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Ectoplasmic specialization

is a unique hybrid anchoring

and tight junction in the testis:

a friend or a foe of spermatogenesis?

Helen H.N. Yan,' Dolores D. Mruk,! Will M. Lee,? and C. Yan Cheng'*

Summary

The ectoplasmic specialization (ES) is a testis-specific,
actin-based hybrid anchoring and tight junction. It is
confined to the interface between Sertoli cells at the
blood-testis barrier, known as basal ES, as well as
between Sertoli cells and developing spermatids desig-
nated apical ES. The ES shares features of adherens
junctions, tight junctions and focal contacts. By adopting
the best features of each junction type, this hybrid
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Abbreviations: AJ, adherens junction, a cell—cell actin-based anchor-
ing junction type, besides AJ, anchoring junction is composed of cell—
cell intermediate filament-based desmosome, cell-matrix actin-based
focal contact also called focal adhesion complex (FAC) and cell—
matrix intermediate filament-based hemidesmosome; BTB, blood—
testis barrier; CAR, coxsackie and adenovirus receptor, a virus
receptor that is also a tight junction protein and mediates cell—cell
adhesion; CK2, casein kinase 2; c-Src, a member of the non-receptor
protein tyrosine kinase; DJ, desmosome-like junction, a cell—cell
intermediate filament-based anchoring junction type unique to the
testis having the properties of both desmosome and gap junction (GJ);
ES, ectoplasmic specialization, a testis-specific AJ type; FAC, focal
adhesion complex; FAK, focal adhesion kinase; ILK, integrin-linked
kinase; JAM, junctional adhesion molecule; MMP, metalloprotease; TJ,
tight junction; TBC, tubulobulbar complex, a testis-specific AJ type
restricted to Sertoli—Sertoli cell interface at the BTB and Sertoli-
elongate spermatid interface known as the basal TBC and apical TBC,
respectively, apical TBC can only be found in adult rat testes at stage
VIII of the epithelial cycle prior to spermiation after the disappearance
of apical ES; TIMP, tissue inhibitor of metalloproteases; TGF-B3,
transforming growth factor-B3; TNFo, tumor necrosis factor o; ZO-1,
zonula occludens.

nature of ES facilitates the extensive junction-restructur-
ing events in the seminiferous epithelium during sperma-
togenesis. For instance, the a6p31-integrin—laminin
333 complex, which is usually limited to the cell-matrix
interface in other epithelia to facilitate cell movement, is a
putative apical ES constituent. Furthermore, JAM-C
and CAR, two tight junction integral membrane proteins,
are also components of apical ES involving in spermatid
orientation. We discuss herein the mechanisms
that maintain cross-talk between ES and blood-testis
barrier to facilitate cell movement and orientation in
the seminiferous epithelium. BioEssays28:1-13,2007.
© 2006 Wiley Periodicals, Inc.

Introduction

During spermatogenesis in the seminiferous tubule of the
adult testes, diploid spermatogonia (2 n) divide and differ-
entiate into haploid spermatozoa (1 n). Inside the sperm
producing seminiferous tubule, there are Only two cell types
constitute the seminiferous epithelium, the Sertoli and the
germcells (Fig. 1). Somatic Sertoli cells are columnar cells that
extend from the basement membrane to the seminiferous
tubule lumen. The blood—testis barrier (BTB) between
adjacent Sertoli cells near the basement membrane physically
divides the epithelium into the basal and adluminal (or apical)
compartments (Fig. 1). Each Sertoli cell in the seminiferous
epithelium supports ~30 to 50 developing germ cells at
different stages of their development. In order to prevent the
hostimmune system from developing antibodies against germ
cell-specific antigens, many of which appear transiently,
postmitotic germ-cell development is separated from systemic
circulation by the BTB. This results in the developing germ cells
obtaining their nourishment only from Sertoli cells.” Further-
more, the BTB also serves as a “gate-keeper” that regulates
proteins and/or biomolecules that can enter the adluminal
compartment from the interstitium. The BTB is therefore the
tightest blood—tissue barrier in mammals (Fig. 1).?%

In addition to undergoing meiosis during spermatogenesis,
the germ cells undergo extensive changes in shape and also
migrate progressively from the basal compartment toward the
tubule lumen (see Fig. 1). Indeed, preleptotene spermatocytes
residing outside the BTB and near the basement membrane
must traverse this unique physiological barrier at stage VIII of
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recent findings in the field (see text).

Figure 1. A schematic drawing to show the hybrid property of apical ES having the characteristics of AJ, FAC and TJ. The drawing
illustrates the relative locations of junctions between Sertoli cells, Sertoli—germ cells and Sertoli cells—extracellular matrix (ECM) as well as
different stages of germ-cell development in the seminiferous epithelium of adult rat testes (top panel). Hemidesmosomes is a cell-matrix
intermediate filament based anchoring junction with «6B4-integrin as the transmembrane receptor (bottom left panel). This anchoring
junction is important for Sertoli cells to anchor onto the basement membrane. However, there is no direct evidence for the presence of a6 34-
integrin in the testis. The existence of focal adhesion complex between Sertoli cells and ECM in the rat testis is not well-defined. The bottom
right panel is the molecular architecture of apical ES in the seminiferous epithelium. Apical ES is a hybrid AJ (e.g. cadherins/catenins,
nectins/afadin), focal contact anchoring junction (e.g. integrins/laminins) and TJ (e.g. JAM-C, CAR). This model was prepared based on

the epithelial cycle in adult testes. This is followed by their
subsequent differentiation into pachytene spermatocytes,
round spermatids and finally fully developed elongate
spermatids (i.e. spermatozoa) in the adluminal compartment
so that they are released into the lumen at spermiation. In
rodent testes, such as rats and mice, the seminiferous
epithelial cycle refers to the unique cellular association
between developing germ cells and Sertoli cells in the
seminiferous epithelium, and each cycle comprises 14 stages,
I through to XIV.®*® These stages of the epithelial cycle thus
involves extensive junction restructuring at the Sertoli—Sertoli

and Sertoli—germ cell interface to facilitate morphological
changes of cell shape and movement.””) If the events of
junction restructuring are disrupted, spermatogenic cells
cannot orientate and migrate properly, this also leads to
premature germ cell release from the epithelium, resulting in
infertility. Thus, a thorough understanding of the factors that
regulate cross-talk between Sertoli cells and between Sertoli
and germ cells during the epithelial cycle is crucial in male
reproductive physiology.

Cell—cell adhesion in all epithelia, including the semini-
ferous epithelium in the testis, is mediated via junction
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complexes constituted by tight junctions (TJ), adherens
junctions (AJ), desmosomes and gap junctions.®® Each of
these junction types has a specific physiological role. For
instance, TJ creates an impermeable barrier that prevents the
leakage of ions, water and other molecules between cells, and
confers cell polarity.'® AJ links neighboring cells together by
forming a continuous adhesion belt underneath the TJ, with
the exception of seminiferous epithelium where AJ and TJ co-
exist side-by-side at the blood-testis barrier."” Desmosomes
facilitate intercellular anchorage via intermediate filaments
such as vimentin,('® while gap junctions facilitate cell—cell
communication.

Among the various types of junctions present in the
seminiferous epithelium,®'® the ES is a testis-specific
anchoring junction type. It is defined as the region between
the plasma membranes of two adjacent Sertoli cells and the
cisternae of the endoplasmic reticulum (ER) with hexagonally
packed actin filaments. Basal ES is restricted only to the BTB
and is present side-by-side with TJ, tubulobulbar complex
(TBC), desmosome-like junctions (note: desmosomes found
in the testis at the Sertoli—Sertoli and Sertoli—spermatocyte/
round spermatid interface share features of the gap junctions
and are known as desmosome-like junctions) and gap
junctions (Fig. 1, for reviews, see Refs. 14,15). However, ES
is also found between Sertoli cells and elongating spermatids
(step 8 and beyond in rat and mouse testes) designated apical
ES. Its structural features are virtually identical to the basal ES
except that it is restricted only to the Sertoli cell side and TJ is
absent (Fig. 1). Even though the TJ is not present at the apical
ES per se, several TJ transmembrane proteins (e.g. JAM-C
and CAR) have recently been found at the apical ES (see
below). While most of the earlier studies on ES were largely
morphological in nature (for reviews, see Refs 2,26), recent
studies have placed emphasis on the identification of proteins,
in particular integral membrane proteins, peripheral kinases,
phosphatases and adaptors that participate in ES dynamics
both in vivo('”'® and in vitro.('*®=2" These findings will be
summarized and discussed herein; in particular, recent data
regarding cross-talk between apical and basal ES in facilitating
germ cell migration will be presented.

Basal ES and BTB, and apical ES:

the biology and regulation

One of the crucial steps of spermatogenesis in mammals in
addition to mitosis and meiosis is the migration of preleptotene
spermatocytes across the BTB in the basal compartment. This
occurs at stage VIl of the epithelial cycle and involves transient
openings (disassembly?) of the basal ES and TJ (see Fig. 2).
Interestingly, this cellular event occurs concurrently with
spermiation which takes place at the apical compartment.
Spermiation is a key process in spermatogenesis resulting in
fully developed spermatids (i.e. spermatozoa) leaving the
epithelium, entering into the tubule lumen, and eventually

emptying into the epididymis for further maturation. This
process involves disruption of the apical ES and apical TBC
(see Fig. 2). Since the migration and spermiation occur at the
opposite ends of adjacent Sertoli cells in the seminiferous
epithelium,, it is logical to speculate that they are coordinated
via cross talk between components of the basal and apical ES
(see below).

The basal ES, a component of BTB, is known to be
composed of at least two AJ transmembrane proteins:
cadherins'® and nectin-2.%? The prevailing view is that
cadherins (e.g. N- and E-cadherin) structurally interact with
y-catenin or B-catenin at a stoichiometric ratio of 1:1, which, in
turn, link to the actin cytoskeleton through a-catenin, whereas
nectin-2 binds to actin via afadin (for a review, see Ref. 23).
These two cell adhesion proteins mediate homotypic interac-
tions between adjacent Sertoli cells (for a review, see Ref. 23).
However, recent studies seem to argue that a stable
E-cadherin—fp-catenin—a-catenin—actin quaternary complex
indeed exists in eukaryotic cells.?*2 For instance, while
a-catenin was shown to interact with either actin filaments or
the E-cadherin—p-catenin complex, a-catenin failed to interact
with actin filaments and the E-cadherin-p-catenin complex
simultaneously, illustrating the interaction between «-catenin
and actin or a-catenin and E-cadherin/p-catenin are mutually
exclusive, even in the presence of adaptors vinculin
and a-actinin.®® Furthermore, o-catenin exists as either
a monomer or a dimer that binds preferentially to the
E-cadherin- B-catenin complex or actin filaments, res-
pectively.®® In short, these findings suggest that a “stable”
linkage between cadherins and actin filaments may not exist
and their interactions only occur transiently and dynamically,
shuffling between a-catenin—E-cadherin—B-catenin and
a-catenin—actin filaments. However, it must be noted that
other as yet unidentified adaptorsthat facilitate a stable linkage
between N-cadherin—a-catenin and a-catenin—actin filament
might have been destroyed or unknowingly removed in the
isolated cadherin-containing membranes used by these
investigators. Furthermore, actin filaments (which exist as
filament bundles) are integral components of the apical and
basal ES as visualized by electron microscopy (see Fig. 1), and
both E-cadherin and N-cadherin have been shown to bind to
actin by co-immunoprecipitation with and without the use of
cross-linkers.!'%2%) Additional research, however, is needed to
resolve this issue.

TJ is another junction type at the BTB at the Sertoli—Sertoli
cell interface that confers barrier and cell polarity (for reviews,
see Refs 13,23). There are three known transmembrane
proteins at the TJ in adult rat or mouse testes: occludins,
claudins and JAMs, which link to the actin-based cytoskeleton
via adaptors ZO-1/Z0O-2 (for reviews, see Refs 13,23).
Other immunoglobulin superfamily (IgSF) type | transmem-
brane proteins have recently been identified in the testis.
For instance, brain- and testis-specific immunoglobulin
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Figure 2. A schematic drawing illustrating the mechanism of spermatid movement along Sertoli cells in the seminiferous epithelium via a
cascade of biological events. Spermiation occurs at stage VIII of the epithelial cycle, which coincides with the time for the passage of
preleptoene spermatocytes (PS) across the BTB. During these cellular events, the different cascades of biological events (see the numbers
in the figure) happen in a highly regulated manner. We hypothesize that germ cell movement involves the continuous disassembly
and reassembly of Sertoli—Sertoli and Sertoli—germ cell junctions. These require the presence of cytokines (e.g. TNFa and TGF-f3) and
proteases to perturb the junctions by lowering the steady-state protein level of several integral TJ and AJ proteins. Protein kinases and
protein phosphatases also mediate tyrosine phosphorylation of the AJ (cadherin/catenin/CK2/cSrc), FAC-like (integrin/laminin/FAK/cSrc)
adhesion complex or an induction of cofilin and/or gelsolin. The net result of these changes leads to a weakening of adhesion complexes at
the basal and apical ES. A transient disengagement between TJ and AJ via peripheral adaptors, such as ZO-1 and catenins, is used to
preserve the BTB integrity when AJ is perturbed. To assist spermatid movement, upward traction force is generated by the motor proteins,
such as myosin Vlla and dynein, at both the apical and basal ES, involving GTPases. Prior to spermiation, integral membrane junction
proteins such as nectin-2 and nectin-3 may be internalized by both apical and basal TBC to facilitate the depletion of elongate spermatid
(ES) from the epithelium (i.e. spermiation) and the passage of PS across the BTB. Recently, it has been speculated that cleavage of laminin
at the apical ES by MMPs can assist the ‘opening’ of BTB via a yet-to-be identified signaling pathway. This model was prepared based on
recent findings in the field (see text). SC Nucleus, Sertoli cell nucleus.
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superfamily (BT-IgSF or IgSF11) was shown to be preferen-
tially expressed in the testis and brain.®” CLMP (CAR-linked
membrane protein) was also identified in various tissues,
including testes, as a new member of TJ molecules,
co-localizing with occludin and ZO-1 but not E-cadherin in
MDCK cells.®® BT-IgSF and CLMP both mediate homotypic
adhesion between cells.®®2% While these TJ proteins are
crucial to confer a paracellular barrier to limit the passage of
substances across the cell epithelium, there are other proteins
that strengthen BTB integrity at the tricellular contact interface.
Forinstance, a newly identified TJ protein called tricellulin was
found to be expressed in testes, and localized at the interface
of cells in small intestine, kidney and lung.®®® It remains to be
investigated if and how tricellulin regulates BTB integrity,
including its cellular localization in the testis.

Since the molecular components of the BTB have been
reviewed recently,('®2® details of these protein complexes are
not discussed herein. However, it is noted that TJ proteins at
the BTB are localized near the basal compartment in the
seminiferous epithelium, closest to, instead of farthest from, the
basement membrane (a modified form of extracellular matrix
in the testis). This location is in sharp contrast to other
epithelia and endothelia where TJ is furthest from the basal
lamina.®233" |n addition, these TJ proteins co-exist with basal
ES proteins at the BTB, probably reinforcing barrier function.
Indeed, basal ES and TJ proteins have recently been found to
be structurally associated (or engaged) with each other under
normal physiological conditions at the BTB, via adaptors,
catenins and ZO-1; 2 occludin and a-catenin may share the
same binding site on ZO-1 as shown in other epithelia.®® When
the ES is perturbed, such as by treatment of adult rats with a
drug (e.g. adjudin), the association between AJ and TJ can be
temporarily disrupted, i.e., disengaged. Furthermore, cadherin,
occludin and their corresponding adaptors, catenins and ZO-1,
were shown to diffuse away from the BTB.®23* Their
association resumed when germ cells were mostly depleted
from the epithelium.®® An engagement and disengagement
theory was thus proposed to describe the changes in protein—
protein association between basal ES and TJ to facilitate
preleptotene spermatocyte movement across the BTB at stage
VIII of the epithelial cycle.®® The transient disruption of AJ is
possibly mediated via Tyr-phosphorylation of the cadherin—
catenin protein complexes®*3® while the transient surge in the
levels of TJ proteins overrides the function of AJ temporarily
while maintaining the BTB integrity®® (see Fig. 2). Itis likely that
such precise co-ordination between TJ and basal ES at the
BTB facilitates preleptotene spermatocyte migration across
the BTB.

Is integrin a crucial regulatory

component of the basal ES?

Apart from the AJ and TJ transmembrane proteins mentioned
above, integrin, a heterodimeric transmembrane receptor

composed of o and B subunits, has been implicated as a
component of the BTB at the basal compartment (for reviews,
see Refs 23,36). In general, integrins are found at cell-matrix
and cell—cell interfaces as adhesion molecules.®®® Among
18 a-subunits and 8 B-subunits present in mammals, o1, o3,
a4, o5, a6, 09, B1, B2 and B3 integrins have been identified in
testes.®0%6-38) For instance, o1, o3, a9, B1 subunits are
localized to the basement membrane of the seminiferous
epithelium, whereas a1, o4, o5, a6 and 1 subunits are found
at the Sertoli cell-elongating spermatid interface (i.e. apical
ES) in some stages of the epithelial cycle. It is noteworthy that
in most of these earlier studies, the localization and/or cellular
association of integrins in the testis was monitored by
immunofluoresent microscopy or immunohistochemistry.
Due to the limited resolution of the images, the precise
localization of these integrins at the basal compartment is not
certain. At present, it is not known whether integrins are
present at the cell-matrix (FAC) or cell—cell (e.g. basal ES)
interface in adult rat testes. Forinstance, a1p1, 2331, «6p1 and
a9B1 integrins are known receptors for a wide variety of matrix
molecules such as collagens, fibronectin and laminin in other
epithelia,®®4? while «3p1 and «6p1 integrin receptors are
found in the basement membrane in testes.*'**? However,
there is no concrete morphological evidence regarding the
presence of focal contacts (a cell-matrix actin-based anchor-
ing junction type) in adult rat testes. It is not even known
whether it is physiologically necessary to have focal
contacts to assist Sertoli cell movement on the basement
membrane since Sertoli cells provide crucial structural
and nutritional supports to developing germ cells in the
seminiferous epithelium in vivo. It has been suggested that
6P 1 integrin may be a component of the basal ES.*?*® This
possibility, however, requires further investigation, for example
using immunogold EM or perhaps studying Sertoli cell-
specific integrin o6 and/or 1 knockout mice. However,
hemidesmosomes (a cell-matrix intermediate filament-
based anchoring junction type) are found between Sertoli
cells and ECM in bovine seminiferous tubules® and rat
testes.®® Still, little information is available for this
junction type in the testis. In general, there are two known
transmembrane components of hemidesmosomes, o6p4
integrin and the bullous pemphigoid (BP) antigen BP180
also known as type XVII collagen).*>® 464 Integrin differs
from other integrin receptors in that the cytoplasmic domain of
B4 is much larger than other integrin § subunits.® In most
epithelia, a6p4 integrin binds to laminin-322 to form the
hemidesmosome adhesion complex, while some other lami-
nins can also bind to «6p4 integrin.*® Interestingly, there is no
proof as yet regarding the existence of a functional o634
integrin in adult testes even though BP180 mRNA has been
detected in the testis.*” Studies are needed to elucidate the
identity of integrins at the hemidesmosomes and/or basal ES
in testes.
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In addition to their adhesion function, integrins (e.g. o6
integrin) are crucial to testicular cord formation.“849)
Testicular cords, which are the precursors of the seminiferous
epithelium, comprise primordial germ cells (PGC, precursors
of spermatogonia) and Sertoli cells. It has been proposed
that integrins, together with ADAM (a disintegrin and metallo-
protease) and tetraspanin, constitute a protein complex
that facilitates the migration of PGC from the center to the
periphery of the testicular cord during development.“®) The
PGC may either release soluble ADAM or the disintegrin
domain which, in turn, binds to integrins on Sertoli cells. This
would cause detachment of PGCs from the cord which, by their
own amoeboid movement, would reach the basal lamina and
trigger the first step of spermatogenesis.“® In this context,
it is of interest to note that laminin also promotes the
formation of cord-like structures by Sertoli cells in vitro,
mimicking seminiferous cords in testes during embryonic
development.®® Furthermore, a pentapeptide of NH,-
RSGIY-COOH corresponding to the cell-binding domain of
laminin B1 chain was shown to possess biological activity as it
inhibits Sertoli cell cord formation.®

The molecular architecture of apical ES

At stage VIII of the epithelial cycle in adult rat testes, fully
developed elongate spermatids (i.e. spermatozoa) leave
the seminiferous epithelium at spermiation, which involves
extensive restructuring of the apical ES and apical TBC
(Fig. 2).(6:13.19) As described above, apical ES is only visible on
the Sertoli cell side by electron microscopy (EM) since the
morphological structure of ES on the elongating spermatid
side is not well-defined. This is not entirely unexpected since
elongating spermatids are highly specialized cells composed
of condensed chromatin in their heads and structurally
anchored onto Sertoli cells by apical ES possessing relatively
little cytoplasmic constituents. Interestingly, several AJ integral
membrane proteins, adaptors and cytoskeletal proteins
have recently been identified in spermatids. These include
transmembrane proteins (e.g. cadherins and nectins) that
anchor onto the cytoskeleton via corresponding adaptors,
such as catenins and afadins. Thus, these recent findings
suggest that elongating spermatids structurally contribute to
the apical ES. It is also noted that the protein levels of
cadherins/catenins at the apical ES are significantly lower than
at the basal ES except at stage VI of the epithelial cycle.('%®"
In addition to the classical cadherins, protocadherin and
Celsr cadherin are also found abundantly in testes.®2%%)
Furthermore, both are found in Sertoli and germ cells, yet
they apparently have features that are different from the
classical cadherin—catenin protein complex. For instance,
their localization is not at the site of Sertoli—germ cell adhesion
junction. Protocadherina3 (PCDHa3) is localized to the
spermatid acrosomal area, intercellular bridges and flagella,
which PCDHa3 was found to associate with centrosomes at

the basal compartment.®? It is believed that PCDHa3 does
not function as a cell adhesion protein. Celsr 2 has been
localized to Golgi complexin both Sertoliand germ cells as well
as co-localized with Rab7 in germ cell.®® Since fragments of
Celsr 2 were shown to induce germ cell depletion in an in vitro
Sertoli—germ-cell coculture system,®? it is believed that Celsr
cadherin may play a role in cell adhesion that is different from
the classic cadherin junctions. For the nectin—afadin protein
complexes, instead of having homotypic interactions at the
basal ES, they confer heterotypic adhesion between nectin-3
in germ cells and nectin-2 in Sertoli cells at the apical ES.%
In addition to these two adhesion protein complexes, the
a6PB1-integrin—laminin y3 complex is the most extensively
studied adhesion complex at the apical ES.(3843:55-57)

Additionally, several TJ proteins have recently been shown
to be the putative transmembrane proteins at the apical ES.
For instance, a new isoform of JAM, known as JAM-C, is
restricted to the apical ES but not at the BTB in mouse
testes.®® CAR is another group of TJ proteins®®€? identified
atthe germ cell side of the apical ES.®" It has been suggested
that these proteins may be involved in spermatid polarization
and orientation since JAM-C was found to co-localize with
partitioning-defective (Par) 6, atypical protein kinase C (PKC)
and Cdc42 at the apical ES of spermatids, and the Par6—
PKC-Cdc42 is a known regulatory protein complex of cell
polarity.®®)

The laminin-333-integrin «631 protein

complex at the apical ES

Laminin is a heterotrimeric glycoprotein composed of one o,
one B and one y chain. Together with nidogen (also known as
entactin), type IV collagen and heparan sulfate proteoglycan,
these proteins are the major components of the basement
membrane, which is a modified form of ECM (for a review,
see Ref. 62), in mammalian testes. Laminins are crucial
proteins during embryonic development. For instance, laminin
B1~'~andy1~/~ mice displayed early embryonic lethality.®* In
addition to the basement membrane, laminins were also found
in the interstitium.®* When Sertoli cells were cultured in vitro,
laminin and type IV collagen were detected in these
cells, illustrating their de novo synthesis.®® Subsequent
studies have implicated laminins in regulating cell adhesion,
migration, differentiation and morphogenesis in the basal
compartment of the seminiferous epithelium. For instance,
Sertoli cells in vitro mimicked their in vivo morphology only
when these cells were cultured on plates coated with laminin
and type IV collagen.®®” Besides, Sertoli cells cultured on
ECM proteins are capable of forming basolateral junctions.®®
Ironically, laminin and type IV collagen are the major
components of the Matrigel that was used for culturing Sertoli
cells in vitro by various laboratories in recent years.®©?
This also accounts for the breakthrough in studying Sertoli
cell physiology using cells cultured on Matrigel-coated
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dishes.®®%® Several other studies have assessed laminin
functions in testes via intratesticular injection of anti-laminin
serum."°=72 This functional study was performed via multiple
administration of the entire laminin complexes to the testes via
intratesticular injection, which was followed by morphological
analyses. In one of the reports, up to 66% of rats showed
severe sloughing of multinucleated germ cells into the lumen
amidst thickening of the walls of seminiferous tubules.”"
Laminin was also found to regulate the integrity of cytos-
keleton, such as actin, in Sertoli cell cultures.™

As reviewed herein, the study of laminin was mostly
restricted to the basement membrane in the tubules, whilst
its presence and/or functions in the apical compartment were
poorly explored until recently. Studies in the 1980s have shown
that a6p1-integrin, a transmembrane receptor for laminins at
the cell-matrix interface in other epithelia, is localized to the
Sertoli cell side at the apical ES, and is also the best-studied
transmembrane protein at this site.®34243 Subsequent
studies have shown that other FAC proteins, which are
usually restricted to the cell-matrix interface, such as focal
adhesion kinase, integrin-linked kinase, vinculin, paxillin and
o-actinin, are also associated with o6B1 integrin.@"4374
These unexpected observations have led several investiga-
tors to speculate on the likely presence of laminin, a ligand for
«6p1 integrin, at the apical ES.“2435%) Indeed, the presence of
laminin B1 in Drosophila germ cells'”® and the identification of
a non-basement—membrane-associated laminin y3 in
mouse testes® have further strengthened this speculation.
Consistent with this postulate, several laminin subunits have
been found to localize outside the basal lamina of other
epithelia, such as in retina™7” and cartilage.”® A recent
report has demonstrated a functional laminin-333 ligand
composed of a3, B3 and y3 chains is a bona fide ligand for
oBB1 integrin in adult rat testes.”® Consistent with earlier

findings,®®8? the localization of laminin o3 and v3 chains, and
a1-integrin at the apical ES in the seminiferous epithelium is
strongest at stage VIII of the epithelial cycle where the o631
integrin—laminin 333 protein complex confers a strong
adhesion between Sertoli cells and developing spermatids.”®
These results are also in agreement with a recent biophysical
study in which the mechanical adhesion strength between
Sertoli and germ cells was quantified using a micropipette
pressure transducing system.®" It was found that Sertoli
cells were more tightly attached to step 8 spermatids than
to spermatocytes, presumably because of the adhesion
conferred by the laminin—integrin adhesion complex at the
apical ES. In short, laminins are no longer restricted to the
basement membrane in the testis. They are putative cell
adhesion components at the apical ES. At present, five o, three
B and three y laminin chains are identified in different cell types
in testes (see Table 1). Since, apical ES comprises cell—cell
actin-based AJ protein complexes (e.g. cadherins/catenins
and nectins/afadins), cell-matrix actin-based FAC (e.g.
laminin 333061 integrin) and cell—cell TJ protein complexes
(e.g. JAM-C/Z0O-1, CAR), itis designated a hybrid AJ, FAC and
TJ anchoring junction type (Figs. 1 and 2).

The hybrid nature of ES and the

mechanism(s) of its regulation

It is generally believed that Sertoli cells continually alter their
shape to accommodate germ cell movement while germ cells
play a rather passive role in this process.®® However, there is
mounting evidence that germ cells are actively involved in their
movement during spermatogenesis. For instance, many
proteins that participate in cellular movement have recently
been found in germ cells, as well as in Sertoli cells. These
include GTPases, pFAK and ILK.23%682) Fyrthermore, focal
contacts that are mostly restricted to motile cells, such as

Table 1. Laminin subunits and their cellular association/expression of adult mammalian testes

Testicular cell types

Laminin subunits Site of expression in the testis sC GC Method of detection References
o1 BM of seminiferous tubules + — IF, RT-PCR (79,108)
02 BM of seminiferous tubules + + IF, RT-PCR (79,108)
o3 Apical ES - + Immunogold EM, RT-PCR, 1B (79)

o4 Seminiferous tubules + — 1B, RT-PCR (79,109)
a5 BM of seminiferous tubules + — IHC, RT-PCR (79,110)

B1 BM of seminiferous tubules + + IF, RT-PCR (79,111)

B2 BM of seminiferous tubules + + IF, RT-PCR (79)

B3 Apical ES — + 1B, Co-IP (79,111)

v1 BM of seminiferous tubules + - IF, RT-PCR (79)

v2 Seminiferous tubules + — RT-PCR (79,112)

v3 Apical ES of rat testes BM of immature rats + + RT-PCR, IF, IB, Inmunogold EM (55,79,111)

immunoprecipitation; SC, Sertoli cells; GC, germ cells.

BM, Basement membrane; IF, Immunofluorescent microscopy; 1B, immunoblot; IHC, immunohistochemistry; EM, electron microscopy; Co-IP, co-
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amoebae, fibroblasts, macrophages, neutrophils and cancer
cells®84 are apparently an integrated part of the apical ES
since many proteins that constitute the FAC are found
at apical ES, such as the integrin—laminin—cSrc—pFAK com-
plex.(21:79:8586) Ce|l movement based on focal contacts involves
three steps: (i) cell attachment, (ii) cell movement, and (iii)
detachment at the rear end.®”#® Herein, we suggest a possible
mechanism employed by Sertoli and germ cells to facilitate cell
movement based on recent findings (Fig. 2) in the field.

To gain attachment or traction between Sertoli and germ
cells, cell attachment is mediated through the hybrid cell—cell
and cell-matrix apical ES. Laminin-333 is a ligand residing
on developing spermatids (step 8 and beyond) that binds to
a6B1-integrin receptor on Sertoli cell surface. Both laminin-
333 and a6B1-integrin are localized to the region of spermatid
heads at the apical ES that confers cell adhesion during the
epithelial cycle, but their levels are the highest at late stage VI
through early stage VII1.5579) It is likely that integrins at the
apical ES recruit intracellular signaling molecules (e.g. pFAK,
vinculin, paxillin and ¢-Src)('®2" and allow cytoskeleton
assembly, increasing cell adhesiveness. Recent studies have
shown that, during Sertoli-germ cell anchoring junction
assembly, there was an induction in the protein levels of
several kinases, such as phosphatidylinositol 3-kinase (PI3K),
phosphorylated protein kinase B (PKB; also known as Akt),
p21-activated kinase-2 (PAK-2), and their downstream
effector ERK, and many of these signaling molecules were
shown to be localized to apical ES in rat testes.®® These
kinases were recruited by integrins to the apical ES
and associated with actin and tubulin in the seminiferous
epithelium.(18-:86)

This apical ES “focal adhesion” is different from the
traditional cell-matrix FAC since it is found at the Sertoli—
germ cell interface. Upon cell contact, traction is likely
established between cells that facilitates forward movement
of spermatids. Cell “contraction” is generated by motor
proteins that work in concert with microtubule®” at the apical
ES. Motor proteins, such as myosin Vlla and dynein, have
been identified in Sertoli and germ cells.®®=°" Myosin Vlla is
associated with keap1, a cytoskeletal protein, in both the
basal and apical ES.? Dynein light chain-1, which is a germ-
cell-specific protein, is suggested to assist spermatid shaping
and the final release of elongate spermatid during spermiation
via serine phosphorylation by p21-activated kinase-1 .61
After this cellular contraction to facilitate spermatid movement,
the apical ES-specific focal contacts are dissolved by
weakening the integrin—laminin affinity. This can be achieved
by receptor detachment via endocytosis or changes in tyrosine
phosphorylation of integrins.®” Indeed, in a testosterone-
suppression model to study the ES dynamics by two different
groups, the level of Tyr-phosphorylated FAK was found to be
induced and pFAK remained associated with o6p1-integrin
during spermatid depletion from the epithelium® with a

concomitant increase of the p-FAK—c-Src protein complex at
the apical ES,®2") whereas the non-phosphorylated FAK was
restricted almost exclusively to the basal ES at the BTB.@"
Although it is not known whether endocytosis and/or recycling
of integrin receptors actually takes place in Sertoli cells, this
mechanism of integrin turnover to facilitate cell movement has
been reported in other epithelia.®®>°¥ Indeed, internalization
of integral membrane proteins by apical and basal TBC prior
spermiation has been reported.®* In addition, laminin on the
germ cell surface was shown to associate with ¢-Src,”® which
is a peripheral non-receptor protein kinase also found in germ
cells.®® A transmembrane protein must be present in germ
cells that anchors the laminin ligand and provides a “docking
platform” for c-Src and other signaling molecules to regulate
apical ES adhesion.”® Much research is needed in this area
regarding the role of a6B1 integrin—laminin 333 in spermatid
adhesion and movement.

Regulation of BTB dynamics by apical ES
proteins-cross-talk between apical
and basal ES
As mentioned above, during stage VIII of the epithelial cycle,
spermiation that occurs at the apical compartment coincides
with preleptotene spermatocyte migration across the BTB at
the basal compartment. As such, these two cellular events
involving extensive junction restructuring take place at the
opposite ends of the adjacent Sertoli cells in the seminiferous
epithelium (see Figs. 1 and 2). Thus, it is not entirely
unexpected that there is cross talk between TJ/basal ES at
the BTB and the apical ES, and vice versa, since both are
components located within a single columnar Sertoli cell.
Indeed, recent findings have suggested that spermiation and
the migration of preleptotene spermatocytes across the
BTB are likely coordinated by the laminin—integrin protein
complexes at the apical and basal ES."®

Firstly, laminin-333 is detected at the apical ES in
spermatids beginning at step 8, and it becomes intensively
localized to apical ES until early stage VIII prior to spermia-
tion,”® suggesting that its disappearance or disintegration
may be crucial to spermiation. Secondly, this event coincides
with the time that preleptotene spermatocytes traverse the
BTB, when the levels of occludin and ZO-1 are transiently
reduced. Thirdly, when the functional laminin-333 is perturbed
by a blocking antibody, such as anti-laminin o3 or y3 IgG, this
treatment led to germ-cell depletion from the epithelium.
Furthermore, the loss of Sertoli—spermatid adhesion induced
by blocking the laminin ligand function apparently led to a
transient loss of TJ proteins (e.g. occludin and ZO-1 but
not JAM-A), which, in turn, perturbed the BTB integrity
as manifested by a significant loss of occludin—ZO-1
protein complexes from the BTB.\"® This observation thus
implicates the significance of laminin-333 in mediating cross
talk between apical ES and BTB at stage VIII of the epithelial
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cycle. Laminin-333 apparently serves as a “traffic cop” to co-
ordinate the cross-talk between apical ES and BTB restructur-
ing. Based on these observations, we speculate that laminin-
333 at the apical ES is cleaved by a protease (e.g. MMP2) that
is detected at the apical ES®® prior to spermiation, generating
the biologically active peptide(s), and this may also involve
signaling function via pFAK and c-Src to mediate TJ and/or
basal ES disassembly at the BTB. In other epithelia and in
tumor cells that involve active cellular movement, proteolytic
cleavage of laminins was shown to enhance cell migra-
tion.®®9) Furthermore, the synthetic peptides, NH,-SDGR-
COOH and NH,-RSGIY-COOH, corresponding to the
sequences found in the cell-binding domain of laminin o and
B1 chain, respectively, have been shown to inhibit Sertoli cell
cord structures formation in vitro.®® Additionally, a peptide of
NH,-AQARSAASKVKVSMKF-COOH derived from laminin o5
chain in mice was shown to induce macrophage MMP-9
production and chemotaxis.®® These findings thus provide
evidence that peptide fragments derived from laminins can
be potent biological substances that affect cell migratory
behavior, organelle formation, protein production and others.

Table 2 summarizes the functional relationship between
laminins and proteases in different epithelia, showing that
laminins are putative substrates of different MMPs. In most
cases, laminins are cleaved by MMPs into smaller fragments
while, in others, the expression level of MMPs is significantly
enhanced when synthetic laminins peptides were added to
different cell lines.®%°? For instance, laminin-5 is one of the
best-studied laminin ligands, in which each of the three chains,
laminin a3, B3 and y2, is cleaved by different MMPs in various
cell types (see Table 2%") illustrating a specific enzyme (MMP)
versus substrate (laminin chain) relationship. In adult rat
testes, laminin y3 chain is structurally associated with MMP2
at the apical ES, and MMP2 is also predominantly expressed
atlate VIl through early stage VIII of the cycle.®® Even though
MMP2 is a secretory product of Sertoli, but not germ, cells, its
expression is greatly enhanced when co-cultured with germ
cells.(%9 These results suggest that MMP2 (or other MMPs)
may be involved in apical ES restructuring and that its
substrates are most likely the laminin chains at the apical
ES. It is therefore logical to speculate that the cleavage of
laminin-333 that occurs at spermiation, such as by MMPs,®®)
generates a biologically active fragment(s), which, in turn,
sets off a cascade of events that leads to a transient loss of
TJ-barrier function by lowering the levels of occludin and
Z0-1.79 These events are likely working in concert with
cytokines.(®478:191-104) Eqrinstance, it is likely that Sertoli and
germ cells in the microenvironment at the BTB produce
cytokines to induce BTB opening. In a recent study, TNFa and
TGF-B3 were shown to reversibly “open” the BTB by
transiently reducing the level of occludin at the BTB!"°" (see
Fig. 2). These observations have recently been confirmedin a
functional study where there was an enhanced diffusion of a

small molecular dye, FITC, across the BTB following treatment
of testes with TNFo, illustrating transient BTB disruption
induced by TNFo treatment."%®) In short, laminins at the
apical ES may mediate cross talk between apical ES and BTB
during spermatogenesis.

Future perspectives and concluding remarks
This review summarizes recent advances in the field regarding
the biology of ES in cell adhesion, orientation, polarity and
movement in adult rat testes. It is increasingly clear that
the events of spermiation and preleptotene spermatocyte
movement across the BTB that occur at opposite ends of the
Sertoli cell epithelium but concurrently at stage VIII of the
epithelial cycle are coordinated by proteins at the apical and
basal ES, such as laminins. Furthermore, ES uses the most-
appropriate features found in anchoring and tight junctions to
provideaneffective yet dynamic adhesion for developing
spermatids, such that spermatids can “anchor” onto Sertoli
cells in the epithelium while they can orientate themselves
and migrate efficiently across the epithelium during sperma-
togenesis. Further work, however, is needed to identify
the molecules and/or mechanisms that regulate cross-talk
between apical and basal ES in addition to laminins,
presumably including cytokines, kinases (e.g. c-Src), and
fragments of integrins and collagens. While ES confers the
tightest adhesion between Sertoli cells and elongating
spermatids versus Sertoli cells and round spermatids or
spermatocytes,®" recent findings suggest that this specia-
lized junction type is most susceptible to toxicants or an
alteration of the microenvironment in the testis. For instance,
treatment of rats with either adjudin [1-(2,4-dichlorobenzyl)-
1H-indazole-3-carbohydrazide formerly called AF-2364, a
known Sertoli cell toxicant] or testosterone/estrogen implants
(which suppress pituitary LH secretion thereby lowering the
intratesticular androgen level in the tubule lumen!'”*®) was
shown to selectively disrupt apical ES instead of the “weaker”
AJ and desmosome-like junctions between Sertoli cells and
spermatocytes.(18:21:35.80.85.105,106) Thage findings thus illus-
trate thatthe ES is a “friend” of spermatogenesis in good times
under normal physiological conditions, however, when the
testis is under assault from toxic substances, such as those
from the environment (e.g. cadmium),('®” the ES turns into a
“foe” of spermatogenesis, making the testis more vulnerable
than other organs. The precise molecular mechanism under-
lying these phenomenais notknown, butitis must be related to
the unique molecular architecture of the ES.
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