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Abstract

In aging Brown Norway rats, there is an activation of the immune system
represented by a striking increase in the number of halo cells. As the biood-
epididymis barrier should protect from immunological attack, we hypothesized that
there would be changes in the structure and function of this barrier with age. To
test this hypothesis, the immunocytochemical localization of occludin, ZO-1, and E-
cadherin, as well as lanthanum nitrate permeability of the blood-epididymis barrier,
were done using the epididymides of Brown Norway rats aged 3, 18, and 24
months. Occludin, ZO-1, and E-cadherin immunostaining was observed at the
apico-lateral junction between principal cells in the initial segment of 3-month-oid
animals; with increasing age, occludin and ZO-1 reactivity decreased, while E-
cadherin staining increased along the lateral membrane between principal celis.
In the caput, corpus, and cauda epididymidis, occludin, ZO-1, and E-cadherin
immunostaining showed segment-specific and age-dependent differences in their
staining patterns. Occludin and ZO-1 cytoplasmic staining progressively decreased
by 24 months, except in the cauda epididymidis where occludin staining slightly
increased with age. The E-cadherin reactivity seen in the caput and cauda
epididymidis at 3 months spread to the entire lateral plasma membrane between
adjacent principal cells by 24 months. The most dramatic changes were seen in the
corpus epididymidis with age; the intense E-cadherin cytoplasmic staining that was
observed at 3 months was absent by 24 months and no occludin or ZO-1 reactivity
was observed in older animals. The greatest penetration of lanthanum nitrate into

the blood-epididymis barrier and the lumen was seen in the aging corpus



epididymidis, while there was no barrier permeability in the initial segment or cauda
epididymidis of the aged animals. Taken together, these data indicate that there are
segment-specific decreases in the structural and functional integrity of the blood-

epididymis barrier with age, most notably in the corpus epididymidis.



Résumé

Chez les rats Brown Norway agés , il y a un déclenchement du systéme
immunitaire qui se manifeste par une augmentation importante du nombre de
cellules halos. Puisque la barriére sang-épididyme devrait protéger contre une
attaque immunitaire, nous avons envisagé I'hypothése qu'il y aurait des
changements dans la structure et les fonctions de la barriére avec I'age. Pour
tester notre hypothese, la localisation immunocytochimique de I'occludine, ZO-1 et
E-cadherine, ainsi que la perméabilité de la barriére sang-épididyme au nitrate de
lanthanum ont été examinées en utilisant des épididymes de rats Brown Norway
agés de 3, 18 et 24 mois. La réaction a I'occludine, ZO-1 et E-cadherine a été
observée a la jonction apico-latérale entre les cellules principales du segment initial
des animaux agés de 3 mois; avec l'age, la réaction a l'occludine et ZO-1 a
diminué, alors que pour E-cadherine, la réaction était présente tout le long de la
membrane latérale entre les cellules principales. Dans la téte, le corps et la queue
de I'épididyme, la réaction a l'occludine, Z0O-1 et E-cadherine a démontré des
différences spécifiques selon le segment et dépendent de I'age . La réaction a
I'occludine dans le cytoplasme a diminué progressivement avec I'age dans tous les
segments, sauf dans la queue, ou elle a augmenté. Pour ZO-1, avec I'age, on a
observé une baisse de l'intensité du marquage dans le cytoplasme des cellules
principales a travers tous les segments de I'épididyme. La réaction a E-cadherin
dans la téte et la queue de I'épididyme observée a 3 mois s'est étendue le long de
la membrane latérale entre les cellules principales lorsque I'animal a atteint 24

mois. Les changements les plus évidents ont été vus dans le corps de I'épididyme



avec I'age; la réaction intense a E-cadherine observée a 3 mois était absente 3 24
mois et il n'y avait pas de réaction a I'occludine ni ZO-1 chez les animaux agés. La
plus grande pénétration du nitrate au lanthanum a travers la barriére sang-
épididyme et dans la lumiére a été vue dans le corps de I'épididyme a 24 mois,
alors que la barriére était imperméable dans le segment initial et la queue des
épididymes des animaux agés. Ces résultaté indiquent que selon ie segment de
I'épididyme, il y a une diminution spécifique de l'integrité structurelle et fonctionelle
de la barriére sang-épididyme avec l'age, spécialement dans le corps de

I'épididyme.
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Preface
Format of the Thesis

This thesis comprises a paper which is included entirely in the form in which
it has been submitted for publication. Itis a manuscript-based thesis in compliance
with section I. C. of the “Guidelines for Thesis Preparation,” Facuity of Graduate
Studies and Research, McGill University. These guidelines state that “candidates
have the option of including, as part of the thesis, the text of one or more papers
submitted, or to be submitted, for publication, or the clearly-duplicated text (not the
reprints) of one or more published papers. These texts must conform to the
“Guidelines for Thesis Preparation” with respect to font size, line spacing and
margin sizes and must be bound together as an integral part of the thesis. The
thesis must be more than a collection of manuscripts. All components must be
integrated into a cohesive unit with a logical progression from one chapter to the
next. In order to ensure that the thesis has continuity, connecting texts that provide
logical bridges between the different papers is mandatory. The thesis must conform
to all other requirements of the “Guidelines for Thesis Preparation” in additiontothe
manuscripts. The thesis must include the following: (a) a table of contents, (b) an
abstract in English and French, (¢) an introduction which clearly states the rationale
and objectives of the research, and (d) a comprehensive review of the literature (in
addition to that covered in the introduction to each paper).”

The Introduction, Chapter 1, contains a general introduction describing the



structure and function of the epididymis, the changes in the epididymis with aging
and the structure and function of the blood-epididymis barrier. Chapter 1 ends by
providing the rationale for the studies presented in this thesis. Chapter 2 will be
submitted for publication; all experiments were performed by the candidate except
for the lanthanum nitrate perfusions which were performed with the technical help

of Valerie Serre. Chapter 3 includes a general discussion of the resulits.
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Chapter 1

INTRODUCTION



A. The Epididymis
1. Structure of the Epididymis

The epididymis is a highly convoluted tubule that connects the efferent ducts,
emanating from the testis, to the vas deferens [1-4]. This tissue can be subdivided
into several segments: the initial segment, caput, corpus and cauda epididymidis
[4]. The head region, consisting of the initial segment and caput epididymidis, is
located at the upper pole of the testis. The corpus epididymidis comprises the body
of the epididymis and is attached to and follows the medial posterior side of the
testis. The tail or cauda epididymidis is found near the lower pole of the testis,
connecting the epididymis with the vas deferens [2, 3]. The epididymis is heid to
the testicular capsule, the tunica albuginea, by connective tissue and is covered by
adipose tissue called the epididymal fat pad. This tubule is extremely long and can

vary in length from 3 metres in man to 80 metres in horses [1].

2. Histology of the Epididymis

The mammalian epididymis comprises an epididymal tubule and an
intertubular space. The epididymal tubule can be divided into two separate
compartments: the epithelium and the lumen. The epididymal lumen contains
spermatozoa and luminal fluid whose composition varies dramatically from the initial
segment to the cauda epididymidis [S]. The diameter of the epididymal lumen is

segment-specific. While the lumen is small and circular in the initial segment, it
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increases in diameter and is characterized by a shape that is increasingly more
irregular in the subsequent segments of the epididymis (6].

The duct of the epididymis is lined by a pseudostratified epithelium

consisting of several cell types: principal, basal, clear, halo, and narrow cells [4].

The epithelium rests on a basal lamina and a thin lamina propria encircled by a
smooth muscle layer. Outside the muscle iayer, loose connective tissue is moided
about the duct and constitutes the interstitium of the epididymis [2, 3]. Blood
vessels, lymphatic vessels, nerve fibres, and variable numbers of fibroblasts and
macrophages make up the intertubular space of the epididymis [2, 3).

The segment of the head into which the efferent ducts empty is the initial
segment. Principal cells in the initial segment are tall, columnar and show nuclei
at different levels of the epithelium. These celis have prominent stereocilia at their
apex, which extend into the lumen [4]. Ultrastructurally, the infranuclear region of
principal cells is packed with rough endoplasmic reticulum [4). Structures called
sparsely granulated endoplasmic reticulum (CSER), which appear as large, dilated
membranous elements are often seen in the apical region [4,7,8). The
supranuclear cytoplasm of principal cells consists of large stacks of Goigi saccules,
mitochondria, multivesicular bodies, and smooth surfaced vesicles.

The principal cell is the most abundant cell type in the epididymal epithelium.
In rats, principal cells constitute 80% of the total epithelial cell population in the

initial segment, and this number decreases to 65% in the cauda epididymidis [4].



In contrast to the principal cells in the initial segment which are tall and columnar,
these cells are relatively shorter in the caput, corpus, and cauda epididymidis. The
infranuclear cytoplasm contains abundant cisternae of rough endoplasmic
reticulum, numerous mitochondria, and lipid droplets. The supranuclear and apical
regions consist of a well-developed Golgi apparatus, lysosomes, mitochondria,
endosomes, and muitivesicular bodies {9, 10]. At the luminal surface between
adjacent principal cells, tight junctions are present at their apico-lateral margins.
These tight junctions form the blood-epididymis barrier, which prevents the transfer
of substances from the general circulation into the epididymal lumen [11, 12].

The second most abundant cell type in the epididymal epithelium is the basali
cell; these cells contribute about 10-20% of all the cells [4]. Basal cells are flat,
elongated and reside near the base of the epithelium where they contact the
basement membrane. These cells are found throughout the epididymis and have
been suggested to play a protective role, possibly by preventing electrophilic attack
[13].

Clear cells are not found in the initial segment but are present in the rest of
the epididymis, where they make up 5-10% of total cells [4]. These cells contain a
highly vacuolated apical region and numerous dense granules, above and below
their nucleus. Below the round, pale-stained nucleus, the basal region is filled with
pale or moderately dense bodies. The clear cells participate in the uptake of
luminal components [14] and the disposal of the contents of cytoplasmic droplets

detached from spermatozoa [15].



Halo and narrow cells are the least common cells present in the epididymal
epithelium, comprising only about 5% of total epithelial cells [4]. Halo cells are
present at all levels of the epididymal epithelium. They can be recognized by their
dark-stained nucleus surrounded by a pale-stained cytoplasm. Halo cells are
observed throughout the epididymis and have been described as iymphocytes [16]
or monocytes [17]. It is possible that these celis play a role in the immunoiogical
barrier of the male reproductive tract [18]. In contrast, narrow cells are found only
in the initial segment and are characterized by their deep-staining cytopiasm and
elongated, apical nuclei [4]. These cells may be precursors of clear cells and could

be involved in the degradation of endocytosed protein [19].

3. Functions of the Epididymis

The epididymal epithelium has a number of functions. The absorption and
secretion of ions, macromolecules, and proteins, as well as the synthesis and
metabolism of steroids, and other substances [4], create an appropriate luminai
environment for the acquisition of fertilizing ability and motility of spermatozoa [20,
21). The epididymis is the site for maturation and storage of spermatozoa [21, 22].
The tight junctions between the principal epithelial cells, that form the blood-
epididymis barrier, maintain a specialized and changing luminal microenvironment,

and may protect spermatozoa from the immune system [4, 5, 11, 23].



a. Absorption

The epididymal epithelium is responsible for the absorption of large volumes
of fluid and of particulate matter secreted by the seminiferous tubules [4, 24]. It has
been shown that more than 890% of the fluid leaving the testis is taken up by the
efferent ducts and proximal segments of the epididymis of many species including
the rat [25), the bull, and the boar [26]. The use of micropuncture studies has
shown that the fluid absorption that takes place between the rete testis and the
caput epididymidis accounts for an eight-fold concentration of spermatozoa. By the
time the spermatozoa reach the cauda epididymidis, they have been concentrated
twenty-fold [27].

The ionic composition of the epididymal luminal fluid changes dramatically
in the different segments of this tissue [28-30]. The absorption of water in the rat
epididymis has been suggested to occur by passive diffusion [31]. The driving
molecule is chloride in the caput epididymidis, while it is sodium in the cauda
epididymidis [32-34). The transport of these ions is believed to be androgen-
dependent [28]. The absorption of different solutes varies along the epididymis.
For example, the absorption of the organic molecule L-carnitine, which is proposed
to be involved in sperm maturation, is saturable and primarily sodium-independent
in the caput epididymidis, while it is purely passive in the cauda epididymidis [35].

Certain proteins disappear between the initial segment and more distal
segments of the epididymis suggesting that specific proteins must be taken up by

the epididymis [36, 37]. The use of non-specific tracers, such as horseradish
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peroxidase, has shown that these tracers are endocytosed by epithelial cells in a
characteristic manner when they are injected into the lumen [38-40]. At early time
intervals, the tracers appear in coated or uncoated pits, large coated vesicles and
endosomes. At later time intervals, they are found in multivesicular bodies of
increasing densities and eventually in lysosomes. At the electron microscope level,
it has been shown that alpha-2-macrogiobuiin [41] and transferrin [42, 43] are taken
up by receptor-mediated endocytosis in rat caput epididymal principal cells.

These proteins, like the non-specific tracers, are taken up initially in coated pits and
vesicles; subsequently, they are internalized and sequestered within endosomes
and multivesicular bodies. At later times, alpha-2-macroglobulin is seen in

lysosomes while transferrin is recycied into the epididymal lumen [42, 44].

b. Secretion

The epididymis can secrete a variety of ions, small organic moiecules, and
glycoproteins into its lumen [4). The concentrations of ions found in different
segments of the epididymis suggest that both potassium and phosphorus ions are
the ions that are most actively secreted [28, 30]. While the mechanisms
responsible for secretion are unknown, it has been proposed that parathyroid
hormone may play a role in regulating the flux of these ions in the epididymis [4].

Three small organic molecules have been shown to be secreted in this
tissue: carnitine, inositol, and glycerylphosphoryicholine [4, 45]. The region with

the highest ability to take up and secrete carnitine is the distal caput epididymidis
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[46). Glycerylphosphoryicholine is neither taken up by the epididymal epitheiium
nor does it directly enter the epididymis from the testis like inositol; rather, it is
synthesized primarily in the caput epididymidis from blood lipoproteins [47].
Radiocautographic studies by Neutra and Leblond [48] have shown that
sugars taken up by the epididymis can be synthesized into glycoproteins.
Flickinger conciuded that, in the mouse, it takes approximately two hours for the
events involved in protein synthesis and secretion in epididymal principal cells [49).
it was found, as well, that the synthesis and intracellular transport of proteins
occurred faster in the caput and corpus than in the cauda epididymidis [49]. The
mechanism by which proteins are secreted in the epididymis remains controversial.
The presence of large smooth-surfaced vesicles near the trans (mature) face of the
Golgi, and in the supranuclear and apicail regions of principal cells in the
epididymis, suggests that these vesicles may be secretory granules [4]. An
alternative for the secretory granules of the principal cells is the small coated pits

(49, 50]. Such vesicles are found near the Golgi and in the apical region.

c. Transport and Maturation of Spermatozoa

As spermatozoa leave the testis, they are immature. Itis as they traverse the
unique luminal microenvironment that is present in each segment of the epididymis
that spermatozoa undergo maturation by acquiring the ability to fertilize eggs and
the potential for motility [51-54]. The transit time for the passage of spermatozoa

through the epididymis of different mammals is about 10 days [4]. It has been



shown that the passage of spermatozoa through some part of the caput
epididymidis is essential for the development of fertilizing potential, though there
is variation between different species [55].

The acquisition of fertilizing potential is thought to be a gradual process.
Spermatozoa may first gain the ability to fertilize eggs, and further transit through
the tissue may be necessary to acquire the ability to produce complete litters of
viable offspring [56-59]. The passage of spermatozoa through the epididymis may
be aided by hydrostatic pressure, muscular contraction, and the activity of the cilia
present in this initial segment of the excurrent duct system [60]. The pressure
within the epididymis is segment-specific; the highest is in the cauda epididymidis
[61]. This phenomenon is explained by the active absorption in the initial part of the
tissue which contributes to the pressure decrease there [4].

As the spermatozoa travel through the epididymis, a number of
morphological and biological changes take place inthe sperm. There is a migration
of the cytoplasmic droplet from the neck region of the flagellum to the tail until it
finally disappears [4]. In addition, there is an increase in the number of disulfide
bonds within the nucleus of spermatozoa as they reach the cauda epididymidis [4].
There is also an alteration in cell surface components of spermatozoa [62, 63].
These changes have been proposed to play important roles in sperm-egg

recognition and binding as well as gamete fusion [63).



c. Sperm Storage

The major site of sperm storage in the excurrent duct system of mammails is
the cauda epididymidis. It has been found that, in some mammalian species, 50 to
80% of the spermatozoa present in the excurrent ducts are located in the cauda
epididymidis [22]. After one week without ejaculation, the stored spermatozoa in
the cauda epididymidis are two- to three-fold greater than the daily sperm
production rate. Frequent ejaculation does not resuit in a change in the sperm
production rate, but does markedly decrease the number of spermatozoa in the
cauda epididymidis [22]. The mechanisms responsible for the storage of
spermatozoa in the epididymis remain unknown. However, the differences in the
morphology and the solute concentrations in this segment of the epididymis are

likely to play a role in sperm storage.

B. Aging and the Epididymis

While the literature is filled with studies focussing on the structure, function,
and regulation of the epididymis during development [64, 65] and in the aduilt [66-
69], very little information is available regarding the changes taking place in this
tissue with age. The Brown Norway rat is a valuable model for the study of aging.
This strain of rat has a long life span, does not exhibit many of the age-related
pathologies associated with other rat strains, and it does not become obese [70].
However, there are striking changes in the testis of these animals when no disease

is apparent. Aging of the testis in the Brown Norway rat is marked by a gradual
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decrease in the percentage of normal seminiferous tubules [71], total sperm count
[70)], and the ability of Leydig cells to produce testosterone [72, 73]. Most
importantly, the decreases seen in spermatogenesis and steroidogenesis in the
Brown Norway rat with age have also been reported in aging human men [74, 75].
The maintenance of the structure and functions of the epididymis is
androgen-dependent (4,67, 68]. The two major components entering the epididymis
from the testis, spermatozoa and testosterone, decrease with age in the Brown
Norway rat. It was, thus, hypothesized by Serre and Robaire [76] that there must
be changes in the architecture of the epididymis. The following sections on the
*Quantitative Changes in the Epididymis with Age” and the “Histology of the Aging
Epididymis” summarize the first, and to my knowledge, only in-depth study on the
changes taking place in the aging epididymis of the Brown Norway rat. All of the
data presented in these sections on pages 11 to 15 were obtained in our faboratory
by Serre and Robaire [76]. The following section highlights the changes in
androgen-dependent proteins in the epididymis with age. This study was
conducted in our laboratory by Viger and Robaire [77]. The final section briefly
outlines the changes in the immunocytochemical localization of glutathione-S-
transferases during aging in the Brown Norway epididymis, as described by
Mueller, Hermo and Robaire [78].
1. Quantitative Changes in the Epididymis with Age
a. Effect of Age on Epididymal Weight

Aithough the average weight of the epididymis decreases with age, this
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decrease is not statistically significantly. However, the average testis weight does
decrease from 3 months to 24 months. Furthermore, at all ages, the weights of the

testes and epididymides are positively correlated.

b. Effect of Age on Luminal Diameter, Epithelial Height, and Thickness of the
Basement Membrane

In the 3-month-old animals, there is a progressive increase in the diameter
of the lumen, moving from the proximal to the distal segment of the epididymis. As
the lumen becomes wider, the height of the epithelium decreases and the thickness
of the basement membrane increases. With increasing age, the luminal diameter
tends to narrow. There is a marked increase in the height of the epithelium in the
corpus epididymidis with age. The height of the epithelium was not found to be
affected by age in the three other regions. In contrast, there is a progressive
thickening of the basement membrane in each segment of the epididymis with

increasing age.

c. Effect of Age on the Relative Contribution of Cells in the Epithelium
Throughout the epididymis, principal cells are the predominant cell type,
followed by basal cells. In the 3-month-old rats, the relative contribution of clear
cells increases in the distal segments, contributing to the relative decrease of
principal cells. In the young rats, halo cells are rare. With increasing age, there is

a decrease in the number of principal cells and basal cells in all segments of the
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epididymis, of narrow cells in the initial segment, and of clear cells in the corpus
epididymidis. This decrease is accompanied by a proportional striking increase in
the number of halo cells in each segment. Interestingly, in the caput and proximal
cauda epididymidis, the relative number of clear cells does not change but the

relative number of principal and basal cells decreases greatly.

2. Histology
a. Initial Segment

The epithelial morphology is not greatly altered with age in the initial
segment. The luminal diameter is small and the epithelium is well organized at 3
months of age. Principal cells are tall and columnar with a round nucleus located
at the base of the cell and a brush border of microvilli at the apex. At 24 months,
occasional intra-epithelial cysts are seen. Inthese animals, principal cells have lost
their columnar appearance and the nuclei are no longer aligned at the base of the
epithelium. At 3 months, the basal cells are located at the base of the epithelium
between principal cells. As early as 12 months, basal cells emit pseudopods into
the thickening basement membrane. There are a few halo cells present in the 3-
month-old animals which have a characteristic clear cytoplasm and are found atthe
base of the epithelium. The number of halo cells increases progressively from 3 to
24 months. [n older rats, some halo cells are located more apically, but they are
never seen beyond the tight junctions between principal cells. A different type of

halo cell, referred to as the “mature” halo cell, is seen in the aged rats. It is large,
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located at the base of the epithelium, and filled with lysosomes whose content is

highly heterogeneous.

b. Caput Epididymidis

The main effects of age in the caput epididymidis are on the number and size
of clear cells and on halo cells. The principal and basal cells do not appear to
change with age in this segment. The clear cells at 3 and 12 months can be divided
into three distinct regions: endosomes (apical), lysosomes (mid), and lipids (basal).
The nuclei are round and located in the center of the clear cells. At 18 and 24
months, the nuclei of clear cells are irregular and often found in the apical half of
the cell. The upper area of these cells contains small vesicles and muilti-vesicular
bodies. The dense lysosome and lipid compartments have enlarged and are no
longer clearly separated. The electron dense lysosomes appear to contain
lipofuscin. Lysosomes and lipid droptets are often fused. When spermatozoa are
present in the lumen, the clear cells appear swollen and are bulging into the lumen.
When the lumen is filled with cell debris, most clear cells lose their bulging
protrusions. Halo cells increase in number and size with age, and can be classified

into the two types described for the initial segment.

c. Corpus Epididymidis
The major changes are seen in the principal and halo cells of the corpus

epididymidis. At 3 and 12 months, principal cells have lipid droplets in the
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infranuclear region and a few lysosomes are located mostly in the supranuclear
region. At 18 months, there is a striking increase in the size and number of
lysosomes. By 24 months, principal cells show a few, giant lysosomes that are
usually filled with translucent small vacuoles. The number of halo cells increases
progressively with age in this segment of the epididymis. There are no age- or
region-specific differences in the morphoiogy of the classical type of halo cell. The
“mature” halo cells increase with age and contain a different lysosomal content than
that seen in the halo cells in the proximal segments of the epididymis. The
lysosomes are filled with translucent vesicles as seen in principal cells of this
region. Eosinophiis are found only in rats aged 18 months and older. These cells
are found in the interstitial tissue, and, sometimes, within the epithelium. There are
no major changes in basal, clear, and apical cells with age in the corpus

epididymidis.

d. Cauda Epididymidis

The emergence of a localized region with large vacuoles reflects the major
effect of age in the proximal cauda epididymidis. In this region at 3 and 12 months,
the clear cells have nuclei located at their base, the infranuclear region contains
lipid droplets and the supranuciear region has a few lysosomes and endosomes.
At 18 and 24 months, the clear cells are located immediately proximal to and within
the vacuole region, appear larger, and are filled with dense lysosomes. Lysosome

contents are either transiucent vesicles or heterogeneous. The principal celis at 18
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months have a normal morphology while others contain large vacuoles. Cells that
enclose vacuoles have microvilli in the apical region and an irregular nucleus.
Endosomes and lysosomes are frequently seen emptying their contents within the
large vacuoles. Debris from spermatozoa are seen in endosomes and in a few
giant vacuoles at 18 and 24 months. Serial sections of these vacuoles show that
entire spermatozoa can be found in vacuoies. No major changes are seen in the

epididymal epithelium of the distal cauda region with age.

3. Gene Expression
a. Sa-Reductase

The enzyme 4-ene steroid Sa-reductase catalyzes the conversion of
testosterone to its more potent form, dihydrotestosterone (DHT), in many androgen-
sensitive target tissues [79, 80]. In the epididymis, the Sa-reduced metabolites of
testosterone, DHT and Sa-androstan-3a,173-diol (3a-diol), are considered the
primary regulators of epididymal structure and function. Two rat Sa-reductase
transcripts, types 1 and 2, have been identified [B1-86]. These isozymes are the
products of different genes and have been named type 1 and type 2 according to
the chronological order of their identification. The isozymes differ with respect to
their biochemical properties, pharmacological characterization, and tissue
distribution [81-93]. The mRNA for the type 1 isozyme is found predominantly
expressed in peripheral tissues, whereas the mRNA for the type 2 isozyme is found

primarily in male reproductive tissues [84]. The major expression of the 5a-
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reductase type 1 mRNA, protein, and enzyme activity is found primarily in the initial
segment [90-92]. In contrast, the highest Sa-reductase type 2 mRNA levels are
localized to the proximal caput epididymidis [94]. While the Sa-reductase type 1
mRNA expression and enzyme activity are characterized by dramatic increases that
occur during postnatal development just before the appearance of spermatozoa in
the epididymis [92)], Sa-reductase type 2 mRNA expression does not show any
significant developmental changes in any epididymal segments [94].

Bilateral orchidectomy results in a decrease of Sa-reductase type 1 mMRNA
levels in all epididymal segments [90]. High dose exogenous testosterone
replacement maintains mRNA levels of this protein at control levels in all regions
of the epididymis except in the initial segment, where only partial maintenance is
observed [90]. Unilateral orchidectomy [90] and efferent duct ligation [94] cause
dramatic decreases of Sa-reductase type 1, selectively in the initial segment of the
epididymis. These studies, thus, demonstrate that the primary regulator of Sa-
reductase type 1 mRNA expression in the initial segment is a testicular factor {90}
while the mRNA expression of this protein in the rest of the epididymis seems to be
controlled by circulating androgens {90]. Unilateral efferent duct ligation reveals
that Sa-reductase type 2 mRNA levels increase in the initial segment of the ligated
side but remain unchanged in the rest of the tissue [94]). Taken together, these
experiments demonstrate that Sa-reductase type 1 and type 2 mRNAs are
differentially regulated in the rat epididymis.

Relative mRNA concentrations have been assessed in aging Brown Norway
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rats using Northern blot analysis and specific cDONAs for the rat Sa-reductase
isozymes type 1 and type 2 [77]. It was found that in the caput-corpus epididymidis,
Sa-reductase type 1 and type 2 mRNA levels decrease significantly by 43% and
33%, respectively, between 6 and 12 months and by 64% and 40%, respectively,
between 6 and 30 months of age. No significant change, however, was found in the
expression of the Sa-reductase mRNAs in the cauda epididymidis.

The decrease in expression of the Sa-reductases, particularly the type 1
transcript, in the aging Brown Norway rat epididymis strongly suggests that the
ability of the aging tissue to produce 5a-reduced androgens is compromised [77].
The selective decrease in the caput-corpus epididymidis (including the initial
segment as part of the caput epididymidis) is consistent with the segment-specific
nature of the reguiation that has been described for Sa-reductase type 1 and type

2 mRNA in the rat epididymis [90, 94].

b. Proteins B/C (retinoic acid binding protein) and D/E (acidic epididymal
glycoprotein)

Proteins B/C and D/E are epididymis-specific proteins secreted by principal
cells and dependent on androgens for their expression [95-104]. They are not
detected in blood serum or testicular extracts and are still found after ligation of the
efferent ducts [104]. Protein B/C is not glycosylated and does not interact with
epididymal spermatozoa directly [89]. This protein is postulated to function as a

retinoic acid binding protein [100]. in contrast, protein D/E is a glycoprotein that
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does adhere to the head of epididymal spermatozoa [100, 101]. Protein D/E , also
known as acidic epididymal glycoprotein, may play a role in the fertilization process
[101].

Northern blot analysis has shown that mRNA levels for protein B/C are
abundant as a fraction of total RNA in the efferent duct, initial segment, and caput
epididymidis. However, no observabie transcripts of this protein were detected in
the cauda epididymidis [102]. The mRNA levels for protein D/E are elevated in the
caput and cauda epididymidis, detectable in the initial segment, and absent in the
efferent ducts [102]. Immunostaining for protein B/C is only observed over tubules
throughout the caput epididymidis. In this region, every tubule appears to express
the protein [103]. In sharp contrast, protein D/E shows no hybridization-positive
cells within the efferent ducts, initial segment, and proximal caput epididymidis.
There is a weak hybridization signal near the end of the caput epididymidis and it
becomes uniformly strong in the corpus and cauda epididymidis [103).

Bilateral orchidectomy resulits in significant decreases in protein B/C and
protein D/E mRNA levels. Androgen replacement, however, completely prevents
this decline. Unilateral orchidectomy and efferent duct ligation have no effect on
mRNA ievels encoding protein B/C and protein D/E [99]. These results suggest that
these proteins are regulated by androgens at the mRNA levels. Non-androgen
testicular factors do not contribute to the expression of these genes in the
epididymis.

Itis crucial to look at the expression of specific androgen-dependent genes
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in the aging Brown Norway epididymis, as these genes are the uitimate targets of
androgen action. Steady-state mMRNA concentrations do not show any significant
changes in the expression of proteins B/C and D/E in the aging Brown Norway rat
epididymis [77]. This unaitered expression of the highly androgen-stimulated
epididymal proteins B/C and D/E with age in the Brown Norway rats suggests that
the androgen receptors remain functional. in fact, the androgen receptor mRNA
expression did not change significantly in the aging epididymis [77]. This finding
suggests that despite possible deficiencies in the production of active androgen in
the aging epididymis through decreased Sa-reductase expression, the potential of

the tissue to respond to exogenously administered testosterone remains intact [77].

c. Clusterin (Sulfated Glycoprotein-2; SGP-2)

Clusterin was first isolated from ram rete testes, and it has been shown to
promote sperm aggregation in vitro [105). It is a glycoprotein heterodimer
consisting of two 40 kD subunits joined by a unique five disulfide bond motif {106].
As spermatozoa leave the seminiferous tubules and enter the rete testis, testicular
clusterin is released from the sperm and is taken up by the epithelium of the rete
testis and efferent ducts. This high molecular weight form of clusterin is
subsequently replaced by a lower molecular weight form that binds to the sperm
membrane and is secreted by the caput epididymidis [107]. Clusterin is secreted
by the principal cells in the caput epididymidis, and it binds to spermatozoa as they

transit through the epididymis [107, 108].
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In addition, many roles have been ascribed to clusterin. This glycoprotein
is part of the fluid phase membrane attack complex (SC5b-9) and functions as a
complement inhibitor which prevents complement mediated cytolysis in vitro [107].
Clusterin may have a function in lipid transport between cells [109], and in induction
of cell aggregation [105]. it is expressed in high concentrations in dying cells of the
prostate after androgen withdrawal [110] and T-lymphocytes [111] during a later
phase of active cell death.

Clusterin mRNA levels are highest in the caput followed by the initial
segment, the cauda, and the corpus epididymidis [112]. Bilateral orchidectomy and
testosterone replacement studies have revealed that in the initial segment and the
caput epididymidis, these treatments have no effect on clusterin mRNA
concentrations. In the corpus and cauda epididymidis, bilateral orchidectomy
results in 3.5 and 9.4 increases, respectively, in clusterin mMRNA concentrations
which are suppressed by testosterone replacement [112]. The regulation of
clusterin mRNA concentrations is, therefore, segment-specific in the epididymis and
testicular factors such as testosterone are involived in this regulation.

The changes seen in clusterin mMRNA concentrations are in marked contrast
to the changes that have been reported in clusterin protein levels [113, 114]. After
bilateral orchidectomy, the level of clusterin in the caput epididymidis, as measured
by radioimmunoassay, decreases slowly with time; in the corpus and cauda
epididymidis, there is no change in clusterin protein level [113]. These results

suggest that whereas clusterin transcription or mRNA stability is modulated by
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androgens in the corpus and cauda epididymidis, the translation of clusterin mMRNA
or the stability of the protein is regulated by factors other than androgens [114].
During aging in the Brown Norway rat, mMRNA concentrations for clusterin do
not change in the caput-corpus epididymidis. However, in the cauda epididymidis,
there is more than a doubling of the mRNA between 12 and 18 months, followed by
a drop at 24 months to vaiues less than 50% those seen in young aduit rats [77].
Since clusterin mMRNA levels are androgen insensitive in the caput-corpus
epididymidis [112], the finding that caput-corpus epididymal clusterin mRNA levels
do not change significantly with age, despite a fall in testosterone levels, is
consistent with the lack of androgenic regulation of clusterin in this region of the
epididymis. The clusterin mMRNA levels are repressed by testosterone in the cauda
epididymidis [112]; thus, the marked increase in clusterin mRNA levels at 18
months may be a reflection of decreased serum testosterone levels (70, 73, 77].
However, serum testosterone levels are not dramatically reduced until 24 months
of age (70, 73]. Therefore, it is also possible that the increase in clusterin mMRNA
levels at 18 months may be an early marker of cellular damage in this region of the
epididymis [77]. The possibility exists that the period between 18 and 24 months
is the time during which apoptotic cell death is prevalent in the cauda epididymidis
[77]. As a difference exists in clusterin mMRNA and protein levels in the aduit
epididymis [112-114] , and it is suggested that clusterin protein levels are
dependent on factors other than androgens, it would be of interest to determine if

clusterin mMRNA and protein levels aiso differ with age.
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4. Localization of Glutathione-S-Transferases (GSTs) With Age

Aging is associated with an overall increase in oxidative stress and thus free
radical production [115-117]. The accumulation of free radicals during aging leads
to loss of function in various tissues [118-120]. In order to minimize the negative
effects of oxygen damage, aerobic organisms have deveioped a variety of
antioxidant defenses [115, 121-123]. One of these is the family of glutathione-S-
transferases (GSTs). The GSTs are isoenzymes that catalyze the conjugation of
glutathione to a variety of electrophiles, and protect cellular constituents from
electrophilic and oxidative attack [124-128].

GSTs can be grouped into five classes based on the degree of amino acid
homology of their subunits [129]. The alpha gene family consists of the Ya, Yc¢, and
Yk subunits, the mu gene family is made up of Yb,, Yb,, Yb,, Yb,, Yn, and Yo
subunits, while the pi gene family is made up of the Yf subunit.
Immunocytochemical localization studies of GST subunits Yf [130], Yo [131], Ya,
Yc, Yb, and Yb,{132], have confirmed that these proteins have a distinctive pattern
of expression in the rat epididymis. In addition, it has been determined that GSTs
are differentially expressed in the compartments of the testis and regions of the
epididymis of the rat [133, 134].

With age, principal cells of all epididymal regions, except the proximal cauda
region, show no change in GST expression at all ages examined (78]. At 24

months, the principal cells that become greatly enlarged and vacuolated in the
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cauda epididymidis, show a different GST immunostaining pattern than the principal
cells that maintain a normal appearance [78]). The vacuolated principal cells are
unreactive for Yo, Yb,, Yb,, and Yc, while adjacent normal-appearing principal cells
maintain the same intensity of expression as seen in 3-month controls. In contrast,
vacuolated principal cells are reactive for the Ya subunit, while adjacent normal
principal cells are unreactive (78). The Ya subunit, being a member of the alpha
family of GSTs (Ya, Yc), displays non-selenium dependent glutathione peroxidase
activity [135, 136]; Ya plays a major role in protecting tissues from endogenous
organic hydroperoxides produced during oxidative stress.

These data indicate that selective changes occur in the expression of GSTs
at 24 months in principal cells having both a normal and a vacuolated appearance
in the proximal cauda epididymidis [78]. The underlying mechanism responsible for
these changes with age is unresoived, but it is suggested that they lose the ability

to handle oxidative stress.

C. The Blood-Epididymis Barrier
1. Structure of the Blood-Epididymis Barrier

The epididymal junctional complex between adjacent principal cells is
composed of apically located gap, adherens, and tight junctions. Tight junctions
present between adjacent principal epithelial cells at their luminal surface form the
blood-epididymis barrier [137). The epididymal tight junctions are highly developed

among other epithelial cell contacts [138). They form a continuous zonule around
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the cell, sealing the spaces between the epithelial cells, so that the luminal space
and the intercellular spaces become separate physiological compartments [139].

Changes in the structure of the junctional complex have been observed at
the electron microscope when comparing the initial segment to the other segments
of the epididymis. In the initial segment, the tight junction spans a considerable
length of the apical plasma membrane and has few desmosomes [137]. in the other
regions of the epididymis, the span of merging plasma membranes is considerably
reduced but has numerous desmosomes in the apical region [137].

The tight junctions begin to form at the time of differentiation of the Wolffian
duct [140]. The development of the blood-epididymis barrier in immature rats has
been examined with the electron microscope using lanthanum nitrate as an electron
opaque tracer [139]. While lanthanum nitrate can penetrate the adherens and gap
junctions of the junctional complex, the tight junctions block the passage of this
tracer. It has been shown that the postnatal development of the blood-epididymis
barrier is gradual and that its formation is virtually complete by day 21 in Sprague-

Dawley rats [139].

2. Functions of the Blood-Epididymis Barrier

The composition of epididymal luminal fluid is distinctly different from that of
blood plasma. The blood-epididymis barrier keeps the two fluids in separate
compartments [24]. The blood-epididymis barrier also maintains a specialized

luminal microenvironment for the maturing spermatozoa by restricting the passage
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of a number of ions, solutes, and macromolecules across its epithelium [12, 24].
For instance, molecules such as inositol and carnitine can be concentrated ten- to
a hundred-fold in the lumen of the caput epididymidis, while others such as inulin,
L-glucose, and bovine serum albumin are effectively excluded [4, 5). The blood-
epididymis barrier carefully controls the microenvironment so that the spermatozoa
are bathed in an appropriate fluid milieu at each stage of maturation as they travei
through each segment of the epididymis [5].

This barrier also serves as an extension of the blood-testis barrier.
Spermatozoa are immunogenic; they contain proteins on their surfaces which would
be recognized as foreign if they were to enter the epididymal epithelium [4] . This
barrier thus protects the spermatozoa from autoimmune attack by blocking the

passage of spermatozoa into the epithelium of the epididymis.

3. Junctional Proteins

The junctional complex includes several well-defined structures inciuding
gap junctions, desmosomes, adherens junctions, andtightjunctions. Gap junctions,
made up of proteins termed connexins, mediate communication between cells by
allowing small molecules to pass from cytoplasm to cytopiasm of neighbouring cells,
thereby metabolically and electrically coupling them together [141]. Desmosomes
are the “button-like” points of intercellular contact that provide anchoring points for
intermediate filaments [142]. Adherens junctions form a continuous belt and hold

neighbouring celis together through a family of calcium-dependent cell-cell
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adhesion molecules, called cadherins, that are linked to actin and myosin filaments
[143). The cadherins have also been implicated in the formation and maintenance
of tight junctions [143-148].

The tight junction is the most apical component of the junctional compiex,
and its molecular structure has been the subject of recent investigations. Several
proteins have been implicated in the makeup of the tight junction inciuding occiudin
[149, 151}, ZO-1 [180, 151}, Z0-2 [152], cingulin {153), 7H6, [154] and several
phosphoproteins that are still being characterized. Occludin was the only integral
membrane protein that was localized to tight junctions until very recently. Novel
integral membrane proteins, claudin-1 and -2, have been shown to localize to the
tight junction as well [155] but little is known about these proteins at this time.
Based on the distance from the plasma membrane, tight junction peripheral
membrane proteins can be subclassified into two categories [151]. The first class
includes ZO-1 and Z0-2, which are localized in the immediate vicinity of plasma
membranes. The second class includes cingulin and 7H6 antigen, which are

localized more than 40 nanometres from the plasma membranes.

a. E-cadherin

E-cadherin is a 120 kD, calcium-dependent homotypic cell adhesion
glycoprotein [144-148]. Cadherins have been implicated in the formation and
maintenance of tight junctions between epithelial cells of the kidney [146)], intestine

[147), and liver [148). The formation of cellular junctions involves the interactions
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of cell adhesion proteins followed by the addition of junctional proteins which
assemble into tight and gap junctions [143-145]. E-cadherin may, therefore, be
involved in the formation and maintenance of the blood-epididymis barrier and cell-
cell adhesion in the epididymis.

The presence of E-cadherin has previously been reported in the rat
epididymis [156). In this tissue, E-cadherin is localized to the principal cells of the
entire epididymis. Atthe electron microscope, E-cadherin is observed between the
lateral plasma membranes of adjacent principal cells, both in the region of the
junctional compiex and in the deeper lying areas [137]. Steady-state mRNA levels
of E-cadherin are almost four times higher in the caput and corpus epididymidis
than those in the initial segment and cauda epididymidis [156).

The formation and maintenance of tight junctions in the caput epididymidis
appear to be reguiated by gonadal hormones [157]. The bilateral orchidectomy of
20-day-old mice results in a decrease of the tight junction network within 2-4 days.
This network is subsequently reinitiated spontaneously in the days following
orchidectomy [157]. It has also shown that E-cadherin mRNA concentrations in the
epididymis are dependent on circulating levels of androgens [156]. After
replacement with testosterone, a dose-dependent maintenance of mMRNA
concentration of E-cadherin is observed throughout the epididymis of
orchidectomized rats [156]. After unilateral orchidectomy, it was found that 14 days
after this surgery, no differences are observed in the concentrations of epididymal

E-cadherin mRNA between the ipsi- and contralateral sides [156]. Together, these
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experiments show that E-cadherin is regulated by circulating androgens in the

epididymis.

b. Occludin

An understanding of the tight junction-associated integral membrane proteins
was lacking until occludin was identified. Electron microscopic studies have shown
that occludin is an adhesion molecule working at the tight junction to obliterate the
intercellular space [158]. This occludin function has also been directly proven by
an experiment in which the tight junction barrier function was induced by
transfection with occludin cDNA [159]. Occludin has a molecular mass of ~65 kD;
it was first isolated from a chicken using monoclonal antibodies [149]. Mammalian
homologues of occludin were soon identified, and it was found that the amino acid
sequences of human, murine, and canine occludins are very closely related (30%
identity) although they diverge considerably from those of chicken [160). However,
despite this interspecies diversity in the occludin sequence, the basic structure
appears to have been conserved. Mammalian, as well as chicken occludins,
contain four transmembrane domains, a long carboxyl-terminal cytoplasmic domain,
a short amino-terminal cytoplasmic domain, two extracellular loops, and one
intracellular turn [159, 160).

The function of occludin is thought to be regulated by its association with
undercoat-cytoplasmic proteins, especially ZO-1. The long carboxyl-terminal

cytoplasmic domain of occludin is responsible for the direct interaction of occludin
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with Z0-1 [161]. Association with ZO-1 may also be important for localization of
occludin to tight junctions. In one study, carboxyl-terminal deletions of occludin
failed to localize occludin to the tight junction [161). However, in another study, a
large carboxyl-terminal deletion of occludin was found at the tight junction but in a
discontinuous pattern [162].

Phosphorylation of occiudin occurs on serine and threonine residues and the
degree of phosphorylation may affect the localization of occiudin in the cell [158).
The less phosphorylated forms (smaller sizes) are found in the basolateral
membrane, cytosol, and tight junction, whereas the more heavily phosphorylated

form (larger size) is concentrated exclusively at tight junctions [163].

¢. Zonula Occludens 1 (20-1) / Zonula Occludens 2 (Z0-2)

Z0-1 has a molecular mass of 220 kD and is a tight junction-associated
peripheral membrane protein [150]. This molecule is localized in the immediate
vicinity of the plasma membrane of tight junctions in epithelial and endothelial cells.
However, in cells lacking tight junctions, such as fibroblasts and cardiac muscle
cells, ZO-1 colocalizes with cadherins [165, 166). Z0-2 with a molecular mass of
160 kD was identified as a 20-1 binding protein by immunoprecipitation [152). ZO-
2 appears to be more restricted to tight junctions. Tight junctions among various
cell types can differ significantly, and mulitiple isoforms of Z0O-1 and ZO-2 may
contribute to these differences [167, 168].

Both Z0O-1 and Z0-2 belong to the membrane-associated guanylate kinase
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(MAGUK) family of proteins [150]. Members of this family are often found at sites
of cell-cell contact and may function to coupie extracellular signalling pathways with
the cytoskeleton [150, 169]. MAGUK family members share several conserved
motifs including an SH3 domain, guanylate kinase domain, and PDZ domain [169].
The PDZ domain is named after the three proteins in which this domain was first
recognized: PSD-95, Dig, and Z0-1. The SH3 domain is likely to be important for
interaction with other signailing molecules or the cytoskeleton [169]. The PDZ
domains appear to interact with the carboxyl-terminal cytoplasmic tail of
transmembrane proteins, and this may be the mechanism of ZO-1/occludin

interactions [169].

d. Cingulin / 7H6

Cingulin and 7H6 have not been as extensively studied and are not as well
characterized as occludin and ZO-1. Cingulin is a 140 kD protein located in the
junctional regions of epithelial cells from a variety of epithelial tissues including the
chicken intestine, kidney, liver, pancreas, retina [170], human normal and
neoplastic colon [171], and rat epididymis [172]. Cingulin appears to be composed
of two intertwined peptides. This protein is localized in close proximity to the
vinculin-rich cytoskeleton belt associated with adherens junctions of chick
embryonic kidney cells and in the tight junction of chicken intestine [170].

7TH6 is a 155 kD protein within the tight junction of hepatocytes and epithelial

cells. 7H6 antigen is recognized by a specific monocional antibody that was
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generated to a bile canaliculus-rich membrane fraction from liver [154]. The limited

data suggest that 7H6 may function to regulate paraceliular permeability [173].

D. Hypothesis of the Present Study

There are striking changes in the epididymis of the Brown Norway rat with
age. The presence of a large number of halo ceils, which may be monocytes or
lymphocytes, suggests that the immune system is activated in the aging epididymis
ofthese animals. A functional blood-epididymis barrier is responsible for protecting
spermatozoa from autoimmune attack. Thus, in the present study we look at the
structural integrity of the blood-epididymis barrier by analysing the distribution of
the tight junctional proteins, occludin and ZO-1, in the adult and aging Brown
Norway rat epididymis. We will assess whether there is a change in E-cadherin,
the androgen-dependent, possible regulator of tight junctions, as there is a
decrease in androgens in the aging Brown Norway rats. Finally, to examine the
functional integrity of the blood-epididymis barrier of the Brown Norway rat with age,

a lanthanum nitrate study will be performed.

-32-



10.

1.

12.

References

Maneely RB. Epididymal structure and function. A historical and critical
review. Acta Zool 1959; 40: 1-21.

Rhodin JAG. Histology: A Text and Atlas. New York: Oxford University
Press; 1974: 690-692.

Dym M. The male reproductive system. In: Weiss L (ed.), Cell and
Tissue Biology, 5™ ed. New York: Elsevier Biomedical; 1983: 1038-1042.

Robaire B, Hermo L. Efferent ducts, epididymis, and vas deferens:
structure, functions, and their regulation. In: Knobil E, Neill J. (eds). The
Physiology of Reproduction. New York: Raven Press; 1988: 999-1080.

Turner TT. Spermatozoa are exposed to a complex microenvironment as
they traverse the epididymis. Ann NY Acad Sci 1991; 637: 364-383.

Reid BL, Cleland KW. The structure and function of the epididymis. 1.
The histology of the rat epididymis. Aust J Zool 1957, 5: 223-246.

Hoffer AP, Hamilton DW, Fawcett DW. The ultrastructure of principal
cells and intraepithelial leucocytes in the initial segment of the rat
epididymis. Anat Rec 1973; 175: 169-202.

Flickinger CJ. Synthesis, transport and secretion of protein in the initial
segment of the mouse epididymis as studied by electron microscope
radicautography. Biol Reprod 1979; 20: 1015-1030.

Robaire B, Viger RS. Regulation of epididymal epithelial cell functions.
Biol Reprod 1995; 52: 226-236.

Friend DS. Cytochemical staining of multivesicular bodies and Golgi
vesicles. J Cell Biol 1969; 41: 269-279.

Hoffer AP, Hinton BT. Morphological evidence for a blood-epididymis
barrier and the effects of gossypol on its integrity. Biol Reprod 1984; 30:
991-1004.

Hinton BT. Physiological aspects of the blood-epididymis barrier. in: Lobl

TO, Hafez ESE (eds.), Male Fertility and its Regulation. Boston: MTP
Press; 1985: 371-382.

33-



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Veri JP, Hermo L, Robaire B. Immunocytochemical localization of the Yf
subunit of glutathione S-transferase P shows regional variation in the
staining of epithelial cells of the testis, efferent ducts, and epididymis of
the male rat. J Androl 1993; 14: 23-44.

Moore HDM, Bedford JM. The differential absorptive capacity of epithelial
cells of the rat epididymis before and after castration. Anat Rec 1979;
193: 313-328.

Hermo L, Dworkin J, Oko R. Role of epithelial clear cells of the rat
epididymis in the disposal of the contents of cytoplasmic droplets
detached from spermatozoa. Am J Anat 1988; 183: 107-124.

Dym M, Romrell LJ. Intraepithelial lymphocytes in the male reproductive
tract of rats and rhesus monkeys. J Reprod Fertil 1975; 42: 1-7.

Van Furth R. Origin and turnover of promonocytes, monocytes and
macrophages in normal mice. In: Van Furth R (ed.), Mononuclear
Phagocytes. Oxford: Blackwell; 1970: 151-168.

Wang YF, Holstein AF. Intraepithelial lymphocytes and macrophages in
the human epididymis. Cell Tissue Res 1983; 233: 517-521.

Adamali HI, Hermo L. Apical and narrow cells are distinct cell types
differing in their structure, distribution, and functions in the adult rat
epididymis. J Androl 1996; 17: 208-222.

Bedford JM. Development of the fertilizing ability of spermatozoa in the
epididymis of the rabbit. J Exp Zool 1966; 163: 319-329.

Orgebin-Crist MC. Sperm maturation in rabbit epididymis. Nature 1976;
216:816-818.

Amann RP. A critical review of methods for evaluation of
spermatogenesis from seminal characteristics. J Androl 1981; 2: 37-58.

Hinton B. The testicular and epididymal luminal amino acid micro
environment in the rat. J Androl 1990; 11: 498-505.

Hinton BT, Palladino, MA. Epididymal epithelium: Its contribution to the

formation of a luminal fluid microenvironment. Microsc Res Tech 1995;
30:67-81.

-34-



25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

Turner TT. Resorption versus secretion in the rat epididymis. J Reprod
Fertil 1984; 72: 509-514.

Crabo B, Gustafsson B. Distribution of sodium and potassium and its
relation to sperm concentration in the epididymal plasma of the bull. J
Reprod Fertil 1964; 7: 337-345.

Turner TT, Jones CE, Howards SS, Ewing LL, Zegeye B, Gunsalus GL.
On the androgen microenvironment of maturing spermatozoa. Endocri-
nology 1984; 115: 1925-1932.

Brooks DE. Epididymal functions and their hormonal reguiation. Aust J
Biol Sci 1983; 36: 205-221.

Setchell BP, Brooks DE. Anatomy, vasculature, innervation and fluids of
the male reproductive tract. In: Knobil E, Neill J (eds.), The Physiology of
Reproduction. New York: Raven Press; 1988: 753-836.

Jenkins AD, Lechene CP, Howards SS. Concentrations of seven
elements in the intraluminal fluids of the rat seminiferous tubules, rete
testis, and epididymis. Biol Reprod 1980; 23: 981-987.

Wong PYD, Au CL, Ngai HK. Electrolyte and water transport in rat
epididymis; its possible role in sperm maturation. In: Endocrine Approach
to Male Contraception. Copenhagen: Scriptor; 1978: 608-628.

Wong PYD, Yeung CH. Hormonal regulation of fluid reabsorption in
isolated rat cauda epididymidis. Endocrinology 1977; 101: 1391-1397.

Wong PYD, Yeung CH. Absorptive and secretory functions of the
perfused rat cauda epididymidis. J Physiol 1978; 275: 13-26.

Cheung YM, Hwang JC, Wong PYD. Membrane potentials of epithelial
cells in the epididymis of rats. lonic and castration effects. Comp
Biochem Physiol [A] 1978; 59: 403-407.

Hinton BT, Hernandez H. Selective luminal absorption of L-carnitine from
the proximal regions of the rat epididymis. Possible relationships to
development of sperm motility. J Androl 1985; 6: 300-305.

Turner TT. On the epididymis and its function. Invest Urol 1979; 16: 311-
321.

-35-



37.

38.

38.

40.

41.

42.

43.

45.

46.

47.

Dacheux JL, Vogimayr JK. Sequence of sperm cell surface differentiation
and its relationship to exogenous fluid protein in the rat epididymidis. Bioi
Reprod 1983; 29: 1033-1046.

Friend DS. Cytochemical staining of multivesicular bodies and Goigi
vesicles. J Cell Biol 1969; 41: 269-279.

Moore HDM, Bedford JM. The differential absorptive activity of epithelial
cells of the rat epididymis before and after castration. Anat Rec 1979,
193: 313-328.

Hermo L, Oko R, Morales CR. Secretion and endocytosis in the male
reproductive tract: a role in sperm maturation. Int Rev of Cyt 1994, 154:
106-189.

Djakiew D, Byers SW, Lewis DM, Dym M. Receptor-mediated
endocytosis of alpha-2-macroglobulin by principal cells in the proximal
caput epididymidis in vivo. J Androl 1985; 6: 190-196.

Veeramachaneni DN, Amann RP. Endocytosis of androgen-binding
protein, clusterin, and transferrin in the efferent ducts and epididymis of
the ram. J Androl 1991; 12: 288-294.

Veeramachaneni DN, Amann RP, Paimer JS, Hinton BT. Proteins in
luminal fluid of the ram excurrent ducts: changes in composition and
evidence for differential endocytosis. J Androl 1990; 11: 140-154.

Djakiew D, Byers SW, Dym M. Receptor-mediated endocytosis of alpha-
2-macroglobulin and transferrin in rat caput epididymal epithelial cells in
vitro. Biol Reprod 1984; 31: 1073-1085.

Robinson R, Fritz IB. Myoinositol biosynthesis by Sertoli cells, and levels
of myoainositol biosynthetic enzymes in testis and epididymis. Can J
Biochem 1979; 57: 962-967.

Hinton BT, Setchell BP. Concentration and uptake of carnitine in the rat
epididymis. In: Frankel RA, McGarry JD (eds.), Camnitine Biosynthesis,
Metabolism, and Functions. New York: Academic Press; 1980: 237-249.

Hammerstedt RH, Rowan WA. Phosphatidylcholine of blood lipoprotein is

the precursor of glycerophorylcholine found in seminal plasma. Biochem
Biophys Acta 1979; 710: 370-376.

-36-



48.

49.

50.

51.

52.

S3.

54.

55.

57.

Neutra M, Leblond CP. Radio autographic comparison of the uptake of
galactose-H and glucose->H in the Golgi region of various cells secreting
glycoproteins or mucopolysaccharides. J Cell Biol 1966; 30: 137-150.

Flickinger CJ. Regional differences in synthesis, intracellular transport,
and secretion of protein in the mouse epididymis. Biol Reprod 1981; 25:
871-883.

Flickinger CJ, Wilson KM, Gray HD. The secretory pathway in the mouse
epididymis as shown by electron microscope radioautography of principal
cells exposed to monensin. Anat Rec 1984; 210: 435-448.

Orgebin-Crist MC, Danzo BJ, Davies J. Endocrine control of the develop-
ment and maintenance of sperm fertilizing ability in the epididymis. In:
Greep RO, Astwood EB (eds.), Handbook of Physiology, sec.7 vol. 5.
Washington: American Physiological Society; 1975: 319-338.

Bedford JM. Maturation, transport, and fate of spermatozoa in the
epididymis. In: Greep RO, Astwood EB (eds.), Handbook of Physiology,
sec.7 vol. 5. Washington: American Physiological Society; 1975: 303-
317.

Courot M. Transport and maturation of spermatozoa in the epididymis of
mammals. Prog Reprod Biol 1981; 8: 67-79.

Bedford JM. Evolution of the sperm maturation and sperm storage
functions of the epididymis. In: Fawcett DW, Bedford JM (eds.), The
Spermatozoa. Baltimore: Urban & Schwarzenberg; 1979: 7-21.

Orgebin-Crist MC, Olson GE. Epididymal sperm maturation. In: Courot M
(ed.), The Male in Farm Animal Reproduction. Amsterdam: Martinus
Nijhoff; 1984: 80-102.

Nishiwaka Y, Waide Y. Studies on the maturation of spermatozoa. |.
Mechanism and speed of transition of spermatozoa on the epididymis and
their functional changes. Buill Natl Inst Agr Sci [G] 1952; 3: 69-81.

Blandau RJ, Rumery RE. The relationship of swimming movements of

epididymal spermatozoa to their fertilizing capacity. Fertil Steril 1964, 15:
571-579.

-37-



58.

59.

60.

61.

62.

63.

64.

65.

67.

68.

69.

Dyson ALMB, Orgebin-Crist MC. Effects of hypophysectomy, castration
and androgen replacement upon the fertilizing ability of rat epididymal
spermatozoa. Endocrinology 1973; 93: 391-402.

Fournier-Delpech S, Colas G, Courot M, Ortavant R. Observations on the
motility and fertilizing ability of ram epididymal spermatozoa. Ann Biol
Anim Biochem Biophys 1977; 17: 987-990.

Risley PL. Physiology of male accessory organs. In: Hartmann CC (ed.),
Mechanisms Concerned with Conception. New York: MacMillan;1963: 7.

Pholpramool C, Triphom N, Dinudom A. Intraluminal pressures in the
seminiferous tubules and in different regions of the epididymis in the rat.
J Reprod Fertil 1984; 71: 173-179.

Brooks DE. Androgen-regulated epididymal secretory proteins
associated with post-testicular sperm development. Ann NY Acad Sci
1987; 513: 179-194.

Olson DE. Orgebin-Crist MC. Sperm surface changes during epididymal
maturation. Ann NY Acad Sci 1982; 383: 372-391.

Sun EL, Flickinger CJ. Deveiopment of cell types and regional
differences in the postnatal rat epididymis. Am J Anat 1979; 154. 27-55.

Hermo L, Barin K, Robaire B. Structural differentiation of the epithelial
cells of the testicular excurrent duct system of rats during postnatal
development. Anat Rec 1992; 233: 205-228.

Orgebin-Crist, M-C. Studies on the function of the epididymis. Biol
Reprod 1969; 1: 155-175.

Hamilton DW. The mammalian epididymis. In: Balin H, Glasser S (eds.),
Reproductive Biology. Amsterdam: Excerpta Medica; 1972; 268-337.

Hamilton DW. Structure and function of the epithelium lining the ductuii
efferentes, ductus epididymidis and ductus deferens in the rat. In: Greep
0, Astwood EB (eds.), Handbook of Physiology, Sec. 7, Vol. 5.
Washington, D. C.: American Physiclogical Society; 1975; 259-301.

Turner TT. On the epididymis and its function. Invest Urol 1979, 16: 311-
321.

-38-



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Wang C, Leung A, Sinha-Hikim A. Reproductive aging in the male
Brown-Norway rat: a model for the human. Endocrinology 1993; 133(6):
2773-2781.

Wright WW, Fiore C, Zirkin BR. The effects of aging in the seminiferous
epithelium of the Brown Norway rat. J Androl 1993; 14: 110-117.

Chen H, Hardy MP, Huhtaniemi |, Zirkin Br. Age-related decreased
Leydig cell testosterone production in the Brown Norway rat. J Androl
1994; 15; 551-557.

Zirkin BR, Santuili R, Strandberg JD, Wright WW, Ewing LL. Testicular
steroidogenesis in the aging Brown Norway rat. J Androl 1994; 15: 118-
123.

Neaves WB, Johnson L, Petty CS. Seminiferous tubules and daily sperm
production in older adult with varied numbers of Leydig cells. Biol Reprod
1987; 36: 301-308.

Vermeulen JA. Androgens in the aging male. J Clin Endocrinol Metab
1991; 73: 221-224.

Serre V, Robaire B. Segment-specific morphological changes in the
aging Brown Norway rat epididymis. Biol Reprod 1998; 58: 497-513.

Viger RS, Robaire B. Gene expression in the aging Brown Norway rat
epididymis. J Androl 1995; 16: 108-117.

Mueller A, Hermo L, Robaire B. The effects of aging on the expression of
glutathione-S-transferases in the testis and epididymis of the Brown
Norway rat. J Androl 1998; 19: 450-465.

Gloyna RE, Wilson JD. A comparative study of the conversion of
testosterone to 17p-hydroxy-5a-androstan-3-one (dihydrotestosterone) by
prostate and epididymis. J Clin Endocrinol Metab 1969; 29: 970-977.

Inano H, Machino A, Tamaoki Bl. /n vitro metabolism of steroid hormones
by cell-free homogenates of epididymis of adult rats. Endocrinology
1969; 84: 997-1003.

Andersson S, Bishop RW, Russel DW. Expression cloning and regulation

of steroid Sa-reductase, an enzyme essential for male sexual
differentiation. J Biol Chem 1989; 264: 16249-16255.

-39-



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Andersson S, Russell DW. Structural and biochemical properties of
cloned and expressed human and rat steroid Sa-reductases. Proc Natl
Acad Sci USA 1990; 87: 3640-3644.

Andersson S, Berman DM, Jenkins E, Russell DW. Deletion of steroid
5a-reductase 2 gene in male pseudohermaphroditism. Nature 1991; 354:
1569-161.

Normington K, Russell DW. Tissue distribution and kinetic characteristics
of rat steroind Sa-reductase isozymes. J Biol Chem 1992; 267: 19548-
19554.

Jenkins EP, Hsieh C-L, Milatovich A, Normington K, Berman DM, Francke
Russell DW. Characterization and chromosomal mapping of a human
steroid Sa-reductase gene and pseudogene and mapping of the mouse
homologue. Genomics 1991; 11: 1102-1112.

Labrie F, Sugimoto Y, Luu-The V, Simard J, Lachance Y, Bachvarov D,
Leblanc G, Durocher F, Paquet N. Structure of human type Il 5a-
reductase gene. Endocrinology 1992; 131: 1571-1573.

Thigpen AE, Davis DL, Milatovich A, Mendonca BB, Imperato-McGinley
J, Griffin JE, Franke U, Wilson JD, Russell DW. Molecular genetics of
steroid 5a-reductase 2 deficiency. J Clin Invest 1992; 90: 799-809.

Jenkins EP, Andersson S, Imperato-McGinley J, Wilson JD, Russell DW.
Genetic and pharmacological evidence for more than one human steroid
5a-reductase. J Clin Invest 1992; 89: 293-300.

Hirsch KS, Jones CD, Audia JE, Andersson S, McQuaid L, Stamm NB,
Neubauer BL, Pennington P, Toomey RE, Russell DW. LY1911704:

a selective, nonsteroidal inhibitor of human steroid Sa-reductase type 1.
Proc Natl Acad Sci USA 1993; 90: 5277-5281.

Viger RS, Robaire B. Differential regulation of steady state 4-ene steroid
S5a-reductase messenger ribonucleic acid levels along the rat epididymis.
Endocrinology 1991; 128: 2407-2414.

Viger RS, Robaire B. Expression of 4-ene steroid Sa-reductase

messenger ribonucleic acid in the rat epididymis during postnatal
development. Endocrinology 1992; 131: 1534-1540.

-40-



92.

93.

94.

95.

97.

99.

100.

101.

102.

Viger RS, Robaire B. Immunocytochemical localization of 4-ene steroid
S5a-reductase type 1 along the rat epididymis during postnatal
development. Endocrinology 1994; 134: 2298-2306.

Krupenko SA, Krupenko NI, Danzo BJ. Interaction of sex hormone-
binding globulin with plasma membranes from the rat epididymis and
other tissues. J Steroid Biochem Mol Biol 1994; 51: 115-124.

Viger RS, Robaire B. The mRNAs for the steroid Sa-reductase isozymes,
types 1 and 2, are differentially regulated in the rat epididymis. J Androl
1996; 17: 27-34.

Brooks DE, Means AR, Wright EJ, Singh SP, Tiver KK. Molecular cloning
of the cDNA for androgen-dependent sperm-coating glycoproteins
secreted by the rat epididymis. Eur J Biochem 1988; 161: 13-18.

Charest NJ, Joseph DR, Wilson EM, French FS. Molecular cloning of
complementary deoxyribonucleic acid for an androgen-regulated
epididymal protein. sequence homology with metalioproteins. Mol
Endocrinology 1988; 2: 999-1004.

Brooks DE. Effects of androgens on protein synthesis and secretion in
various regions of the rat epididymis as analysed by two-dimensional gel
electrophoresis. Mol Cell Endocrinol 1983; 29: 255-270.

Newcomer ME, Ong DE. Purification and crystallization of a retinoic acid-
binding protein from rat epididymis: identity with the major androgen-
dependent epididymal proteins. J Biol Chem 1990; 265: 12876-12879.

Douglass J, Garrett SH, Garrett JE. Differential patterns of regulated
gene expression in the adult rat epididymis. Ann NY Acad Sci 1991; 637:
384-398.

Brooks DE. The major androgen-regulated secretory proteins of the rat
epididymis bear sequence homology with members of the aipha 2u-
globulin superfamily. Biochem Int 1987; 14: 235-240.

Brooks DE, Tiver K. Localization of epididymal secretory proteins on the
rat spermatozoa. J Reprod Fertil 1983; 69: 651-657.

Garrett JE, Garrett SH, Douglass J. A spermatozoa-associated factor

regulates proenkephalin gene expression in the rat epididymis. Mol
Endocrinol 1990; 4: 108-118.

41-



103.

104.

1086.

106.

107.

108.

109.

110.

111.

112.

Brooks DE. Androgen-regulated epididymal secretory proteins
associated with post-testicular sperm development. Ann NY Acad Sci
1987; 513: 179-184.

Brooks DE, Higgins SJ. Characterization and androgen-dependence of
proteins associated with luminal fluid and spermatozoa in the rat
epididymis. J Reprod Fertil 1980; 59: 363-375.

Blaschuk O, Burdzy K, Fritz IB. Purification and characterization of a
cell-aggregation factor (clusterin), the major glycoprotein in ram rete testis
fluid. J Biol Chem 1983; 258: 7714-7720.

Kirsbaum L, Bozas SE, Walker ID. SP-40, 40, a protein involved in the
control of the complement pathway, possesses a unique array of disulfide
bridges. FEBS Letters 1992; 297: 70-76.

Hermo L, Wright J, Oko R, Moraies CR. Role of epithelial cells of the
male excurrent duct system of the rat in the endocytosis or secretion of
suifated glycoprotein-2. Biol Reprod 1991; 44: 1113-1131.

Sylvester SR, Morales C, Oko R, Griswold MD. Localization of suifated
glycoprotein-2 (clusterin) on spermatozoa and in the reproductive tract of
the male rat. Biol Reprod 1991; 45: 195-207.

DeSilva HV, Stuart WD, Duvic CR, Wetterau JR, Ray MJ, Ferguson DG,
Albers HW, Smith WR, Harmony JAK. A 70-kDa apolipoprotein
designated ApodJ is a marker for subclasses of human plasma high
density lipoproteins. J Biol Chem 1990; 265: 1340-1347.

Leger JG, Montpetit ML, Tenniswood MP. Characterization and cloning
of androgen-repressed mRNAs from rat ventral prostate. Biochem
Biophys Res Commun 1987; 147: 196-203.

Betuzzi S, Troiana L, Davali P, Tropea F, Ingletti MC, Gassilli, Monti D,
Corti A, Franceschi C. In vivo accumulation of suifated glycoprotein-2
mRNA in rat thymocytes upon dexamethasone-induced cell death.
Biochem Biophys Res Commun 1991; 175: 810-815.

Cyr DG, Robaire B. Regulation of sulfated glycoprotein-2 (clusterin)

messenger ribonucleic acid in the rat epididymis. Endocrinology 1992;
130: 2160-2166.

42-



113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Grima J, Zwain |, Lockshin RA, Bardin CW, Cheng CY. Diverse secretory
patterns of clusterin by epididymis and prostate/seminal vesicles
undergoing cell regression after orchiectomy. Endocrinology 1990; 126:
2989-2997.

Tenniswood M, Wang Z, Lakins J, Morrissey C, O’Sullivan J, Tang H.
Clusterin in the male reproductive tract. J Androl 1998; 19: 508-516.

Ames BN. Dietary carcinogens and anticarcinogens. Science 1983; 221:
1256-1264.

Brunauer LS, Clarke S. Age-dependent accumulation of protein residues
which can be hydrolyzed to D-aspartic acid in human erythrocytes. J Biol
Chem 1986; 261: 12538-12543.

Adelman R, Saul RL, Ames BN. Oxidative damage to DNA: relation to
species metabolic rate and life span. Proc Natl Acad Sci USA 1988; 85:
2706-2708.

Harman D. The aging process. Proc Natl Acad Sci USA 1981; 78: 7124-
7128.

Ames BN, Shigenaga MK, Hagen TM. Oxidants, anti-oxidants and the
degenerative disease of aging. Proc Natl Acad Sci USA 1993; 90: 7915-
7922

Stadtman ER. Protein oxidation and aging. Science 1992; 257; 1220-
1224.

Ames BN, Cathcart R, Schweirs E, Hochstein P. Uric acid provides an
antioxidant defense in humans against oxidant- and free radical-caused
aging and cancer: a hypothesis. Proc Natl Acad Sci USA 1981; 78: 6858-
6862.

Fridovich |. The biology of oxygen free radicals. Science 1978; 201: 875-
880.

Davies KJA. Intracellular proteolytic systems may function as secondary

antioxidant defenses: a hypothesis. J Free Radicals Biol Med 1986; 2:
155-173.

-43-



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Holland MK, Alvarez JG, Storey BT. Production of superoxide and activity
of superoxide dismutase in rabbit epididymal spermatozoa. Biol Reprod
1982; 27: 1109-1118.

Alvarez JG, Storey BT. Evidence for increased lipid peroxidative damage
and loss of superoxide dismutase activity caused by spontaneous lipid
peroxidation. Gamete Res 1989; 23: 77-90.

Bauche F, Fouchard M, Jegou B. Antioxidant system in rat testicular
cells. FEBS Lett 1994; 349: 392-396.

Mannervik B, Danielson UH. Glutathione transferases- structure and
catalytic activity. CRC Crit Rev Biochem 1988; 23: 283-337.

Pickett CB, Lu AYH. Glutathione-S-transferases: gene structure,
regulation, and biological function. Annu Rev Biochem 1989; 58: 743-
764.

Buetler TM, Eaton DL. Glutathione-S-transferases: amino acid sequence
comparison, classification and phylogenetic relationship. Environ
Carcinogen Ecotoxicol Rev 1992; C10: 181-203.

Veri JP, Hermo L, Robaire B. Immunocytochemical localization of the Yf
subunit of glutathione-S-transferase P shows regional variations in the
staining of epithelial cells of the testis, efferent ducts, and epididymis. J
Androl 1993; 14; 23-44.

Veri JP, Hermo L, Robaire B. Immunocytochemical localization of the
glutathione-S-transferase Yo subunit in the rat testis and epididymis. J
Androl 1994; 15: 415-434.

Papp S, Robaire B, Hermo L. Immunocytochemical localization of the Ya,
Yc, Yb,, and Yb, subunits of glutathione-S-transferases in the testis and
epididymis of adult rats. Microsc Res Tech 1995; 30: 1-23.

Hales BF, Hachey C, Robaire B. The presence and longitudinal
distribution of the glutathione-S-transferases in rat epididymis and vas
deferens. Biochem J 1980; 189: 135-142.

Gandy J, Primiano T, Novak RF, Kelce WR, York LJ. Differential
expression of glutathione-S-transferase isoforms in compartments of
the testis and segments of the epididymis of the rat. Drug Metab Dispos
1996; 24: 725-733.



135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Lawrence RA, Parkhill LK, Burk RF. Hepatic cytosolic non-selenium
dependent glutathione peroxidase activity: its nature and effect on
selenium dependency. J Nutr 1978; 108: 981-987.

Melhert A, Diplock AT. The glutathione-S-transferases in selenium and
vitamin E deficiency. Biochem J 1985; 227: 823-831.

Cyr DG, Robaire B, Hermo L. Structure and turnover of junctional
complexes between principal cells of the rat epididymis. Microsc Res
Tech 1995; 30: 54-66.

Friend DS, Gilula NB. Variations in tight junctions and gap junctions in
mammalian tissues. J Cell Biol 1972; §3:758-776.

Agarwal A, Hoffer AP. Ultrastructural studies on the development of the
blood-epididymis barrier in immature rats. J Androl 1989; 10: 425-431.

Suzuki F, Nagano T. Development of tight junctions in the caput
epididymal epithelium of the mouse. Dev Biol 1978; 63: 321-334.

Kumar NM, Gilula NB. The gap junction communication channel. Cell
1996; 84: 381-388.

Garrod D, Chidgey M, North A. Desmosomes: differentiation,
development, dynamics and disease. Curr Opin Celi Biol 1996; 8: 670-
678.

Gumbiner BM. Cell adhesion: the molecular basis of tissue architecture
and morphogenesis. Cell 1996; 84: 345-357.

Takeichi M. The cadherins: cell-cell adhesion molecules controlling
animal morphogenesis. Development 1988; 102: 639-655.

Takeichi M. Cadherins: a motecular family important in selective cell-cell
adhesion. Annu Rev Biochem 1990; 59: 237-252.

Vestweber D, Kemler R, Ekblom P. Cell-adhesion molecule uvomorulin
during kidney development. Dev Biol 1985; 112: 213-221.

-45-



147.

148.

149.

150.

151.

152.

183.

154.

185.

156.

Bollier K, Vestweber D, Kemler R. Cell-adhesion molecule uvomorulin is
localized in the intermediate junctions of adult intestinal epithelial cells. J
Cell Biol 1985; 100: 327-332.

Ogou SI, Yoshida-Noro C, Takeichi M. Calcium-dependent cell-cell
adhesion molecules common to hepatocytes and teratocarcinoma stem
cells. J Cell Biol 1983; 97: 944-948.

Furuse M, Hirase T, Itoh, M, Nagafuchi A, Yonemura, S, Tsukita S,
Tsukita S. Occludin: A novel integral membrane protein localizing at tight
junctions. J Cell Biol 1993; 6: 1777-1788.

Stevenson BR, Siliciano JD, Mooseker MS, Goodenough, DA.
Identification of ZO-1: A high molecular weight polypeptide associated
with the tight junction (zonula occludens) in a variety of epithelia. J Cell
Biol 1986; 103: 755-766.

Tsukita S, Furuse M, Itoh M. Molecular architecture of tight junctions:
occludin and ZO-1. Cytoskeletal regulation of membrane function 1997;
69-76.

Gumbiner B, Lowenkopf T, Apatira D. identification of a 160-kDa
polypeptide that binds to the tight junction protein ZO-1. Proc Nati Acad
Sci USA 1991; 88: 3460-3464.

Citi S, Sabanay H, Jakes R, Geiger B, Kendrick-Jones J. Cingulin: a new
peripheral component of tight junctions. Nature 1988; 333: 272-276.

Zhong Y, Saitoh T, Minase T, Sawada N, Enomoto K, Mori M.
Monoclonal antibody 7H6 reacts with a novel tight junction-associated
protein distinct from ZO-1, cingulin and ZO-2. J Cell Biol 1993; 120: 477-
483.

Furuse M, Fujita K, Fujimoto K, Tsukita S. Claudin-1 and -2: Novel
integral membrane proteins localizing at tight junctions with no sequence
similarity to occludin. J Cell Biol 1998; 141: 1539-1550.

Cyr DG, Hermo L, Blaschuk OW, Robaire B. Distribution and regulation
of epithelial cadherin messenger ribonucleic acid and
immunocytochemical localization of epithelial cadherin in the rat
epididymis. Endocrinology 1992;130(1): 353-363.



187.

158.

159.

160.

161.

162.

163.

164.

165.

Suzuki F, Nagano T. Changes in occluding junctions of epididymal
epithelium in the developing and gonadectomized mammais. J Cell Biol
1976; 70: 101a.

Furuse M, Fujimoto K, Sato N, Tsukita S, Tsukita S. Overexpression of
occludin, a tight junction-associated integral membrane protein, induces
the formation of intracellular muitilamellar bodies bearing tight junction-
like structures. J Cell Sci 1996; 109: 429-435.

McCarthy KM, Skare 1B, Stankewich MC, Furuse M, Tsukita S, Rogers
RA, Lynch RD, Schneeberger EE. Occludin is a functional compenent of
the tight junction. J Cell Sci 1996; 109: 2287-2298.

Ando-Akatsuka Y, Saitou M, Hirase T, Kishi M, Sakakibara A, Itoh M,
Yonemura S, Furuse M, Tsukita S. Interspecies diversity of the occludin
sequence: cDNA cloning of human, mouse, dog, and rat-kangaroo
homologues. J Cell Biol 1996; 133: 43-47.

Furuse M, Itoh M, Hirase T, Nagafuchi A, Yonemura S, Tsukita S, Tsukita
S. Direct association of occludin and ZO-1 and its possible involvement
in the localization of occludin at tight junctions. J Cell Biol 1994; 127:
1617-1626.

Balda MS, Whitney JA, Flores C, Gonzalez S, Cereijido M, Matter K.
Functional dissociation of paracellular permeability and transepithelial
electrical resistance and disruption of the apical-basolateral
intramembrane diffusion barrier by expression of a mutant tight junction
protein. J Cell Biol 1996; 134: 1031-1049.

Sakakibara A, Furuse M, Saito Y, Ando-Akatsuka, Tsukita S. Possible
involvement of phosphorylation of occludin in tight junction formation. J
Cell Biol 1997; 137: 1393-1401.

Itoh M, Yonemura A, Nagafuchi A, Tsukita S, Tsukita S. A 220-kD
undercoat-constitutive protein: Its specific localization at cadherin-based
cell-cell adhesion sites. J Cell Biol 1991; 115: 1449-1462.

Itoh M, Nagafuchi S, Yonemura T, Kitani-Yasuda T, Tsukita S, Tsukita S.
The 220-kD protein colocalizing with cadherins in non-epithelial cells is
identical to Z0-1, a tight junction-associated protein in epithelial cells:
cDNA cloning and immunoelectron microscopy. J Cell Biol 1993; 121:
491-502.

-47-



166.

167.

168.

169.

170.

171.

172.

173.

Howarth AG, Hughes MR, Stevenson BR. Detection of the tight junction-
associated protein ZO-1 in astrocytes and other nonepithelial cell types.
Am J Physiol 1992; 262. C461-C469.

Anderson JM, Van ltallie CM. Tight junctions and the molecular basis for
regulation of paracellular permeability. Am J Physiol 1995; 269: G467-
G475.

Beatch M, Jesaitis LA, Gallin WJ, Goodenough DA, Stevenson BR. The
tight junction protein ZO-2 contains three PDZ (PSD-95,/Discs-Large/ZO-
1) domains and an alternatively spliced region. J Biol Chem 1996; 271:
25723-25726.

Denker BM, Nigam SK. Molecular structure and assembly of the tight
junction. Am J Physiol 1998; 274: F1-F9.

Citi S, Sabanay H, Kendrick-Jones J, Geiger B. Cingulin: characterization
and localization. J Cell Sci 1989; 93: 107-122.

Citi S, Amorosi A, Franconi F, Giotti A, Zampi G. Cingulin, a specific
protein component of tight junctions, is expressed in normal and
neoplastic human epithelial tissues. Am J Pathol 1991; 138: 781-789.

Byers SW, Citi S, Anderson JM, Hoxter B. Polarized functions and
permeability properties of rat epididymal epithelial cells in vitro. J Reprod
Fertil 1992; 95: 385-396.

Zhong Y, Enomoto K, Tobioka H, Konioshi Y, Satoh M, Mori M.
Sequential decrease in tight junctions as revealed by 7H6 tight junction-
associated protein during rat hepatocarcinogenesis. Jpn J Cancer Res
1994; 85: 351-356.

-48-



Chapter 2

SEGMENT-SPECIFIC CHANGES IN THE EXPRESSION OF JUNCTIONAL

PROTEINS AND THE PERMEABILITY OF THE BLOOD-EPIDIDYMIS
BARRIER WITH AGE
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Introduction

The blood-epididymis barrier is formed between principal epithelial cells
by tight junctions found in the apical region [1]. This physical barrier creates the
unique luminal microenvironment in each segment of the epididymis that is
necessary for proper sperm maturation [2]. in addition, the biood-epididymis
barrier may protect spermatozoa from autoimmune attack by physically biocking
the passage of immunogenic spermatozoa from the lumen through the
epididymal epithelium [3].

Several studies have focussed on the identification of tight junctional
proteins and how they interact to maintain the structure of tight junctions in
various epithelia (4, 5]. However, few have focussed on the tight junctions of the
biood-epididymis barrier. Occludin, a ~65 kD integral membrane protein, has
been identified as being responsible for sealing the adjacent plasma membranes
of tight junctions together [6]. At the molecular level, ZO-1, a peripheral
membrane protein, has been found to be directly associated with the carboxyl
terminus of occludin in the tight junction [7]. Together, occludin and ZO-1 have
been postulated to maintain the structural integrity of the tight junction {4, 5, 7].
While there are several other tight junction-associated proteins such as Z0O-2
[8], cingulin [9], and 7H6 [10], ZO-1 binding to occludin has been shown to be
important in targeting occludin to the tight junction and anchoring occludin at the

extracellular seal [7, 11}.
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The cadherins, a family of calcium-dependent cell adhesion glycoproteins
joining together adjacent cells within tissues [12-15], have been implicated in the
formation and maintenance of tight junctions between epithelial cells of many
tissues including the kidney [16] , intestine [17] and liver [18]. In the adult
Sprague-Dawley rat, Cyr et al (1993) have shown that E-cadherin is present in
the cytoplasm of principal cells of the epididymal epithelium, and that its
expression is dependent on serum androgen levels [19]. Studies by Suzuki and
Nagano [20] have also suggested that the formation and maintenance of tight
junctions in the caput epididymidis relies on gonadal hormones.

The epididymal tight junctions are among the most highly developed
contacts between mammalian epithelial cells [21]. Tight junctions, adherens
junctions, and gap junctions are present in the epididymal junctional compiex
[22]. However, studies using electron-opaque tracers, including lanthanum
nitrate, have shown that, in the adult rat, the tight junction is the only one that
does not allow the passage of the tracer [1]. Thus, in situations where the
function of the biood-epididymis barrier is altered, such as in immature rats
before the development of the barrier is complete [23], lanthanum nitrate easily
permeates the tight junction and enters the lumen.

To date, the blood-epididymis barrier has been investigated during
development [23] and in the adult rat [1], but the effects of aging on this barrier
are unknown. In addition, the effects of age on tight junction structure or

function have not been investigated previously in any tissues, except the testis
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[24]. In the aging Brown Norway rat testis, the typical Sertoli-Sertoli junctions
were rarely seen and were replaced by focal contact points [24]. Lanthanum
nitrate was able to penetrate both the basal and adluminal compartments of the
seminiferous epithelium of the aging testis (24]. The Brown Norway rat has
become a valuable model for the study of aging. it does not exhibit many of the
age-related pathologies seen in other rat strains, nor does it become obese
during its long life span [25]). The male reproductive system of the Brown
Norway rat undergoes dramatic changes with age while the rat remains
completely healthy. There is a decrease in spermatogenesis and
steroidogenesis [25-27] accompanied by marked histological aiterations [28].
There is also an apparent decrease during aging in the quality of sperm with
respect to progeny outcome [29]. Importantly, these changes are similar to
those observed in the human male reproductive system with age [30, 31].

There are striking transformations in the epididymis of the Brown Norway
rat with age [32]. The presence of a large number of halo cells, which may be
lymphocytes [33] or monocytes {34], suggests that the immune system is
activated in the aging epididymis of these animals. In the present study, we
determined if there were changes in the structural integrity of the blood-
epididymis barrier with age by analysing the distribution of the tight junctional
proteins occludin and ZO-1 in the adult and aging Brown Norway rat epididymis.
As there is a decrease in androgens with age in the Brown Norway rat, the

localization of E-cadherin, a possible regulator of tight junctions, was also
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compared in the epididymis during aging. Finally, to examine the functional
integrity of the blood-epididymis barrier in the aging Brown Norway rat,
resistance to penetration by lanthanum nitrate was assessed. We report
segment-specific changes in the localization and expression of occludin, ZO-1,
and E-cadherin in the aging Brown Norway rat epididymis consistent with the

changes seen in lanthanum nitrate penetration.

Materials and Methods

Animals

Brown Norway rats aged 3, 18, and 24 months were purchased from the
National Institute on Aging, Bethesda, MD and supplied by Charles River
Breeding Laboratories (Wilmington, MA). Animais were housed at the McGiil
University Mcintyre Animal Centre in a temperature (22°C) and light (14L:10D)
controlied room with rat food and water available ad /ibitum. We followed the
policies set forth by the facility Animal Care Committee at McGill University as
well as those described in the “Guide to the Care and Use of Experimental
Animals’ prepared by the Canadian Council on Animal Care.
Iimmunocytochemistry

Brown Norway rats aged 3 (n=6), 18 (n=6), and 24 (n=6) months were
perfused with Bouin’s solution for 10 minutes. While the group of 24-month-old
animals contained regressed and non-regressed testes, the immunostaining

patterns were consistent in all of these aged animals with the three antibodies

-53-



used. Retrograde perfusions through the abdominal aorta were used to fix the
initial segment and caput epididymidis and prograde perfusions were used to fix
the corpus and cauda epididymidis. The epididymides were removed, cut along
their longitudinal axis and immersed in Bouin's solution for 24 hours. The
tissues were then dehydrated and embedded in paraffin. Tissues were cut into 5
pm-thick sections and mounted on glass slides. Subsequently, tissues were
rehydrated through graded concentrations of ethanol, including 70% alcohol with
1% hydrogen peroxide for 10 minutes to remove endogenous peroxidase
activity, and 70% alcohol with 1% lithium carbonate for 5 minutes to remove
residual picric acid. The sections were then incubated in 300 mM glycine for 5
minutes to block free aldehydes and washed in 1M phosphate buffered saline
(PBS) atpH 7.4.

Three antibodies were used in this study: a rabbit polyclonal anti-occludin
antibody from Zymed Laboratories, inc. (San Francisco, CA), a rat monoclonal
anti-Z0-1 antibody from Chemicon Laboratories Inc. (Temecula, CA), and a
mouse monoclonal anti-E-cadherin antibody from Transduction Laboratories
(Lexington, Kentucky). Each antibody was used in conjunction with the
appropriate Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA).
incubations with each of the primary antibodies were done for 18 hours at 4°C.
The working dilutions were 1:540 for occludin and 1:100 for Z0-1 and E-
cadherin. Normal appropriate animal sera and omission of the primary antibody

served as negative controls. Subsequently, the sections were incubated with a
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peroxidase DAB substrate kit (Vector Laboratories, Burlingame, CA).
Epididymal sections were then washed in 1M PBS, counterstained for 30
seconds with 0.1% methylene blue, dehydrated in solutions containing graded
concentrations of ethanol, immersed in xyiene, and mounted in Permount.
Sections were then examined using the light microscope (Leiz Wetzlar, Laborlux
D, Montreal, Canada) for immunoperoxidase activity.

To assess the intensity of staining in occludin, ZO-1, and E-cadherin at 3,
18, and 24 months (Table 1), four animals were studied for each age group.
Four different slides per animal were examined for each antibody. Slides were
coded and examined without knowledge of the identity of the sample in order to
eliminate any potential observer bias. At least 150 tubules were examined for
each segment in every age group.
Lanthanum Nitrate Tracer Study

Brown Norway rats aged 3 (n= 6) and 24 months (n=6) were
anaesthetized with an i.m. injection of a cocktail of ketamine hydrochloride
(Ketalean®, MTC Pharmaceuticals, Cambridge, ON), xylazine (Rompun®, Bayer
Inc., Etobicoke, ON), acepromazine maleate (Atravet®, Ayerst Laboratories,
Montreal, QC), and 0.9% sodium chloride (Baxter Corporation, Toronto, ON).
This cocktail is often used because it decreases the risk of respiratory
depression which can occur with sodium pentobarbital, especially in aged
animals. While the group of 24-month-old animals contained rats having both

regressed and non-regressed testes, the results of the lanthanum nitrate study
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were consistent in all of these aged animals. Retrograde and prograde
perfusions were used for the reasons cited above. The fixative consisted of 5%
glutaraldehyde buffered with 0.16 M collidine buffer (pH 7.4) containing a final
concentration of 2% lanthanum nitrate (Marivac, Nova Scotia, Canada) and
2.5% polyvinyipyrollidone (PVP), at a final pH of 7.3. The solution was filtered
through a Millipore fiiter using a 5 micron membrane (MicronSep Membrane
Filters, Westborough, MA) prior to use.  After perfusion, the epididymides were
removed, cut into 1-mm? pieces and left either in the same fixative or in the same
fixative without lanthanum for 2 hours at 4°C. The tissues were washed quickly
3 times in a 0.16M collidine buffer with or without 2% lanthanum nitrate and 2%
sucrose, pH 7.4, and were subsequently washed 3 times in 0.1M sodium
cacodylate buffer with or without 2% lanthanum nitrate and 2% sucrose, pH 7.4
(this last wash was done to remove any toxic collidine which remained). The
reason lanthanum was omitted from the immersion solutions in some cases was
to confirm that the observed path of tracer was due exclusively to extravasated
fanthanum. Tissues were postfixed in 1% osmium tetroxide containing the same
cacodylate buffer mixture used for washing, stained en bloc with uranyl acetate,
and embedded in epoxy resin. Thin (75 nm) sections were cut using an
ultramicrotome; some sections were unstained and others were routinely stained
with uranyl acetate and lead citrate, and examined with the Philips 410 electron

microscope.

-56-



Resulits

Immunocytochemistry
Initial Segment

Occludin (Fig. 1A), ZO-1 (Fig. 1B), and E-cadherin (Fig. 1C)
immunostaining was observed at the apico-lateral junction between adjacent
principal cells in the entire initial segment of the 3-month-old animals. While
Z0-1 (Fig. 1B) and E-cadherin (Fig. 1C) were present as a punctate reaction at
the apico-lateral junction of adjacent principal cells, occludin was localized to the
same region but was more extensively distributed, spanning part of the apico-
lateral membrane between the principal cells (Fig. 1A). Occludin and Z0O-1
immunostaining was not seen in any other cell types in this segment, while
narrow cells and apical cells were immunoreactive to E-cadherin (not shown).

With age, the immunostaining pattern of occludin and ZO-1 differed from
that of E-cadherin. At 18 months, occludin immunostaining became more diffuse
around the apico-lateral junction and decreased in intensity (Table 1). The
punctate reaction of Z0O-1 was no longer seen at every junction of principal cells
at 18 months (Table 1). By 24 months, occludin immunostaining was
dramatically reduced with a faint reaction at the apex between adjacent principal
cells (Fig. 1D); ZO-1 punctate reactivity between principal cells was virtually
absent (Fig. 1E and Table 1). While occludin and ZO-1 reactivity decreased
with age in the entire initial segment of the Brown Norway rat, E-cadherin

immunostaining increased in intensity (Table 1) and was observed along the
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entire lateral membrane between principal cells at 24 months (Fig. 1F). No
other cell types showed occludin or ZO-1 reactivity while only apical cells
continued to show E-cadherin reactivity at 24 months (not shown). For all three
markers, the initial segment exhibited a unique staining pattern; cytoplasmic
staining was never seen in this segment at any age for any of the junctional
proteins examined.
Caput Epididymidis

in contrast to the initial segment at 3 months, where occludin, Z0-1, and
E-cadherin exhibited a similar staining pattern, the reactivity to these junctional
proteins differed in the caput epididymidis for all three markers. At 3 months, the
occludin immunostaining was dramatic in the caput epididymidis (Fig. 2A).
Occludin immunostaining intensity in the caput epididymidis was the highest of
all the epididymal segments (Table 1). There was a surprising reactivity with a
grainy appearance in the entire cytoplasm of the principal cells, and it appeared
stronger at the base of the epithelium (Fig. 2A). An intense, concentrated
staining was observed at the apical margin of the principal cells (Fig. 2A). ZO-1
was not abundantly expressed in the caput epididymidis at 3 months (Fig. 2B
and Table 1). There was a uniform staining of the cytoplasm of the principal
cells (Fig. 2B). In contrast to the ZO-1 punctate reaction seen at the apico-
lateral junction between all principal cells in the initial segment at 3 months (Fig.
1B), Z0-1 punctate staining was only observed at the apico-lateral junction of

few principal cells (Fig. 2B and Table 1). E-cadherin immunostaining at 3
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months in the caput epididymidis consisted of both cytoplasmic staining of
principal cells and a punctate reactivity at their apico-lateral margins (Fig. 2C);
the punctate reactivity was greater in the proximal caput epididymidis than in the
distal region. There was no ZO-1 or occludin immunoreactivity in any other cell
types in the caput epididymidis at 3 months, however, the top of clear cells were
immunoreactive to E-cadherin (not shown).

As in the initial segment, in the caput epididymidis there was a decreased
reactivity of occludin and ZO-1 at 18 months along with an increase in E-
cadherin immunostaining (Table 1). By 24 months, occludin immunostaining had
greatly diminished in the cytoplasm of principal cells (Fig. 2D and Table 1). The
occludin immunostaining at the apex of the principal cells appeared more
intense than in the rest of the cytoplasm but was diffuse in appearance (Fig. 2D).
At 24 months, ZO-1 reactivity was absent; a rare punctate reaction at the apico-
lateral junction of principal cells was observed only a few times throughout the
entire segment (Fig. 2E and Table 1). Again, E-cadherin exhibited a change in
its staining pattern. The cytoplasmic staining of principal cells was absent at 24
months while immunoreactivity was observed as a punctate stain at the margin
of principal cells at their apex (Fig. 2F). The E-cadherin reactivity spread to the
entire lateral membrane of principal cells in addition to the punctate reactivity
(Fig. 2F). The staining of the lateral membranes was most intense in the
proximal caput epididymidis. This E-cadherin immunostaining pattern at 24

months is similar to that seen for this marker in the initial segment of the aged
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animals (Fig. 1F). With age, there was a gradual decrease in the E-cadherin
immunoreactivity of clear cells at their apex such that, at 24 months, the majority
of clear celis were unreactive (not shown); a few clear cells still showed intense
reactivity. All other cell types did not show any immunostaining for occludin, 20-

1 or E-cadherin.

Corpus Epididymidis

The corpus epididymidis showed the most dramatic alterations in
immunostaining for occludin, ZO-1, and E-cadherin with age. The staining
patterns were identical in the proximal and distal corpus epididymidis.
However, the intensity of staining was always greater in the distal corpus
epididymidis than in the proximal region for all the markers studied. The
occludin reactivity is the same as the staining pattern seen in the caput
epididymidis at 3 months but with a much lower intensity (Fig. 3A and 2A). A
grainy cytoplasmic staining and an intense band at the apex of the principal cells
was seen in the corpus epididymidis (Fig. 3A). The most intense cytoplasmic
staining for ZO-1 and E-cadherin was observed in the corpus epididymidis at 3
months (Fig. 3B and 3C). However, ZO-1 also showed a punctate reactivity at
the apico-iateral margin of some principal cells (Fig. 3B), which was not seen for
E-cadherin at 3 months (Fig. 3C). As in the caput epididymidis, inmunostaining
for occludin and ZO-1 was not seen in any other cell types; the clear cells,

however, exhibited an intense E-cadherin immunoreactivity along the apex of
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these cells (not shown).

The most striking change seen in the corpus epididymidis was that
occludin, ZO-1, and E-cadherin reactivity all decreased progressively with age
(Table 1). This was the only segment of the epididymis where E-cadherin
immunostaining was absent at 24 months (Fig. 3F), the intense cytoplasmic
staining seen at 3 months had disappeared. it should be noted though that an
occasional punctate reactivity at the apico-lateral junction of principal cells was
observed. In addition, the majority of clear cells no longer exhibited E-cadherin
immunoreactivity at 24 months (not shown).

Cauda Epididymidis

The cauda epididymidis showed yet another staining pattern for occludin,
Z0-1, and E-cadherin. At 3 months, occludin immunoreactivity in the cauda
epididymidis (Fig. 4A) exhibited a similar staining pattern as that seen in the
caput (Fig. 2A) and corpus (Fig. 3A) epididymidis. The grainy cytoplasmic
staining was observed and, while the apical band at the top of the principal celis
was more intense than the rest of the cytoplasm (Fig. 4A), it was not as
distinctive as in the other segments. A cytoplasmic reactivity to Z0-1 was seen
in the cauda epididymidis at 3 months (Fig. 4B). The Z0-1 immunostaining seen
in the cytoplasm (Fig. 4B) was much more intense than that seen for E-cadherin
(Fig. 4C and Table 1). E-cadherin immunostaining was the only one that
differed in the proximal and distal cauda epididymidis at 3 months. In the

proximal cauda epididymidis, E-cadherin reactivity was only cytoplasmic (not
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shown). In contrast to the staining seen for E-cadherin in the other segments of
the epididymis at 3 months, E-cadherin immunostaining was observed at the
basolateral membrane between adjacent principal cells in the distal cauda
epididymidis (Fig. 4C). An immunoreactivity to occludin or ZO-1 was not seen
for any other cell types in the cauda epididymidis. However, as in the caput,
corpus, and cauda epididymidis, clear cells continued to show E-cadherin
immunostaining at their apical border, most intensely in the proximal cauda
epididymidis (not shown).

With age, each junctional protein exhibited a different change in its
immunostaining pattern. By 24 months, the occludin immunoreactivity
progressively increased in intensity (Fig. 4D and Table 1). However, 20-1
immunostaining decreased to become absent by 24 months (Fig. 4E). This is
the only segment where occludin and Z0-1 did not change in a coordinate
manner. Finally, E-cadherin immunoreactivity was now seen at the basolateral
membrane of principal cells of the entire cauda epididymidis but had spread to
stain the entire lateral membrane between principal cells (Fig. 4F and Table 1).
At 24 months, the clear cell E-cadherin immunoreactivity was absent (not

shown).

Lanthanum Nitrate Tracer Study
As reported in previous studies [1, 23], lanthanum nitrate entered the

capillaries and subsequently crossed into the epididymal epithelium where it was
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seen between adjacent principal cells. In the initial segment, the electron-
opaque tracer was consistently stopped at the tight junction at 3 (Fig. 5A) and 24
months (Fig. 5B). While the tight junction obstructed the passage of lanthanum
nitrate into the lumen in the caput epididymidis at 3 months (Fig. 5C), the tracer
was occasionally seen entering the first fusion points of the tight junction. At 24
months, lanthanum nitrate often entered the tight junction leaflets of the caput
epididymidis and, in addition, the tracer could be seen, at times, in the junction
as well as within the lumen as dark granules (Fig. 5D).

While lanthanum nitrate did not penetrate the tight junction in the corpus
epididymidis at 3 months (Fig. 6A), there was a striking amount of tracer that
was able to cross the blood-epididymis barrier and enter the lumen in this
segment at 24 months; this permeability was observed consistently (Fig. 6B). In
contrast, lanthanum nitrate was blocked at the tight junction of both 3- (Fig. 6C)
and 24-month-old (Fig. 6D) animals in the cauda epididymidis, in a manner

similar to what was seen in the initial segment at both ages (Fig. 5A and 58B).

Discussion
The results from the present study show that there are segment-specific
changes in the expression of the junctional proteins occludin, ZO-1, and E-
cadherin in the adult Brown Norway rat epididymis. In addition, there are
progressive alterations in the distribution and reactivity of these proteins with

age (Table 1 and Fig. 7). The segment-specific penetration of lanthanum nitrate

-63-



into the blood-epididymis barrier and into the lumen with age is consistent with
the changes seen in the expression of the junctional proteins.

In the initial segment, occludin, ZO-1, and E-cadherin co-localize to the
apico-lateral junction of adjacent principal cells. While the immunoreactivity to
occludin and ZO-1 decreases with age in the initial segment, the lateral
membrane between adjacent principal cells stains intensely for E-cadherin with
increasing age. The initial segment exhibits a unique staining pattern in that
cytoplasmic staining is not seen in this segment as in the caput, corpus, and
cauda epididymidis for any of these junctional proteins. The junctional complex
in the initial segment has been previously shown to span a considerable length
of the apical plasma membranes with few desmosomes [22]. In contrast, in the
rest of the epididymis the span of merging plasma membranes is considerably
reduced, and there are numerous desmosomes in the apical region [22]. This
difference in the junctional complex may be one of the reasons for the differing
distribution of occludin, ZO-1, and E-cadherin in the initial segment.

The blood-epididymis barrier maintains the ability to block the passage of
lanthanum nitrate in the initial segment of the aging animais despite the
decrease in occludin and ZO-1 reactivity. Interestingly, Saitou et al [35] have
recently shown that tight junctions in occludin-deficient epithelial celis are able to
function as a primary barrier to the diffusion of a low molecular mass tracer
through the paracellular pathway. These findings indicate there may be

unidentified tight junction integral membrane proteins that can form strand
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structures, recruit ZO-1, and function as a barrier without occludin [35]. Furuse
et al [36] have recently discovered two novel integral membrane proteins,
termed claudin-1 and -2, that localize at tight junctions but bear no sequence
similarities to occludin. Claudin-1 or -2 can reconstitute tight junctions and
recruit occludin in fibroblasts [37]. The possibility, therefore, exists that there
may be other junctional proteins that enable the tight junction to block the
passage of lanthanum nitrate despite the decrease in occludin and ZO-1.
Alternatively, the amount of occludin and Z0O-1 remaining in the aged animals
may be sufficient to inhibit the passage of the tracer, especially since E-cadherin
is still present and shows a greater intensity in the initial segment of the aged
animals.

In contrast to the initial segment, occiudin, Z0-1, and E-cadherin all
exhibit some cytoplasmic staining in the caput, corpus, and cauda epididymidis
of the adult Brown Norway rats. E-cadherin cytoplasmic reactivity has been
previously seen in the epididymis of adult male Sprague-Dawley rats [19]. It has
been suggested that the cytoplasmic localization of E-cadherin may reflect the
synthesis and processing of this protein in the endoplasmic reticulum and Golgi
apparatus, and its transport via vesicles within the cytoplasm toward the lateral
membranes [19]. Recently, however, a study on the mechanisms of epithelial
cell-cell adhesion reported that insertion of preassembled E-cadherin
membrane-insertion structures from the cytoplasm into the membrane at cell-cell

contacts was never seen [38]. It was suggested that E-cadherin originates by de
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novo aggregation at sites of cell-cell contact [38). Cadherins are known to
associate with the actin-based cytoskeleton via the catenin family [39, 40}, and
occludin has also been shown to bind to the cytoskeleton via ZO-1 [41]. Itis
likely, therefore, that the cytoplasmic staining we are seeing for E-cadherin and
Z0O-1 is a result of the binding of these proteins to the cytoskeleton in the
cytopiasm.

The most dramatic age-dependent changes seen in the present study
occur in the corpus epididymidis. The loss of occludin, ZO-1, and E-cadherin
with age is most pronounced in this segment of the epididymis and is reflected
by the loss of the functional integrity of the blood-epididymis barrier. Thus, it
appears that the major decrease in occludin, ZO-1, and E-cadherin leads to the
change in permeability of the blood-epididymis barrier of the Brown Norway rat
with age. Interestingly, a study by Kimura et al [42], which looked at the
expression of occludin, ZO-1, and E-cadherin in cancers of the human digestive
tract, suggested that expression of occludin and ZO-1 may not be enough to
form a tight junction. The authors postulated that perhaps both intercellular
adhesion, mediated by E-cadherin, and expression of occludin and Z0O-1 may be
required for normal tight junction formation [42)]. It appears that maintenance of
tight junctions is also dependent on the presence of E-cadherin, occludin, and
Z0-1 in the epididymis. Cyr et al [19] have shown that bilateral orchidectomy
followed by low dose testosterone replacement is able to maintain mRNA

concentrations of E-cadherin in all regions of the epididymis except in the corpus
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epididymidis region of adult Sprague-Dawley rats. As androgen levels are
decreased with age in Brown Norway rats [25,26), our data support the
possibility that the corpus epididymidis requires more androgen than other
segments of the epididymis to maintain E-cadherin expression.

The most striking changes that have been reported in aging Brown
Norway rats seem to occur in the corpus epididymidis, especially in the distal
region. There is a large increase in the size and number of lysosomes with age
in this segment. By 24 months, principal cells show a few giant lysosomes that
are usually filled with translucent small vacuoles [32] , suggesting that there is
extensive degradation and breakdown of substances in this segment. The
activation of the immune system is most pronounced in the aging corpus
epididymidis [32). In addition to an increase in halo cells, Serre et al [32] have
seen eosinophils in the interstitial tissue and within the epithelium of the corpus
epididymidis of rats aged 18 months and older. Finally, the expression of certain
subunits of the glutathione-S-transferases, involved in protecting cellular
constituents from electrophilic and oxidative attack, were found to change their
immunoreactivity patterns only in the distal regions of the epididymis [43].
Together these data point to a loss in the ability to handle oxidative stress in the
corpus epididymidis of the aging Brown Norway rats.

The segment-specific alterations in the expression of occludin, Z0-1, and
E-cadherin and the changes in the penetration of lanthanum nitrate into the

blood-epididymis barrier with age indicate that there are both structural and
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functional changes taking place. The fact that the blood-epididymis barrier is
responsible for creating the unique luminal microenvironment present in each
segment of the epididymis [2] raises questions as to the ability of the barrier to
maintain this function with age. The penetration of lanthanum nitrate into the
lumen of the aged animals in the caput and corpus epididymidis suggests that
there is a greater permeability of the biood-epididymis barrier in these segments
with age.

The regulation of junctional proteins is currently under extensive
investigation. Phosphorylation has been suggested to be a possible mechanism
by which occludin and ZO-1 localization and function are regulated [44-46).
Tyrosine phosphorylation may also cause an increase in tight junction
permeability [45] . The Rac subfamily of small G proteins has been shown to
regulate the cadherin-based cell-cell adhesion but not the formation of tight
junctions [47]; the Rho subfamily has been shown to be necessary for both
functions (47, 48]. It is, therefore tempting to speculate that the changes with
age in the expression of E-cadherin, occludin, and ZO-1 in the epididymis are
due, in part, to a change in the phosphorylation of these proteins.

In summary, we have demonstrated that there are segment-specific
changes in the localization and distribution of occludin, Z0-1, and E-cadherin in
the aging Brown Norway epididymis, and that the permeability of the blood-
epididymis barrier is also affected in a region-specific manner with age. The

permeability of the blood-epididymis barrier increases with age in the caput and
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corpus epididymidis. The present study is one of the first to provide information
about the effects of age on the structure and function of tight junctions in any

tissue.
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Figure 1. Light micrographs showing the effects of age on the immunostaining
pattern of occludin (A, D), ZO-1 (B, E), and E-cadherin (C, F) in the initial
segment of the Brown Norway rat. A, B, C) 3 months; D, E, F) 24 months. P,
principal cell; b, basal cell; Lu, lumen, IT, interstitium. The arrows indicate the
punctate immunostaining seen in the initial segment. Note that E-cadherin
reactivity is observed along the entire lateral membrane of principal cells at 24

months (F). Scale bar A-F = 3 um.
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Figure. 2. Light micrographs showing the effects of age on the immunostaining
pattern of occludin (A, D), ZO-1 (B, E), and E-cadherin (C, F) in the caput
epididymidis of the Brown Norway rat. A, B, C) 3 months; D, E, F) 24 months.
P, principal cell; b, basal cell; c, clear cell; Lu, lumen; IT, interstitium. The
arrows indicate the punctate reactions; at 24 months, E-cadherin staining

spreads to the entire lateral membrane as shown by the double arrows (F).

Scale bar A-F = 3 um.
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Figure 3. Light micrographs showing the effects of age on the immunostaining
pattern of occludin {A, D), ZO-1 (B, E), and E-cadherin (C, F) in the corpus
epididymidis of the Brown Norway rat. A, B, C) 3 months; D, E, F) 24 months.
P, principal cell; b, basal cell; c, clear cell; Lu, lumen, [T, interstitium. Arrows
show the apical band of occludin staining at 3 months (A), and the punctate ZO-

1 reactivity seen at 3 months (B). Scale bar A-F =3 um.
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Figure 4. Light micrographs showing the effects of age on the immunostaining
pattern of occludin (A, D), ZO-1 (B, E), and E-cadherin (C, F) in the cauda
epididymidis of the Brown Norway rat. A, B, C) 3 months; D, E, F) 24 months.
P, principal cell; b, basal cell; ¢, clear cell; Lu, lumen, IT, interstitium. The
arrows in (A) and (D) show the apical band of occludin reactivity. In (C), the E-
cadherin reactivity at the basolateral membrane of the distal cauda epididymidis
is indicated by the arrows; at 24 months (F), E-cadherin staining has spread to
the entire lateral membrane between principal cells of the cauda epididymidis

(arrows). Scale bar A-F = 3 um.
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Figure 5. Electron micrographs showing the effects of age on the permeability of
the blood-epididymis barrier to lanthanum nitrate in the initial segment (A, B)
and caput epididymidis (C, D) of the Brown Norway rat. A, C) 3 months; B, D)
24 months. P, principal cell, Ly, lumen. The curved arrows indicate where the
passage of lanthanum nitrate is occluded (A,B,C), and where it enters the tight
junction to enter the lumen in the caput epididymidis at 24 months (D). The
small, straight arrow shows lanthanum nitrate in the lumen (D). Scale bar A-D =

0.3 um.

-79-






Figure 6. Electron micrographs showing the effects of age on the permeability of
the blood-epididymis barrier to lanthanum nitrate in the corpus (A, B) and cauda
epididymidis (C, D) of the Brown Norway rat. A, C) 3 months; B, D) 24 months.
P, principatl cell, Lu, lumen. The curved arrows indicate where the passage of
lanthanum nitrate is occluded (A,C,D), and where it enters the tight junction to
enter the lumen in the corpus epididymidis at 24 months (B). The small, straight

arrows show lanthanum nitrate in the lumen (B). Scale bar A-D =0.3 um.
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Figure 7. Diagrammatic representation of occludin, ZO-1, and E-cadherin
immunostaining along the length of the epididymis at 3 and 24 months.

@ represent occludin reactivity, * symbolize ZO-1 reactivity, & represent E-
cadherin reactivity, and the thick black lines represent lanthanum nitrate while @
show lanthanum nitrate in the lumen. Note that the staining pattern shown for E-
cadherin in the cauda epididymidis at 3 months is representative of the distal
cauda epididymidis. The most striking changes are observed in the corpus

epididymidis with age.
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TABLE 1. Immunostaining of occludin, 20-1 and E-cadherin of principal cells in

the epididymis of the Brown Norway rat at 3, 18, and 24 months

Segment Junctional 3 months 18 months 24 months
Protein Proximal Distal Proximal Distal Proximal Distal
Initial Occludin
Segment Junction ++48 +4++ ++ ++ + +
Cytoplasm -° - - - - -
20-1
Junction ++ ++ + + +/-2 +/-
Cytoplasm - - - - - -
E-cadherin
Junction ++ ++ ++ ++ ++4+ +++
Cytoplasm - - - - - -
Caput Occludin
Junction  +++++  +++++ +++ +4++ ++ ++
Cytoplasm ++++ ++++ +++ +4++ + +
20-1
Junction + + + + +- +/-
Cytoplasm  ++ ++ + + - -
E-cadherin
Junction ++ + ++ + +4+4+ ++
Cytoplasm  ++ ++ + + - -
Corpus Occludin
Junction ++ +++ + ++ - +/-
Cytoplasm + ++ + + - -
20-1
Junction + - + - +/- - -
Cytoplasm ++ +++ + ++ - -
E-cadherin
Junction - - - - - +/-
Cytoplasm  ++ +4+4+ + ++4+ - -
Cauda Occludin
Junction ++++ ++4++ ++++ ++4++ +++++ bt
Cytoplasm +++ +4++ +++ +4+4 +44+
Z0O-1
Junction +/- +/- - - - -
Cytoplasm  ++ ++ + - -
E-cadherin
Junction® - ++ ++ +++ ++4+ +++
Cytoplasm + + + +

*The number of plus signs (+) is directly proportional to the strength of the reaction The
plus/minus sign (+/-) indicates that the reaction is faint and not present in all principal

cells while the minus signs (-) indicate the absence of a reaction.
*This row represents the staining at the basolateral membrane between principal cells.



Chapter 3

DISCUSSION
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Tight junctions constitute the only continuous, circumferential physical barrier
between epithelial cells [1-5]. These structures form the apical barrier to the
paracellular movement of water, solutes and immune cells in polarized epithelia [1-
5]. In the past decade, the molecular architecture of tight junctions has become a
rapidly expanding field. Inrecent months, several new proteins including claudin-1,
claudin-2 [6), and ZO-3 [7], have been localized to tight junctions. The exact roles
played by these proteins are unknown and illustrate the complexity of tight
junctions. In addition, the regulation of tight junctional proteins and the signalling
pathways involved in the assembly and the permeability of the paracellular barrier

are still in the initial stages of study, making this a fascinating area at this time.

Molecular architecture of tight junctions

The junctional proteins that were selected for this study provide important
clues about the organization of tight junctions in the epididymis. Recent studies
have focussed on the role of Z0-1, a member of the membrane-associated
guanylate kinase homologs (MAGUKS), within the epithelial tight junction (8,9].
Epitope-tagged fragments of ZO-1 have been introduced into cultured Madin Darby
Canine Kidney (MDCK) cells to identify the critical domains necessary for the
interactions of Z0-1, Z0-2, occludin, and F-actin {8]. In addition, a combination of
in vitro and in vivo binding assays have been performed that reveal that both ZO-2
and occludin interact with specific domains within the N-terminal half (MAGUK-like)

of Z0-1, whereas the unique proline-rich C-terminal half of ZO-1 cosediments with
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F-actin. These observations suggest that one functional role of ZO-1 is to organize
components of the tight junction and to link them to the cortical actin cytoskeleton
[8]. Thus, our localization of Z0-1 to both the apico-lateral tight junctions between
principal cells in some segments of the epididymis and within the cytoplasm of the
caput, corpus, and cauda epididymidis, seems to be consistent with the different
functions of ZO-1. An immunocytochemical study at the level of the electron
microscope would prove useful in localizing ZO-1 and the other junctional proteins

more precisely.

The Blood-Testis Barrier and Aging

The effects of age on blood-tissue barriers are absent from the literature.
Within the male reproductive system, the changes in the seminiferous epithelium
and the blood-testis barrier in the aging Brown Norway rats have been recently
examined . We have shown that by 24 months, a majority of seminiferous tubules
are fully regressed, virtually devoid of germ cells, and contain large intercellular
spaces [10]. These regressed tubules also show a complete loss of cyclical
variations of the organelles of the Sertoli cells. Most importantly, while lanthanum
nitrate is stopped by the blood-testis barrier in the young rats, the tracer permeates
the basal and adluminal compartments in the fully regressed tubules of the aged
rats, extends between Sertoli cell processes, and enters the intercellular spaces
and lumen [10]. Interestingly, the typical Sertoli-Sertoli junctions of the blood-testis

barrier in the young animal are rarely seen at 24 months and are replaced by focal
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contact points between Sertoli cell processes. Whether these focal contact points
are tight junctions is unknown at this time. In contrast, while there are many
histological changes taking place in the Brown Norway rat epididymis with age [11},
the principal epididymal cells maintain their general architecture, and there is no
change in the localization of tight junctions in the aged animals.

Freeze-fracture studies done using seasonai breeders such as the mink
(Mustela vison) suggest that the blood-testis barrier and the blood-epididymis
barrier are regulated in different manners [12-16]. Electron-opaque tracers such
as lanthanum nitrate and horseradish peroxidase were intravascularly infused in
these animals at different times during their reproductive cycles. It was found that
the blood-testis barrier becomes permeable to these tracers during the inactive
spermatogenic phase {12-14]. In contrast, the blood-epididymis barrier is able to
block the passage of these tracers at all times [15,16). The reason for such a
difference in the integrity of these barriers remains unknown. However, this model
could prove to be useful in understanding the different factors involved in the

maintenance of each of these barriers.

Factors affecting the blood-epididymis barrier

The permeability of the blood-epididymis barrier has been estimated
following a number of insuits. In vivo micropuncture has been a common method
used to monitor the integrity of the barrier. Following various treatments, animals

have been administered intravenous radiolabeled inulin. Subsequently, the amount
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of radioactivity in the luminal fluid compared to that of the blood-plasma is
measured at various times after beginning the intravenous infusion [17-22]. This
test shows whether the tight junctions have become more leaky to inulin, a
compound that is considerably restricted from entering the epididymal lumen from
blood.

Studies by Turner and Howards [21] have shown that a number of insuits,
including vasectomy, varicocele, and estradiol treatment do not adversely affectthe
rate of entry of radiolabeled inulin into the lumen of the cauda epididiymidis. Hoffer
and Hinton [22] showed that the blood-epididymis barrier remains intact following
treatment with gossypol, an oral male contraceptive, by measuring the rate of inulin
entry into the lumen of the caput and cauda epididymidis and by electron
microscopic examination of the tight junctions following systemic lanthanum
perfusions. Thus, these studies suggest that the integrity of the blood-epididymis
barrier remains intact following insults that result in male infertility. At this time,
aging appears to be one of the only factors affecting the permeability of the blood-
epididymis barrier, although few studies in the literature have focussed on this
topic.

Aging and the Functions of the Blood-Epididymis Barrier

A disruption of tight junctions in the epididymis with age can lead to serious
consequences. The activation of the immune system, represented by the greatest
increase in halo cells with age, occurs in the corpus epididymidis where we have

also seen the biggest decrease in junctional proteins and the most penetration of
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lanthanum nitrate. This suggests that one of the main functions of the blood-
epididymis barrier, to protect spermatozoa from autoimmune attack, may be altered
with age.

Furthermore, the disruption of the blood-epididymis barrier in the caput and
corpus epididymidis in the aged Brown Norway rats suggests that there may be a
change in the luminal contents in these segments. Such changes may have an
effect on the maturation of spermatozoa during aging. Serre et al [23] have found
that, with age, the quality of spermatozoa appears to be affected. There is a
significant increase in preimplantation loss in litters fathered by aged male rats
compared with young rats [23]. In addition, a decrease in fetal weight is seen with
advancing paternal age along with a dramatic increase in the number of neonatal
deaths of pups in litters fathered by 24-month-oid rats [23]. Many factors are likely
to be involved in the changing quality of spermatozoa during aging of Brown
Norway rats [23-28]. The exposure to an inadequate environment during
maturation in the aged epididymis due to aiterations of the blood-epididymis barrier
may be one of the reasons for the changes seen in fertility with increasing paternai
age. It seems clear that the distal corpus epididymidis should be the segment to

focus on since the most striking age-reiated changes are seen here.

Cell-Cell Communication in the Epididymis
In addition to the junctional complex located between adjacent principal cells,

there are other points of cell-cell communication between the different cell types in
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the epididymis. An immunocytochemical study found that connexin-43, one of the
most predominant gap junction proteins, is localized to the base of the epididymal
epithelium between principal and basal cells [29]. In the initial segment only,
connexin-43 immunostaining is observed apically between adjacent principal cells
after bilateral orchidectomy [29]. This result suggests that the intraceliuiar targeting
of connexin-43 to the principal-principal cell interface in the initial segment is
regulated by androgens under normal conditions [29]. While the androgen-
dependence of E-cadherin has been shown in the epididymis [30], it would be of
interest to perform bilateral orchidectomy and androgen replacement, in both young
and old rats, to determine the effects of androgens on occludin and ZO-1.

The immunocytochemical localization study of connexin-43 showed that
there was no immunostaining between clear and basal cells [29] despite the
abundance of clear cells in the corpus and cauda epididymidis. These resuilts
suggest that there are no connexin-43 containing gap junctions present between
basal-clear cells or between principal-clear cells. The findings in our study aiso
indicate that there are no tight junctions consisting of occludin and ZO-1 between
clear-clear cells, clear-basal cells or basal-basal cells. However, it is possible that
gap junctions containing different connexins may be present between these cell
types; as occludin and Z0O-1 are present in most tight junctions examined in various
tissues [31-35], it is possible, although less likely, that tight junctions made up of
different proteins are present between other epididymal cell types.

Intercellular communication between epididymal cells is poorly understood.
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it has been reported that different connexin-containing gap junctions ailow
molecules of different sizes and charge to pass between neighbouring cells [36].
Atthis time, if there are different connexins present in the epididymis, they have yet
to be elucidated and the methods by which the other cell types communicate remain
unknown. The passage of lanthanum nitrate between principal-basal cells and
principal-clear cells in the aduit animals illustrates that the same type of tight
junctions that are present between adjacent principal cells are not found between
other cell types. In addition, lanthanum nitrate continues to penetrate principal-
basal and principal-clear cells in aged animals.

As we begin to gain more knowledge about the functions of basal and clear
cells, the ways in which these cells communicate will follow. For now, many
questions remain about cell-cell communication in the epididymis. Forinstance, the
importance of the leakiness of clear cells into the lumen is unknown; perhaps it is
necessary for the passage of certain substances into and out of the epithelium.
Also, it is not known why spermatozoa do not enter the epithelium via clear cells if
there are no tight junctions to keep them out. The answers to these and other
questions will lead to a better understanding of the epididymis, its functions, and its

regulation.
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