Original Paper

O=iN|

Cells Tissues Organs 2003;174:162-169
DOI: 10.1159/000072719

Accepted after revision: April 7, 2003

Blood-Tissue Barriers in the Male Reproductive
Tract of the Dog: A Morphological Study Using
Lanthanum Nitrate as an Electron-Opaque

Tracer

Mireille Cambrosio Mann Armin E. Friess Michael H. Stoffel

Department of Veterinary Anatomy, University of Berne Veterinary School, Bern, Switzerland

Key Words
Blood-testis barrier - Blood-epididymis barrier -
Intercellular space - Smooth muscle cells - Dog

Abstract

Blood-tissue barriers preventing an uncontrolled ex-
change of larger molecules between adjacent but meta-
bolically separate compartments have been demon-
strated in various organs. One prominent example is the
blood-testis barrier which has been investigated in a
number of species. A key function of this barrier is to
shield developing germ cells from the immune system in
order to avoid autoimmune reactions. This requirement
also applies to the male excurrent duct system. Yet, very
few investigations have addressed the morphology of
the blood-epididymal barrier. The goal of the present
study, therefore, was to revisit the blood-testis barrier in
the dog and to identify the structures constituting the
blood-epididymal barrier in this species. Lanthanum ni-
trate was used as a tracer for electron microscopy. In the
testis, lanthanum had free access to the intercellular
space of the seminiferous epithelium up to the Sertoli
cell junctions. Similarly, epithelial tight junctions were
found to represent the permeability barrier in the epidid-

ymis. The present study highlights species differences
with respect to the blood-testis barrier and extends the
knowledge of the blood-epididymal barrier by providing
morphofunctional data in this domestic species.

Copyright © 2003 S. Karger AG, Basel

Introduction

In specialized parts of the body, the free exchange of
substances between blood and tissue cells is hindered by
the presence of permeability gaskets. The function of such
blood-tissue barriers which were first recognized in the
late 19th century is to prevent uncontrolled movement of
larger molecules between adjacent but metabolically sepa-
rate compartments. The barriers segregating the respec-
tive compartments have been identified in a number of
different organs such as brain, retina, nerve tissue, thy-
mus and testis. Depending on the organ studied, struc-
tures as different as the basal lamina, peritubular myoid
cells, endothelial cells, or epithelial cells have been shown
to be responsible for impeding free movement of mole-
cules [Reese and Karnovsky, 1967, Dym and Fawcett,
1970; Fawcett et al., 1970; Raviola and Karnovsky,
1972].
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The blood-testis barrier is a prominent example for a
strict separation between basal and adluminal compart-
ments within the seminiferous epithelium [Setchell et al.,
1969]. It has been studied in a number of species such as
man [Cavicchia et al., 1996], horse [Lopez et al., 1997],
rat [Cavicchia et al., 1998], mink [Pelletier, 1994], and
dog [Connell, 1978, 1980]. The blood-testis barrier plays a
crucial role in normal spermatogenesis by shielding devel-
oping germ cells from blood-borne mutagenic substances
and by preventing autoimmune reactions against sperm
cells from occurring. As sperm cells remain in the male
genital tract for weeks before being liberated, these re-
quirements apply to the epididymis as well. Whereas epi-
didymal spermatozoa are hardly susceptible to mutagenic
damage because of their highly condensed chromatin,
they still carry a wide range of potent antigens which can
easily trigger an autoimmune response [Cropp and
Schlaff, 1990; Meinertz et al., 1991; Bronson and Fusi,
1994]. Thus, contact between immune cells and sperma-
tozoa must be avoided not only in the testis but all along
the excurrent ducts as well. It is, therefore, surprising that
although the impact of impaired epididymal integrity on
autoimmune processes and infertility has been widely rec-
ognized [Cropp and Schlaff, 1990; Francavilla et al.,
1992; Hinton and Palladino, 1995], very little attention
has been paid to the presence and morphological equiva-
lent of a blood-epididymis barrier so far.

The goal of the present work was to corroborate the
presence of a blood-testis barrier in the dog and to provide
morphofunctional evidence for the precise localization of
the blood-epididymis barrier in this species. This was
achieved by demonstrating the permeability barriers in
transmission electron microscopy after tissue exposure to
lanthanum nitrate as an electron-opaque tracer.

Materials and Methods

Tissue Samples
Testes with epididymides were obtained from 5 mature dogs (ap-
proximately 25 kg) by castration.

Fixation Procedure

Perfusion Fixation. Within 5 min of removing the testis, a bulb-
headed cannula was directly inserted into the testicular artery. The
testis and epididymis were first thoroughly perfused with 0.9% NaCl.
In one instance, rinsing was followed by a 20- to 25-min perfusion
with fixative containing lanthanum (1% lanthanum nitrate and 2%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2). Alternatively,
lanthanum injection and fixation were performed sequentially. In
this case, a perfusate containing [20 mAM La(NO3);, 80 mM NaCl,
3.5 mM KCl, 1 mM CaCl,, | mM MgCl,, | mM glucose, pH 7.4] was
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perfused for 10 min [DePace, 1984; Xu et al., 1994]. The lanthanum
nitrate solution was then followed by an additional 15 min perfusion
with fixative (2% glutaraldehyde and 2% paraformaldehyde in a
solution containing 43 mAM NaSQy, 16 mAM NaHCOs3, 10 mM sodi-
um acetate, 3.5 mM KCl, 1 mM CaCl,, | mM MgCl,, 1 mM glucose,
33 mM sucrose, 1.6 mM Na,HPO,4, 0.4 mM NaH,PO4, pH 7.4).
Samples of about 1 mm? were obtained from selected regions of the
epididymis and testis. They were rinsed twice in a solution of 0.1 M
cacodylate containing 1% lanthanum nitrate and kept overnight at
4°C in the same solution.

Immersion Fixation. The testes and epididymides were rinsed
under tap water and tissue blocks of about 1 mm3 were collected
from corresponding epididymal regions and testis. Samples were
then immersed in the above-mentioned fixative containing lantha-
num (1% lanthanum nitrate and 2% glutaraldehyde in 0.1 M cacody-
late buffer, pH 7.2). They were kept overnight in 0.1 M cacodylate
containing 1% lanthanum nitrate.

Transmission Electron Microscopy. Samples were processed for
transmission electron microscopy according to standard protocols.
Briefly, samples were washed in cacodylate buffer and postfixed with
1% OsOy in 0.1 M cacodylate buffer for 1 h. After careful washing,
the blocks were dehydrated in a graded series of ethanol and embed-
ded in an Epon/Araldite mixture. Ultrathin sections were cut with a
diamond knife on an Ultracut E microtome (Reichert-Jung, Vienna,
Austria). To promote visualization of the tracer, ultrathin sections
were left unstained. The sections were examined with a Zeiss EM
109.

Results

Within the epididymal epithelium, the distribution of
lanthanum was similar after its application by perfusion
and by immersion, respectively. However, tracer deposits
were found within blood vessels, connective tissue and
between peritubular muscle cells after perfusion fixation
only.

Blood-Testis Barrier

In the testis, lanthanum had free access to the perivas-
cular connective tissue. In perfused samples, the tracer
was evenly distributed between peritubular contractile
cells and accumulated underneath the basement mem-
brane to a certain extent. Within the seminiferous epithe-
lium, lanthanum was spread evenly between Sertoli cells
and early stages of spermatogenesis (fig. 1) but was unable
to pass the Sertoli cell junctions. It was gradually stopped
by subsequent lines of membrane fusion (fig. 2).

Blood-Epididymis Barrier

The efferent ductules and five segments of the epididy-
mal duct, i.e. proximal caput, distal caput, proximal cor-
pus, distal corpus and proximal cauda, were investigated.
No fundamental differences between these regions were
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observed with respect to the extracellular distribution of
lanthanum. Capillaries usually were located on the pe-
ripheral side of the smooth muscle layer in the proximal
regions of the epididymis up to the proximal corpus
(fig. 3, 4). From the distal corpus distad, however, capil-
laries often were situated immediately underneath the
basement membrane and they often invaginated between
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the epithelial cells (fig. 5). Although capillaries observed
were of the continuous type, endothelial cells did not
impede extravasation of lanthanum. The tracer had ac-
cess to the cleft between endothelial cells (fig. 3, 4) and
reached the perivascular tissue via the intercellular space
without any perceptible hindrance. Finely granular and
evenly distributed lanthanum deposits were found be-
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Fig. 1. Basal compartment of seminiferous epithelium. Tissue was
exposed to lanthanum nitrate during immersion fixation. Tracer is
evenly distributed between Sertoli cells and spermatocytes I (sp) up
to the Sertoli cell junctions (arrowheads). Bar = 2 pm.

Fig. 2. Diffusion of lanthanum nitrate in the intercellular space is
progressively stopped by successive lines of fusion of Sertoli cell junc-
tions. Bar = | um.

Fig. 3. Subepithelial capillary of efferent ducts (cap) after exposure
to lanthanum nitrate by perfusion. Lanthanum is able to diffuse
through the clefts between adjacent endothelial cells (arrows). The
tracer is distributed in the perivascular tissue. It outlines smooth
muscle cells (asterisk) and accumulates underneath the basement
membrane (arrowheads). cc = Ciliated cell; pc = principal cell of
efferent duct epithelium. Bar =2 pm.

Fig. 4. Subepithelial capillary of proximal caput region (cap) after
exposure to lanthanum nitrate by perfusion. Tracer evenly surrounds
smooth muscle cells (asterisks) which are often present between cap-
illaries and epididymal duct epithelium. pc = Principal cell; bc = bas-
al cell of epididymal duct epithelium. Bar =2 um.

tween smooth muscle cells (fig. 4) irrespective of the num-
ber of cell layers which increased from one in efferent duc-
tules to an average of nine in proximal cauda. An accumu-
lation of lanthanum underneath the epithelium made the
basement membrane usually stand out (fig. 3, 5). Lan-
thanum nitrate had access to the intercellular space be-
tween epithelial cells up to the junctional complexes
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Fig. 5. Subepithelial capillary of distal corpus region (cap) after expo-
sure to lanthanum nitrate by perfusion. In the more distal regions of
the epididymis, capillaries tend to invaginate between epithelial
cells. Basal plasmalemma of epithelial cells forms pseudopode-like
processes. bc = Basal cells. Bar = 2 um.

Fig. 6. Oblique section through apical region of efferent duct epithe-
lium after exposure to lanthanum nitrate by immersion. The intercel-
lular space is clearly revealed by the tracer up to the tight junctions.
Intracellular vesicles containing lanthanum are found along the later-
al plasma membrane of principal cells (arrowheads). cc = Ciliated
cells; pc = principal cells. Bar = 2 um. Inset: Higher magnification of
lanthanum-positive vesicles near lateral plasmalemma. Bar = 1 um.
Fig. 7. Section through basal region of distal caput epithelium after
exposure to lanthanum nitrate by immersion. Tracer in the intercel-
lular space reveals the meandering of the lateral cell membranes at
the infranuclear level. Bar = 2 um.

(fig. 6-9). Although the tracer usually passed a few mem-
brane fusion lines, no trace of it was ever seen at the lumi-
nal side of the tight junctions connecting adjacent cells
(fig. 6, 8, 9). This also applied to all possible combinations
between ciliated and principal cells of the efferent duc-
tules (fig. 6) and between principal cells and apical cells of
the epididymal duct.
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Fig. 8. Epididymal duct epithelium in the distal corpus region after
exposure to lanthanum nitrate by immersion. The tracer outlines
the intercellular space from the basement membrane up to the
junctional complexes where it is stopped by the tight junctions. bc =
Basal cell; pc = principal cells. Bar = 2 um.

Fig. 9. Apical region of proximal cauda epithelium after exposure
to lanthanum nitrate by immersion. Tracer in the intercellular
space reveals finger-like projections (arrowheads) of the lateral
plasma membrane. They appear as annular lanthanum deposits
when cross-sectioned (arrow). Bar = 2 um. Inset: Higher magnifica-
tion of oblique section of lateral plasmalemma showing cross sec-
tions through finger-like projections (arrows). Bar = 1 um.
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A specific feature of efferent duct principal cells was
the presence of vesicles containing lanthanum (fig. 6,
inset). They were observed along the lateral cell mem-
brane both near the basement membrane as well as below
the junctional complexes.

Furthermore, the presence of lanthanum within the
intercellular space clearly outlined the path of the lateral
plasma membrane. A conspicuous meandering of the con-
tact zone between adjacent cells produced a lamellar fold-
ing pattern at the infranuclear level of proximal and distal
caput principal cells (fig. 7). Though less pronounced than
in the caput region, lateral plasma membranes also dis-
played some degree of interdigitation in the proximal cau-
da. In addition, the intercellular plasma membrane dis-
played loose interdigitations in a subapical plane in the
distal caput epithelium. Finger-like projections were typi-
cal of the subapical cellular interlocking in proximal cau-
da (fig. 9, inset) as revealed by annular lanthanum depos-
its. The basolateral cell membrane of principal and basal
cells formed pseudopode-like processes in distal corpus
and cauda regions (fig. 5). Moreover, elaborate interdigi-
tations were typical for the contact zone between princi-
pal cells and apical cells. The latter cell type was encoun-
tered all along the caput and corpus epididymis.

Discussion

In the male reproductive tract, blood-tissue barriers
fulfil a number of organotypic functions. They provide
the highly specialized milieus required for spermatogene-
sis and sperm maturation [Sharpe, 1994; Hinton and Pal-
ladino, 1995; Meyer et al., 1996], they protect testicular
germ cells and maturing spermatozoa from mutagenic or
otherwise harmful substances [Schulze, 1992; Hinton et
al., 1995, 1996], and, finally, they shield potent testicular
and epididymal sperm antigens from the immune system.
The breakdown of blood-tissue barriers in the testis and
excurrent duct system results in the production of aggluti-
nating or immobilizing antisperm antibodies [Hargreave
et al., 1982; von Boehmer, 1988; Pollinen and Cooper,
1994; Saari et al., 1996; Flickinger et al., 1998] which are
known to significantly interfere with male fertility
[Rumke et al., 1974; Hargreave et al., 1982; Herr et al.,
1989; Handley et al.,, 1991; Francavilla et al., 1992;
Flickinger et al., 1993; Hooper et al., 1995]. Thus, the
blood-epididymis barrier is no less important than the
blood-testis barrier and yet has received very little atten-
tion to date [Howards et al., 1976; Hoffer and Hinton,
1984; Agarwal and Hoffer, 1989].

Blood-Tissue Barriers in the Male Dog

Depending on the organ studied, the morphological
equivalent of the respective blood-tissue barrier has been
localized to quite different cells and structures [Reese and
Karnovsky, 1967; Dym and Fawcett, 1970; Fawcett et al.,
1970; Raviola and Karnovsky, 1972; Neaves, 1973; Ja-
nossy et al., 1980; Setchell et al., 1994; Xu et al., 1994;
Rizzolo, 1997; Setchell, 1998]. Thus, the capillary endo-
thelium, peritubular myoid cells, basement membrane,
and epithelial tight junctions must be taken into consider-
ation when identifying the structural components of a
blood-tissue barrier. Permeability is best assessed func-
tionally by using lanthanum nitrate as an electron-dense
tracer given that not even the number of strands of tight
junctions is a reliable indicator of junctional tightness
[Hoffer et al., 1972; Martinez-Palomo and Erlij, 1975;
Pelletier and Byers, 1992]. At first sight, immersion of tis-
sue fragments in a fixative solution containing lanthanum
may appear methodically questionable. In order to simu-
late the natural situation as best as possible, we also per-
fused the vascular system prior to fixation with a cell cul-
ture medium containing the tracer. Distribution of lan-
thanum within the epithelial intercellular space was iden-
tical after all protocols used. This is in agreement with
previous authors, which also came to the conclusion that
administration of lanthanum by either immersion or per-
fusion yields identical distribution patterns [Neaves,
1973]. However, limitation of free movement of mole-
cules by the vascular wall and by subepithelial tissue ele-
ments only can be appreciated when lanthanum is admin-
istered by perfusion.

The blood-testis barrier has been investigated exten-
sively in a number of species [Setchell et al., 1969; Dym
and Fawcett, 1970; Howards et al., 1976; Connell, 1978,
1980; Turner et al., 1981; De Kretser and Kerr, 1994;
Cavicchia et al., 1996; Setchell, 1998]. In all animals stud-
ied, Sertoli cell junctions ultimately prevent paracellular
exchange of substances between basal and adluminal
compartments. In laboratory rodents, however, peritubu-
lar myoid cells are believed to restrict the access of elec-
tron-dense markers to the seminiferous tubule as well [De
Kretser and Kerr, 1994]. Our results show that contractile
cells do not represent such an impediment in the dog,
which is congruent with the situation in other domestic
mammals [Fawcett, 1975, 1977]. The basement mem-
brane, however, does delay the passage of tracer in the dog
as is revealed by the accumulation of lanthanum under-
neath this structure.

In the canine epididymis, neither the vascular endo-
thelium nor subepithelial tissue elements did hold back
intravascularly perfused lanthanum. Thus, the epithelial
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tight junctions are the ultimate structural component of
the blood-epididymis barrier as has also been shown for
the rat [Hoffer and Hinton, 1984; Agarwal and Hoffer,
1989]. This is consistent with the facts that epididymal
capillaries are even more permeable than testicular capil-
laries [Kormano, 1967; Hamilton, 1972], and that the epi-
didymis harbors the best-developed tight junctions any-
where except seminiferous tubules [Friend and Gilula,
1972; Agarwal and Hoffer, 1989].

The presence of lanthanum in intracellular vesicles
near the lateral cell membrane was typical of the efferent
ducts. Extensive endocytic activity of efferent duct princi-
pal cells requires highly effective mechanisms to ensure
appropriate recycling of cell membranes. As tracer was
only available at the basolateral cell surface, vesicles con-
taining lanthanum most likely reflect a turnover of the cell
membrane. Morphological evidence for a turnover of lat-
eral plasma membranes including junctions has also been
reported in the rat [Cyr et al., 1995]. The annular lantha-
num deposits observed near the plasmalemma in proxi-

mal cauda epithelium are interpreted as being cross sec-
tions through interdigitations of the lateral plasma mem-
brane.

In the present study, we successfully demonstrated the
blood-tissue barriers in the male reproductive tract of the
dog by using lanthanum nitrate as an electron-dense trac-
er. In contrast to the situation in laboratory rodents, the
blood-testis barrier was exclusively localized to the Sertoli
cell junctions. In the excurrent duct system, lanthanum
gained access to the intercellular space up to the junction-
al complexes. Thus, the tight junctions in efferent ductule
and epididymal duct epithelia are the morphological
equivalent of the blood-epididymis barrier.
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