of 1:100 in TBS and in secondary antibody alone,
without primary antibody, served as negative controls. We have
already published such images in our previous Hex article (Her-
mo et al, 1997).

Results

Developmental Expression of Hex in the Epididymis

In the initial segment of the epididymis, at postnatal day
7, a specific reaction was not noted over the cuboidal
undifferentiated epithelium of the initial segment; alumen
was already visible, however, without apparent content by
this age (Figure 1a). By postnatal day 29, narrow cells
were intensely reactive, as they were at al later ages, but
only an occasional lysosome was reactive in the undif-
ferentiated principal cells at day 29 and later ages (Figure
1b through d); similar findings were observed at day 21
(not shown). By day 29, some hasal cells were reactive,
while others were not (Figure 1b), and this was also ob-
served at all later ages (Figure 1c and d). At postnatal
days 39 (Figure 1c) and 49 (Figure 1d), narrow cells and
some basal cells were reactive, whereas principa cells,
fully differentiated by day 39, continued to reveal only a
few reactive lysosomes, as they did at days 56 and 90
(not shown).

In the caput (Figure 2a through c, e, and f), interme-
diate zone (Figure 2d), and proximal corpus (not shown)
epididymidis, the staining pattern of the different epithe-
lial cells was noted to be similar to each other during
postnatal development. At postnatal day 7, all the epithe-
lial cells of these regions, undifferentiated at this age,
were unreactive (Figure 2a). By day 21, narrow cells,
found only in the initial segment and intermediate zone
were reactive (not shown) and continued to be so at later
ages (Figure 2d). Clear cells found in the caput and cor-
pus regions also became intensely reactive by day 21
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(Figure 2b) and continued to be so at all later ages (Figure
2¢e). In al epididymal regions, although some basal cells
were intensely reactive by day 29, others were unreactive
(Figure 2¢), and this staining pattern persisted at al later
ages (Figure 2d through f). Principal cells of the inter-
mediate zone, caput, and proximal corpus epididymidis
showed only an occasional reactive lysosome at day 21
(Figure 2b), and although several more became reactive
by day 29 (Figure 2c and d), numerous reactive lyso-
somes were observed at days 39 (Figure 2e) and 49 (Fig-
ure 2f), comparable to that noted in normal adult animals
(Hermo et al, 1997).

The distal corpus and proximal cauda regions also re-
vealed comparable staining patterns for the different ep-
ithelial cells during postnatal development (Figure 3a
through d). At postnatal day 7, the entire epithelium of
either of these regions was unreactive (Figure 3a). At
postnatal days 21 and 29, clear cells present in both of
these regions were reactive (Figure 3b and c), and by day
39, numerous reactive clear cells were observed (Figure
3d). By day 29, basal cellsrevealed reactivity (Figure 3b),
and at this age and all subsequent ages, both reactive and
unreactive basal cells were noted in each of these epidid-
ymal regions (Figure 3d). Principal cells showed only an
occasional reactive lysosome at days 21 (Figure 3c), and
although several were noted at day 29 (Figure 3b), there
was no apparent increase in the number of reactive ly-
sosomes at any later age of development (Figure 3d).

Effects of Orchidectomy and Efferent Duct Ligation on
Hex A Expression in the Adult Epididymis

At the different time points after orchidectomy, narrow
cells of the initial segment (Figure 4a) and intermediate
zone and clear cells of the caput, corpus (Figure 4c), and
cauda regions were intensely reactive and expressed Hex
at levels comparable to the staining pattern seen in control
animals. These cells were aso reactive in the orchidec-
tomized animals that received testosterone supplementa-
tion (Figure 4b and d). Basal cells of all epididymal re-
gions did not change their staining pattern after orchidec-
tomy, with both reactive and unreactive basal cells being
noted (Figure 4a and c), and this was true also for the
orchidectomized animals that were supplemented with
testosterone (Figure 4b and d). In contrast, principa cells
of all epididymal regions showed an absence of reactive
lysosomes at al time points after orchidectomy (Figure
4a and c¢). However, administration of testosterone to or-
chidectomized rats restored staining to the lysosomes of
principal cells of al epididymal regions (Figure 4b and
d), such that the number of reactive lysosomes of the
different regions became comparable to that noted for
control animals. At the different time points after efferent
duct ligation, there was no change in the staining pattern
of Hex A in narrow, clear, basal, or principa cells (not



Hermo et al - Regulation of Hex Expression in Epididymis 73

Figure 1. (a—d) Light micrographs of tubular cross sections of the initial segment of the epididymis of postnatal 7- (a), 29- (b), 39- (c) and 49-day-old
(d) animals immunostained with an anti-B-Hex antibody. The epithelium (E) progresses from an undifferentiated cuboidal appearance (a) to a differ-
entiated columnar appearance with advancing age (b—d). In panel a, no reaction of any prominence is noted in the epithelium; in panel b, although
some basal cells are intensely reactive (large arrowheads), others appear unreactive (small arrowheads), and this staining pattern is maintained (c,
d). Narrow cells (thick arrows) are reactive by day 29 and remain so at later ages (c, d). Principal cells (P) show small, few, reactive lysosomes (thin
arrows, b) and continue to do so at later ages (c, d). Sperm are evident in the lumen (L) at day 39 (c) and 49 (d), but not at earlier ages. IT indicates
intertubular space. (a, c, d) 375X, (b) 440X.
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Figure 2. (a—f) Light micrographs of tubular cross sections of the caput epididymidis (a—c, e, f) and intermediate zone (d) of postnatal 7- (a), 21- (b, c),
29- (d), 39- (e) and 49-day-old (f) animals immunostained with an anti—B-Hex antibody. The intermediate zone, caput, and proximal corpus epididymidis
show similar staining patterns during development, and only selected regions are illustrated. (a) The epithelium (E) is undifferentiated and shows only
background levels of staining. (b) Clear cells (thick arrows) are reactive, as is an occasional lysosome (thin arrows) of the undifferentiated principal cells
(P). Clear cells of the caput region and narrow cells of the intermediate zone continue to be reactive (thick arrows) at later ages (c—e). Basal cells appear
both reactive (large arrowheads) and unreactive (small arrowheads) by day 29. The undifferentiated principal cells (P) reveal few reactive lysosomes in
(c, d); however, at day 39 (e), when they become fully differentiated, and day 49 (f), they contain numerous reactive lysosomes. Note absence of sperm
in the lumen (L) in panels a—e, but their abundance in panel f. IT indicates intertubular space. (a) 600X, (b, €) 350X, (c) 375X, (d, f) 325X.
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Figure 3. (a—d) Light micrographs of the distal corpus (a, b) and proximal cauda (c, d) epididymides of postnatal 7- (a), 29- (b), 21- (c) and 39-day
old (d) animals immunostained with an anti—-g-Hex antibody. (a) The epithelium (E) is undifferentiated and unreactive. (b, c) Clear cells become
reactive (thick arrows) and (d) numerous clear cells show intense reactivity, whereas (c) basal cells appear unreactive. (b, d) Although some basal
cells are reactive (large arrowheads), others are not (small arrowheads). The undifferentiated principal cells (P) show only an occasional reactive
lysosome (b, ¢, small arrows), and this is also the case when they become fully differentiated (d). There are no sperm in the lumen (L) at these ages.
IT indicates intertubular space. (a) 600X, (b) 400X, (c, d) 440X.

shown). Taken together, the data suggest that expression  Djscuyssion

of Hex in principal cell lysosomes is dependent on sys

temic androgens but that this is not the case for its ex-  Over the past 30 years, a great deal of attention has been
pression in narrow, clear, or basal cells. devoted to the role androgens play in regulating the struc-
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Figure 4. (a—d) Light micrographs of the initial segment (a, b) and proximal corpus (c, d) regions of the epididymis of an adult animal 14 days after
orchidectomy without (a, c) and with (b, d) testosterone supplementation; immunostained with an anti—3-Hex antibody. Narrow (a, b) and clear (c, d)
cells maintain their intense reactivity (thick arrows) after orchidectomy (a, c), comparable to that seen following testosterone supplementation (b, d)
and controls. Principal cells (P) do not reveal reactive lysosomes (a, ¢, small arrows). However, lysosomes are intensely reactive in these cells (b,
d), in numbers comparable to those noted for control animals of these respective epididymal regions. Both reactive (large arrowheads) and unreactive
(small arrowheads) basal cells are seen in animals without (a, c) and with (b, d) testosterone supplementation. IT indicates intertubular space. (a, c)

350X, (b) 325X, (d) 375X.

ture and functions of the epithelial cells of the epididymis.
This is of importance because the epididymis is well
known to be an androgen-regulated tissue (Orgebin-Crist
et a, 1975) and because androgens are a major target for
contraceptive developments. Furthermore, because some

cases of male infertility can be due to absence or dimin-
ishment of androgen action, it would be important to
know what functions of the epididymis are compromised
under such conditions. Thus, knowledge of Hex expres-
sion and its regulation by androgens in the epididymis
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Table 1. Effects of orchidectomy with or without testosterone supplementation and efferent duct ligation on Hex expression in the adult rat

epididymis*
Regiont

Group Cell Type IS 1Z/Cap/PCor DCor Cau

Control Prinicipal + ++ + +
Narrow/clear¥ ++ ++ ++ ++
Basal ++ ++ ++ ++

Orchidectomy Principal - - - -
Narrow/clear ++ ++ ++ ++
Basal ++ ++ ++ ++

Orchidectomy + testosterone Principal + ++ + +
supplementation Narrow/clear ++ ++ ++ ++
Basal ++ ++ ++ ++

Efferent duct ligation Principal + ++ + +
Narrow/clear ++ ++ ++ ++
Basal ++ ++ ++ ++

* The data were similar at all time points after the different experimental treatments.

t Regions of the epididymis. IS indicates initial segment; 1Z, intermediate zone; Cap, caput; PCor, proximal corpus; DCor, distal corpus; Cau, cauda.
For principal cells, ++ indicates that many intensely reactive lysosomes are evident in their cytoplasm; +, only a few reactive lysosomes are present;
—, absence of reactive lysosomes. For narrow/clear and basal cells, ++ indicates that these cells are intensely reactive. Although qualitative in nature,
these data give an overall impression of the status of reactivity based on consistent findings from at least 4 slides for each animal of each experimental

group in the case of the different cell types of each epididymal region.

T Narrow cells are only present in the IS and I1Z regions, whereas clear cells are present in the caput, corpus, and cauda regions.

would provide us with bits of information on alarge glob-
a response of this tissue to androgens. This type of data
will help us better understand the importance of andro-
gens on the functions of the various cell types and how
to effectively develop methods of contraception, without
compromising the integrity of this tissue.

In a previous study, Hex was localized by immunocy-
tochemistry to principal cells of the normal adult epidid-
ymis, where a region-specific expression was noted, and
to narrow, clear, and basal cells where no region-specific
differences were observed (Hermo et al, 1997). In this
study, we examined the regulation of Hex in the various
epithelial cell types and regions of the epididymisin adult
animals after orchidectomy and efferent duct ligation (Ta-
ble 1). Adverse effects on expression of a variety of pro-
teins and genes have been shown to occur in the absence
of androgens, luminal factors, or both emanating from the
testis (Robaire and Viger, 1995; Orgebin-Crist, 1996;
Cornwall et al, 2002; Ezer and Robaire, 2002). In fact,
severa lysosomal enzymes such as acid phosphatase, N-
acetyl-beta-p-glucosaminidase, B-glucuronidase, N-ace-
tylhexosaminidase, and arylsulfatase show decreased en-
zymatic activity after orchidectomy, which is restored
with testosterone supplementation (Mayorga and Bertini,
1982; Gupta and Setty, 1995; Abou-Haila et al, 1996).
However, although a role for androgens in regulating ep-
ididymal functions has long been recognized (Orgebin-
Crist et al, 1975; Robaire and Hermo, 1988), only re-
cently has it been demonstrated that these functions are
often regulated in a cell type— and even region-specific
manner (Ezer and Robaire, 2002; Cornwall et al, 2002).

In the case of the epididymis, Hex activity has been

reported to be androgen dependent (Conchie et al, 1959),
and although adverse effects in expression were noted in
this study, they were found to be cell specific. For the
major epithelial cell type, principal cells, Hex expression
was abolished after orchidectomy but restored with tes-
tosterone supplementation. Together with the finding that
Hex expression was not altered in efferent duct-igated
animals, the data suggest that androgens regulate Hex ex-
pression in principa cells. This is of interest because ef-
ferent duct ligation has been shown to adversely affect
the structural features of principal cells of the initial seg-
ment (Hoffer et al, 1973). However, it appears that this
procedure has no effect on Hex expression. This is aso
the case for Y-GST, osteopontin and severa other pro-
teins expressed by principal cells, which appear to be reg-
ulated by androgens (Hermo and Papp, 1996; Hermo and
Robaire, 2002; Luedtke et al, 2002). In contrast, prosa-
posin, visualized by LM immunocytochemistry, was un-
atered in its staining pattern in principal cells of the var-
ious epididymal regions in the absence of testicular fac-
tors (Hermo and Andonian, 2003). Likewise, in the ef-
ferent ducts, prosaposin expression in the nonciliated cells
was unaffected by absence of testicular factors. However,
in hypophysectomized animals, staining was abolished,
suggesting that a pituitary factor directly or indirectly af-
fects prosaposin expression in the efferent ducts (Rosen-
thal et al, 1995). In the case of cathepsin A, various ex-
perimental treatments failed to reveal any differenceinits
expression in lysosomes of the different cell types of the
different epididymal regions (Luedtke et a, 2000). This
was also shown to be the case for cathepsin D, which,
although expressed in lysosomes of principal cells, was
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unaffected by absence of testicular factors (Hermo and
Andonian, 2003). Thus, athough androgens do not reg-
ulate expression of some proteins in principal cells, this
does not appear to be the case for others (Cornwall and
Hann, 1995; Cornwall et a, 2002; Ezer and Robaire,
2002).

In this study, narrow, clear, and basal cells remained as
intensely reactive after the different treatments, as noted
in control animals, with expression being evident
throughout their cytoplasm (Table 1). Such a reaction pat-
tern has been shown to be due to the abundance of ly-
sosomes present in the large clear cells and in the smaller
sized narrow and basal cells (Hermo et al, 1988, 1994a;
Adamali and Hermo, 1996). Thus, although Hex expres-
sion in principal cells is regulated by androgens, this is
not the case for narrow, clear, and basal cells, which do
not appear to be regulated by testicular factors.

Clear cells, found only in the caput, corpus, and cauda
epididymidis are highly active in endocytosis and degrade
various substances from the lumen, including the break-
down products of cytoplasmic droplets (Hermo et al,
1988). Although no changes were noted in the expression
of Hex in clear cells of this study (Table 1), as was also
the case for prosaposin and cathepsin A expression by
these cells (Luedtke et al, 2000; Hermo and Andonian,
2003), this was not the case for cathepsin D, which
showed cell type— and region-specific differences. In ly-
sosomes of principa cells, cathepsin D expression was
unaffected by various treatments;, however, clear cells,
normally unreactive in al epididymal regions, becamein-
tensely reactive after orchidectomy, but only in the corpus
and cauda regions. As expression, or a lack thereof, was
restored to normal after testosterone administration and
not modified in efferent duct-igated animals, it was sug-
gested that cathepsin D expression in clear cells of the
corpus and cauda epididymidis is inhibited by testoster-
one in control untreated animals (Hermo and Andonian,
2003). Thus, in the epididymis, a great deal of variation
based on individual cell types and region specificity is
emerging in the regulation of the different lysosomal en-
zymes. Indeed, expression of different lysosomal en-
zymes appears to be under the control of stimulatory or
inhibitory factors, which can be of similar or different
identities.

Narrow cells are located in the initial segment and in-
termediate zone and are active endocytic cells, expressing
avariety of proteins with diverse functions (Adamali and
Hermo, 1996; Hermo and Robaire, 2002). Distinct from
apical cells of these regions, the 2 differ structurally and
functionally from each other (Adamali and Hermo, 1996).
However, because of varying planes of section that occur
through these 2 cell types, it is often difficult to differ-
entiate one from the other without electron microscope
analysis. In addition, because these 2 cell types both ex-
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press Hex (Adamali and Hermo, 1996), we could not dif-
ferentiate one from the other in this study. Hence, both
narrow and apical cells, showing apically positioned nu-
clei, were grouped together and simply referred to as nar-
row cells. After orchidectomy or efferent duct ligation, no
difference was noted in the staining pattern of these cells.
Narrow cells express various other lysosomal enzymes,
which like Hex in the present study (Table 1) are unaf-
fected after orchidectomy (Luedtke et al, 2000; Hermo
and Andonian, 2003). Although little is known about the
regulation of narrow cell functions, other proteins ex-
pressed by these cells, such as Yb,-GST, appear to be
regulated in the initial segment by testicular lumicrine
factors (Andonian and Hermo, 2003).

In this study, no changes to Hex expression was noted
for basal cells of any epididymal region (Table 1). In the
context of other lysosomal enzymes, cathepsin A expres-
sion in basal cells was not regulated by testicular factors
(Luedtke et al, 2000), as was also the case for cathepsin
D and prosaposin (Hermo and Andonian, 2003). Basal
cells express various isoforms of GSTs (Papp et al, 1995).
In the corpus region, Yh,-GST expression in basal cells
was regulated by testosterone, but in the proximal initial
segment, a lumicrine testicular factor appears to regulate
its expression (Andonian and Hermo, 2003). These data
differ from the Y~GST subunit, for which expression in
basal cells was regulated by neither a testicular nor pi-
tuitary factor (Hermo and Papp, 1996). Expression of me-
tallothionein by basal cells, although detectable in al ep-
ididymal regions, was shown to be androgen dependent
according to specific regions (Cyr et al, 2001). Thus, even
basal cells have complex regulatory mechanisms for ex-
pression of proteins of different functions.

Although androgens play a prominent rolein regulating
avariety of epididymal functions, arole for estrogens has
also been implicated in the efferent ducts and epididymis,
where estrogen receptors (ER) a and 3 have been located
(Meistrich et al, 1975; Fisher et al, 1997; Hess et al,
2002). Because sperm become absent after orchidectomy
and efferent duct ligation and aromatase activity is present
in cytoplasmic droplets of sperm, it would be unlikely
that estrogen rather than testosterone regulates Hex ex-
pression in principal cells. However, this could be even-
tually tested with the estrogen knockout mouse model
systems.

Postnatal Studies of Hex in the Epididymis

During postnatal development, total Hex activity in the
rat epididymis has been reported to increase 10-fold from
infancy to sexual maturity (Conchie et al, 1959); however,
no correlations of Hex expression in the different cell
types and regions of the epididymis have been performed
during postnatal development. In the present study, the
onset of Hex expression varied according to cell type and
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Table 2. Hex expression in the different cell types and regions of the epididymis during postnatal development

Region*
Postnatal age Cell Type IS 1Z/Cap/PCor DCor Cau
Day 7 Principal - - - -
Narrow/cleart - - - _
Basal - — - _
Day 21 Principal - - - -
Narrow/clear ++ ++ ++ ++
Basal - - - _
Day 29 Prinicpal - + - -
Narrow/clear ++ ++ ++ ++
Basal ++ ++ +4 ++
Days 39, 49, 56 Principal + ++ + +
Narrow/clear ++ ++ ++ ++
Basal ++ ++ +4 ++

* Regions of the epididymis. IS indicates initial segment; 1Z, intermediate zone; Cap, caput; PCor, proximal corpus; DCor, distal corpus; Cau, cauda.
For principal cells, ++ indicates that many intensely reactive lysosomes are evident in their cytoplasm; +, only a few reactive lysosomes are present;
—, absence of reactivity in lysosomes. For narrow/clear and basal cells, ++ indicates that these cells are intensely reactive. Although qualitative in
nature, these data give an overall impression of the status of reactivity based on consistent findings from at least 4 slides for each animal of each
experimental group in the case of the different cell types of each epididymal region.

T Narrow cells are only present in the IS and I1Z regions, whereas clear cells are present in the caput, corpus, and cauda regions.

age of development (Table 2). Although no cells ex-
pressed Hex by day 7, narrow and clear cells showed
reactivity by day 21, and athough basal cells became
reactive by day 29, it was only by day 39 that principal
cells of all regions presented their adultlike staining pat-
tern (Table 2). The adultlike pattern in principal cells by
day 39 correlates with high levels of androgens attained
at this age of development (Scheer and Robaire, 1980)
and when principal cells attain their adultlike structural
features (Hermo et al, 1992). Taken together, this finding
concurs with that obtained from orchidectomized adult
rats in this study, both of which reveal the dependence of
testosterone or one of its metabolites for Hex expression
in principal cells.

The data of this study on postnatal development are
also in agreement with the absence of a role for testos-
terone in Hex expression in narrow, clear, and basal cells
(Table 2) because these cells express Hex at time points
well before androgen levels reach their peak and when
they become fully structurally differentiated (Hermo et al,
1992). Clearly, spermatozoa themselves or proteins de-
rived thereof are not required for Hex expression in these
cells because sperm only appear in the initial segment by
day 39 (Robaire and Hermo, 1988; Papp et al, 1994), a
time point well after the onset of Hex expression in nar-
row, clear, and basal cells, which occurs at day 21 and
29, respectively (Table 2).

The finding of Hex expression in narrow and clear cells
by day 21 correlates with the entry of Sertoli-derived se-
creted products, which appear in the epididymis begin-
ning at about postnatal day 15, when the seminiferous
tubular lumen is formed (Tindall et al, 1975; Russell et
al, 1989), and 1 or severa of these could be factors reg-

ulating Hex expression in these cells. However, onset of
expression in basal cellsis only by day 29. Because both
basal and narrow cells exist in the initial segment, where
the Sertoli cell—secreted products would first appear, the
data on Hex expression suggest that different factors are
involved in regulation of Hex expression in these 2 dif-
ferent cell types.

In the case of other proteins that have been examined
in the epididymis during postnatal development, complex
patterns of expression have emerged. In all of these cases,
onset of expression varied not only according to cell type,
but region specificity as well as the time point when onset
began and when adultlike staining patterns of expression
first appeared (Papp et al, 1994; Hermo et al, 1994a and
b, 1999; Badran and Hermo, 2002). Because testicular
factors do not play arole in regulating Hex expression in
narrow, clear, and basal cells in adult animals, growth
factors, hormones, or other stimulatory factors derived
from other tissues/organs could be responsible for Hex
expression in adult animals and during postnatal devel-
opment. Clearly more work is required to determine what
specific factor or factors regulate Hex expression in nar-
row, clear, and basal cells of the epididymis.

In this study, expression of Hex was dependent on an-
drogens in principa cells of the entire epididymis, but
this was not the case for expression in narrow, clear, and
basal cells. The importance of Hex in lysosomes of prin-
cipal cells has been noted in our earlier studies employing
knockout mouse models, in which these cells, with time,
become engorged with lysosomes. It is, therefore, sug-
gested that absence of androgen input on the epididymis,
as created by anti-androgen contraception, could have
deleterious long-term effects on principal cell structure



80

and functions that could eventually affect the integrity of
the blood epididymal barrier.
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