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The Sertoli Cell-Spermatid Junctional Complex: A Potential Avenue For Male 

Contraception 
 

Katja M. Wolski 

ABSTRACT 

  
 The Sertoli cell ectoplasmic specialization is a specialized domain of the calcium-

dependent Sertoli-spermatid adherens junction.  Structurally abnormal or absent Sertoli 

ectoplasmic specializations are associated with spermatid sloughing and subsequent 

oligospermia in conditions associated with reduced fertility potential, although the 

junctional strength between these cells is not known.  Adjudin is a potential male 

contraceptive agent thought to interrupt testicular binding dynamics of adherens 

junctions, resulting in controlled spermatid sloughing.   

 It was hypothesized that the mechanism of action of Adjudin, pertinent to its 

putative contraceptive effect, is the disruption of the Sertoli cell-spermatid junction.  This 

was tested in vitro using primary isolates of germ cells and both primary and immortal 

Sertoli cells.   

This dissertation presents the examination of Sertoli-germ cell interactions in 

three parts, which address the overall aims of this dissertation project: (1) measurement 

of the junctional strength between Sertoli cells and spermatids in vitro, (2) determination 

of the efficacy of sk Sertoli cell lines in Sertoli-germ cell binding studies in vitro, and (3) 

assessment of Adjudin as a potential male contraceptive, by measuring the junctional 

binding strength between Sertoli cells and spermatids exposed to this chemical in vitro.   
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For the first time, the strength of the Sertoli-spermatid junction has been 

measured, using a micropipette pressure transducing system (MPTS).  Results reported 

in this dissertation demonstrate that the junctional strength between Sertoli cells and 

germ cells can be measured in vitro, support long held speculations regarding Sertoli-

spermatid junctional interactions, and provide a technology to test proposed 

mechanisms of junctional binding dynamics between cells of the seminiferous epithelium 

(Chapter 2).  Although the sk cell lines initially expressed mRNA for the FSH receptor, 

coculture results determined that these cell lines have limited value for investigating 

Sertoli-germ cell binding dynamics in vitro (Chapter 3).  By utilizing the MPTS and 

primary cell isolates, Adjudin was determined to reduce the junctional strength between 

Sertoli cells and step-8 spermatids.  In conclusion, results support the use of Adjudin as 

a potential reversible male contraceptive agent by a mechanism which alters the 

adhesion properties between the step-8 spermatid and the Sertoli cell (Chapter 4).   
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CHAPTER 1 

Background 
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Spermatogenesis 

The complicated process of spermatogenesis occurs throughout the reproductive 

life of the male.  It is a remarkable process requiring many cellular, molecular, and 

biochemical events, in which diploid spermatogonia undergo division, chromosome 

reduction, and extensive morphological differentiation to result in haploid elongated 

spermatozoa [1, 2].  This process occurs in the seminiferous tubules of the testis, within 

the seminiferous epithelium – the cellular “lining” of the seminiferous tubule – which 

consists of the developing germ cells and the fixed population of Sertoli cells.  The 

seminiferous epithelium is divided into two compartments – the basal and adluminal 

compartments – by the blood-testis barrier (see Sertoli Cells below).  It is here that the 

male contribution to the perpetuation of all mammalian species begins. 

Spermatogenesis can be divided into three stages, producing upward of 150 x 

106 spermatozoa per day per man [3].  In stage one, the stem cell-like spermatogonia 

residing in the basal compartment either self-proliferate or undergo mitosis to give rise to 

spermatocytes.  After entering meiosis and reaching the preleptotene/leptotene stage, 

these spermatocytes must migrate through the blood-testis barrier to the adluminal 

compartment.  Stage two occurs as these spermatocytes continue through meiosis to 

result in round spermatids, which then enter stage three, a process identified as 

spermiogenesis, wherein no cell division occurs, only morphological cell differentiation.  

The goal of spermiogenesis is to turn round spermatids into elongated spermatids with 

condensed nuclear material (i.e., spermatozoa), which are then released into the lumen 

of the seminiferous tubule at spermiation.  To reach this goal, many temporal and spatial 
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mechanisms occur.  These include the crossing of the germ cells through the 

seminiferous epithelium, signaling events, and other interactions between the Sertoli 

cells and the germ cells during this epithelial translocation, collectively referred to as the 

“guiding hand” in the formation and disassembly of the Sertoli-germ cell junctions,  

However, there is limited understanding of the mechanisms involved in 

spermatogenesis. 

 At any given point in time, several generations of germ cells develop 

concurrently in the seminiferous tubule of the mammalian testis [4].  The seminiferous 

epithelium has been subdivided into various spermatogenic stages, in which new and 

old generations of germ cells are undergoing the spermatogenic process in close 

association with the Sertoli cells [4].  The seminiferous epithelial cycle is, therefore, 

made up of various stages in which new generations of germ cells are connected to 

older generations.  Their development is coordinated via the presence of fixed cellular 

associations [4, 5].  A seminiferous epithelial cycle in the rat consists of 14 stages, 

identified by the unique morphology of the developing germ cells [5-7], and extends over 

12 – 14 days.  It takes a total of ~4.5 epithelial cycles, i.e., ~58 days, for a single 

spermatogonium to differentiate into 256 spermatozoa.  At each stage, at least four 

different germ cells are present in the seminiferous epithelium.  In the human, this cycle 

has six stages and extends over 16 days with 70 – 74 days required for completion of 

spermatogenesis [8, 9].   

Hormonal control of spermatogenesis   

The hormonal control of spermatogenesis begins before birth and continues 

through puberty and adulthood.  This complex interplay within the hypothalmo-pituitary-

testicular axis is driven by hypothalamic gonadotrophin-releasing hormone (GnRH), 

which induces gonadotrophin [follicle stimulating hormone (FSH) and luteinizing 
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hormone (LH)] secretion from the pituitary.  Sertoli cells possess the FSH-receptor [10], 

whereas Leydig cells primarily express the LH receptor, though LH receptor staining has 

also been seen in spermatogenic cells [11].  In order to achieve full spermatogenic 

potential, both FSH and androgens are required.   

LH stimulates testosterone secretion by the Leydig cells in the testis, which 

promotes spermatogenesis.  FSH acts on the Sertoli cell, and while FSH has a key role 

in the development of the testis, a controversy over whether or not FSH is needed for 

adult spermatogenesis exists.  Control of gonadotrophin release involves negative 

feedback of testosterone on LH and FSH, as well as inhibin B on FSH.  Whereas an 

increase in testosterone reduces the amount of LH and FSH released from the pituitary, 

a decrease in inhibin B increases the amount of FSH released [12] 

Four main steps comprise the effects of hormones on spermatogenesis: (1) the 

proliferation and differentiation of spermatogonia, (2) the development of spermatocytes, 

(3) spermiogenesis, and (4) spermiation.  Strong evidence exists for the regulation of 

spermatogonial development by FSH through the prevention of apoptosis [13].  

Moreover, testosterone requires the presence of FSH in order to influence the 

development of spermatocytes [14].  The prevention of apoptosis by exposure to FSH is 

also important in normal spermatocyte development in the rat [15], whereas in the 

human, spermatocytes still appear to enter meiosis upon withdrawal of FSH [16].  Acute 

withdrawal of FSH induces the apoptosis of round spermatids in the rat [13, 15, 17], and 

a chronic lack of testosterone causes spermatid sloughing, identified as a loss of 

adhesion between Sertoli cells and round spermatids [18].  However, in the human, no 

evidence exists to indicate that FSH is necessary for fertility, in that no large decrease in 

the number of spermiogenic cells is seen [16], and the number of round spermatids seen 

in the ejaculate (i.e., spermatid sloughing) of FSH-deficient men is relatively low, 
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therefore not accounting for the profound fall in sperm count [19].  Perhaps more 

important in the human is the retention of elongated spermatids in the seminiferous 

epithelium upon withdrawal of FSH [16, 20], as is also seen to some degree in the rat 

(reduction of spermiation by 15%) [21].   

Hormonal disruption of spermatogenesis   

In the adult, withdrawal of gonadotrophins stops sperm production, in the human 

halting at the spermatogonial stage [16], and in the rat at the primary spermatocyte 

stage [22].  It is clear that the key regulators of spermatogenesis and junctional 

dynamics in the seminiferous epithelium are FSH and testosterone [23-25].  Cameron 

and Muffly [26] showed maximal binding of round spermatids to Sertoli cells in vitro in 

the presence of FSH and testosterone.  It appears that FSH regulates the Sertoli cell 

cytoskeleton associated with the Sertoli-germ cell junctions [27], while testosterone 

implements the adhesion process of round spermatids at these junctions [18].  It is 

proposed that testosterone also promotes and maintains the maturation of round 

spermatids in the rat [22].  The withdrawal of testosterone has been shown to result in 

the detachment of round spermatids (i.e. spermatid sloughing) between stages VII and 

VIII [18], the time when the Sertoli-spermatid junctional complex forms [28].  When both 

FSH and testosterone are withdrawn, spermatogenesis is severely affected [21, 29], 

which includes disruption of the Sertoli cell junctional dynamics within the seminiferous 

epithelium.  A more detailed description of the roles of FSH, androgens, and estrogens 

on spermatogenesis is presented in Appendix 1. 

Sertoli cells 

Without the support of Sertoli cells, spermatogenesis could not be completed.  

The extensive functions of these cells include (1) providing structural support for the 

germ cells, (2) aiding in the translocation of the germ cells, (3) secreting many trophic 
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factors and nutrients for the germ cells, (4) phagocytosing dead/damaged germ cells, (5) 

forming the blood testis barrier (in part to define the polarity of the seminiferous 

epithelium and in part to create immunity), and other essential functions in 

spermatogenesis [30-35].   

The Sertoli cell was discovered in 1865 by Enrico Sertoli and is also known as 

the “nurse cell” of the seminiferous epithelium.  It is a tall, columnar, polar cell extending 

from the base to the lumen of the seminiferous tubule, with many cytoplasmic crypt-like 

extensions due to the reshaping of the cell by germ cells [28, 35-37].  They occupy 

approximately 17 – 19% of the volume in the seminiferous epithelium of the adult rat [38, 

39].  Each Sertoli cell nurtures and protects anywhere from 30 to 50 germ cells [39, 40] 

at various stages of development.  Around postnatal day 20 in the rat, Sertoli cells cease 

proliferation, and this crucial fixed number determines the amount of germ cells that will 

normally develop in spermatogenesis.   

Some authors classify Sertoli cells into two categories: type A and type B [35-37].  

Type A Sertoli cells are classified by the presence of mature spermatids wedged deep 

within Sertoli cell cytoplasmic crypts, whereas type B Sertoli cells are classified as 

having none or few, barely visible cytoplasmic crypts.  In this context, type A Sertoli cells 

are thought to transform themselves into type B Sertoli cells in the course of a 

seminiferous epithelium cycle.  These changes are understood to be necessary in order 

to support the developing germ cells and their movement through the seminiferous 

epithelium. 

Sertoli cell cytoskeleton 

 Sertoli cells support developing germ cells physically by depositing extracellular 

matrix and by forming specialized cell junctions between themselves and germ cells in 

various stages of differentiation.  The well-developed cytoskeleton of the Sertoli cell is 
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essential in maintaining the collective organization of the seminiferous epithelium [7, 28, 

36, 41], in part, by (1) maintaining the shape of the cell; (2) stabilizing the cell membrane 

at sites of contact; (3) positioning, securing, and aiding in the movement of germ cells; 

(4) arranging and transporting organelles within the cell; and (5) participating in the 

release of mature spermatids from the seminiferous epithelium.  Three major 

components – actin, intermediate filaments, and microtubules – make up the 

cytoskeleton and exhibit unique distribution patterns in each stage of the seminiferous 

epithelial cycle [35, 41, 42].   

Actin plays a very important role in maintaining Sertoli cell structure and in 

providing the cell with properties of cell contractility.  It also is thought to participate in 

motility-related processes, since it is found at sites of cell contact at the periphery of the 

Sertoli cell.  Actin filaments are chief components of ectoplasmic specializations (see 

Ectoplasmic Specialization below) and tubulobulbar complexes, which exist between the 

Sertoli cell and germ cells in various stages of differentiation.   

Intermediate filaments are found at the desmosome-like junctions between 

Sertoli cells and between Sertoli cells and spermatocytes/round spermatids [43].  The 

precise role of intermediate filaments in the Sertoli cell is not yet known, but their 

distribution indicates they play a part in retaining the integrity of the seminiferous 

epithelium [44, 45].  

The role of microtubules in the Sertoli cell is much clearer than that of 

intermediate filaments.  They participate in (1) the preservation of the cell’s columnar 

shape; (2) the translocation of spermatids in the seminiferous epithelium; (3) the 

movement of intracellular organelles; and (4) the alteration of the cell membrane to the 

nearby spermatid heads [37, 41].  Microtubules are found at the ectoplasmic 

specialization [46, 47] and the most remarkable changes in the organization of 
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microtubules occurs as mature spermatids associate with Sertoli cell ectoplasmic 

specializations [48].   

While these cytoskeletal components have been associated with the events of 

germ cell movement, the precise mechanisms underlying the regulation of the 

cytoskeleton during the different epithelial stages and in the movement of germ cells 

remains a mystery. 

Blood-testis barrier 

 The blood-testis barrier, formed by a unique junctional complex between 

adjacent Sertoli cells, divides the seminiferous epithelium into a basal and an adluminal 

compartment [review [49]].  It serves as an immunological barrier for the highly antigenic 

adluminal compartment germ cells and in doing so creates a specialized adluminal 

environment for these germ cells.  This is accomplished, in part, by controlling the 

passage of molecules between the two epithelial compartments [review [49]].  This 

dynamic barrier is comparable in strength to the blood-brain barrier.  However, the 

blood-testis barrier must periodically “open” to allow the passage of germ cells from the 

basal to the adluminal compartment of the seminiferous epithelium, requiring 

disassembly and assembly of cell-cell junctions by mechanisms which are still unclear.  

The mechanisms for the formation and regulation of the blood-testis barrier are also 

unknown, though gonadotrophins have been suggested to play a role, as have cytokines 

and growth factors [50, 51]. 

Two important findings led to the development of the concept of the blood-testis 

barrier: (1) the radical differences in the composition of fluids and proteins obtained from 

the rete testis and seminiferous tubule lumen when compared to those of the testicular 

lymph and blood plasma [52] and (2) the variations in the rate in which radioactive 

tracers and dyes passed from the blood plasma to testicular fluids [53-59].  However, 
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concrete evidence for this barrier did not exist until the studies of Dym and Fawcett [60], 

who established its unique ultrastructure and its ability to occlude intercellular tracers, 

such as lanthanum. 

The specialized environment created by the blood-testis barrier is crucial to germ 

cell development.  Sertoli cells produce, secrete, and efficiently distribute products into 

the adluminal compartment, created by the blood-testis barrier, essential for growth and 

differentiation of the adluminal germ cells [32, 61-65].  Not only do these tight junctions 

limit the movement of nutrients and wastes into and out of the adluminal compartment, 

they deny adluminal access to immunoglobulins and lymphocytes [66], thereby creating 

a unique sequestered space for spermatids [67].  Since foreign antigens reside on the 

surface of these haploid germ cells, without the blood-testis barrier the body’s immune 

system would recognize them and reject them.   

Recently, the blood-testis barrier and the Sertoli cell tight junctions have been 

divided into two finer physiological distinctions – the occluding zonule and the occluding 

macule [68] – based on the actuality that in vivo, the assembly of the blood-testis barrier 

and the Sertoli cell tight junctions are not synchronous events [69-71].  The occluding 

zonule divides the seminiferous epithelium into its two compartments and is the basis of 

the blood-testis barrier.  Formed at 15 – 18 days of age in the rat, the fibers composing 

this zonule are continuous and form an impervious barrier [72, 73].  In contrast, the 

occluding macule is a focal seal through which interstitial fluids or tracers can easily 

pass.  The fibrils composing the macule are discontinuous and situated immediately 

above and below the occluding zonule [69-71]. 

Sertoli cell-germ cell junctions  

There are two types of intercellular junctions between germ cells and Sertoli 

cells: (1) anchoring junctions and (2) gap communicating junctions.  Both types are 
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believed to play crucial roles in spermatogenesis.  Up- and down-regulation of these 

junctions occurs during spermatogenesis and the process of germ cell migration from 

the basal to the adluminal epithelial compartments [74].  However, the regulation of 

these junctions and their role in the completion of spermatogenesis is not yet fully 

understood.  

Anchoring junctions 

Four types of anchoring junctions exist between Sertoli and germ cells: (1) cell-

cell actin based adherens junctions; (2) cell-matrix actin-based focal contacts; (3) cell-

cell intermediate filament-based desmosomes; and (4) cell-matrix intermediate filament 

hemidesmosomes.  All anchoring junctions link the cytoskeleton of one cell to another 

cell or to the extracellular matrix, in order to maintain tissue integrity [75], however, each 

of these is biochemically and structurally different from one another.  Recent reports 

have suggested that these junctions also play a role in signal transduction [76-78].   

Adherens junctions.  Four protein complexes are identified with the actin based 

adhesion of adherens junctions: (1) cadherin-catenin; (2) nectin-afadin-ponsin; (3) 

integrin-laminin; and (4) vezatin-myosin [79] (Figure 1.1).  Of these, three (1-3) have 

been found in the testis [79].  Two modified forms of the adherens junction are found in 

the testis – the ectoplasmic specialization and the tubulobulbar complex, which will be 

discussed later. 

Cadherin-catenin complex.  The best studied adherens junction proteins in the 

testis have been the cadherins.  These 115 – 140 kDa transmembrane proteins consist 

of two cytoplasmic domains, one transmembrane domain, and five calcium-binding 

domains (EC1 – 5, with the most conserved region being a His-Ala-Val cell adhesion 
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Figure 1.1. Schematic illustration showing the molecular architecture of the Sertoli-germ cell 

adherens junction [68].   

recognition sequence [80] found within the EC1 domain) and bind homotypically with 

cadherins in adjacent cells in a calcium dependent manner [81-85].  The cytoplasmic 

domain binds to intracellular proteins, which is important in clustering cadherins to form 

functional anchoring junctions and in transmitting information from the cell surface to the 

nucleus to activate genes that maintain the integrity of the epithelium [81-84, 86].   

The binding of the cytoplasmic domain of cadherins to either ß- or ?-catenin 

(plakoglobin) is crucial to its function [85-88].  This cadherin-catenin complex is linked 

indirectly to the actin cytoskeleton by a-catenin [89].  ß-catenin is also stimulated by the 

Wnt signal transduction pathway as a transcriptional cofactor [90-92].  Colocalization of 

ß-catenin with ezrin, which links the cell membrane and the actin cytoskeleton [93], and 

TGF-ß type II receptor [94], suggests a link between TGF-ß1 and adherens junction 

dynamics [94].  Another catenin, p120ctn has been identified as a putative Src-substrate 

critical to cadherin-mediated cell adhesion.  One study indicates that p120ctn induces the 

clustering of E-cadherin [95], and in response to growth factors, such as EGF, this 
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catenin is phosphorylated on its tyrosine and serine residues, thereby entering the 

nucleus to interact with Kaiso, a newly identified transcription factor [96].  Though the 

interaction between E-cadherin and ß-catenin is required to begin the cascade of events 

leading to cell adhesion, it is the interaction between E-cadherin and p120ctn that is 

necessary for the formation of stable adherens junctions [97].  Changes in the 

phosphorylation of p120ctn also affect cell adhesion [98].  Tighter cell adhesion is 

associated with a decrease in phosphorylation and loss of adhesion is associated with 

an increase in phosphorylation [98, 99].   

The regulation of cadherin-catenin may be related to the GTPases.  RhoA, Rac1, 

and Cdc 42, all members of the GTPase family, have been shown to localize with the 

cadherin-catenin complex [100, 101].  Also, the over expression of p120ctn is thought to 

elicit an increase in cell motility via Rho GTPases [102, 103].  During junction assembly, 

E-cadherin and ß-catenin have been shown to be internalized and then recycled back to 

the cell membrane via Rab5 [104, 105], a member of the GTPase family.  Tyrosine 

phosphorylation of ß- and/or ?-catenin has been shown to result in the loss of cadherin-

catenin mediated cell adhesion [106-108].   

Though the presence of adherens junctions in the testis have been demonstrated 

[28, 49, 72], their structure and function are poorly understood.  The actin based cell-cell 

adherens junction between the Sertoli cell and the germ cell in the mammalian testis is 

important not only in mechanical adhesion of the cells, but also in the morphogenesis 

and differentiation of the germ cells.  Turnover of these calcium dependent junctions 

occurs during the process of germ cell migration from the basal to the adluminal 

epithelial compartments [74].  However, their role in completion of spermatogenesis is 

not yet fully understood.   
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Both Sertoli cells and germ cells have cadherin/catenin complexes as identified 

by immunohistochemical analysis of related intracellular molecules such as N-cadherin, 

E-cadherin, a-catenin, ß-catenin, ?-catenin, and p120ctn [47, 109-113].  The N-

cadherin/catenin complex has been shown to regulate cell adhesive function between 

Sertoli cells and germ cells [114].  The presence of cadherins and catenins has been 

identified in isolated Sertoli and germ cells via immunoprecipitation and immunoblotting.  

N-cadherin has been detected by Western blot analysis in the plasma membranes of 

both Sertoli cells and spermatogenic cells [114].  Lee et al [113] have detected N- and E-

cadherin in Sertoli and germ cells via semiquantitative reverse transcription-polymerase 

chain reaction (RT-PCR) and immunoblotting.  During the assembly of adherens 

junctions between Sertoli cells and germ cells, Lee et al [113] observed a transient 

induction in the steady-state mRNA and protein levels of cadherins and catenins, 

indicating that the cadherin/catenin complex may be a functional unit of the Sertoli-

spermatid junctional complex.  Isolated germ cells have been shown to possess E-

cadherin and ß-catenin in an almost equimolar ratio of 1:1 to that which occurs in Sertoli 

cells [113].  This suggests that both Sertoli and germ cells contain the cadherin/catenin 

complex, thereby interacting with each other in a homotypic fashion.  However, it has not 

yet been localized directly to the ectoplasmic specialization.   

Studies using cross-linking and immunoprecipitation in isolated seminiferous 

tubules and in Sertoli-germ cell cocultures show the N-cadherin-catenin complex 

attaching to the actin cytoskeleton [113].  This finding was in direct contrast to that of two 

previous studies, in which this complex was found to be associated with intermediate 

filaments [114, 115].  It is also possible that an intermediate filament based cadherin-

catenin complex does exist, e.g., at the intermediate filament based desmosome, and is 

used in adhering developing germ cells to Sertoli cells.  However, a thorough study of 
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desmosome proteins has not yet been conducted in the testis, although the results of 

such a study would be useful in order to delineate the composition of desmosome-like 

junctions in the testis.   

At least 25 different cadherins have been identified in the testis by RT-PCR [114].  

Each cadherin demonstrates a stage-specific staining pattern.  For example, N-cadherin 

is seen to be localized at: (a) the basal inter-Sertoli junctions, (b) Sertoli-spermatocyte 

junctions, and (c) Sertoli-elongated spermatid junctions at spermatogenic stages I 

through VII [47].  N-cadherin immunostaining has been observed in and/or around the 

heads of elongated spermatids in spermatogenic stage VIII that was less intense 

following spermiation [110].  However, in these studies of N-cadherin, specific 

localization was not clear, and its localization to the ectoplasmic specialization could not 

be substantiated by subsequent studies in this lab or others.  Abnormally retained 

spermatids at spermatogenic stage IX also have shown positive immunostaining for N-

cadherin around the heads of elongated spermatids [47], whereas in a recent study by 

Beardsley and O’Donnell [116], abnormally retained spermatids did not show N-cadherin 

immunostaining in or around the heads, but it was present in the remaining residual 

bodies.  However, Mulholland et al [115] and Johnson and Boekelheide [117] have not 

observed cadherin staining in relation to ectoplasmic specializations and deny the idea 

that N-cadherin, or any cadherins, are present at the ectoplasmic specialization.  In 

these studies, N-cadherin has been found to be at the site of spermatocyte adhesion to 

the Sertoli cell.  Coimmunoprecipitation and chemical cross-linking experiments by Lee 

et al [113] have shown that Sertoli cell N-cadherin interacts with actin and vimentin.  

Unfortunately, in vivo studies of such proteins are near impossible because mutations in 

N- or E-cadherin are lethal in the early stages of development [118-120].   



 

 17 

N-cadherins are located in the Sertoli-germ cell junctional complex, and 

immunoneutralization of N-cadherin results in a reduction in spermatid adhesion [121].  

Perryman et al [121] and Lampa et al [122] have shown that follicle stimulating hormone 

(FSH) and testosterone control N-cadherin expression and spermatid binding.  

Moreover, upregulation of N-cadherin mRNA has also been seen in isolated Sertoli cells 

when exposed to FSH and estrogen [123]. 

Immunohistochemical studies have localized ß-catenin and p120ctn to the luminal 

edge of spermatogenic stage VII and VIII tubules [47] and p120ctn at Sertoli-Sertoli 

junctions, as well as at sites of Sertoli cell-elongated spermatid contact [112].  After 

spermiation, ß-catenin relocalizes to a more basal position around groups of elongated 

spermatids [47].  N-cadherin antisera coprecipitates ß-catenin [47, 110, 113] and p120ctn  

[47] before and after spermiation, and ß-catenin antisera coprecipitates N-cadherin [47, 

113] and p120ctn [47].  Finally, recent findings have suggested a necessary role of ß-

catenin in the activity of N-cadherin related to signal transduction within the Sertoli cell 

[74, 109]. 

Nectin-afadin-ponsin complex.  The nectin-afadin-ponsin complex has also 

been reported to be present at adherens junctions between Sertoli cells and round 

spermatids [124].  The calcium-independent cell adhesion protein nectin consists of one 

transmembrane domain, one cytoplasmic domain, and three Ig-like extracellular 

domains [125, 126].  Four nectins have been identified [127, 128], all of which have two 

or three splice variants (except nectin-4) [124-127, 129-133], and mediate cell adhesion 

by binding either homo- or heterotypically with another nectin on the adjacent cell 

membrane [124, 127, 133-135].   

In the testis, Northern blots have identified weak expression of nectins-1 and -4, 

moderate expression of nectin-2, and strong expression of nectin-3 [127, 133].  Nectin-3 
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is almost exclusively expressed by spermatids [136].  Nectin-2 is found in Sertoli cells, 

germ cells, and Leydig cells [136].  Nectin-2d is found at adhesion sites between Sertoli 

cells and elongated spermatids, colocalizing with F-actin at what appears to be the 

ectoplasmic specialization (see Ectoplasmic Specialization below), with its highest levels 

at stages VI – VIII of spermatogenesis [137].  Nectin-2-/- mice show abnormal sperm 

morphology and infertility [137].  Because of these studies, it is possible that the nectin-

afadin-ponsin complex may induce cell-cell adhesion in the seminiferous epithelium via a 

heterotypic nectin-based interaction [136].   

Afadin, an F-actin binding protein, connects the cytoplasmic domain of nectin to 

the actin cytoskeleton [138, 139].  Two splicing variants of this molecule exist: 1-afadin, 

found ubiquitously in tissues, including cells of the testis, and s-afadin, found exclusively 

in cells of the brain [138, 139].  Recently it has been demonstrated that the entire binding 

site for 1-afadin is found on a-catenin [140], thereby giving rise to the idea of cross-talk 

between the cadherin-catenin protein and the nectin-afadin-ponsin complexes.  For the 

localization of the nectin-afadin-ponsin complex to the adherens junction, a-catenin is 

needed [141].   

Ponsin is a cytoplasmic protein that associates with 1-afadin [142] or vinculin 

[143-146].  As a result, vinculin may be the protein that links the cadherin-catenin and 

nectin-afadin-ponsin complexes to each other [142].  Very little is known about the 

function of ponsin, but its presence in the testis has been shown via Northern blots [142].   

Integrin complex.  Though the integrins a1 through a6 and ß1 through ß3 have 

been identified in the testis [115, 147, 148], the most studied of these is the integrin 

receptor a6ß1, which has been localized to the Sertoli cell-germ cell interface [115, 148-

150].  This location is interesting, in that the traditional role of integrins is in cell binding 

to the extracellular matrix at hemidesmisomes and focal adhesions, interacting with 
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collagens and laminins [review [151]], not at adherens junctions, joining two cells.  

Laminin is a known binding partner for a6ß1 integrin [152], and it is the ?3 laminin chain 

(of laminin 12) that has been localized to the adluminal compartment of the seminiferous 

epithelium [153], thereby suggesting that laminin ?3 is a putative binding partner for 

a6ß1 integrin at the Sertoli-spermatid adherens junction.  The a6ß1 integrin is also 

thought to be involved in signaling events in the Sertoli cell via integrin-linked kinase 

[115].   

Integrins in the Sertoli cell convey bidirectional signals, prompting events such as 

tyrosine phosphorylation [154-156], activating downstream signal transducers, such as 

Rho GTPase and focal adhesion kinase (FAK), which affect cell adhesion [157, 158].  

For example, integrins at the apical Sertoli-spermatid ectoplasmic specialization are 

partially regulated by the integrin/ROCK (Rho-associated protein kinase)/LIM (Lin-11, Isl-

1, and Mec-3 kinase)/cofilin pathway [68, 157].  When cell-cell adhesion in the 

seminiferous epithelium was chemically perturbed using Adjudin (see Adjudin below), 

the proteins of this integrin/ROCK/LIM/cofilin pathway were shown to be upregulated, 

with changes in their phosphorylation status [159, 160].  In addition, when rats were 

pretreated with a ROCK inhibitor, the effects of Adjudin on the disruption of cell-cell 

adhesion were delayed [157].  Moreover, Adjudin has been shown to alter the 

integrin/FAK/phosphatidylinositol 3 (PI 3)-kinase/p130 Cas/ERK signaling pathway [158].   

Integrins also play a role in the signaling events associated with extracellular 

matrix remodeling and cell movement [161], involving cycles of cell adhesion and de-

adhesion [162, 163].  Several kinases that are found at the ectoplasmic specialization 

have been identified in the process of integrin-mediated cell signaling, including FAK 

[115, 158], Csk [47], integrin-linked kinase (ILK) [115], and Src [47, 158].   
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Ectoplasmic Specialization.  The ectoplasmic specialization is the unique 

cytoskeletal structure of the Sertoli cell that forms the principal component of the Sertoli-

spermatid adherens junction [31, 164, 165].  Abnormal or absent Sertoli ectoplasmic 

specializations have been associated with a reduction of mature sperm in semen [27, 

117, 166] and is thought to a major contributing factor in oligospermia [27, 167].  The 

morphology of these junctions has been well described, but the molecular composition of 

them still is not well understood. 

Ectoplasmic specializations are found basally in the Sertoli cell near Sertoli-

Sertoli tight junctions and between Sertoli cells and round (step-8) and elongating 

spermatids.  They consist of hexagonally packed bundles of actin filaments situated 

between the plasma membrane and a cistern of endoplasmic reticulum [168].  

Ectoplasmic specializations are important in cell-cell adhesion in the seminiferous 

epithelium and are dynamic structures that remodel during spermatogenesis.  The basal 

ectoplasmic specializations between Sertoli cells assemble and disassemble as germ 

cells move from the basal to the apical compartments of the seminiferous epithelium 

[review [7, 28, 150, 164, 168].  Apical ectoplasmic specializations are first seen in the rat 

at stage VIII of rat spermatogenesis, when the step-8 spermatid appears [164].  It is 

thought the ectoplasmic specialization forms in the Sertoli cell to strongly anchor the 

step-8 spermatid to the seminiferous epithelium [28, 164], since desmosome-like 

junctions no longer exist at this time between the Sertoli cell and the spermatid [28].  

However, until now, the actual strength of this junction has not been determined.  The 

ectoplasmic specialization is also thought to play a role in the positioning and the 

elongation of the spermatids, since throughout spermiogenesis, the ectoplasmic 

specializations remodel in adaptation to the morphological changes occurring to the 

spermatid heads in the Sertoli cell crypts [169-171].  The apical ectoplasmic 
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specialization is present until appropriate release of the step-19 spermatid [164], and 

inappropriate release of earlier stage spermatids (i.e., spermatid sloughing) is related to 

abnormal ectoplasmic specialization structure and oligospermia [18, 172].   

The best studied protein complex of the apical ectoplasmic specialization is the 

a6ß1 integrin [115, 147, 148], but a recent study has also suggested the presence of 

a4ß1 integrin [110].  The proteins existing at the basal ectoplasmic specializations are 

not as well characterized as those at the apical ectoplasmic specializations.  The nectin-

afadin-ponsin complex appears to be restricted to the apical ectoplasmic specializations 

[136], whereas the cadherin-catenin complex is largely found at basal ectoplasmic 

specializations [110, 113, 114].  However, N-cadherin has also been localized to the 

Sertoli-elongated spermatid junctions [47, 173], and N-cadherin immunostaining has 

been observed in and/or around the heads of elongated spermatids at stage VIII of 

spermatogenesis and was less intense following spermiation [110].  According to Wine 

et al [47], abnormally retained spermatids at stage IX of spermatogenesis also show 

positive immunostaining for N-cadherin around the heads of the elongated spermatids, 

but Beardsley and O’Donnell [116] maintain that abnormally retained spermatids do not 

show N-cadherin, whereas the remaining residual bodies do.  Mulholland et al [115] and 

Johnson and Boekelheide [117] contend that N-cadherin, or any other cadherins, are not 

present at the ectoplasmic specialization.  However, immunoneutralization of N-cadherin 

demonstrates a reduction in spermatid adhesion [121].  Immunohistochemistry has also 

localized ß-catenin and p120ctn to the luminal edge of tubules at stages VII and VIII of 

spermatogenesis [47, 112].  After spermiation, ß-catenin relocalizes to a more basal 

position around groups of elongated spermatids [47].  N-cadherin antisera also 

coprecipitates ß-catenin [47, 110, 113] and p120ctn before and after spermiation [47], 

while ß-catenin antisera coprecipitates N-cadherin [47, 113] and p120ctn [47].  Nectin-3 is 
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expressed in germ cells and heterotypically binds to nectin-2 on the Sertoli cell 

membrane [136].  Nectin-3 is reported to be restricted to sites of Sertoli cell-elongating 

spermatid interaction in stages VII and VIII of spermatogenesis [137].  Other proteins 

also are reported to provide functional contributions at the ectoplasmic specialization.  

These include actin [review [41]], a-actinin [[174], vinculin [175, 176], myosin VIIA [177], 

gelsolin [178], fimbrin [168], espin [179], paxillin [115], testin [180], integrin-linked kinase 

(ILK) [115], and Kelch-like neurofilament-E2-related molecule-associating protein 1 

(Keap1) [181, 182].  Keap 1 has been reported to be located at the ectoplasmic 

specialization [182], even though its binding partner, myosin VIIA [177], has not, 

indicating that Keap1 can associate with other molecules when at the ectoplasmic 

specialization.   

“Free” ectoplasmic specializations are also found within the Sertoli cell [7], 

though the significance of these remains unknown.  They may be part of left over 

attachment sites of adherens junctions not yet completely recycled. 

Espin.  Espin is an actin binding protein found in many organs but most 

abundantly in the testis [179], specifically the Sertoli cells, and shows no resemblance to 

other actin-binding proteins [183].  Espin in the seminiferous epithelium appears to be 

concentrated around the heads of spermatids from mid- to late spermiogenesis, as 

determined by immunoperoxidase immunocytochemistry [172, 179]; it is also seen near 

the base of the seminiferous tubules [179].  However, stages VI – VII of 

spermatogenesis demonstrate espin immunofluorescence primarily at the apical 

ectoplasmic specialization [68, 172, 179].  Sertoli cells surrounding step-8 spermatids, 

where an organized ectoplasmic specialization is first seen, demonstrate espin 

immunostaining in a C-shaped cap near the area where the spermatid meets the Sertoli 

cell [183].  This is not seen around step-7 spermatids [183].  Nearing spermiation, espin 
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immunostaining near the luminal edge of the seminiferous epithelium decreases and 

then disappears around the time of sperm release [172, 183].  This change in 

localization appears to reflect the disassembly of the ectoplasmic specialization [172, 

183].  Through immunogold electron microscopy, espin has been localized to the parallel 

bundles of actin filaments present at the ectoplasmic specialization in Sertoli cells [179].  

A smaller isoform of espin, termed “small espin,” has been seen associated with parallel 

actin bundles found in brush border microvilli in the kidney and intestine [184].  This 

further supports the hypothesis that espin is involved in the bundling of actin at the 

ectoplasmic specialization.   

Tubulobulbar Complexes.  The tubulobulbar complex is another modified 

adherens junction found between Sertoli cells at the level of the tight junction and 

between Sertoli cells and elongate spermatids that are ready for release into the tubule 

lumen [171, 185, 186].  This complex is a pair of tubular structures surrounded by actin, 

extending from the concave surface of the spermatid head [187].  It is believed 

tubulobulbar complexes aid in preventing the premature release of elongated spermatids 

[169], as well as remove cytoplasm from spermatids [185, 188], since in the presence of 

these complexes, the volume of cytoplasm is reduced by as much as 70% [185].  

Interestingly, unique to tubulobulbar complexes, the apical tubulobulbar complexes are 

not visible until a few days before spermiation, at stage VIII of spermatogenesis.  After 

spermiation, they are quickly internalized and degraded by the Sertoli cell [169, 187].  In 

contrast, basal tubulobulbar complexes form during stages II – V and are most abundant 

during stages  IV – V of spermatogenesis, while being least abundant at stages VI – VIII 

[41].  Each mature testicular spermatid can also contain 4 – 24 tubulobulbar complexes, 

thereby proposing a role in germ cell movement [185, 186].  They also may play a role in 
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the internalization of junctions during germ cell movement [166, 186, 189], since basal 

tubulobulbar complexes interact with tight and gap junctions [186]. 

Focal Contacts.  Also known as focal adhesions or adhesion plaques, these 

actin-based adhering junctions anchor cells to the extracellular matrix and are found in 

nearly every epithelia.  They are largely composed of integrins that connect the actin 

within the cell to the extracellular matrix.  These dynamic structures regulate cell 

movement and are known to participate in signal transduction [reviews [103, 190-194].  

This junction type has not been investigated in any depth in the testis, but proteins found 

at focal contacts are often also found at the ectoplasmic specialization.         

 Integrins, belonging to a family of aß heterodimeric transmembrane proteins, 

provide a physical link between the cell cytoskeleton and the extracellular matrix, as well 

as providing a mechanism to move signals bidirectionally across the plasma membrane 

to regulate many cell behaviors [151].  For example, in response to cell adhesion, 

integrin cytoplasmic-domain-associated protein-1 can be phosphorylated by protein 

kinase C (PKC), cAMP-/cGMP-dependent kinases, and calcium/calmodulin-dependent 

protein kinase II [195].   

The adaptor protein vinculin is functionally related to a-catenin [196] and is found 

at focal contacts in several epithelia, as well as cell-cell anchoring junctions.  Vinculin is 

mostly found at the E-cadherin-catenin complex [197].  When vinculin expression was 

blocked in 3T3 cells, cell adhesion was disrupted and cell motility increased [198], 

whereas its overexpression decreased movement of the cell [199].  Vinculin, a substrate 

for tyrosine and serine/threonine protein kinases [200], can substitute for a-catenin in 

functional adherens junctions [197].  In the testis, this protein is found in both the apical 

and basal ectoplasmic specializations [175, 176] in the cytoplasm of the Sertoli cell [47, 

172]. 
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Another component of the focal contact is talin, which has actin-binding sites, as 

well as binding sites for focal adhesion kinase [201], phospholipids [202], vinculin [203], 

TES [204], and layilin [205].  Since talin can bind to the cytoplasmic tails of ß1, ß2, ß3, 

and ß7 integrins [206-209], talin and integrin together are required for focal adhesion 

assembly [210].  Cell adhesion and movement are disrupted when talin is blocked in 

fibroblasts and HeLa cells [211].  This protein is also found in the testis [212]. 

Desmosomes.  Desmosomes are cell-cell anchoring junctions that attach to 

intermediate filaments.  These highly organized spots between cells are situated 

between two plaques [review [213] which consist of two domains: (1) an extracellular 

core (desmoglea) and (2) several dense symmetrical cytoplasmic plaques that are 

parallel to the membrane.   

Three protein families make up the desmosome: (1) cadherins (desmocollins and 

desmogleins), (2) armadillo proteins, and (3) plakins (review [214]).  The desmosomal 

cadherins are connected to the intermediate filaments via proteins such as plakoglobin 

(?-catenin), desmoplakin, and plakophilin.  Plakoglobin is common to both desmosomes 

and adherens junctions [215].  Other proteins are also thought to play roles, including 

intermediate filaments and associated proteins (IFAP) 300 [216], desmocalmin [217], 

periplakin [218], envoplakin [218], plectin [219], and pinin [220].  Though desmosomes 

have been most extensively studied in the epidermis, their architecture in the testis, 

except for the presence of plakoglobin [113], remains unknown [review [28, 43]. 

Hemidesmosomes.  The hemidesmosome is found on the basal lamina in the 

testis, between the Sertoli cell and the basement membrane [221].  Similar to focal 

adhesions, these junctions connect the cytoskeleton of a cell to the basement 

membrane, but use intermediate filaments instead of actin.  Integrins are the only protein 

of the hemidesmosome that has been characterized, with ß4 integrin as crucial [review 
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[222].  In the early 1990s, a monoclonal antibody (1-2B7B) raised against a component 

of hemidesmisomes reacted with a protein that localized to the basement membrane of 

the testis [223].  To this day, this protein has yet to be identified.   

Gap communicating junctions 

 Gap communicating junctions allow the exchange of small molecules and ions 

between cells through intercellular channels formed by the noncovalent interaction of 

two hemichannels (connexons).  Each cell contributes a connexon, and the connexon is 

usually found clustered with other connexons to form a plaque.  These connexons are 

composed of six integral membrane subunits (connexins) that surround a hydrophilic 

pore [review [75, 224].   At last 20 connexins have been discovered in mammalian 

tissues [review [224]. 

Though the presence of gap communicating junctions between Sertoli cells has 

been known for several decades [60], it wasn’t until 1996 [225] that stage-specific 

expression of connexins was determined.  The best studied connexin, connexin43, is 

found at Sertoli cell gap junctions, which has the most intense staining detected during 

stages I – VIII of spermatogenesis, in addition to reported increases in staining intensity 

appearing during testicular development [226].  Other studies have shown that gap 

junctions exist between Sertoli cells and pachytene spermatocytes in vitro [227, 228].  

Connexin33 is also a testis-specific and expressed mainly in germ cells [74].  At least 13 

connexins have been identified thus far in the testis [229].   

Gap communicating junctions appear to mediate signals between Sertoli cell and 

germ cells, thereby indicating an important role in the development of spermatids in the 

seminiferous epithelium.   

Although a great deal has been learned about Sertoli cell junctions, especially 

from studies in vitro, these studies have all been accomplished almost entirely by using 
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primary cell isolates, limiting the practicability of these types of studies.  Although several 

Sertoli cell lines exist, one exhibiting the capability of binding spermatids would greatly 

expedite these types of studies.  A more detailed description of immortalized Sertoli cell 

lines is presented in Appendix 2. 

Male infertility and Adjudin 

A number of health-related conditions are associated with reduced fertility 

potential and oligospermia in men, including varicocele [230], hyperprolactinemia [231], 

diabetes [232], and idiopathic oligospermia [233].  These conditions all are associated 

with reduced sperm in the semen, i.e., oligospermia, and ultrastructural pathology 

unique to the junctional apparatus of the seminiferous epithelium [233].  Cap stage 

spermatids in the human (step-8 spermatids in the rat) are presumed to be tightly 

anchored to the seminiferous epithelium at a Sertoli cell adherens junction, which 

includes the unique Sertoli ectoplasmic specialization [31, 165].  In both in vitro and in 

vivo observations of experimental animal models, disruption of this junction resulted in 

spermatid sloughing and subsequent oligospermia [18, 117, 166, 172].  

 Due in part to both the lack of comprehension about the process and the 

complexity of spermatogenesis, the development of a safe, effective, and reversible 

(oral) contraceptive for men lags far behind that for women.  Currently all that is 

available to men in this form of contraception is the condom or abstinence.     

 Early attempts to develop a male oral contraceptive pill were based on using 

testosterone to turn off sperm production via signals from the brain [234], as is seen with 

the female oral contraceptive.  However, this has not been as successful as in the 

female and several side effects exist.  Other methods of hormone delivery, such as the 

patch, have also not been highly successful. 
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Lonidamine (1-[2,4-dichlorobenzyl]-indazole-3-carboxylic acid) is an anticancer 

drug that disrupts the respiratory process of cells with condensed mitochondria, such as 

cancer cells and spermatids [235, 236].  Lonidamine also causes vacuolation and 

retraction of apical cytoplasm in the Sertoli cell in the rat, thereby releasing germ cells 

into the lumen of the seminiferous epithelium [237].  However, at high doses, lonidamine 

is toxic and irreversible [159].  Therefore, in an effort to produce a safe male 

contraceptive, Cheng et al [159] developed two analogs to lonidamine – 1-(2,4-

dichlorobenzyl)-indazole-3-carbohydrazide (AF-2364, now known as Adjudin) and 1-

(2,4-dichlorobenzyl)-indazole-3-acrylic acid (AF-2785), both with the potential to be male 

contraceptives.   

Throughout recent years, it has been discovered that Adjudin is a better 

candidate for male contraception than AF-2785.  Essentially, administration of Adjudin 

depletes seminiferous tubules of germ cells [159, 160].  Studies have shown that this 

compound has little or no effect on organs not involved in reproduction [160], in that the 

metabolic processes of organs such as the liver, kidney and brain are left undisturbed 

with the administration of Adjudin.  By 24 – 48 hours >95% of Adjudin is removed from 

nearly all organs [238].  The hypothalamic-pituitary-testicular axis also appears to remain 

unaffected by Adjudin administration, in that negligible changes in serum FSH, LH and 

testosterone have been observed.   

The rapid depletion of round and elongating spermatids, and the consequent 

ultimate depletion of spermatocytes, occurred in the rat with a weekly treatment of 50 mg 

Adjudin/kg body weight (bw; via gavage) for five weeks [160].  Twenty-nine days after 

the initial dose of Adjudin, the fertility efficacy fell to zero and remained at 0% for up to 

90 days [160].  At 104 days post-treatment, fertility resumed, with 25% of the rats siring 

a normal litter size, and after 157 days, the fertility efficacy rose to 75% [160].  Only 25% 
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of the rats remained infertile at 197 days (the last mating period) [160].  After only six 

days from the initial dose of Adjudin, many seminiferous tubules were found to be devoid 

of elongated spermatids, and structural disorganization was seen via prominent spaces 

within the germinal epithelium [160].  At 40 days after initial treatment, 98% of the 

seminiferous tubules were devoid of spermatocytes and spermatids [160].  The diameter 

of the seminiferous epithelium was reduced by 30%, and no apparent changes were 

seen in the interstitium of the testis [160].  Regeneration of the germinal epithelium 

began at 100 days post-treatment, and at 130 days post-treatment, normal 

spermatogenic activity was seen [160].  By 210 days post-treatment, 95% of the 

seminiferous tubules demonstrated normal morphology [160].  Testicular weight 

decreased by 70% until day 210 post-treatment [160]. 

Most vulnerable to Adjudin treatment is the site of the apical ectoplasmic 

specialization and tubulobulbar complexes [239].  The desmosome-like junctions 

between Sertoli cells and spermatids and spermatocytes are also affected [157, 158, 

239].  In as little as four hours after the administration of Adjudin (50 mg/kg bw, gavage), 

damage to the adherens junction between the Sertoli cell and spermatid was seen via 

electron microscopy [173], in that many distinct intercellular spaces existed, leading to 

spermatid sloughing.   

Lui et al [157] have determined that Adjudin initially activates the 

integrin/cadherin/testin protein complex at the site of the ectoplasmic specialization.  

Downstream activation by Adjudin then occurs in the integrin/ROCK/LIM kinase/cofilin 

[157] and integrin/FAK/PI 3-kinase/p130 Cas/MAP kinase pathways [158].  In other 

epithelia Adjudin has no effect on cell adhesion [157].  These data suggested that 

Adjudin works at the level of the ectoplasmic specialization.  A recent study confirmed 

this idea, in that it used a biotinylated UV-cross-linking analog of lonidamine (the parent 
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compound of Adjudin) and showed that lonidamine bound tightly to actin stress fibers in 

Sertoli cells [240].  In addition, Adjudin may cause germ cell loss in the seminiferous 

epithelium by disrupting the homeostasis of proteases and protease inhibitors at sites of 

cell adhesion [241].  Siu et al [241] showed the Adjudin-induced spermatid sloughing 

involved the activation of metalloproteases (MMP).  MMP-2 and MMP-9 inhibitors delay 

the loss of elongating/elongate spermatids by Adjudin [241].  Further studies of Adjudin 

have demonstrated that the efficacy of this compound is quite poor when administered 

intramuscularly, as well as having a relatively low bioavailability when given by gavage in 

adult rats [238].  An important finding in the studies of Adjudin has been that only <7% of 

Adjudin administered orally is absorbed [238].  However, the dosage has been adjusted 

to induce effective and reversible infertility [238].  Doses of Adjudin at 37.5 – 50 mg/kg 

body weight every week for 2 – 3 doses via gavage are highly effective in inducing 

reversible infertility in male rats are [238], which is also maintained when given 

intraperitoneally but not intramuscularly.  The most effective course of administration of 

Adjudin is two doses at 50 mg/kg bw every week [238].  Two or more doses are 

possible, but it takes longer to regain fertility, and in some instances, only partial fertility 

is then achieved, due to a loss of spermatogonia [238].  The bioavailability of Adjudin 

was increased 2 -3 fold with micronized Adjudin at <53 µm particle size (i.e., 16 mg /kg 

bw versus 50 mg/kg bw) [238].  Though the bioavailability of this compound is low, it 

may still be an appropriate and effective contraceptive in the male [238].  It is apparent 

that the efficacy of Adjudin can be improved with a finer version of the micronized drug, 

perhaps at a particle size of <5 µm [238].  Even though the absorption is low, 

microionized Adjudin can be prepared and does increase the bioavailability [238].  

Currently, the understanding of the exact molecular mechanism by which Adjudin 

exerts its affects is limited.  The protein complex that acts as a receptor for Adjudin or is 
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targeted by this compound is unknown [238].  What is understood is that the first step of 

the process is the activation of the integrin/laminin complex and the subsequent 

downstream activation of either the RhoB/ROCK/LIM kinase/cofilin [157] or the FAK/PI 

3-kinase/p130Cas/MAP kinase pathway [242].  This results in a change in the 

polymerization/depolymerization of the actin cytoskeleton in the Sertoli cell, inducing 

spermatid sloughing [238].  Studies using androgen suppression-induced spermatid 

sloughing have also shown similar activation of protein kinases, as has been reported to 

occur after Adjudin administration [243].  Though the levels of N-cadherin and ß-catenin 

increased with the hormone suppression-induced spermatid sloughing (also reported to 

occur after the administration of Adjudin), tyrosine phosphorylation of ß-catenin 

increased, and the specific interaction between N-cadherin and ß-catenin decreased 

[243].  It has been suggested that this also may be a crucial mechanism for the action of 

Adjudin in spermatid sloughing [243].   

Specific aims and general hypothesis 

 To develop efficient and reversible contraceptives in the male by manipulating 

the spermatogenic process in a definable manner, one popular approach today is the 

targeted and controlled disruption of the junctional dynamics within the seminiferous 

epithelium, in particular the Sertoli cell-spermatid adherens junction.  The specific aims 

of this doctoral research were: (1) to measure the strength of junctions between germ 

cells and Sertoli cells in vitro and determine if the presence of the unique ectoplasmic 

specialization between Sertoli cells and step-8 spermatids actually results in an increase 

in the binding strength between these two cell types; (2) to determine if Sertoli cell lines 

(sk11, sk9, and sk11 TNUA5) are as effective as primary Sertoli cell isolates in Sertoli 

cell-spermatid binding studies in vitro; and (3) to determine if the potential contraceptive 
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agent Adjudin disrupts the junctional strength between the Sertoli cell and step-8 

spermatid in vitro. 

The specific aims of this dissertation project (Chapters 2 – 4) are based on the 

scientific prerequisite that potential contraceptive agent, such as Adjudin, can only be 

realized when its targeted mechanism of action, which in this case is the disruption of 

Sertoli-spermatid junctions, is clearly defined.  It is hypothesized that the mechanism of 

action of Adjudin, pertinent to its putative contraceptive effect, is the disruption of the 

Sertoli cell-spermatid junction. 

 
 

 



 

 33 

 

 

 

REFERENCES 

 

1. Leblond CP, Steinberger E, Roosen-Runge EC. Spermatogenesis. In: CG H (ed.) 

Mechanisms Concerned With Conception. New York: MacMillan Co; 1963: 1-72. 

2. Steinberger E, Steinberger A. Spermatogenic function of the testis. In: Greep 

RO, Astwood EB (eds.), Handbook of Physiology. Baltimore: Waverly Press; 

1975: 325-345. 

3. Johnson AD, Gomes WR, Vandemark NL. The Testis Volume 1: Development, 

Anatomy, and Physiology. New York: Academic Press; 1970. 

4. Courot M, Hochereau-de-Reviers M, Ortavant R. Spermatogenesis. In: A.D. J, 

W.R. G, N.L. V (eds.), The Testis, vol. 1. New York: Academic Press; 1970: 339-

432. 

5. Leblond CP, Clermont Y. Definition of the stages of the cycle of the seminiferous 

epithelium in the rat. Ann N Y Acad Sci 1952; 55: 548-573. 

6. Parvinen M. Regulation of the seminiferous epithelium. Endocr Rev 1982; 3: 404-

417. 

7. de Kretser DM, Kerr JB. The cytology of the testis. In: Knobil E, Neill J, Ewing L, 

Greenwald G, Markert C, Pfaff D (eds.), The physiology of reproduction. New 

York: Raven Press; 1988: 837-932. 

8. Heller CG, Clermont Y. Spermatogenesis in man: an estimate of its duration. 

Science 1963; 140: 184-186. 

9. Clermont Y. The cycle of the seminiferous epithelium in man. Am J Anat 1963; 

112: 35-51. 



 

 34 

10. Rannikki AS, Zhang FP, Huhtaniemi IT. Ontogeny of follicle-stimulating hormone 

receptor gene expression in the rat testis and ovary. Mol Cell Endocrinol 1995; 

107: 199-208. 

11. Eblen A, Bao S, Lei ZM, Nakajima ST, Rao CV. The presence of functional 

luteinizing hormone/chorionic gonadotropin receptors in human sperm. J Clin 

Endocrinol Metab 2001; 86: 2643-2648. 

12. Anawalt BD, Bebb RA, Matsumoto AM, Groome NP, Illingworth PJ, McNeilly AS, 

Bremner WJ. Serum inhibin B levels reflect Sertoli cell function in normal men 

and men with testicular dysfunction. J Clin Endocrinol Metab 1996; 81: 3341-

3345. 

13. Hikim AP, Wang C, Leung A, Swerdloff RS. Involvement of apoptosis in the 

induction of germ cell degeneration in adult rats after gonadotropin-releasing 

hormone antagonist treatment. Endocrinology 1995; 136: 2770-2775. 

14. Meachem SJ, McLachlan RI, Stanton PG, Robertson DM, Wreford NG. FSH 

immunoneutralization acutely impairs spermatogonial development in normal 

adult rats. J Androl 1999; 20: 756-762; discussion 755. 

15. Russell LD, Corbin TJ, Borg KE, De Franca LR, Grasso P, Bartke A. 

Recombinant human follicle-stimulating hormone is capable of exerting a 

biological effect in the adult hypophysectomized rat by reducing the numbers of 

degenerating germ cells. Endocrinology 1993; 133: 2062-2070. 

16. Zhengwei Y, Wreford NG, Royce P, de Kretser DM, McLachlan RI. Stereological 

evaluation of human spermatogenesis after suppression by testosterone 

treatment: heterogeneous pattern of spermatogenic impairment. J Clin 

Endocrinol Metab 1998; 83: 1284-1291. 



 

 35 

17. Sinha-Hikim AP, Swerdloff RS. Temporal and stage-specific changes in 

spermatogenesis of rat after gonadotropin deprivation by a potent gonadotropin-

releasing hormone antagonist treatment. Endocrinology 1993; 133: 2161-2170. 

18. O'Donnell L, McLachlan RI, Wreford NG, de Kretser DM, Robertson DM. 

Testosterone withdrawal promotes stage-specific detachment of round 

spermatids from the rat seminiferous epithelium. Biol Reprod 1996; 55: 895-901. 

19. Zhengwei Y, Wreford NG, Bremner WJ, Matsumoto AM, Anawalt BA, McLachlan 

RI. Immature spermatids are not prevalent in semen from men who are receiving 

androgen-based contraceptive regimens. Fertil Steril 1998; 69: 89-95. 

20. Russell LD, Clermont Y. Degeneration of germ cells in normal, 

hypophysectomized and hormone treated hypophysectomized rats. Anat Rec 

1977; 187: 347-366. 

21. Saito K, O'Donnell L, McLachlan RI, Robertson DM. Spermiation failure is a 

major contributor to early spermatogenic suppression caused by hormone 

withdrawal in adult rats. Endocrinology 2000; 141: 2779-2785. 

22. O'Donnell L, McLachlan RI, Wreford NG, Robertson DM. Testosterone promotes 

the conversion of round spermatids between stages VII and VIII of the rat 

spermatogenic cycle. Endocrinology 1994; 135: 2608-2614. 

23. McLachlan RI, Wreford NG, O'Donnell L, de Kretser DM, Robertson DM. The 

endocrine regulation of spermatogenesis: independent roles for testosterone and 

FSH. J Endocrinol 1996; 148: 1-9. 

24. Weinbauer GF, Nieschlag E. Endocrine control of germ cell proliferation in the 

primate testis. What do we really know? Adv Exp Med Biol 1997; 424: 51-58. 

 



 

 36 

25. Aslam H, Rosiepen G, Krishnamurthy H, Arslan M, Clemen G, Nieschlag E, 

Weinbauer GF. The cycle duration of the seminiferous epithelium remains 

unaltered during GnRH antagonist-induced testicular involution in rats and 

monkeys. J Endocrinol 1999; 161: 281-288. 

26. Cameron DF, Muffly KE. Hormonal regulation of spermatid binding. J Cell Sci 

1991; 100 ( Pt 3): 623-633. 

27. Muffly KE, Nazian SJ, Cameron DF. Effects of follicle-stimulating hormone on the 

junction-related Sertoli cell cytoskeleton and daily sperm production in 

testosterone-treated hypophysectomized rats. Biol Reprod 1994; 51: 158-166. 

28. Russell LD. Morphological and functional evidence for Sertoli-germ cell 

relationships. In: Russell LD, Griswold MD (eds.), The Sertoli Cell. Clearwater: 

Cache River Press; 1993. 

29. El Shennawy A, Gates RJ, Russell LD. Hormonal regulation of spermatogenesis 

in the hypophysectomized rat: cell viability after hormonal replacement in adults 

after intermediate periods of hypophysectomy. J Androl 1998; 19: 320-334; 

discussion 341-322. 

30. Fawcett DW. Ultrastructure and function of the Sertoli cell. In: Hamilton D, Greep 

RO (eds.), Handbook of physiology. Washington DC: American Physiological 

Society; 1975: 21-25. 

31. Russell L. Sertoli-germ cell interrelations: a review. Gamete Res 1980; 3: 179-

202. 

32. Griswold MD, Morales C, Sylvester SR. Molecular biology of the Sertoli cell. Oxf 

Rev Reprod Biol 1988; 10: 124-161. 



 

 37 

33. Bardin C, Cheng C, Musto N, Gunsalus G. The Sertoli cell. In: Knobil E, Neill J, 

Ewing L, Greenwald G, Markert C, Pfaff D (eds.), The physiology of reproduction. 

New York: Raven Press; 1988: 933-974. 

34. de Kretser DM. Germ cell-Sertoli cell interactions. Reprod Fertil Dev 1990; 2: 

225-235. 

35. Morales C, Clermont Y. Structural changes of the Sertoli cell during the cycle of 

the seminiferous epithelium. In: Russell L, Griswold MD (eds.), The Sertoli cell. 

Clearwater: Cache River Press; 1993: 305-329. 

36. Russell L. Form, dimensions, and cytology of mammalian Sertoli cells. In: Russell 

LD, Griswold MD (eds.), The Sertoli cell. Clearwater: Cache River Press; 1993: 

1-37. 

37. Russell LD. Role in spermiation. In: Russell LD, Griswold MD (eds.), The Sertoli 

cell. Clearwater: Cache River Press; 1993: 269-303. 

38. Russell LD, Ren HP, Sinha Hikim I, Schulze W, Sinha Hikim AP. A comparative 

study in twelve mammalian species of volume densities, volumes, and numerical 

densities of selected testis components, emphasizing those related to the Sertoli 

cell. Am J Anat 1990; 188: 21-30. 

39. Wong V, Russell LD. Three-dimensional reconstruction of a rat stage V Sertoli 

cell: I. Methods, basic configuration, and dimensions. Am J Anat 1983; 167: 143-

161. 

40. Weber JE, Russell LD, Wong V, Peterson RN. Three-dimensional reconstruction 

of a rat stage V Sertoli cell: II. Morphometry of Sertoli--Sertoli and Sertoli--germ-

cell relationships. Am J Anat 1983; 167: 163-179. 



 

 38 

41. Vogl AW, Pfeiffer DC, Redenbach DM, Grove BD. Sertoli cell cytoskeleton. In: 

Russell LD, Griswold MD (eds.), The Sertoli cell. Clearwater: Cache River Press; 

1993: 39-86. 

42. Vogl AW. Distribution and function of organized concentrations of actin filaments 

in mammalian spermatogenic cells and Sertoli cells. Int Rev Cytol 1989; 119: 1-

56. 

43. Russell LD, Peterson RN. Sertoli cell junctions: morphological and functional 

correlates. Int Rev Cytol 1985; 94: 177-211. 

44. Goldman R, Goldman A, Green K, Jones J, Lieska N, Yang HY. Intermediate 

filaments: possible functions as cytoskeletal connecting links between the 

nucleus and the cell surface. Ann N Y Acad Sci 1985; 455: 1-17. 

45. Klymkowsky MW, Bachant JB, Domingo A. Functions of intermediate filaments. 

Cell Motil Cytoskeleton 1989; 14: 309-331. 

46. Amlani S, Vogl AW. Changes in the distribution of microtubules and intermediate 

filaments in mammalian Sertoli cells during spermatogenesis. Anat Rec 1988; 

220: 143-160. 

47. Wine RN, Chapin RE. Adhesion and signaling proteins spatiotemporally 

associated with spermiation in the rat. J Androl 1999; 20: 198-213. 

48. Vogl AW. Changes in the distribution of microtubules in rat Sertoli cells during 

spermatogenesis. Anat Rec 1988; 222: 34-41. 

49. Byers SW, Pelletier RM, Suarez-Quain C. Sertoli cell junctions and the 

seminiferous epithelium barrier. In: Russell LD, Griswold MD (eds.), The Sertoli 

cell. Clearwater: Cache River Press; 1993: 431-446. 

 



 

 39 

50. Nusrat A, Turner JR, Madara JL. Molecular physiology and pathophysiology of 

tight junctions. IV. Regulation of tight junctions by extracellular stimuli: nutrients, 

cytokines, and immune cells. Am J Physiol Gastrointest Liver Physiol 2000; 279: 

G851-857. 

51. Walsh SV, Hopkins AM, Nusrat A. Modulation of tight junction structure and 

function by cytokines. Adv Drug Deliv Rev 2000; 41: 303-313. 

52. Voglmayr JK, Waites GM, Setchell BP. Studies on spermatozoa and fluid 

collected directly from the testis of the conscious ram. Nature 1966; 210: 861-

863. 

53. Ribbert H. Abscheidung intravenous injizierten gelosten Karminis in der 

Geweben. Z Allgem Physiol 1904; 4: 201-214. 

54. Goldman E. Die auss (gesunden und Knauken organismus im lechte der vitaken 

Farbung. Bruns Bietr Klin Chir 1909; 64: 192-265. 

55. de Bruyn P, Robertson RC, Farr RS. In vivo affinity of diaminoacridines for 

nuclei. Anat Rec 1950; 108: 279-307. 

56. Waites GM, Jones AR, Main SJ, Cooper TG. The entry of antifertility and other 

compounds into the testis. Adv Biosci 1973; 10: 101-116. 

57. Setchell BP, Hinton BT, Jacks F, Davies RV. The restricted penetration of 

iodinated rat FSH and LH into the seminiferous tubules of the rat testis. Mo l Cell 

Endocrinol 1976; 6: 59-69. 

58. Russell LD. The blood-testis barrier and its formation relative to spermatocyte 

maturation in the adult rat: a lanthanum tracer study. Anat Rec 1978; 190: 99-

111. 



 

 40 

59. Setchell BP, Laurie M, Main SJ, Goats G. The mechanism of transport of 

testosterone through the walls of the seminiferous tubules of the rat testis. Int J 

Androl (Suppl) 1978; 2: 506-512. 

60. Dym M, Fawcett DW. The blood-testis barrier in the rat and the physiological 

compartmentation of the seminiferous epithelium. Biol Reprod 1970; 3: 308-326. 

61. Kissinger C, Skinner MK, Griswold MD. Analysis of Sertoli cell-secreted proteins 

by two-dimensional gel electrophoresis. Biol Reprod 1982; 27: 233-240. 

62. Mather JP, Gunsalus GL, Musto NA, Cheng CY, Parvinen M, Wright W, Perez-

Infante V, Margioris A, Liotta A, Becker R, Krieger DT, Bardin CW. The hormonal 

and cellular control of Sertoli cell secretion. J Steroid Biochem 1983; 19: 41-51. 

63. Sharpe RM. Bidirectional secretion by the Sertoli cell. Int J Androl 1988; 11: 87-

91. 

64. Griswold MD. Interactions between germ cells and Sertoli cells in the testis. Biol 

Reprod 1995; 52: 211-216. 

65. Sylvester SR, Griswold MD. Molecular biology of iron transport in the testis. In: 

de Kretser D (ed.) Molecular biology of the male reproductive system. San Diego: 

Academic Press; 1993: 311-326. 

66. Beagley K, Wu Z, Pomering M, Jones R. Immune responses in the epididymis: 

implications for immunocontraception. J Reprod Fertil (Suppl) 1998; 53: 235-245. 

67. Madara JL. Regulation of the movement of solutes across tight junctions. Annu 

Rev Physiol 1998; 60: 143-159. 

68. Mruk DD, Cheng CY. Sertoli-Sertoli and Sertoli-germ cell interactions and their 

significance in germ cell movement in the seminiferous epithelium during 

spermatogenesis. Endocr Rev 2004. 



 

 41 

69. Pelletier RM, Friend DS. The Sertoli cell junctional complex: structure and 

permeability to filipin in the neonatal and adult guinea pig. Am J Anat 1983; 168: 

213-228. 

70. Pelletier RM. Cyclic modulation of Sertoli cell junctional complexes in a seasonal 

breeder: the mink (Mustela vison). Am J Anat 1988; 183: 68-102. 

71. Pelletier RM. A novel perspective: the occluding zonule encircles the apex of the 

Sertoli cell as observed in birds. Am J Anat 1990; 188: 87-108. 

72. Byers SW, Jegou B, MacCalman CD, Blaschuk OW. Sertoli cell adhesion 

molecules and the collective organization of the testis. In: Russell LD, Griswold 

MD (eds.), The Sertoli cell. Clearwater: Cache River Press; 1993: 461-476. 

73. Gondos B, Berndston W. Postnatal and pubertal development. In: Russell LD, 

Griswold MD (eds.), The Sertoli cell. Clearwater: Cache River Press; 1993: 115-

154. 

74. Chung SS, Lee WM, Cheng CY. Study on the formation of specialized inter-

Sertoli cell junctions in vitro. J Cell Physiol 1999; 181: 258-272. 

75. Lodish H, Berk A, Zipursky S, Matsudaira P, Baltimore D, Darnell J. Molecular 

cell biology. New York: WH Freeman and Co; 1999. 

76. Suzuki ST. Structural and functional diversity of cadherin superfamily: are new 

members of cadherin superfamily involved in signal transduction pathway? J Cell 

Biochem 1996; 61: 531-542. 

77. Yap AS, Brieher WM, Gumbiner BM. Molecular and functional analysis of 

cadherin-based adherens junctions. Annu Rev Cell Dev Biol 1997; 13: 119-146. 

78. Vleminckx K, Kemler R. Cadherins and tissue formation: integrating adhesion 

and signaling. Bioessays 1999; 21: 211-220. 



 

 42 

79. Blaschuk OW, Rowlands TM. Plasma membrane components of adherens 

junctions (Review). Mol Membr Biol 2002; 19: 75-80. 

80. Blaschuk OW, Sullivan R, David S, Pouliot Y. Identification of a cadherin cell 

adhesion recognition sequence. Dev Biol 1990; 139: 227-229. 

81. Takeichi M. Cadherins: key molecules for selective cell-cell adhesion. IARC Sci 

Publ 1988: 76-79. 

82. Takeichi M. The cadherins: cell-cell adhesion molecules controlling animal 

morphogenesis. Development 1988; 102: 639-655. 

83. Hynes RO. Specificity of cell adhesion in development: the cadherin superfamily. 

Curr Opin Genet Dev 1992; 2: 621-624. 

84. Aberle H, Schwartz H, Kemler R. Cadherin-catenin complex: protein interactions 

and their implications for cadherin function. J Cell Biochem 1996; 61: 514-523. 

85. Huber O, Bierkamp C, Kemler R. Cadherins and catenins in development. Curr 

Opin Cell Biol 1996; 8: 685-691. 

86. Gumbiner BM. Regulation of cadherin adhesive activity. J Cell Biol 2000; 148: 

399-404. 

87. Herrenknecht K. Cadherins. In: Horton M (ed.) Molecular biology of cell 

adhersion molecules. New York: John Wiley, Sons; 1992: 45-70. 

88. Aberle H, Schwartz H, Hoschuetzky H, Kemler R. Single amino acid substitutions 

in proteins of the armadillo gene family abolish their binding to alpha-catenin. J 

Biol Chem 1996; 271: 1520-1526. 

89. Vasioukhin V, Fuchs E. Actin dynamics and cell-cell adhesion in epithelia. Curr 

Opin Cell Biol 2001; 13: 76-84. 

90. Bullions LC, Levine AJ. The role of beta-catenin in cell adhesion, signal 

transduction, and cancer. Curr Opin Oncol 1998; 10: 81-87. 



 

 43 

91. Polakis P. The oncogenic activation of beta-catenin. Curr Opin Genet Dev 1999; 

9: 15-21. 

92. Rowlands TM, Symonds JM, Farookhi R, Blaschuk OW. Cadherins: crucial 

regulators of structure and function in reproductive tissues. Rev Reprod 2000; 5: 

53-61. 

93. Hiscox S, Jiang WG. Ezrin regulates cell-cell and cell-matrix adhesion, a possible 

role with E-cadherin/beta-catenin. J Cell Sci 1999; 112 Pt 18: 3081-3090. 

94. Tian YC, Phillips AO. Interaction between the transforming growth factor-beta 

type II receptor/Smad pathway and beta-catenin during transforming growth 

factor-beta1-mediated adherens junction disassembly. Am J Pathol 2002; 160: 

1619-1628. 

95. Yap AS, Niessen CM, Gumbiner BM. The juxtamembrane region of the cadherin 

cytoplasmic tail supports lateral clustering, adhesive strengthening, and 

interaction with p120ctn. J Cell Biol 1998; 141: 779-789. 

96. Daniel JM, Reynolds AB. The catenin p120(ctn) interacts with Kaiso, a novel 

BTB/POZ domain zinc finger transcription factor. Mol Cell Biol 1999; 19: 3614-

3623. 

97. Anastasiadis PZ, Reynolds AB. Regulation of Rho GTPases by p120-catenin. 

Curr Opin Cell Biol 2001; 13: 604-610. 

98. Daniel JM, Reynolds AB. Tyrosine phosphorylation and cadherin/catenin 

function. Bioessays 1997; 19: 883-891. 

99. Brady-Kalnay SM, Tonks NK. Protein tyrosine phosphatases as adhesion 

receptors. Curr Opin Cell Biol 1995; 7: 650-657. 

100. Braga V. Epithelial cell shape: cadherins and small GTPases. Exp Cell Res 

2000; 261: 83-90. 



 

 44 

101. Yap AS, Kovacs EM. Direct cadherin-activated cell signaling: a view from the 

plasma membrane. J Cell Biol 2003; 160: 11-16. 

102. Sastry SK, Burridge K. Focal adhesions: a nexus for intracellular signaling and 

cytoskeletal dynamics. Exp Cell Res 2000; 261: 25-36. 

103. Schwartz MA, Shattil SJ. Signaling networks linking integrins and rho family 

GTPases. Trends Biochem Sci 2000; 25: 388-391. 

104. Kamei T, Matozaki T, Sakisaka T, Kodama A, Yokoyama S, Peng YF, Nakano K, 

Takaishi K, Takai Y. Coendocytosis of cadherin and c-Met coupled to disruption 

of cell-cell adhesion in MDCK cells--regulation by Rho, Rac and Rab small G 

proteins. Oncogene 1999; 18: 6776-6784. 

105. Le TL, Yap AS, Stow JL. Recycling of E-cadherin: a potential mechanism for 

regulating cadherin dynamics. J Cell Biol 1999; 146: 219-232. 

106. Matsuyoshi N, Hamaguchi M, Taniguchi S, Nagafuchi A, Tsukita S, Takeichi M. 

Cadherin-mediated cell-cell adhesion is perturbed by v-src tyrosine 

phosphorylation in metastatic fibroblasts. J Cell Biol 1992; 118: 703-714. 

107. Behrens J, Vakaet L, Friis R, Winterhager E, Van Roy F, Mareel MM, Birchmeier 

W. Loss of epithelial differentiation and gain of invasiveness correlates with 

tyrosine phosphorylation of the E-cadherin/beta-catenin complex in cells 

transformed with a temperature-sensitive v-SRC gene. J Cell Biol 1993; 120: 

757-766. 

108. Shibamoto S, Hayakawa M, Takeuchi K, Hori T, Oku N, Miyazawa K, Kitamura 

N, Takeichi M, Ito F. Tyrosine phosphorylation of beta-catenin and plakoglobin 

enhanced by hepatocyte growth factor and epidermal growth factor in human 

carcinoma cells. Cell Adhes Commun 1994; 1: 295-305. 



 

 45 

109. Byers SW, Sujarit S, Jegou B, Butz S, Hoschutzky H, Herrenknecht K, 

MacCalman C, Blaschuk OW. Cadherins and cadherin-associated molecules in 

the developing and maturing rat testis. Endocrinology 1994; 134: 630-639. 

110. Chapin RE, Wine RN, Harris MW, Borchers CH, Haseman JK. Structure and 

control of a cell-cell adhesion complex associated with spermiation in rat 

seminiferous epithelium. J Androl 2001; 22: 1030-1052. 

111. Janssens B, Goossens S, Staes K, Gilbert B, van Hengel J, Colpaert C, Bruyneel 

E, Mareel M, van Roy F. alphaT-catenin: a novel tissue-specific beta-catenin-

binding protein mediating strong cell-cell adhesion. J Cell Sci 2001; 114: 3177-

3188. 

112. Johnson KJ, Boekelheide K. Dynamic testicular adhesion junctions are 

immunologically unique. I. Localization of p120 catenin in rat testis. Biol Reprod 

2002; 66: 983-991. 

113. Lee NP, Mruk D, Lee WM, Cheng CY. Is the cadherin/catenin complex a 

functional unit of cell-cell actin-based adherens junctions in the rat testis? Biol 

Reprod 2003; 68: 489-508. 

114. Johnson KJ, Boekelheide K. Dynamic testicular adhesion junctions are 

immunologically unique. II. Localization of classic cadherins in rat testis. Biol 

Reprod 2002; 66: 992-1000. 

115. Mulholland DJ, Dedhar S, Vogl AW. Rat seminiferous epithelium contains a 

unique junction (Ectoplasmic specialization) with signaling properties both of 

cell/cell and cell/matrix junctions. Biol Reprod 2001; 64: 396-407. 

116. Beardsley A, O'Donnell L. Characterization of normal spermiation and 

spermiation failure induced by hormone suppression in adult rats. Biol Reprod 

2003; 68: 1299-1307. 



 

 46 

117. Boekelheide K, Neely MD, Sioussat TM. The Sertoli cell cytoskeleton: a target for 

toxicant-induced germ cell loss. Toxicol Appl Pharmacol 1989; 101: 373-389. 

118. Larue L, Ohsugi M, Hirchenhain J, Kemler R. E-cadherin null mutant embryos fail 

to form a trophectoderm epithelium. Proc Natl Acad Sci U S A 1994; 91: 8263-

8267. 

119. Larue L, Antos C, Butz S, Huber O, Delmas V, Dominis M, Kemler R. A role for 

cadherins in tissue formation. Development 1996; 122: 3185-3194. 

120. Radice GL, Rayburn H, Matsunami H, Knudsen KA, Takeichi M, Hynes RO. 

Developmental defects in mouse embryos lacking N-cadherin. Dev Biol 1997; 

181: 64-78. 

121. Perryman KJ, Stanton PG, Loveland KL, McLachlan RI, Robertson DM. 

Hormonal dependency of neural cadherin in the binding of round spermatids to 

Sertoli cells in vitro. Endocrinology 1996; 137: 3877-3883. 

122. Lampa J, Hoogerbrugge JW, Baarends WM, Stanton PG, Perryman KJ, 

Grootegoed JA, Robertson DM. Follicle-stimulating hormone and testosterone 

stimulation of immature and mature Sertoli cells in vitro: inhibin and N-cadherin 

levels and round spermatid binding. J Androl 1999; 20: 399-406. 

123. MacCalman CD, Getsios S, Farookhi R, Blaschuk OW. Estrogens potentiate the 

stimulatory effects of follicle-stimulating hormone on N-cadherin messenger 

ribonucleic acid levels in cultured mouse Sertoli cells. Endocrinology 1997; 138: 

41-48. 

 

 

 



 

 47 

124. Takahashi K, Nakanishi H, Miyahara M, Mandai K, Satoh K, Satoh A, Nishioka H, 

Aoki J, Nomoto A, Mizoguchi A, Takai Y. Nectin/PRR: an immunoglobulin-like 

cell adhesion molecule recruited to cadherin-based adherens junctions through 

interaction with Afadin, a PDZ domain-containing protein. J Cell Biol 1999; 145: 

539-549. 

125. Eberle F, Dubreuil P, Mattei MG, Devilard E, Lopez M. The human PRR2 gene, 

related to the human poliovirus receptor gene (PVR), is the true homolog of the 

murine MPH gene. Gene 1995; 159: 267-272. 

126. Lopez M, Eberle F, Mattei MG, Gabert J, Birg F, Bardin F, Maroc C, Dubreuil P. 

Complementary DNA characterization and chromosomal localization of a human 

gene related to the poliovirus receptor-encoding gene. Gene 1995; 155: 261-265. 

127. Satoh-Horikawa K, Nakanishi H, Takahashi K, Miyahara M, Nishimura M, 

Tachibana K, Mizoguchi A, Takai Y. Nectin-3, a new member of immunoglobulin-

like cell adhesion molecules that shows homophilic and heterophilic cell-cell 

adhesion activities. J Biol Chem 2000; 275: 10291-10299. 

128. Takai Y, Nakanishi H. Nectin and afadin: novel organizers of intercellular 

junctions. J Cell Sci 2003; 116: 17-27. 

129. Morrison ME, Racaniello VR. Molecular cloning and expression of a murine 

homolog of the human poliovirus receptor gene. J Virol 1992; 66: 2807-2813. 

130. Aoki J, Koike S, Ise I, Sato-Yoshida Y, Nomoto A. Amino acid residues on human 

poliovirus receptor involved in interaction with poliovirus. J Biol Chem 1994; 269: 

8431-8438. 

 

 

 



 

 48 

131. Cocchi F, Lopez M, Menotti L, Aoubala M, Dubreuil P, Campadelli-Fiume G. The 

V domain of herpesvirus Ig-like receptor (HIgR) contains a major functional 

region in herpes simplex virus-1 entry into cells and interacts physically with the 

viral glycoprotein D. Proc Natl Acad Sci U S A 1998; 95: 15700-15705. 

132. Lopez M, Cocchi F, Avitabile E, Leclerc A, Adelaide J, Campadelli-Fiume G, 

Dubreuil P. Novel, soluble isoform of the herpes simplex virus (HSV) receptor 

nectin1 (or PRR1-HIgR-HveC) modulates positively and negatively susceptibility 

to HSV infection. J Virol 2001; 75: 5684-5691. 

133. Reymond N, Fabre S, Lecocq E, Adelaide J, Dubreuil P, Lopez M. 

Nectin4/PRR4, a new afadin-associated member of the nectin family that trans-

interacts with nectin1/PRR1 through V domain interaction. J Biol Chem 2001; 

276: 43205-43215. 

134. Aoki J, Koike S, Asou H, Ise I, Suwa H, Tanaka T, Miyasaka M, Nomoto A. 

Mouse homolog of poliovirus receptor-related gene 2 product, mPRR2, mediates 

homophilic cell aggregation. Exp Cell Res 1997; 235: 374-384. 

135. Lopez M, Aoubala M, Jordier F, Isnardon D, Gomez S, Dubreuil P. The human 

poliovirus receptor related 2 protein is a new hematopoietic/endothelial 

homophilic adhesion molecule. Blood 1998; 92: 4602-4611. 

136. Ozaki-Kuroda K, Nakanishi H, Ohta H, Tanaka H, Kurihara H, Mueller S, Irie K, 

Ikeda W, Sakai T, Wimmer E, Nishimune Y, Takai Y, Bouchard MJ, Dong Y, 

McDermott BM, Jr., Lam DH, Brown KR, Shelanski M, Bellve AR, Racaniello VR. 

Nectin couples cell-cell adhesion and the actin scaffold at heterotypic testicular 

junctions. Curr Biol 2002; 12: 1145-1150. 

 



 

 49 

137. Bouchard MJ, Dong Y, McDermott BM, Jr., Lam DH, Brown KR, Shelanski M, 

Bellve AR, Racaniello VR. Defects in nuclear and cytoskeletal morphology and 

mitochondrial localization in spermatozoa of mice lacking nectin-2, a component 

of cell-cell adherens junctions. Mol Cell Biol 2000; 20: 2865-2873. 

138. Mandai K, Nakanishi H, Satoh A, Obaishi H, Wada M, Nishioka H, Itoh M, 

Mizoguchi A, Aoki T, Fujimoto T, Matsuda Y, Tsukita S, Takai Y. Afadin: A novel 

actin filament-binding protein with one PDZ domain localized at cadherin-based 

cell-to-cell adherens junction. J Cell Biol 1997; 139: 517-528. 

139. Ikeda W, Nakanishi H, Miyoshi J, Mandai K, Ishizaki H, Tanaka M, Togawa A, 

Takahashi K, Nishioka H, Yoshida H, Mizoguchi A, Nishikawa S, Takai Y. Afadin: 

A key molecule essential for structural organization of cell-cell junctions of 

polarized epithelia during embryogenesis. J Cell Biol 1999; 146: 1117-1132. 

140. Hung TJ, Kemphues KJ. PAR-6 is a conserved PDZ domain-containing protein 

that colocalizes with PAR-3 in Caenorhabditis elegans embryos. Development 

1999; 126: 127-135. 

141. Pokutta S, Drees F, Takai Y, Nelson WJ, Weis WI. Biochemical and structural 

definition of the l-afadin- and actin-binding sites of alpha-catenin. J Biol Chem 

2002; 277: 18868-18874. 

142. Mandai K, Nakanishi H, Satoh A, Takahashi K, Satoh K, Nishioka H, Mizoguchi 

A, Takai Y. Ponsin/SH3P12: an l-afadin- and vinculin-binding protein localized at 

cell-cell and cell-matrix adherens junctions. J Cell Biol 1999; 144: 1001-1017. 

143. Burridge K, Feramisco JR. Alpha-actinin and vinculin from nonmuscle cells: 

calcium-sensitive interactions with actin. Cold Spring Harb Symp Quant Biol 

1982; 46 Pt 2: 587-597. 



 

 50 

144. Menkel AR, Kroemker M, Bubeck P, Ronsiek M, Nikolai G, Jockusch BM. 

Characterization of an F-actin-binding domain in the cytoskeletal protein vinculin. 

J Cell Biol 1994; 126: 1231-1240. 

145. Weiss EE, Kroemker M, Rudiger AH, Jockusch BM, Rudiger M. Vinculin is part of 

the cadherin-catenin junctional complex: complex formation between alpha-

catenin and vinculin. J Cell Biol 1998; 141: 755-764. 

146. Watabe-Uchida M, Uchida N, Imamura Y, Nagafuchi A, Fujimoto K, Uemura T, 

Vermeulen S, van Roy F, Adamson ED, Takeichi M. alpha-Catenin-vinculin 

interaction functions to organize the apical junctional complex in epithelial cells. J 

Cell Biol 1998; 142: 847-857. 

147. Palombi F, Salanova M, Tarone G, Farini D, Stefanini M. Distribution of beta 1 

integrin subunit in rat seminiferous epithelium. Biol Reprod 1992; 47: 1173-1182. 

148. Salanova M, Stefanini M, De Curtis I, Palombi F. Integrin receptor alpha 6 beta 1 

is localized at specific sites of cell-to-cell contact in rat seminiferous epithelium. 

Biol Reprod 1995; 52: 79-87. 

149. Salanova M, Ricci G, Boitani C, Stefanini M, De Grossi S, Palombi F. Junctional 

contacts between Sertoli cells in normal and aspermatogenic rat seminiferous 

epithelium contain alpha6beta1 integrins, and their formation is controlled by 

follicle-stimulating hormone. Biol Reprod 1998; 58: 371-378. 

150. Vogl AW, Pfeiffer DC, Mulholland D, Kimel G, Guttman J. Unique and 

multifunctional adhesion junctions in the testis: ectoplasmic specializations. Arch 

Histol Cytol 2000; 63: 1-15. 

151. Hynes RO. Integrins: versatility, modulation, and signaling in cell adhesion. Cell 

1992; 69: 11-25. 



 

 51 

152. Shaw LM, Mercurio AM. Regulation of alpha 6 beta 1 integrin laminin receptor 

function by the cytoplasmic domain of the alpha 6 subunit. J Cell Biol 1993; 123: 

1017-1025. 

153. Koch M, Olson PF, Albus A, Jin W, Hunter DD, Brunken WJ, Burgeson RE, 

Champliaud MF. Characterization and expression of the laminin gamma3 chain: 

a novel, non-basement membrane-associated, laminin chain. J Cell Biol 1999; 

145: 605-618. 

154. Clark EA, Brugge JS. Integrins and signal transduction pathways: the road taken. 

Science 1995; 268: 233-239. 

155. Howe A, Aplin AE, Alahari SK, Juliano RL. Integrin signaling and cell growth 

control. Curr Opin Cell Biol 1998; 10: 220-231. 

156. Giancotti FG, Ruoslahti E. Integrin signaling. Science 1999; 285: 1028-1032. 

157. Lui WY, Lee WM, Cheng CY. Sertoli-germ cell adherens junction dynamics in the 

testis are regulated by RhoB GTPase via the ROCK/LIMK signaling pathway. 

Biol Reprod 2003; 68: 2189-2206. 

158. Siu MK, Mruk DD, Lee WM, Cheng CY. Adhering junction dynamics in the testis 

are regulated by an interplay of beta 1-integrin and focal adhesion complex-

associated proteins. Endocrinology 2003; 144: 2141-2163. 

159. Cheng CY, Silvestrini B, Grima J, Mo MY, Zhu LJ, Johansson E, Saso L, Leone 

MG, Palmery M, Mruk D. Two new male contraceptives exert their effects by 

depleting germ cells prematurely from the testis. Biol Reprod 2001; 65: 449-461. 

160. Grima J, Silvestrini B, Cheng CY. Reversible inhibition of spermatogenesis in rats 

using a new male contraceptive, 1-(2,4-dichlorobenzyl)-indazole-3-

carbohydrazide. Biol Reprod 2001; 64: 1500-1508. 



 

 52 

161. Choquet D, Felsenfeld DP, Sheetz MP. Extracellular matrix rigidity causes 

strengthening of integrin-cytoskeleton linkages. Cell 1997; 88: 39-48. 

162. Lauffenburger DA, Horwitz AF. Cell migration: a physically integrated molecular 

process. Cell 1996; 84: 359-369. 

163. Sheetz MP, Felsenfeld D, Galbraith CG, Choquet D. Cell migration as a five-step 

cycle. Biochem Soc Symp 1999; 65: 233-243. 

164. Russell L. Observations on rat Sertoli ectoplasmic ('junctional') specializations in 

their association with germ cells of the rat testis. Tissue Cell 1977; 9: 475-498. 

165. Russell LD. Desmosome-like junctions between Sertoli and germ cells in the rat 

testis. Am J Anat 1977; 148: 301-312. 

166. Russell LD, Goh JC, Rashed RM, Vogl AW, Weber JE, Wong V, Peterson RN, 

Lee IP, Ettlin R, Malone JP, Russell L. The consequences of actin disruption at 

Sertoli ectoplasmic specialization sites facing spermatids after in vivo exposure 

of rat testis to cytochalasin D. Biol Reprod 1988; 39: 105-118. 

167. Cameron DF, Muffly KE, Nazian SJ. Reduced testosterone during puberty results 

in a midspermiogenic lesion. Proc Soc Exp Biol Med 1993; 202: 457-464. 

168. Grove BD, Vogl AW. Sertoli cell ectoplasmic specializations: a type of actin-

associated adhesion junction? J Cell Sci 1989; 93 ( Pt 2): 309-323. 

169. Russell L, Clermont Y. Anchoring device between Sertoli cells and late 

spermatids in rat seminiferous tubules. Anat Rec 1976; 185: 259-278. 

170. Russell L. Movement of spermatocytes from the basal to the adluminal 

compartment of the rat testis. Am J Anat 1977; 148: 313-328. 

171. Russell LD, Malone JP. A study of Sertoli-spermatid tubulobulbar complexes in 

selected mammals. Tissue Cell 1980; 12: 263-285. 



 

 53 

172. O'Donnell L, Stanton PG, Bartles JR, Robertson DM. Sertoli cell ectoplasmic 

specializations in the seminiferous epithelium of the testosterone-suppressed 

adult rat. Biol Reprod 2000; 63: 99-108. 

173. Lee NP, Mruk DD, Conway AM, Cheng CY. Zyxin, axin, and Wiskott-Aldrich 

syndrome protein are adaptors that link the cadherin/catenin protein complex to 

the cytoskeleton at adherens junctions in the seminiferous epithelium of the rat 

testis. J Androl 2004; 25: 200-215. 

174. Russell LD, Goh JC. Localization of actinin in the rat testis: preliminary 

observations. In: Parvinen M, Huhtaniemi I, Pelliniemi L (eds.), Development and 

function of the reproductive organs.  VII Ares-Serono Symposia Series. New 

York: Raven Press; 1988: 237-244. 

175. Grove BD, Pfeiffer DC, Allen S, Vogl AW. Immunofluorescence localization of 

vinculin in ectoplasmic ("junctional") specializations of rat Sertoli cells. Am J Anat 

1990; 188: 44-56. 

176. Pfeiffer DC, Vogl AW. Evidence that vinculin is co-distributed with actin bundles 

in ectoplasmic ("junctional") specializations of mammalian Sertoli cells. Anat Rec 

1991; 231: 89-100. 

177. Hasson T, Walsh J, Cable J, Mooseker MS, Brown SD, Steel KP. Effects of 

shaker-1 mutations on myosin-VIIa protein and mRNA expression. Cell Motil 

Cytoskeleton 1997; 37: 127-138. 

178. Guttman JA, Janmey P, Vogl AW. Gelsolin--evidence for a role in turnover of 

junction-related actin filaments in Sertoli cells. J Cell Sci 2002; 115: 499-505. 

179. Bartles JR, Wierda A, Zheng L. Identification and characterization of espin, an 

actin-binding protein localized to the F-actin-rich junctional plaques of Sertoli cell 

ectoplasmic specializations. J Cell Sci 1996; 109 ( Pt 6): 1229-1239. 



 

 54 

180. Grima J, Wong CC, Zhu LJ, Zong SD, Cheng CY. Testin secreted by Sertoli cells 

is associated with the cell surface, and its expression correlates with the 

disruption of Sertoli-germ cell junctions but not the inter-Sertoli tight junction. J 

Biol Chem 1998; 273: 21040-21053. 

181. Itoh K, Wakabayashi N, Katoh Y, Ishii T, Igarashi K, Engel JD, Yamamoto M. 

Keap1 represses nuclear activation of antioxidant responsive elements by Nrf2 

through binding to the amino-terminal Neh2 domain. Genes Dev 1999; 13: 76-86. 

182. Velichkova M, Guttman J, Warren C, Eng L, Kline K, Vogl AW, Hasson T. A 

human homologue of Drosophila kelch associates with myosin-VIIa in specialized 

adhesion junctions. Cell Motil Cytoskeleton 2002; 51: 147-164. 

183. Chen B, Li A, Wang D, Wang M, Zheng L, Bartles JR. Espin contains an 

additional actin-binding site in its N terminus and is a major actin-bundling protein 

of the Sertoli cell-spermatid ectoplasmic specialization junctional plaque. Mol Biol 

Cell 1999; 10: 4327-4339. 

184. Bartles JR, Zheng L, Li A, Wierda A, Chen B. Small espin: a third actin-bundling 

protein and potential forked protein ortholog in brush border microvilli. J Cell Biol 

1998; 143: 107-119. 

185. Russell LD. Spermatid-Sertoli tubulobulbar complexes as devices for elimination 

of cytoplasm from the head region late spermatids of the rat. Anat Rec 1979; 

194: 233-246. 

186. Russell LD. Observations on the inter-relationships of Sertoli cells at the level of 

the blood- testis barrier: evidence for formation and resorption of Sertoli-Sertoli 

tubulobulbar complexes during the spermatogenic cycle of the rat. Am J Anat 

1979; 155: 259-279. 



 

 55 

187. Russell LD. Further observations on tubulobulbar complexes formed by late 

spermatids and Sertoli cells in the rat testis. Anat Rec 1979; 194: 213-232. 

188. Tanii I, Yoshinaga K, Toshimori K. Morphogenesis of the acrosome during the 

final steps of rat spermiogenesis with special reference to tubulobulbar 

complexes. Anat Rec 1999; 256: 195-201. 

189. Russell LD, Saxena NK, Turner TT. Cytoskeletal involvement in spermiation and 

sperm transport. Tissue Cell 1989; 21: 361-379. 

190. Burridge K, Molony L, Kelly T. Adhesion plaques: sites of transmembrane 

interaction between the extracellular matrix and the actin cytoskeleton. J Cell Sci 

Suppl 1987; 8: 211-229. 

191. Burridge K, Fath K. Focal contacts: transmembrane links between the 

extracellular matrix and the cytoskeleton. Bioessays 1989; 10: 104-108. 

192. Burridge K, Nuckolls G, Otey C, Pavalko F, Simon K, Turner C. Actin-membrane 

interaction in focal adhesions. Cell Differ Dev 1990; 32: 337-342. 

193. Burridge K, Chrzanowska-Wodnicka M. Focal adhesions, contractility, and 

signaling. Annu Rev Cell Dev Biol 1996; 12: 463-518. 

194. Calderwood DA, Shattil SJ, Ginsberg MH. Integrins and actin filaments: 

reciprocal regulation of cell adhesion and signaling. J Biol Chem 2000; 275: 

22607-22610. 

195. Liu S, Calderwood DA, Ginsberg MH. Integrin cytoplasmic domain-binding 

proteins. J Cell Sci 2000; 113 ( Pt 20): 3563-3571. 

196. Geiger B. A 130K protein from chicken gizzard: its localization at the termini of 

microfilament bundles in cultured chicken cells. Cell 1979; 18: 193-205. 

197. Provost E, Rimm DL. Controversies at the cytoplasmic face of the cadherin-

based adhesion complex. Curr Opin Cell Biol 1999; 11: 567-572. 



 

 56 

198. Rodriguez Fernandez JL, Geiger B, Salomon D, Ben-Ze'ev A. Suppression of 

vinculin expression by antisense transfection confers changes in cell 

morphology, motility, and anchorage-dependent growth of 3T3 cells. J Cell Biol 

1993; 122: 1285-1294. 

199. Rodriguez Fernandez JL, Geiger B, Salomon D, Ben-Ze'ev A. Overexpression of 

vinculin suppresses cell motility in BALB/c 3T3 cells. Cell Motil Cytoskeleton 

1992; 22: 127-134. 

200. Sefton BM, Hunter T, Ball EH, Singer SJ. Vinculin: a cytoskeletal target of the 

transforming protein of Rous sarcoma virus. Cell 1981; 24: 165-174. 

201. Chen HC, Appeddu PA, Parsons JT, Hildebrand JD, Schaller MD, Guan JL. 

Interaction of focal adhesion kinase with cytoskeletal protein talin. J Biol Chem 

1995; 270: 16995-16999. 

202. Niggli V, Kaufmann S, Goldmann WH, Weber T, Isenberg G. Identification of 

functional domains in the cytoskeletal protein talin. Eur J Biochem 1994; 224: 

951-957. 

203. Burridge K, Mangeat P. An interaction between vinculin and talin. Nature 1984; 

308: 744-746. 

204. Coutts AS, MacKenzie E, Griffith E, Black DM. TES is a novel focal adhesion 

protein with a role in cell spreading. J Cell Sci 2003; 116: 897-906. 

205. Borowsky ML, Hynes RO. Layilin, a novel talin-binding transmembrane protein 

homologous with C-type lectins, is localized in membrane ruffles. J Cell Biol 

1998; 143: 429-442. 

206. Pfaff M, Liu S, Erle DJ, Ginsberg MH. Integrin beta cytoplasmic domains 

differentially bind to cytoskeletal proteins. J Biol Chem 1998; 273: 6104-6109. 



 

 57 

207. Sampath R, Gallagher PJ, Pavalko FM. Cytoskeletal interactions with the 

leukocyte integrin beta2 cytoplasmic tail. Activation-dependent regulation of 

associations with talin and alpha-actinin. J Biol Chem 1998; 273: 33588-33594. 

208. Calderwood DA, Zent R, Grant R, Rees DJ, Hynes RO, Ginsberg MH. The Talin 

head domain binds to integrin beta subunit cytoplasmic tails and regulates 

integrin activation. J Biol Chem 1999; 274: 28071-28074. 

209. Patil S, Jedsadayanmata A, Wencel-Drake JD, Wang W, Knezevic I, Lam SC. 

Identification of a talin-binding site in the integrin beta(3) subunit distinct from the 

NPLY regulatory motif of post-ligand binding functions. The talin n-terminal head 

domain interacts with the membrane-proximal region of the beta(3) cytoplasmic 

tail. J Biol Chem 1999; 274: 28575-28583. 

210. Moulder GL, Huang MM, Waterston RH, Barstead RJ. Talin requires beta-

integrin, but not vinculin, for its assembly into focal adhesion-like structures in the 

nematode Caenorhabditis elegans. Mol Biol Cell 1996; 7: 1181-1193. 

211. Albiges-Rizo C, Frachet P, Block MR. Down regulation of talin alters cell 

adhesion and the processing of the alpha 5 beta 1 integrin. J Cell Sci 1995; 108 ( 

Pt 10): 3317-3329. 

212. Santoro G, Romeo C, Impellizzeri P, Cutroneo G, Micali A, Trimarchi F, Gentile 

C. Immunofluorescence distribution of actin-associated proteins in human 

seminiferous tubules of adolescent testes, normal and pathologic. J Endocrinol 

Invest 2000; 23: 369-375. 

213. Kowalczyk AP, Bornslaeger EA, Norvell SM, Palka HL, Green KJ. Desmosomes: 

intercellular adhesive junctions specialized for attachment of intermediate 

filaments. Int Rev Cytol 1999; 185: 237-302. 



 

 58 

214. Green KJ, Gaudry CA. Are desmosomes more than tethers for intermediate 

filaments? Nat Rev Mol Cell Biol 2000; 1: 208-216. 

215. Cowin P, Kapprell HP, Franke WW, Tamkun J, Hynes RO. Plakoglobin: a protein 

common to different kinds of intercellular adhering junctions. Cell 1986; 46: 1063-

1073. 

216. Skalli O, Jones JC, Gagescu R, Goldman RD. IFAP 300 is common to 

desmosomes and hemidesmosomes and is a possible linker of intermediate 

filaments to these junctions. J Cell Biol 1994; 125: 159-170. 

217. Tsukita S. Desmocalmin: a calmodulin-binding high molecular weight protein 

isolated from desmosomes. J Cell Biol 1985; 101: 2070-2080. 

218. Ruhrberg C, Watt FM. The plakin family: versatile organizers of cytoskeletal 

architecture. Curr Opin Genet Dev 1997; 7: 392-397. 

219. Eger A, Stockinger A, Wiche G, Foisner R. Polarisation-dependent association of 

plectin with desmoplakin and the lateral submembrane skeleton in MDCK cells. J 

Cell Sci 1997; 110 ( Pt 11): 1307-1316. 

220. Ouyang P, Sugrue SP. Characterization of pinin, a novel protein associated with 

the desmosome-intermediate filament complex. J Cell Biol 1996; 135: 1027-

1042. 

221. Wrobel KH, Mademann R, Sinowatz F. The lamina propria of the bovine 

seminiferous tubule. Cell Tissue Res 1979; 202: 357-377. 

222. Jones JC, Asmuth J, Baker SE, Langhofer M, Roth SI, Hopkinson SB. 

Hemidesmosomes: extracellular matrix/intermediate filament connectors. Exp 

Cell Res 1994; 213: 1-11. 



 

 59 

223. Zhang XM, Horiguchi Y, Ueda M, Yoshiki T, Imamura S. 1-2B7B: monoclonal 

antibody reacting to the 120 kDa polypeptide component of human epidermal 

hemidesmosomes. Arch Dermatol Res 1991; 283: 310-316. 

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

381-388. 

225. Tan IP, Roy C, Saez JC, Saez CG, Paul DL, Risley MS. Regulated assembly of 

connexin33 and connexin43 into rat Sertoli cell gap junctions. Biol Reprod 1996; 

54: 1300-1310. 

226. Risley MS, Tan IP, Roy C, Saez JC. Cell-, age- and stage-dependent distribution 

of connexin43 gap junctions in testes. J Cell Sci 1992; 103 ( Pt 1): 81-96. 

227. Enders GC, Millette CF. Pachytene spermatocyte and round spermatid binding to 

Sertoli cells in vitro. J Cell Sci 1988; 90 ( Pt 1): 105-114. 

228. Ziparo E, Geremia R, Russo MA, Stefanini M. Surface interaction in vitro 

between Sertoli cells and germ cells at different stages of spermatogenesis. Am 

J Anat 1980; 159: 385-388. 

229. Risley MS. Connexin gene expression in seminiferous tubules of the Sprague-

Dawley rat. Biol Reprod 2000; 62: 748-754. 

230. Cameron DF, Snydle FE. The blood-testis barrier in men with varicocele: a 

lanthanum tracer study. Fertil Steril 1980; 34: 255-258. 

231. Cameron DF, Murray FT, Drylie DD. Ultrastructural lesions in testes from 

hyperprolactinemic men. J Androl 1984; 5: 283-293. 

232. Murray FT, Cameron DF, Orth JM. Gonadal dysfunction in the spontaneously 

diabetic BB rat. Metabolism 1983; 32: 141-147. 

 



 

 60 

233. Cameron DF, Griffin FC. Ultrastructure of Sertoli-germ cell interactions in the 

normal and pathologic testis. In: RJ M-GF (ed.) Male Reproduction: A 

multidisciplinary overview. Spain: Churchill Communications Europe España; 

1998: 229-242. 

234. Paulsen CA, Christensen RB, Bagatell CJ. Status of male contraception: 

hormonal approach. In: S.L. C, R.J. D, L.B. T (eds.), Fertility control. London: 

Goldin Publishers; 1994: 281-289. 

235. Silvestrini B. Basic and applied research in the study of indazole carboxylic acids. 

Chemotherapy 1981; 27 Suppl 2: 9-20. 

236. Malcorni W, S. M, P. M, G. A. The cytoskeleton as a subcellular target of the 

antineoplastic drug lonidamine. Anticancer Res 1992; 12: 2037-2045. 

237. De Martino C, Malcorni W, Bellocci M, Floridi A, Marcante ML. Effects of AF 1312 

TS and lonidamine on mammalian testis. A morphological study. Chemotherapy 

1981; 27 Suppl 2: 27-42. 

238. Cheng CY, Mruk D, Silvestrini B, Bonanomi M, Wong CH, Siu MK, Lee NP, Lui 

WY, Mo MY. AF-2364 [1-(2,4-dichlorobenzyl)-1H-indazole-3-carbohydrazide] is a 

potential male contraceptive: a review of recent data. Contraception 2005; 72: 

251-261. 

239. Chen YM, Lee NP, Mruk DD, Lee WM, Cheng CY. Fer kinase/FerT and 

adherens junction dynamics in the testis: an in vitro and in vivo study. Biol 

Reprod 2003; 69: 656-672. 

240. Wulser M, Abu-Yousif A, Enders G, Heckert L, Datta A, Gregg A, Georg G, Tash 

J. Localization of binding of the indazole-3-carboxylic acid male contraceptive, 

lonidamine using a biotinylated UV-cross-linking analogue in rat tissues and 

isolated cells. Biol Reprod 2004; 68: 374. 



 

 61 

241. Siu MK, Cheng CY. Interactions of proteases, protease inhibitors, and the beta1 

integrin/laminin gamma3 protein complex in the regulation of ectoplasmic 

specialization dynamics in the rat testis. Biol Reprod 2004; 70: 945-964. 

242. Siu MK, Wong CH, Lee WM, Cheng CY. Sertoli-germ cell anchoring junction 

dynamics in the testis are regulated by an interplay of lipid and protein kinases. J 

Biol Chem 2005; 280: 25029-25047. 

243. Zhang J, Wong CH, Xia W, Mruk DD, Lee NP, Lee WM, Cheng CY. Regulation 

of Sertoli-germ cell adherens junction dynamics via changes in protein-protein 

interactions of the N-cadherin-beta-catenin protein complex which are possibly 

mediated by c-Src and myotubularin-related protein 2: an in vivo study using an 

androgen suppression model. Endocrinology 2005; 146: 1268-1284.



 

 62 

 

CHAPTER 2 

 

Strength measurement of the Sertoli-spermatid junctional complex. 

Journal of Andrology 2005; 26(3): 354-359. 



 

 63 

 

 

 

ABSTRACT 

 
The Sertoli cell ectoplasmic specialization is a specialized domain of the calcium-

dependent Sertoli cell-spermatid junctional complex.  Its role is not only associated with 

the mechanical adhesion of the cells but also in the morphogenesis and differentiation of 

the developing germ cells.  Abnormal or absent Sertoli ectoplasmic specializations have 

been associated with step-8 spermatid sloughing and subsequent oligospermia.  The 

aim of this study was to determine if a modified micropipette pressure transducing 

system (MPTS) could determine the adhesion force between Sertoli cells and germ 

cells.  Using the MPTS this study examined, for the first time, the strength of the junction 

between Sertoli cells and spermatids and between Sertoli cells and spermatocytes.  The 

mean force needed to detach spermatocytes from Sertoli cells was 5.25x10-7 pN, pre-

step-8 spermatids from Sertoli cells was 4.73x10-7 pN, step-8 spermatids from Sertoli 

cells was 8.82x10-7 pN, and spermatids + EDTA was 2.16x10-7 pN.  These data confirm 

the hypothesis that step-8 spermatids are more firmly attached to Sertoli cells than are 

spermatocytes and pre-step-8 spermatids and that calcium chelation reduces binding 

strength between Sertoli cells and spermatids.  The MPTS is a useful tool in studying the 

various molecular models of the Sertoli-germ cell junctional strength and the role of 

reproductive hormones and enzymes in coupling and uncoupling of germ cells from 

Sertoli cells.
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INTRODUCTION 

 
The complicated process of spermatogenesis occurs throughout the reproductive 

life of the male.  It is a remarkable process in which spermatogonia undergo mitosis to 

become spermatocytes, which then undergo meiosis to become round spermatids, 

which then enter the process of spermiogenesis to differentiate into elongated 

spermatids (sperm) [1].  At any given point in time several generations of germ cells are 

present in the seminiferous epithelium but in different stages of maturation [2].  During 

spermatogenesis, germ cells form different types of junctions with Sertoli cells, including 

the specialized ectoplasmic specialization between Sertoli cells and spermatids [3]. 

Several types of intercellular junctions, including occluding junctions, adherens 

junctions, and gap communicating junctions, are believed to play crucial roles in 

spermatogenesis.  The actin based cell-cell adherens junction between the Sertoli cell 

and the germ cell in the mammalian testis are important not only in mechanical adhesion 

of the cells, but in the morphogenesis and differentiation of the germ cells [4].  Turnover 

of these calcium dependent junctions occurs during the process of germ cell migration 

from the basal to the adluminal epithelial compartment [5]. 

The Sertoli ectoplasmic specialization, a cytoskeletal structure of the Sertoli cell, 

is associated with Sertoli-spermatid binding at the adherens junction [6,7].  Abnormal or 

absent Sertoli ectoplasmic specializations have been associated with a reduction of 

mature sperm in semen [8-11] and conditions associated with oligospermia [12].  

ectoplasmic specializations are found basally in the Sertoli cell near Sertoli-Sertoli tight 

junctions and apically between Sertoli cells and spermatids.  They consist of hexagonally 
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packed bundles of actin filaments situated between the plasma membrane and a cistern 

of endoplasmic reticulum [4].  The ectoplasmic specialization is an important cell-cell 

adhesion mechanism in the seminiferous epithelium to ensure the retention of 

spermatids as they mature into spermatozoa.  ectoplasmic specializations are first seen 

in the rat at Stage VIII of rat spermatogenesis, when the step-8 spermatid appears.  It is 

thought the ectoplasmic specialization forms in the Sertoli cell to strongly anchor the 

step-8 spermatid to the seminiferous epithelium; however, this has yet to be actually 

measured.  The ectoplasmic specialization is present at the adherens junction until 

appropriate release of the step-19 spermatid and inappropriate release of earlier stage 

spermatids (i.e., spermatid sloughing) is related to abnormal ectoplasmic specialization 

structure and oligospermia [10,11].   

A number of health-related conditions are associated with reduced fertility 

potential and oligospermia in men, including varicocele, hyperprolactinemia, diabetes, 

and idiopathic oligospermia [12].  These conditions all are associated with reduced 

sperm in the semen, i.e., oligospermia, and ultrastructural pathology unique to the 

junctional apparatus of the seminiferous epithelium [12].  Cap stage spermatids in the 

human (step-8 spermatids in the rat) are presumed to be tightly anchored to the 

seminiferous epithelium at a Sertoli cell adherens junction, which includes the unique 

Sertoli ectoplasmic specialization [6,7].  In both in vitro and in vivo observations of 

experimental animal models, disruption of this junction results in spermatid sloughing 

and subsequent oligospermia [8-11]. 

This project was designed to measure the strength of junctions between germ 

cells and Sertoli cells and to determine if the presence of the unique ectoplasmic 

specialization between Sertoli cells and step-8 spermatids actually results in an increase 

in the binding strength between these two cell types.  To do this, we have modified a 
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micropipette pressure transducing system for the purpose of testing junctional strengths 

between cells in a Sertoli-germ cell coculture model optimized for cell-cell binding [13].  It 

is hypothesized that the junctions between step-8 spermatids and Sertoli cells are 

stronger than those between pre-step-8 spermatids and Sertoli cells and between 

spermatocytes and Sertoli cells. 



 

 67 

 

 

 

MATERIALS AND METHODS 

 
Sertoli and germ cells were isolated from Sprague-Dawley rats, as previously 

described [14].  Sixteen- to seventeen-day-old rats were used for Sertoli cell isolation, 

and adult rats were used for germ cell isolation. 

 Sertoli cell isolation, culture, and pre-treatment 

Briefly, testes were excised from prepubertal male rats, and the parenchyma was 

digested using routine sequential enzymatic treatments with trypsin (0.25%, Sigma) and 

collagenase (0.20%, BD).  Isolated cells were plated to confluence on 13 mm round 

plastic coverslips coated with undiluted Matrigel® in 24 well cell culture dishes.  Cultures 

were incubated in DMEM:F12 medium (supplemented with 0.01 mol/L retinol and 1000 

µl/100 ml ITS) at 39°C in a humidified incubator with 5% CO2-95% air for 48 hrs to 

expedite the removal of contaminating germ cells.  After the 48 hr pre-incubation, the 

cultures were exposed to a 20 mM Tris-HCl buffer for 2.5 min to hypotonically lyse 

remaining germ cells, then incubated in supplemented DMEM:F12 at 33°C in a 

humidified incubator with 5% CO2-95% air for 24 hrs.  After the 24 hr incubation, the 

media was replaced with supplemented DMEM:F12 containing 0.06 µg/ml FSH (NIDDK-

oFSH-20, AFP7028D, 175xNIH-FSH-S1) and 100 nM testosterone (Sigma).  These pre-

treated Sertoli cell cultures were used in all coculture experiments. 

Spermatocyte and round spermatid isolation and unit gravity velocity 
sedimentation  

Spermatocytes and pre-step 9 spermatids (round spermatids) were isolated from 

an adult male rat testis.  Briefly, the decapsulated adult testis was digested with 0.10% 
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collagenase (Gibco; 37°C, 80 oscillations/min, 30 min) to separate seminiferous tubules 

from the testicular interstitial tissue.  The washed seminiferous tubules then were 

digested with 0.25% trypsin (Sigma; 37°C, 90 oscillations/min, 15 min) to separate the 

peritubular cells from the seminiferous epithelium and to expedite the release of germ 

cells from the seminiferous epithelium.  A 0.20% trypsin inhibitor solution (Sigma) was 

added to terminate the trypsin reaction.  The resulting cell suspension (mixed germ cells 

and Sertoli cells) was resuspended in 25 ml McCoy’s media + 0.5% BSA. 

Using sterile technique, the gradient chambers on a STA-PUT velocity 

sedimentation cell separator were filled with the appropriate McCoy's + BSA medium 

(2% and 4% BSA), and a linear gradient (2-4%) was built under the cell suspension, at 

the loading rate initially at 10 ml/min.  After 20 minutes, the rate was increased to 40 

ml/min.  Eighty minutes prior to the end of the collection time (4 h), media with germ cell 

fractions were collected using a Fractomat automatic fraction collector (10 ml/vial at 160 

drops/min).  Spermatocytes and round spermatids (pre-step 9) were identified by phase 

contrast microscopy and pooled, washed, and resuspended in McCoy's media.  The 

number of cells in the spermatocyte and spermatid fractions were counted by 

hemocytometric analysis and assayed for viability by trypan blue exclusion. 

Sertoli-germ cell coculture 

Approximately 400,000 isolated germ cells (spermatocytes and round 

spermatids) were added directly to the pre-treated Sertoli cell enriched monocultures.  

The Sertoli-germ cell cocultures were incubated with 0.06 µg/ml FSH + 100 nM 

testosterone in a humidified chamber at 33°C with 5% CO2-95% air for 36 hrs. 

Measurement of junctional strength using a micropipette pressure transducing 
system (MPTS)  
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The Sertoli-germ cell cocultures were imaged on an inverted interference 

contrast microscope (Axiovert 100, Zeiss) with a 20x objective.  The microscope was 

fitted with the MPTS, which consisted of a 3-D water robot micromanipulator (Narishige 

Scientific Instruments Lab), a micropipette holder, a glass micropipette, a water reservoir 

system to control the micropipette pressure, and a video system to record experiments 

(Figure 2.1).  

Figure 2.1. A schematic drawing of the micropipette pressure transducing system (MPTS). 

The micropipette 

Micropipettes were created from 1mm-outer diameter, 0.5mm-inner diameter 

glass capillary tubes (A-M Systems, Inc.).  The capillary tube was mounted onto a 

pipette puller (Model PB-7, Narishige Scientific Instruments), heated, and pulled into a 

pipette with a tip of a few microns.  To ensure a flat tip, this pipette was then mounted 

onto a microforge (Model MF 83, Narishige Scientific Instruments).  The microforge 

consists of a horizontal microscope, a micromanipulator, and a glass bead on a platinum 
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wire.  Upon heating of the wire, the glass bead melted and the tip of the micropipette 

was inserted into the melted glass.  The bead/micropipette was allowed to cool.  The 

micropipette was then pulled up, and the tip was broken by quick fracture, leaving a flat 

tip.  The tip was filled with a saline solution to avoid plugging.  In order to prevent rupture 

of the cells on the glass surface, the micropipette was coated with plasma proteins.  The 

diameters of the pipettes used were 13.32 µm for spermatids (diameter 10 µm) and 

16.65 µm for spermatocytes (diameter 15 µm). 

The water reservoir system 

The pressure at the tip of the micropipette was controlled by a system consisting 

of two water reservoirs and a pressure transducer (Model DP15-30, Validyne) connected 

between the two reservoirs.  One reservoir was a reference reservoir and the other one 

was an adjustable reservoir.  The reference reservoir was adjusted so that no pressure 

would be applied at the micropipette.  This was achieved by connecting the reference 

reservoir directly to the micropipette and positioning it at the same level as the 

micropipette.  As a result, there were no movements from particles or cells in front of the 

micropipette.  The adjustable reservoir was then positioned to create the desired 

pressure, as read by the pressure transducer.  A valve switch was used to connect the 

micropipette either to the reference reservoir or the adjustable reservoir.  The pressure 

transducer output signal was decoded via a carrier demodulator (Model CD 280-2, 

Validyne).  The pressure range of the transducer was 80,000 dyn/cm2 with an accuracy 

of 400 dyn/cm2. 

Cell measurements 

Cover slips containing Sertoli-germ cell cocultures were carefully removed from 

the wells and placed in an engineered cover slip holder for use with the MPTS-fitted 

inverted microscope.  The detachment of germ cells from Sertoli cells was measured 
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and analyzed.  In some experiments, 2mM or 4mM EDTA was added to the cultures 

immediately before the measurements, as controls.  To detach germ cells from Sertoli 

cells, the micropipette was brought near the individual spermatocyte or the individual 

spermatid at 200x magnification.  The pressure required to detach the germ cell from the 

underlying Sertoli cell monolayer was then recorded.  Each detachment event (a 

maximum of 4) consisted of a 5 second suction pressure interval.  If the germ cell did not 

dissociate, it was abandoned, and the last pressure reading was recorded.  The 

recorded pressure (in cm-H2O) was used to calculate force via the equation F = ?P • 

pR2p, where F (pN) is the force on a static cell, ?P is the suction pressure (N/µm2), and 

pR2p is the cross sectional area of the pipette (µm2).  To convert the pressure reading 

received in cm-H2O to N/µm2, for use in the above equation, the conversion factors 1 

cm-H2O = 98.06 Pa and 1 Pa = N/m2 were used, since the international unit of force is 

Newtons (1 N = 1 kg•m/s2), and the international unit of pressure is Pascal (Pa).  

Statistics 

To determine statistical significance of the mean force (set at the 0.05 level), a 

one-way ANOVA was performed, followed by Tukey HSD. 
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RESULTS 

 

The mean force required to detach spermatocytes, pre-step-8 spermatids, and 

step-8 spermatids from Sertoli cells in the optimized Sertoli-germ cell in vitro binding 

model was determined following multiple measurements acquired from the modified 

MPTS.  The mean force necessary to detach spermatocytes from Sertoli cells was 

5.25x10-7 pN (SE= 3.43x10-8, n=38), pre-step-8 spermatids from Sertoli cells (i.e., 

Sertoli-spermatid junctions with no ES) was 4.73x10-7 pN (SE= 2.17x10-8, n=38), step-8 

spermatids from Sertoli cells (i.e., Sertoli-spermatid junctions with ES) was 8.82x10-7 pN 

(SE= 3.37x10-8, n=33), and spermatids + EDTA was 2.16x10-7 pN (SD= 3.12x10-8, n=6).  

These results are presented in Figure 2.2.   

A one-way ANOVA determined a significant difference between the mean force 

of spermatocytes and the mean force of step-8 spermatids, between the mean force of 

pre-step-8 spermatids and the mean force of step-8 spermatids, and between the mean 

force of spermatids versus spermatids + EDTA, where p<0.05.  There was no significant 

difference between the mean force of spermatocytes and the mean force of pre-step-8 

spermatids.   
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Figure 2.2. Bar graph and line chart displaying the mean force (pN) required to detach spermatocytes, pre-

step-8 spermatids, and step-8 spermatids from Sertoli cells in vitro with FSH+T. * indicates a significant 

difference, as determined by one-way ANOVA. 
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DISCUSSION 

 
It is theorized that spermatids associated with ectoplasmic specializations adhere 

to Sertoli cells more strongly than all other germ cells and that this is essential for 

anchoring spermatids in the seminiferous epithelium during the final stages of 

spermiogenesis.  Additionally, complete spermiogenesis is not observed in the absence 

of these unique Sertoli-spermatid junctions, which when disrupted lead to spermatid 

sloughing and oligospermia [8-10].  However, the actual junctional strength between 

Sertoli cells and spermatids has never been measured to verify this unsubstantiated 

dogma central to the successful completion of spermatogenesis. 

We have, for the first time, determined the actual strength of junctions between 

germ cells and Sertoli cells in vitro.  The data presented confirm the hypothesis that 

step-8 spermatids are more firmly attached to Sertoli cells than are spermatocytes and 

pre-step-8 spermatids.   

Of the cells tested, the ectoplasmic specialization is only present between Sertoli 

cells and step-8 – step-19 spermatids and is conspicuously absent between Sertoli cells 

and spermatocytes and pre-step-8 spermatids [4]. This suggests that the structural 

nature of the ectoplasmic specialization contributes to the actual junctional strength 

between these two cell types, ensuring that elongating spermatids (post-step-8 

spermatids) are securely anchored to the seminiferous epithelium during the final stages 

of spermiogenesis.  This also supports the hypothesis that when the ectoplasmic 

specialization does not form properly between the Sertoli cell and the periluminal step-8 
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spermatid, or is otherwise abnormal, the junction strength is significantly lessened, 

thereby leading to spermatid sloughing and oligospermia [12]. 

Several molecular models of the structure and regulation of the ectoplasmic 

specialization at the Sertoli cell-spermatid junction have been proposed.  One such 

model includes the controversial and most studied cadherin-catenin complex.  In this 

model, it is proposed that the presence and regulation of the multi-protein cadherin-

catenin complex at the ectoplasmic specialization controls the coupling and uncoupling 

of spermatids to Sertoli cells [15-17].  Disruption of this protein complex via 

phosphorylation of p120ctn [18], tyrosine phosphorylation of ß- and/or γ-catenin [18], 

and/or the addition of an anti-N-cadherin antibody [17,19] results in the loss of germ cells 

from the seminiferous epithelium.  This step-8 sloughing, as described by O’Donnell et al 

[10], is also related to testosterone reduction and possibly, therefore, N-cadherin 

expression [17,20,21].  In vitro, testosterone and DHT with a fixed concentration of FSH 

causes a dose-related increase in N-cadherin levels [19].  Increasing doses of FSH in 

the presence of a fixed concentration of testosterone also creates a dose-related 

increase in N-cadherin protein levels [19].  In the models studied, the ectoplasmic 

specialization is still present, therefore indicating that testosterone has an effect on the 

cell adhesion molecules at this junction and not the ectoplasmic specialization structure 

itself [11, 20,21].  The effects of reproductive hormones on cell adhesion and coupling 

and uncoupling dynamics between Sertoli cells and germ cells, as defined above, can be 

tested utilizing the MPTS. 

Other proposed molecular models of the Sertoli-spermatid ectoplasmic 

specialization consist of the nectin-afadin-ponsin complex and the integrin complex.  

Nectins are found in both Sertoli cells (nectin-2) and spermatids (nectin-3), with the 

strongest expression at stages IX-IV and decreasing at stage VIII [22,23].  1-Afadin, 
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found in the testis, connects to the actin cytoskeleton [24], and studies using afadin-/- 

mice have shown that afadin is essential in proper structural organization of tight 

junctions and cadherin-based AJs [25].  Ponsin, of which mRNA is found in the testis 

[26], binds to afadin and allows it to colocalize with nectin to the cadherin-based 

adherens junction [24].  However, no biochemical or functional studies on the nectin-

afadin-ponsin complex have been conducted.   

The most studied integrin receptor in the testis is a6ß1, which is found in the 

Sertoli cell membrane [for review 27].  The binding partner of a6ß1 is not yet known, but 

recent studies have indicated that the laminin γ3 chain is a putative binding partner [28-

30].  The expression of ß1-integrin has been shown to be affected by hormones.  

Testosterone, in the presence of FSH, increases ß1-integrin levels in a dose-dependent 

manner [31], as do increasing doses of FSH in the presence of testosterone.  Integrins 

are important in cell adhesion not only structurally, but also in that they transmit signals 

to trigger events that activate signal transducers, such as Rho GTPase [32], FAK 

[29,33], Src [16], Csk [16], and ILK [29], to affect Sertoli-germ cell AJ dynamics [5].  

Again, the effects of reproductive hormones on the integrin-based model of the Sertoli-

germ cell junction and its role in coupling and uncoupling of germ cells from Sertoli cells 

can be tested with the MPTS. 

Results from this study show that the junctional strength between Sertoli cells 

and germ cells can be measured in vitro, support long held speculations regarding 

Sertoli-spermatid junctional interactions, and provide a means to actually test proposed 

mechanisms of junction dynamics between cells of the seminiferous epithelium. 
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CHAPTER 3 

 

The Sertoli-spermatid junctional complex adhesion strength is affected in vitro by 

Adjudin. 

In Press: Journal of Andrology



 

83 

 

 

 

ABSTRACT 

 
The actin based cell-cell adherens junction between the Sertoli cell and the germ 

cell in the mammalian testis is important not only in mechanical adhesion of the cells, but 

in the morphogenesis and differentiation of the germ cells.  The Sertoli ectoplasmic 

specialization, a specialized type of adherens junction, is associated with Sertoli-

spermatid binding and is important in cell-cell adhesion in the seminiferous epithelium.  

Abnormal or absent Sertoli ectoplasmic specializations have been associated with step-

8 spermatid sloughing and oligospermia in conditions associated with reduced fertility 

potential.  The reproductive hormones follicle stimulating hormone (FSH) and 

testosterone also have been shown to play a role in the regulation of binding of 

spermatids at the Sertoli-spermatid junctional complex.  Adjudin [1-(2,4-dichlorobenzyl)-

1H-indazole-3-carbohydrazide] is a potential male contraceptive and is thought to exhibit 

its contraceptive effects by interrupting the Sertoli-spermatid junctional complex.  It has 

been shown that this compound induces reversible germ cell loss from the seminiferous 

epithelium, particularly elongating/elongate/round spermatids and spermatocytes.  The 

aim of this study was to determine if Adjudin disrupts the junctional strength between the 

Sertoli cell and step-8 spermatid in vitro.  Using a micropipette pressure transducing 

system (MPTS) to measure the force needed to detach step-8 spermatids from Sertoli 

cells, this study examined the strength of the Sertoli-spermatid junctional complex in 

Sertoli-spermatid cocultures in the presence of Adjudin (1 ng/ml, 50 ng/ml, 125 ng/ml, or 

500 ng/ml in EtOH) and hormones [FSH (0.1 µg/ml, NIDDK-oFSH-20, AFP7028D, 

175xNIH-FSH-S1), testosterone (100 nM)] to optimize in vitro binding.  The average 



 

84 

forces required to detach the spermatids from the underlying Sertoli cells in the presence 

of 1 ng/ml, 50 ng/ml, 125 ng/ml and 500 ng/ml Adjudin were 18.2x10-10 pN, 14.3x10-10 

pN, 7.74x10-10 pN and 6.51x10-10 pN, respectively.  The average force required to detach 

step-8 spermatids in the presence of vehicle only (control) was 19.0x10-10 pN.  A 

significant difference for Adjudin concentrations at or above 125 ng/ml was determined 

by one-way ANOVA (p<0.05).  These data confirm that Adjudin is effective in reducing 

the strength of the Sertoli-spermatid junctional complex, identifying Adjudin as a 

potential contraceptive agent in the male by inducing spermatid sloughing and therefore 

oligospermia. 
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INTRODUCTION 

 
Spermatogenesis, the process in which germ cells undergo mitosis and meiosis 

to become elongated spermatids (sperm) [1], occurs throughout the reproductive life of 

the male.  Present in the seminiferous epithelium at any given point in time are several 

generations of germ cells in different stages of maturation [2].  Various types of junctions 

between these developing germ cells and Sertoli cells exist throughout 

spermatogenesis, including the highly specialized ectoplasmic specialization found 

between Sertoli cells and germ cells [3]. 

The ectoplasmic specialization is an apical cytoskeletal structure of the Sertoli 

cell associated with Sertoli-spermatid binding at the adherens junction [4,5].  This 

structure is important in cell-cell adhesion in the seminiferous epithelium, ensuring the 

retention of spermatids as they mature into spermatozoa.  It is believed that the 

ectoplasmic specialization forms to strongly anchor the step-8 spermatid to the 

seminiferous epithelium.  In the rat, ectoplasmic specializations are first seen at Stage 

VIII of spermatogenesis, the time when the step-8 spermatid appears, and are present at 

the adherens junction until appropriate release of the step-19 spermatid.  Inappropriate 

release of spermatids (i.e., spermatid sloughing) is related to abnormal ectoplasmic 

specialization structure and oligospermia [6,7].  A reduction of mature sperm in semen 

[6-9] and conditions associated with oligospermia are associated with structurally 

abnormal or absent Sertoli ectoplasmic specializations [10].   

A number of health-related conditions are associated with reduced fertility 

potential and oligospermia in men, including varicocele [11], hyperprolactinemia [12], 
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diabetes [13], and idiopathic oligospermia [10].  These conditions all are associated with 

reduced sperm in the semen, i.e., oligospermia, and ultrastructural pathology unique to 

the junctional apparatus of the seminiferous epithelium [10].  Cap stage spermatids in 

the human (step-8 spermatids in the rat) are presumed to be tightly anchored to the 

seminiferous epithelium at a Sertoli cell adherens junction, which includes the unique 

Sertoli ectoplasmic specialization [4,5].  In both in vitro and in vivo observations of 

experimental animal models, disruption of this junction results in spermatid sloughing 

and subsequent oligospermia [6,7,8,9]. 

Adjudin, formerly known as AF-2364 (1-(2,4-dichlorobenzyl)-1H-indazole-3-

carbohydrazide), depletes seminiferous tubules of germ cells [14,15].  By day 14 of 

administration of Adjudin, adult seminiferous tubules are found nearly devoid of 

elongated and round spermatids and spermatocyte numbers have been reduced, with 

no significant effect on reproductive hormone levels [15].  Although speculated, it is not 

yet been determined whether Adjudin works at the level of the adherens junction or the 

ectoplasmic specialization. 

This project was designed to measure the strength of junctions between step-8 

spermatids and Sertoli cells in the presence of various concentrations of Adjudin.  To do 

this, a micropipette pressure transducing system was used to measure the force needed 

to detach step-8 spermatids from Sertoli cells [16] in the presence of Adjudin (0 ng/ml, 1 

ng/ml, 50 ng/ml, 125 ng/ml, or 500 ng/ml in EtOH) [17] and reproductive hormones 

(follicle stimulating hormone and testosterone).  It is hypothesized that Adjudin at higher 

concentrations will disrupt the Sertoli-spermatid junctional complex and cause reduced 

binding strength between the Sertoli cell and step-8 spermatid. 
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MATERIALS AND METHODS 

 
Sertoli and germ cells were isolated from Sprague-Dawley rats, as previously 

described [18].  Sixteen- to seventeen-day-old rats were used for Sertoli cell isolation, 

and adult rats were used for germ cell isolation. 

Sertoli cell isolation, culture, and pre-treatment 

Briefly, testes were excised from prepubertal male rats, and the parenchyma was 

digested using routine sequential enzymatic treatments with trypsin (0.25%, Sigma) and 

collagenase (0.20%, BD).  Isolated cells were plated to near confluence on 13 mm round 

glass coverslips coated with 1:3 Matrigel (BD) in culture medium in 24-well cell culture 

dishes.  Cultures were incubated in DMEM:F12 medium [supplemented with 0.01 mol/L 

retinol (Sigma), 1000 µl/100 ml ITS (BD), 500 µl/500 ml gentamicin (Sigma) and 5 

ml/500 ml antibiotic/antimycotic (Cellgro)] at 39°C in a humidified incubator with 5% CO2-

95% air for 48 hrs to expedite the removal of contaminating germ cells.  After the 48 hr 

pre-incubation, the cultures were exposed to a 20 mM Tris-HCl buffer for 2.5 min to 

hypotonically lyse any remaining germ cells, then incubated in supplemented 

DMEM:F12 at 33°C in a humidified incubator with 5% CO2-95% air for 24 hrs.  After the 

24 hr incubation, the media was replaced with supplemented DMEM:F12 containing 0.06 

µg/ml follicle stimulating hormone (FSH; NIDDK-oFSH-20, AFP7028D, 175xNIH-FSH-

S1) and 100 nM testosterone (T; Sigma) to optimize in vitro Sertoli-spermatid binding.  

These pre-treated Sertoli cell cultures were used in the coculture experiments. 
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Round spermatid isolation and unit gravity velocity sedimentation 

Pre-step 9 spermatids (round spermatids) were isolated from an adult male rat 

testis.  Briefly, the decapsulated adult testis was digested with 0.10% collagenase 

(Gibco; 37°C, 80 oscillations/min, 30 min) to separate seminiferous tubules from the 

testicular interstitial tissue.  The washed seminiferous tubules then were digested with 

0.25% trypsin (Sigma; 37°C, 90 oscillations/min, 15 min) to separate the peritubular cells 

from the seminiferous epithelium and to expedite the release of germ cells from the 

seminiferous epithelium.  A 0.20% trypsin inhibitor solution (Sigma) was added to 

terminate the trypsin reaction.  The resulting cell suspension (mixed germ cells and 

Sertoli cells) was resuspended in 25 ml McCoy’s media + 0.5% BSA. 

Using sterile technique, the gradient chambers on a STA-PUT velocity 

sedimentation cell separator were filled with the appropriate McCoy's + BSA medium 

(2% and 4% BSA), and a linear gradient (2-4%) was built under the cell suspension, at 

the loading rate initially at 10 ml/min.  After 20 minutes, the rate was increased to 40 

ml/min.  Eighty minutes prior to the end of the collection time (4 h), media with germ cell 

fractions were collected using a Fractomat automatic fraction collector (10 ml/vial at 160 

drops/min).  Round spermatids (pre-step 9) were identified by phase contrast 

microscopy and pooled, washed, and resuspended in McCoy's media.  The number of 

cells in the spermatocyte and spermatid fractions were counted by hemocytometric 

analysis and assayed for viability by trypan blue exclusion. 

Sertoli-germ cell coculture 

Approximately 400,000 isolated germ cells (round spermatid-enriched) were 

added directly to the pre-treated Sertoli cell enriched monocultures.  The Sertoli-germ 

cell cocultures were incubated in a humidified chamber at 33°C with 5% CO2-95% air for 
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36 hrs with 0.06 µg/ml FSH + 100 nM T to optimize Sertoli-spermatid binding as 

previously described [19, 20]. 

Addition of Adjudin to the coculture 

After 30 hrs of incubation, Vehicle 1 (2.5 µl EtOH) was added to one column of 

the 24-well plate and incubated for 1 hr at 33°C.  After the 1 hour incubation time, the 

next column received 1 ng/ml Adjudin in 2.5 µl EtOH and incubated for 1 hr at 33°C.  

This continued with the remaining concentrations of Adjudin (50 ng/ml, 125 ng/ml and 

500 ng/ml) [17] and ended with Vehicle 2 (same as Vehicle 1) to ensure that time was 

not the factor affecting the junction. 

Measurement of junctional strength using a micropipette pressure transducing 
system (MPTS) 

The Sertoli-germ cell cocultures were imaged on an inverted interference 

contrast microscope (Axiovert 100, Zeiss) with a 20x objective.  The microscope was 

fitted with the MPTS, as previously described [16].  After the 1 hr incubation with the 

treatment, the cover slips were washed 5x by gentle pipetting with supplemented 

DMEM:F12 + FSH and T (without Adjudin or EtOH).  Cover slips containing the Sertoli-

germ cell cocultures were carefully removed from the well.  A step-8 spermatid were 

identified as a 10 µm round cell containing an eccentric nucleus, as previously described 

[19, 21].  The detachment of individual step-8 spermatids from Sertoli cells and 

subsequent force measurement and analysis was performed as previously described 

[16].  Briefly, pressure at the tip of a 10 µm-diameter micropipette was controlled by a 

system consisting of two water reservoirs and a pressure transducer connected between 

the two reservoirs.  To detach spermatids from Sertoli cells, the glass micropipette tip 

was brought into close proximity to the unbound cell surface of the spermatid, and the 

hydrostatic pressure required to detach it from the underlying Sertoli cell monolayer was 
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recorded on the transducer.  The recorded pressure (in cm-H2O) was used to calculate 

force via the equation F = ?P • pR2p, where F (pN) is the force on a static cell, ?P is the 

suction pressure (N/µm2), and pR2p is the cross sectional area of the pipette (µm2).  To 

convert the pressure reading received in cm-H2O to N/µm2, for use in the above 

equation, the conversion factors 1 cm-H2O = 98.06 Pa and 1 Pa = N/m2 were used, 

since the international unit of force is Newtons (1 N = 1 kg•m/s2), and the international 

unit of pressure is Pascal (Pa). Each detachment event (a maximum of 4) consisted of a 

5 second suction pressure interval.  If the germ cell did not dissociate, the detachment 

effort was abandoned, and the last pressure reading was recorded.   

Viability/cytotoxicity assays 

 Sertoli cell cultures were prepared from 20-day-old rat testes by sequential 

enzymatic treatments as described [18], and cells were plated at high-density (0.5 x 106 

cells/cm2) on Matrigel™ (diluted 1:7 with Ham’s F-12 Nutrient Mixture and Dulbecco’s 

Modified Eagle’s Medium [F-12/DMEM], 1:1; Sigma)-coated Nunclon 24-well dishes in F-

12/DMEM supplemented with 10 µg/ml bovine insulin, 5 µg/ml human transferrin, 10 

µg/ml bacitracin,  2.5 ng/ml EGF, 0.06 µg/ml FSH and 100 nM T.  To obtain Sertoli cells 

with a purity greater than 98%, cultures were hypotonically treated.  Media were 

replaced every 24 hr thereafter, and Sertoli cells were incubated for an additional 3 days.  

This was followed by the isolation of germ cells from 90-day-old rat testes as previously 

described [22,23].  In this experiment, germ cell preparations were exposed to 

successive glass wool filtration steps, and thus, consisted of spermatogonia, 

spermatocytes, round and elongating spermatids when examined microscopically.  

Germ cells were added directly to Sertoli cell cultures at a Sertoli:germ cell ratio of 1:3 

and cocultured for 36 hr [24].  Thereafter, cocultures were rinsed twice with media to 

remove unbound germ cells and increasing concentrations of Adjudin (1, 50, 125 and 
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500 ng/ml, and 1 µg/ml) were added.  Sertoli-germ cell cocultures were incubated for 0, 

1, 3, 6 and 12 hr.  These cocultures were then used for viability/cytotoxicity assays.  

Because viable cells are characterized by the presence of intracellular esterase activity, 

this assay measured the ability of cells to enzymatically convert non-fluorescent, cell-

permeable calcein AM to fluorescent calcein.  Briefly, media was removed from Sertoli-

germ cell cocultures and cells gently rinsed with media.  Calcein AM (~2-5 µM, prepared 

in media or PBS, pH 7.4 prior to immediate use to prevent hydrolysis; Invitrogen) was 

added to Sertoli-germ cell cocultures and incubated briefly at 37 ºC or room 

temperature.  Fluorescence was quantified at 10-15 min intervals for up to 60 min at 485 

nmEX and 535 nmEM using a Tecan GENios fluorescence plate reader.  Controls 

consisted of Sertoli-germ cell cocultures cultured in the absence of Adjudin and in the 

presence of vehicle (ethanol:DMSO, 1:1 dilution).  Non-viable Sertoli-germ cell 

cocultures, which lacked the ability to enzymatically convert calcein AM to calcein, were 

prepared by treating cells with 75% ethanol (30 min) or 0.5% saponin (10 min).           
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RESULTS 

 
The mean force required to detach step-8 spermatids from Sertoli cells in the 

optimized Sertoli-germ cell in vitro binding model in the presence of various 

concentrations of Adjudin was determined following multiple measurements acquired 

from the modified MPTS.  The mean force necessary to detach step-8 spermatids from 

Sertoli cells (i.e., Sertoli-spermatid junctions with ectoplasmic specializations) in the 

presence of Vehicle 1 (at the start of the measurement process) and Vehicle 2 (at the 

end of the measurement process) was 18.03x10-10 pN (SE=1.263x10-6, n=16) and 

19.92x10-10 pN (SE=1.149x10-6, n=16).  The average for the two Vehicle groups was 

19.0x10-10 pN.  In the presence of 1 ng/ml, 50 ng/ml, 125 ng/ml and 500 ng/ml Adjudin, 

the mean forces required to detach step-8 spermatids from the underlying Sertoli cell 

monoculture were 18.2x10-10 pN (SE=1.383x10-6, n=16), 14.3x10-10 pN (SE=1.412x10-6, 

n=16), 7.74x10-10 pN (SE=1.122x10-6, n=16) and 6.51x10-10 pN (SE=1.750x10-6, n=10), 

respectively (Figure 3.1).  A one-way ANOVA determined a significant difference for 

Adjudin concentrations at or above 125 ng/ml, where p<0.05.   

 Viability/cytotoxicity assays demonstrated that the viability of Sertoli-germ cell 

cocultures was not affected when these cells were incubated with increasing 

concentrations of Adjudin for up to 12 hr (Figure 3.2).  Time points beyond 12 hr were 

not examined because higher doses of Adjudin (500 ng/ml and 1 µg/ml) perturb Sertoli-

germ cell adhesion, resulting in a decrease in cell number in these wells.           
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Figure 3.1.  Bar graph displaying the effect of Adjudin on the mean force (in piconewtons, pN) 

required to detach step-8 spermatids from Sertoli cells in the optimized Sertoli-spermatid 

coculture binding model. * indicates a significant difference, as determined by one-way ANOVA. 
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Figure 3.2.  Bar graph illustrating that increasing concentrations of Adjudin (0, 1, 50, 125 and 500 ng/ml, and 

1 µg/ml) at 12 hr post-treatment had no effect on the viability of Sertoli-germ cell cocultures when compared 

to controls (0 ng/ml Adjudin and vehicle). 
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DISCUSSION 

 
It is hypothesized that Adjudin works at the level of the adherens junction and 

possibly the ectoplasmic specialization in the seminiferous tubules, since depletion of 

round and elongated spermatids is seen in rats after administration of this potential male 

contraceptive [14,15,25].  However, cell adhesion was not compromised in other organs 

such as the brain, liver and kidney when this drug was administered by gavage, inter-

peritoneal or intramuscular injection [25] nor was the hypothalamus-pituitary-testicular 

axis affected at doses that were effective to induce male infertility [14].  Additionally, 

administration of Adjudin (50 mg/kg b.w., 3 doses administered every 2 days) to pups 

(e.g., 5-25 days of age) did not effect the integrity of Sertoli-germ cell adherens junctions 

[26], suggesting that the apical ectoplasmic specialization is an initial target.  Upon 

metabolic removal of Adjudin from virtually all organs by 48 hr, spermatogenesis began 

to resume progressively, and by day ~100 the testes of treated animals were 

indistinguishable from controls [14].  However, it was not known whether this compound 

actually affects the strength of the Sertoli-spermatid junctional complex.   

We have, for the first time, determined that the strength necessary to detach 

step-8 spermatids from a Sertoli cell monolayer is reduced by specific doses of Adjudin 

in vitro, indicating a functional alteration of the Sertoli-spermatid junctional complex.  The 

data presented confirm the hypothesis that this compound, at higher concentrations, 

disrupts the Sertoli-spermatid junctional complex, causing weaker binding between the 

Sertoli cell and step-8 spermatid.  Only the Sertoli-spermatid junctional complex between 

step-8 spermatids and Sertoli cells, which contains the ectoplasmic specialization, was 
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tested.  It is not known whether Adjudin affects the strength of desmosome-like junctions 

that are present, for example, between Sertoli and pachytene spermatocytes.  Recent 

studies have suggested that Adjudin affects the ectoplasmic specialization by activating 

RhoB within hours of administration.  This in turn activated ROCK, LIMK1 and cofilin, 

which perturbed actin cytoskeleton dynamics and resulted in germ cell detachment [27].  

Moreover, ß1 integrin, which is predominantly located at the apical ectoplasmic 

specialization, was also shown to be up-regulated following Adjudin treatment, further 

activating the FAK/PI 3-kinase/p130Cas/MAP kinase [17] pathway.   Though the exact 

protein complex acting as the receptor for Adjudin has not yet been defined, it is thought 

that through these signaling pathways, changes in the polymerization and 

depolymerization of actin at the ectoplasmic specialization lead to a depletion of germ 

cells from the seminiferous epithelium, in particular round and elongating spermatids 

[25].  It should be noted that Adjudin is a chemical entity that shares structural 

similarities with lonidamine [1-(2,4)-dichlorobenzyl-1H-indazole-carboxylic acid], which is 

known to severely damage stress fibers (e.g., actin filaments) in Sertoli cells [28,29].  

Likewise, preliminary studies have shown that Adjudin can induce extensive remodeling 

of the actin cytoskeleton in these cells (Mruk and Cheng, unpublished observations).  

What remains to be determined, however, is why Sertoli cell actin at the apical 

ectoplasmic specialization is sensitive to Adjudin’s effects when this protein is a 

constituent of virtually all cell types.  Certainly, other upstream regulators of RhoB 

activity, as well as additional signaling cascades, are likely to be involved, and their 

identification will help in determining why the apical ectoplasmic specialization is a 

primary target for Adjudin-mediated restructuring in the testis.    
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Results from this study show that the junctional strength between Sertoli cells 

and step-8 spermatids is reduced by Adjudin in vitro, supporting the potential use of this 

chemical as a male contraceptive. 
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CHAPTER 4 

 

Immortalized Sertoli cell lines sk11 and sk9 and binding of spermatids in vitro. 

(In Review)
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ABSTRACT 

 
Current studies of Sertoli cell-germ cell binding dynamics in vitro require the use 

of primary Sertoli cell isolates.  The aim of this study was to determine the effectiveness 

of the sk11, sk9, and sk11 TNUA5 Sertoli cell lines in binding germ cells in vitro.  These 

immortalized cell lines were utilized in coculture experiments with germ cells in media 

with/without reproductive hormones and incubated for 44 h, 32°C.  The number of germ 

cells bound to Sertoli cells was then determined and statistically analyzed.  Western Blot 

analysis and RT-PCR studies were employed to investigate the presence of cell 

adhesion proteins and FSH receptor, respectively.  No statistical difference between the 

number of bound step-8 spermatids and bound pre-step 8 spermatids on Sertoli cells 

from any of the cell lines existed.  After the addition of germ cells, Sertoli cells showed 

more lipid accumulation in their cytoplasm, indicating active phagocytosis.  Western Blot 

analysis in the sk11 TNUA5 line indicated the expression of N-cadherin.  FSH only and 

testosterone only treatments increased N-cadherin expression, regardless of germ cell 

addition.  The addition of germ cells to the sk11 TNUA5 Sertoli cells increased the 

expression of espin, as did the addition of FSH with germ cells.  RT-PCR studies of the 

sk11 TNUA5 cells indicated that the mRNA for FSH receptor decreased with successive 

passages.  In vitro binding between isolated germ cells and sk9, sk11 or sk11 TNUA5 

Sertoli cells, in a manner similar to that when using primary isolated Sertoli cells, is not 

feasible, and therefore these cell lines are not useful for the investigation of Sertoli-germ 

cell interactions.   
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INTRODUCTION 

 
 Spermatogenesis is a complicated process occurring throughout the reproductive 

life of the male.  It is a remarkable process in which germ cells undergo mitosis, meiosis 

and cellular differentiation to produce spermatozoa [1].  At any given point, several 

generations of germ cells develop at the same time in the seminiferous tubule of 

mammals [2].  The seminiferous epithelial cycle is made up of various stages, in which 

new generations of germ cells are connected to older generations, with their 

development coordinated via the presence of fixed cellular associations [2].   

 Occluding junctions, adherens junctions and gap communicating junctions are 

thought to play crucial roles in spermatogenesis.  Not only important in mechanical 

adhesion, the actin-based cell-cell adherens junctions between the Sertoli cell and the 

germ cell in the mammalian testis is also important in the morphogenesis and 

differentiation of the germ cells [3].   During the process of germ cell migration from the 

basal to the adluminal epithelial compartments, these junctions turnover [4].  However, 

their role in complete spermatogenesis is not yet fully understood.  The Sertoli 

ectoplasmic specialization, a cytoskeletal structure of the Sertoli cell, is associated with 

Sertoli-germ cell binding [5,6].  The morphology of testicular junctions has been well 

described, but their molecular composition still is not well understood.  ectoplasmic 

specializations are found basally in the Sertoli cell near Sertoli-Sertoli tight junctions and 

between Sertoli cells and germ cells and consist of hexagonally packed bundles of actin 

filaments situated between the plasma membrane and a cistern of endoplasmic 

reticulum [3].  A reduction of mature sperm in semen has been associated with abnormal 
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or absent Sertoli ectoplasmic specializations [7-11].  To ensure the retention of 

spermatids as they mature into spermatozoa, the ectoplasmic specialization is an 

important cell-cell adhesion mechanism in the seminiferous epithelium.   

 Espin is an actin binding protein found in the testis, specifically the Sertoli cells 

and shows no resemblance to other actin-binding proteins [12].  In the seminiferous 

epithelium, espin appears to be concentrated around the heads of spermatids from mid- 

to late spermiogenesis, as determined by immunoperoxidase immunocytochemistry [13].  

It is also seen near the base of the seminiferous tubules [13].  Sertoli cells surrounding 

step-8 spermatids, where an organized ectoplasmic specialization is first seen, 

demonstrate espin immunostaining in a C-shaped cap near the area where the 

spermatid meets the Sertoli cell [12].  This is not seen around step-7 spermatids [12].  

Nearing spermiation, espin immunostaining near the luminal edge of the seminiferous 

epithelium decreases and then disappears around the time of sperm release [12].  This 

change in localization appears to reflect the disassembly of the ectoplasmic 

specialization [12].  Through immunogold electron microscopy, espin has been localized 

to the parallel bundles of actin filaments present at the ectoplasmic specialization in 

Sertoli cells [13].  A smaller isoform of espin, termed “small espin,” has been seen 

associated with parallel actin bundles found in brush border microvilli in the kidney and 

intestine [14].  This further supports the hypothesis that espin is involved in the bundling 

of actin at the ectoplasmic specialization.   

Reproductive hormones have been shown to play a role in the regulation of 

binding of spermatids at the Sertoli-spermatid junctional complex.  The key regulators of 

spermatogenesis are follicle stimulating hormone (FSH) and testosterone [15-17].  FSH 

is thought to induce the binding competence of the Sertoli cell [18-20], whereas 

testosterone is believed to stimulate the actual binding between the two cell types 
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[18,20-22].  Cameron and Muffly [19] showed maximal binding of round spermatids to 

Sertoli cells in vitro in the presence of FSH and testosterone.  Testosterone is also 

known to promote and maintain the maturation of round to elongated spermatids in the 

rat [23].  The withdrawal of testosterone has shown detachment of round spermatids 

between spermatogenic stages VII and VIII [8], the time when the ectoplasmic 

specialization forms.  

Several Sertoli cell lines have been established from 10-day-old H-2Kb-tsA58 

transgenic mice carrying a temperature inducible SV40 T-antigen, including the sk11 

and sk9 cell line [24,25].  At a culture temperature of 33°C these cells divide, and by 

switching the temperature to 39°C, division stops.  Little is known about the molecular 

phenotype of these cells, however, they have been reported to express mRNAs for a-

inhibin, Steel factor, SGP-2, transferrin, androgen receptor, SF-1 and FSH receptor [25].  

Though the mRNA for the FSH receptor is found in these cells, it was down-regulated 

compared to in vivo levels, and the level of functional FSH receptor protein remains 

unknown.  The sk11 cells were later transfected with human wild type FSH receptor, 

which allowed for continuously active FSH receptor expression [26].  These cells, sk11 

TNUA5, showed a dose-dependent increase in cAMP production when stimulated with 

FSH [26].   

This project was designed to determine the effectiveness of the sk11, sk9, and 

sk11 TNUA5 Sertoli cell lines in binding germ cells in vitro.  To do this, an established 

Sertoli-germ cell coculture system was used [19], and the number of spermatids bound 

to Sertoli cells was determined by morphometric analysis and correlated with the 

hormone treatments.  The ectoplasmic specialization protein espin was also assayed in 

the cocultures by immunocytochemistry and Western blot analysis, as was the cell 

adhesion protein N-cadherin.  It was hypothesized that the sk11 TNUA5 Sertoli cell line 
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would be suitable to study FSH effects on Sertoli-germ cell coculture, as defined in the 

coculture model utilizing primary Sertoli cell isolates [19], and that the sk11 and sk9 cell 

lines would not.
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MATERIALS AND METHODS 

 
Germ cells were isolated from adult male mouse testes and cocultured with the 

immortalized mouse Sertoli cells in the presence of FSH, testosterone (T), and a 

combination of these two reproductive hormones [19].  The number of spermatids bound 

to Sertoli cells was determined by morphometric analysis and correlated with the 

hormone treatments [19].  Espin, N-cadherin, and FSH receptor were also assayed in 

these cocultures.  

Sertoli cell isolation, culture, and pretreatment 

Immortalized mouse sk9, sk11, and sk11 TNUA5 Sertoli cells were cultured on a 

Matrigel®  substrate (BD) in 24-well cell culture trays at either 32ºC or 39ºC, 5% CO2-

95% air and treated with FSH (NIDDK-oFSH-20, AFP7028D, 175xNIH-FSH-S1), T 

(Sigma) or FSH+T 24 h prior to the addition of mouse germ cells.  The culture medium 

was DMEM (high glucose+L-glutamine) supplemented with 10% fetal calf serum (PAA), 

0.01 µl/ml penicillin/streptomycin (Sigma), 0.01 µl/ml antibiotic/antimycotic (Sigma), and 

5 µg/ml Plasmocin (Cayla).  Cultures were not allowed to grow to confluence, since there 

was lack of contact inhibition, and the cells did not maintain a monolayer configuration.   

Mouse germ cell isolation and coculture 

Mouse germ cells were isolated from adult mice using a series of enzymatic 

treatments [0.5 mg/ml collagenase (Sigma) and 0.25 mg/ml trypsin (PAA)] [19,27] and 

then filtered through a 74 µm nylon mesh.  A total of 400 000 mouse germ cells were 

added to the Sertoli cell monocultures and incubated for 44 h at 32ºC, 5% CO2-95% air.  
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Most Sertoli cell cultures were near confluence at the time of plating.  Controls included 

no hormone treated cocultures and germ cells preincubated for 30 min with the various 

hormone treatments before being added to no hormone treated Sertoli cells. 

Germ cell viability and coculture fixation 

Following 44 h of incubation, the cocultures were washed 5 times with warm 

medium, and the viability of the germ cells in the cocultures was estimated using the 

Trypan Blue assay.  Cocultures were fixed with 4% paraformaldehyde for 20 min at room 

temperature.  Cocultures for immunostaining were fixed with ice cold methanol:acetone 

(1:1) for 10 min at -20ºC and then allowed to air dry at room temperature. 

Morphometry and statistics   

Five digital images were taken in a systematic pattern from each well using 20x 

and 40x objectives.  The number of germ cells was determined for each digital image 

using ImageJ.  Germ cells were classified and counted based on size and appearance.  

Means of germ cell numbers for each treatment group for the three Sertoli cells lines 

utilized were statistically analyzed using one-way ANOVA followed by Scheffe’s multiple-

range analysis.   

Immunocytochemistry 

Sk11 TNUA5 Sertoli cell monocultures and Sertoli-germ cell cocultures were 

fixed in methanol:acetone (1:1) for fluorescent immunostaining of the ectoplasmic 

specialization protein espin or fixed in 95% ethanol:5% acetic acid for fluorescent 

immunostaining of the cell adhesion protein N-cadherin.  The fixed cocultures were 

incubated for 1 h at room temperature with espin (10 µg/ml; Transduction Laboratories) 

or anti-N-cadherin (2 µg/ml; Zymed) followed by a 1 h incubation at room temperature 

with Cy3 (1:100; Jackson) as the secondary antibody.  The antibody complex was 

visualized using a fluorescent microscope. 
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Gel electrophoresis and Western blot 

Some Sertoli cell monocultures and Sertoli-germ cell cocultures were collected 

for Western Blot analysis. After 44 h of incubation, the cultures were washed 5 times 

with medium and the cells were lysed using a cell scraper and pooled in the various 

treatment groups.  The protein was extracted using homogenization in Buffer A (10 mM 

HEPES (KOH) pH 7.9, 10 mM KCl, 1 mM DTT, 0.2 mM EDTA, 0.1% NP-40, protease 

inhibitors (Roche “Complete”), 0.5 mM PMSF) or Crash Buffer (1 M Tris HCl pH 6.8, 

20% SDS, 1 M DTT, protease inhibitors (Roche “Complete”), 0.5 M EDTA pH 8).  The 

proteins were separated by SDS-PAGE gel electrophoresis and transferred onto 0.45 

µm PVDF membrane.  The blots were then stained for espin using the espin antibody 

mentioned above (1:1000, 1 h room temperature), followed by a 1 h incubation with Cy5 

(1:500; Jackson).  Membrane bound antibodies were detected using a fluoroimager 

(Storm 860; Molecular Dynamics) with a laser diode and emission filter for Cy5 (650 nm 

– 670 nm).  The image was viewed using Image Quant 5.0 (Molecular Dynamics). 

RNA Isolation 

            Monocultures of sk11 TNUA5 cells were washed once in serum-free medium and 

then lifted using a cell scraper and RNAPure (PeqLab).  The cells were vortexed for 30 

sec and incubated at room temperature for 5 min, after which 600 µl chloroform was 

added and mixed well.  The cell lysate was then centrifuged for 30 min at 4000 rpm, 4ºC.  

The supernatant was collected and added to 1.5 ml isopropanol.  This was then placed 

on a shaker for 1 h at -20ºC, followed by centrifugation for 1 h at 4000 rpm.  The 

supernatant was aspirated and discarded, and the total RNA was then further purified 

using the RNeasy Mini Kit (Qiagen), as per manufacturer’s instructions.  After isolation, 

RNA integrity was assessed using agarose/GITC gels.  The purity was checked by UV-

spectrometry in 10 mM Na2HPO4/NaH2PO4-buffer (pH 7.0). 
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Real-time RT-PCR 

Real-time RT-PCR was used to examine the mRNA expression of FSH receptor, 

N-cadherin and espin in sk11 TNUA5 Sertoli cells and was performed on a LightCycler™ 

instrument (Roche).  cDNA was synthesized from 1000 ng of total RNA using oligo dT(12-

18) (Invitrogen) with Superscript II reverse transcriptase (Invitrogen).  PCR was performed 

using a PCR cocktail containing 10 pmol each gene specific primers (Table 4.1), 2 µl 

dNTP mix (25 mM each; Takara Bio), 0.5 µl SybrGreen I (1:1000 in DMSO; Molecular 

Probes), 0.25 µl BSA (20 mg/ml; Sigma), and 0.2 µl Ex-Taq HS (5 U/µl; Takara Bio) in a 

total volume of 20 µl.  Cycling conditions were as follows: denaturation (95°C for 5 min), 

amplification and quantization (95°C for 10 sec, 60°C for 10 sec, and 72°C for 30 sec, 

with a single fluorescence measurement at the end of the 72°C segment) repeated 40 

times, a melting curve program (60 – 95°C with a heating rate of 0.2°C/sec and 

continuous fluorescence measurement) and a cooling step to 40°C.  The threshold cycle 

(crossing point) in which the fluorescence rises appreciably above background level was 

determined by a second derivate maximum method with the use of the LightCycler™ 

Quantification Software.  For exact comparison of mRNA transcription in the different 

samples the ribosomal gene RPS27a was used as reference gene.  In addition to the 

verification of a single PCR product by the presence of only one melting peak, the PCR 

products were resolved by electrophoresis on a 1% agarose/TAE gel and checked for 

correct molecular size.   
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Table 4.1.  Sequences for real-time RT-PCR primers. 

Sequences for real-time RT-PCR primers 

Gene Sequence TM [ºC] 

RPS27a-5’ CCA GGA TAA GGA AGG AAT TCC TCC TG 64.8 

RPS27a-3’ CCA GCA CCA CAT TCA TCA GAA GG 62.4 
   

FSHR-5’ GTG GTC ATC TGT GGT TGC TAC ACC 64.4 

FSHR-3’ AAG GAT TGG CAC AAG AAT TGA TGG 59.3 

   

N-Cadherin-5’ CTG CCA ACT GGC TGA AAA TAG ACC 62.7 

N-Cadherin-3’ AGT TGG GTT CTG GAG TTT CAC AGG 62.7 
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RESULTS 

 
Three cell lines reported to express mRNA for the FSH receptor – the sk9, sk11, 

and sk11 TNUA5 Sertoli cell lines – were used for Sertoli-germ cell coculture. After the 

addition of germ cells to subconfluent layers of sk9, sk11, and sk11 TNUA5, the lipid 

accumulation in these cells increased (figure not shown), indicating an increase in 

phagocytic activity.  The sk11 cells appeared to contain the most lipids, although this 

was not quantified.  Upon the addition of hormones and germ cells, the sk9 and sk11 

cells reorganized in vitro to form tubule-like aggregates (Figure 4.1).  

  

 

 

 

 

 

 

 

 

 

Figure 4.1.  Light micrograph of tubule formation in vitro by the sk cell lines after the addition of germ cells 

and hormones.  A light micrograph of an example of the tubule formation observed in the sk cell lines 44 h 

after adding germ cells and FSH and testosterone (image taken from sk11 cell line). 
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The number of bound spermatids per hormone treatment can be seen in Table 

4.2.  A one-way ANOVA (p<0.05) determined no significant difference between the 

hormone treatments and number of pre-step-8 spermatids or step-8 spermatids bound to 

Sertoli cells from any of the cell lines.  No difference was seen in the number of bound 

spermatids on Sertoli cells incubated prior to germ cell addition at 32ºC or 39ºC.    

 

Table 4.2.  Total number of spermatids bounds to immortalized mouse Sertoli cells.  Total number of 

spermatids bound to sk9 cells from 7 cocultures (24 well plates), bound to sk11 cells from 5 cocultures (24 

well plates), and bound to sk11 TNUA5 cells from 9 cocultures (24 well plates). 

Total number of spermatids bounds to immortalized mouse Sertoli cells 

sk9 No Hormone FSH T FSH+T 
Pre-step-8 51 38 35 43 

Step-8 19 19 16 18 
sk11 No Hormone FSH T FSH+T 

Pre-step-8 1 0 3 1 

Step-8 1 0 0 2 
sk11 No Hormone FSH T FSH+T 

Pre-step-8 1 2 6 3 

Step-8 3 2 5 5 

 

Since the most promising cell line was thought to be the sk11 TNUA5 line, 

immunocytochemistry and Western Blot was utilized to identify the presence of specific 

proteins involved in cell adhesion and the ectoplasmic specialization.  The expression of 

espin in sk11 TNUA5 cells appeared to increase with the addition of FSH+T, as 

indicated by immunofluorescence staining intensity (Figure 4.2).  Western Blot analysis 

of this protein in these cells is inconclusive.  Immunofluorescence of N-cadherin in the 

sk11 TNUA5 cells has thus far been unsuccessful.  However, via Western Blot analysis, 

N-cadherin was shown to be expressed in the sk11 TNUA5 cell line.  Whereas the FSH 

and T treatments alone appeared to increase N-cadherin expression in these cells, the 
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Figure 4.2.  Fluorescent immunostaining of espin in immortalized mouse rat Sertoli cell-sperm atid cocultures 

plated on Matrigel®.  (A) Sk11 TNUA5 monoculture immunostained for espin.  (B) Sertoli-germ cell coculture 

using sk11 TNUA5 cells. Negative control for espin immunostaining.  (C) Sertoli-germ cell coculture using 

sk11 TNUA5 cells immunostained for espin in the absence of hormones.  (D) Sertoli-germ cell coculture 

using sk11 TNUA5 cells immunostained for espin in the presence of FSH.  (E) Sertoli-germ cell coculture 

using sk11 TNUA5 cells immunostained for espin in the presence of testosterone.  (F) Sertoli-germ cell 

coculture using sk11 TNUA5 cells immunostained for espin in the presence of FSH and testosterone.  

Blue=nucleus.  Red=espin. 

 



 

 116 

combination of the two hormones, as well as the addition of germ cells, did not appear to 

affect the expression of this protein (Figure 4.3). 

 

 

 

Figure 4.3.  Immunodetection of espin in Sertoli cell, germ cell and Sertoli-germ cell coculture lysates.  

Western Blot for N-cadherin in sk11 TNUA5 cell cultures.  SC=sk11 TNUA5 Sertoli cells, GC=germ cells, 

M=marker, NoH=no hormone, FSH=follicle stimulating hormone, T=testosterone. 

 

Real-time RT-PCR was used to examine the mRNA expression of FSH receptor 

and N-cadherin in sk11 TNUA5 Sertoli cells in comparison to a control sample (C14 – 

mice testis, day 30).  The crossing points (CP) for FSH receptor and N-cadherin in the 

cell line are shown in table 2.3.  Briefly, the CP for the FSH receptor in sk11 TNUA5 

passage 3 cells is 26.82, whereas in passage 17, it is 28.76, and for N-cadherin, sk11 

TNUA5 passage 3 the CP is 17.79 and 16.22 in passage 17.  The CP is defined as the 

point at which the fluorescence rises appreciably above the background fluorescence 

and is therefore a measure for the mRNA amounts.   

For exact comparison of mRNA levels in the different samples the ribosomal 

gene RPS27a was used as reference gene.  The CP values for the RPS27a show that 

this gene is expressed at a constant level in the sk11 TNUA5 Sertoli cells and in the 

control sample C143 what indicates that there are nearly equal amounts of mRNA 

starting material (Table 4.3).  Figure 4.4 demonstrates the LightCycler PCR results of the 

sk11 TNUA5 Sertoli cells for the FSH receptor (a) and the N-Cadherin gene (b).  

Whereas N-cadherin could be detected, it was not possible to quantify mRNA levels for 

the FSH receptor gene in these cells.  
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Table 4.3.  Crossing points for the FSH receptor and N-cadherin transcripts in the sk11 TNUA5 cell line.  

The crossing points for the investigated genes in the sk11 TNUA5 cells, using Real Time RT-PCR and 

performed on a LightCycler™ instrument. The crossing point is defined as the point at which the 

fluorescence rises appreciably above the background fluorescence and is therefore a measure for the 

mRNA amounts.  FSH-R= FSH receptor; p=passage. 

Crossing points for each transcript 

Cell RPS27a FSH-R N-cadherin 
sk11 TNUA5 p3 10.44 26.82 17.79 

sk11 TNUA5 p17 10.37 28.76 16.22 

sk11 TNUA5 p17 +FSH 10.66 28.93 16.20 

control C143 9.69 22.65 20.71 

 

 

 

 

Figure 4.4.  RT-PCR results for the FSH receptor and N-cadherin genes.  RT-PCR results for sk11 TNUA5 

Sertoli cells and a control (C143) for the FSH receptor (a) and the N-cadherin gene (b).  (c) 1% agarose/TAE 

gel of the RT-PCR products.  M=100 bp molecular weight marker, lane 5 and 10=no cDNA, water control.  

p=passage. 
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DISCUSSION 

 
In vitro studies of the interactions between Sertoli cells and germ cells are time-

consuming and expensive, in that the current established method consists of using 

primary Sertoli cell isolates.  Very few Sertoli cell lines exist and most do not possess the 

receptor for FSH and are therefore insufficient for studying how FSH is involved in the 

binding dynamics between germ cells and Sertoli cells.  The development of a Sertoli 

cell line that expresses functional FSH receptor protein and supports germ cell binding is 

of great interest.  Three cell lines have been reported to express the mRNA for the FSH 

receptor – the sk9, sk11, and sk11 TNUA5 Sertoli cell lines [24-26], all established from 

H-2Kb-tsA58 transgenic mice.  Sneddon et al [28] have demonstrated that the sk11 

Sertoli cell line maintains the Sertoli cell phenotype in relation to androgen and estrogen 

receptors, in that the expressed androgen receptor and estrogen receptor-ß induces 

expression of reporter gene constructs in the presence of a range of steroid ligands [28].  

As a result of these studies, these cells would appear to be good candidates for use in 

Sertoli-spermatid binding studies.   

The accumulation of lipids in the sk9, sk11, and sk11 TNUA5 cells was evident 

following the addition of germ cells, indicating, therefore, the retention of the well-defined 

phagocytic activity of Sertoli cells.  Results from the current study, however, indicate that 

these cell lines have limited value for the investigation of Sertoli-germ cell binding 

dynamics in vitro. 

Although the addition of hormones and germ cells to the sk9 and sk11 cells 

resulted in the formation of tubule-like structures, there was no apparent binding in vitro 
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between these cells and the added germ cells, resulting in an inappropriate membrane 

binding domain for the germ cells [19].  It is also possible that the presence of serum in 

the culture medium, necessary to maintain the viability of the immortalized Sertoli cells, 

inhibited FSH binding and/or receptor activation [29].  This being the case, there would 

not likely be FSH-induction of Sertoli cell binding competency, and therefore an inability 

to bind germ cells [19].  When cultured in medium without serum, but supplemented with 

retinol, insulin, transferrin and selenium, the cells appeared fusiform and not suitable for 

binding studies.  The RT-PCR results indicate that the sk11 TNUA5 Sertoli cells have 

almost non-existent levels of FSH receptor mRNA with each passage, thereby providing 

an explanation for the lack of specific spermatid binding.  This is in contrast to 

Strothmann et al [26], who claim continuous active FSH receptor expression [26] in 

these cells, showing a dose-dependent increase in cAMP production when stimulated 

with FSH [26]. 

With the addition of germ cells, the expression of espin in the sk11 TNUA5 cells, 

as analyzed via immunofluorescence, appeared to increase in the presence of FSH, but 

the organization of this protein appeared to be random.  Still, in the presence of both 

FSH and T, espin appeared to be at the periphery of the Sertoli cells, suggesting that 

this actin binding protein was not involved in cell-cell binding activity in our coculture 

model.   

Via Western Blot analysis, N-cadherin was also detected in the sk11 TNUA5 cell 

line.  Whereas FSH or T treatment alone appeared to increase N-cadherin expression in 

these cells, the combination of the two hormones, as well as the addition of germ cells, 

did not appear to affect the expression of this binding protein. 

Although the sk11 TNUA5 cells were stably transfected with a human FSH 

receptor construct [26], these cells lines have limited value for the investigation in vitro of 
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Sertoli-germ cell binding interactions.  First, the mRNA for the FSH receptor decreases 

in amount with successive passages, so that by passage 17 the message is almost non-

existent.  Second, the actin binding protein espin was expressed with the addition of 

germ cells, appeared to increase in the presence of FSH and became peripheralized in 

the presence of both FSH and T together.  Still, this response was not associated with 

germ cell binding.  Finally, the sk11 TNUA5 Sertoli cell line also expressed the binding 

protein N-cadherin, which appeared enhanced by the presence of either FSH or T alone.  

The combination of these hormones, as well as the addition of germ cells, did not appear 

to affect the expression of this binding protein, and, like espin, was not associated with 

binding of germ cells.  

 Although the sk9 and sk11cells originally expressed mRNA for the FSH receptor, 

and the sk11 TNUA5 cells are thought to have a functional FSH receptor, these cells are 

not useful for in vitro investigation of Sertoli-germ cell interactions.  However, they 

should not be ruled out for in vitro work, such as Sertoli cell biology and/or Sertoli cell 

interactions with non-germ cell types not requiring FSH.   
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It is theorized that spermatids associated with ectoplasmic specializations adhere 

to Sertoli cells more strongly than all other germ cells and that this is essential for 

anchoring spermatids in the seminiferous epithelium during the final stages of 

spermiogenesis.  Additionally, complete spermiogenesis is not observed in the absence 

of these unique Sertoli-spermatid junctions, which when disrupted, lead to spermatid 

sloughing and oligospermia [1-3].  However, the actual junctional strength between 

Sertoli cells and spermatids has never been measured to verify this unsubstantiated 

dogma central to the successful completion of spermatogenesis. 

In this dissertation, for the first time, the actual strength of junctions between 

germ cells and Sertoli cells in vitro has been determined.  The data presented confirm 

the hypothesis that step-8 spermatids are more firmly attached to Sertoli cells than are 

spermatocytes and pre-step-8 spermatids.  Of the cells tested, the ectoplasmic 

specialization is only present between Sertoli cells and step-8 – step-19 spermatids and 

is conspicuously absent between Sertoli cells and spermatocytes and pre-step-8 

spermatids [4]. This suggests that the structural nature of the ectoplasmic specialization 

contributes to the actual junctional strength between these two cell types, ensuring that 

elongating spermatids (post-step-8 spermatids) are securely anchored to the 

seminiferous epithelium during the final stages of spermiogenesis.  This also supports 

the hypothesis that when the ectoplasmic specialization does not form properly between 

the Sertoli cell and the periluminal step-8 spermatid, or is otherwise abnormal, the 

junction strength is significantly lessened, thereby leading to spermatid sloughing and 

oligospermia [5]. 
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Results from this dissertation show that the junctional strength between Sertoli 

cells and germ cells can be measured in vitro, support long held speculations regarding 

Sertoli-spermatid junctional interactions, and provide a means to actually test proposed 

mechanisms of junction dynamics between cells of the seminiferous epithelium. 

One such disruptor of cell junctions in the seminiferous epithelium is Adjudin, 

which is hypothesizes to work at the level of the adherens junction and possibly the 

ectoplasmic specialization, since depletion of round and elongated spermatids is seen in 

rats after administration of this potential male contraceptive [6-8].  This dissertation 

tested the strength of the junction between the step-8 spermatid and the Sertoli cell in 

the presence of Adjudin in vitro.  The data presented confirm the hypothesis that this 

compound, at higher concentrations, disrupts the Sertoli-spermatid junctional complex, 

causing weaker binding between the Sertoli cell and step-8 spermatid.  Though the 

exact protein complex acting as the receptor for Adjudin has not yet been defined, it is 

thought that through various signaling pathways (such as the RhoB activation of ROCK, 

LIMK1, and cofilin [9] and/or the ß1 integrin activation of the FAK/PI 3-

kinase/p130Cas/MAP kinase pathway [10]), changes in the polymerization and 

depolymerization of actin at the ectoplasmic specialization lead to a depletion of germ 

cells from the seminiferous epithelium, in particular round and elongating spermatids [8].  

Results from this dissertation show that the junctional strength between Sertoli cells and 

step-8 spermatids is reduced by Adjudin in vitro, supporting the potential use of this 

chemical as a male contraceptive. 

In vitro studies of the interactions between Sertoli cells and germ cells, such as 

those in the first and third chapters of this dissertation, are difficult and expensive, in that 

the current established method consists of using primary Sertoli cell isolates.  Very few 

Sertoli cell lines exist and most do not possess the receptor for FSH and are therefore 
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insufficient for studying how FSH is involved in the binding dynamics between germ cells 

and Sertoli cells.  The development of a Sertoli cell line that expresses functional FSH 

receptor protein and supports germ cell binding is of great interest.  Three cell lines have 

been reported to express the mRNA for the FSH receptor – the sk9, sk11 and sk11 

TNUA5 Sertoli cell lines [11-13], all established from H-2Kb-tsA58 transgenic mice.  As a 

result of the aforementioned studies and others, these cells would appear to be good 

candidates for use in Sertoli-spermatid binding studies.   

This dissertation explored the potential use of these cells for in vitro Sertoli cell-

spermatid binding studies.  Results indicate that these cell lines have limited value for 

the investigation of Sertoli-germ cell binding dynamics in vitro.  Although the addition of 

hormones and germ cells to the sk9 and sk11 cells resulted in the formation of tubule-

like structures, there was no apparent binding in vitro between these cells and the added 

germ cells, resulting in an inappropriate membrane binding domain for the germ cells 

[14].  It is also possible that the presence of serum in the culture medium, necessary to 

maintain the viability of the immortalized Sertoli cells, inhibited FSH binding and/or 

receptor activation [15].  This being the case, there would not likely be FSH-induction of 

Sertoli cell binding competency, and therefore an inability to bind germ cells [14].  The 

RT-PCR results indicate, however, that the sk11 TNUA5 Sertoli cells have almost non-

existent levels of FSH receptor mRNA with each passage, thereby providing an 

explanation for the lack of specific spermatid binding.  Although the sk11 TNUA5 cells 

were stably transfected with a human FSH receptor construct [13], these cells lines have 

limited value for the investigation in vitro of Sertoli-germ cell binding interactions, as do 

the sk11 and sk9 cell lines.   
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APPENDICES



APPENDIX 1 – HORMONES 

Follicle stimulating hormone 

 Evidence exists for the idea that spermatogenesis can be completed, and that 

fertility is possible, without the presence of FSH.  Although the testis size and sperm 

count are reduced in FSHß subunit knock-out mice, they mature normally sexually and 

fertility is present [1].  The same is seen when the FSH-receptor is disrupted [2, 3].  In 

the human, a mutation of the FSH-receptor results in a reduction of sperm count but 

fertility still remains [4].  Spermatogenesis can be induced and restored by testosterone 

in the absence of FSH, as seen in mice with a GnRH deficiency [5]. 

 However, primate studies have demonstrated a need for FSH in the maintenance 

of spermatogenesis in both the human and the monkey.  Immunization to FSH in the 

monkey and the human induces impairment in sperm production and quality [6, 7].   An 

essential role for FSH in man is further supported by the finding of azoospermia in a man 

with an inactive FSHß subunit [8], which could indicate either the necessity of FSH for 

the testicular development required for spermatogenesis and/or the establishment and 

maintenance of spermatogenesis in the adult.  The requirement of exogenous FSH in 

hypogonadotrophic men in order to establish spermatogenesis identifies the need for 

FSH in the induction of permanent maturational effects on the seminiferous epithelium.   

Androgens 

Testosterone plays a critical role in normal germ cell development and 

maintenance of reproductive potential in the male.  However, it is the function of the 

androgens and androgen receptor (AR) that are vital to sexual differentiation and normal 

spermatogenesis.  The binding of testosterone and dihydrotestosterone (DHT) initiates  

nuclear translocation of the AR-steroid complex, which then regulates the transcriptional 

function of AR [9].  In the human, DHT has an important role in male reproductive tract 

development [10], but in the mouse, there is little importance in development for this  



 

 134 

APPENDIX 1 (CONTINUED) 

hormone [11].  Through autocrine feedback on the Leydig cell, the AR is important in 

regulating the level of testosterone by endocrine effects of GnRH production and 

inhibition of LH synthesis and secretion by the pituitary [12].  For example, humans and 

mice with a hemizygous null mutation in the Ar gene demonstrate 

pseudohermaphroditism and infertility [13, 14], in which an XY individual displays an 

external appearance of a female [14], with an incomplete formed vagina and small, 

abdominal testes with early meiotic arrest [13, 15].  Mice homozygous for a mutation in 

the GnRH gene have considerably lowered serum testosterone levels [5], as well as 

meiotic arrest of spermatogenesis [16].  However, spermatogenesis can be rescued with 

androgen replacement [5], whereas FSH alone fails in doing so [17, 18], supporting the 

idea that it is the androgens, not FSH, that are the major regulators of spermatogenesis.  

Furthermore, classic hormone withdrawal studies in rats also help verify the requirement 

of androgens in spermatogenesis.  Acute, stage-specific regression of the seminiferous 

epithelium occurs when androgens are removed from adult rats by hypophysectomy [19, 

20].  The manifestation of testosterone loss is seen as a loss of mid-stage round and 

elongated spermatids, suggesting androgens affect spermiogenesis and spermiation.  

Loss of mid-stage meiotic spermatocytes is also seen.  With long-term hypophysectomy 

and residual testosterone activity removed, spermatogenesis hardly progresses past 

meiosis [21, 22].  Replacement of FSH has little effect on the recovery of 

spermatogenesis, but replacement of LH or androgens does [19, 23, 24].  Similar results 

are seen with the suppression of GnRH activity [25] and destruction of Leydig cells with 

EDS [21, 26].   

Although androgens have a regulatory positive effect on differentiating germ 

cells, a negative effect of androgens also exists for the differentiation of spermatogonial  
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stem cells.  Studies in humans and rats that have had therapeutic radiation or 

chemotherapy for cancer demonstrate a failure of proliferation/differentiation of 

spermatogonia, but upon treatment with a GnRH agonist or testosterone (both of which 

decrease intratesticular testosterone concentration), the germ cell population was 

enhanced by induced spermatogonial mitotic activity and apoptosis inhibition [27, 28].   

Androgen receptors (AR) are found in the Sertoli cell, peritubular myoid cell and 

the Leydig cell [29].  Androgens are necessary for spermatogenesis, and since the AR is 

not found in the germ cell [29], it is speculated that testosterone works through the 

Sertoli cell, as does FSH.  The concentration of testosterone in the testis is greater than 

that needed to fully saturate the AR.  When this level is reduced experimentally, 

spermatogenesis is interrupted, but at a testosterone concentration far in excess of that 

needed for the maintenance of androgen effects elsewhere in the body [30]. 

Androgen receptor 

AR expression in the testis is limited to the somatic cells (Leydig, peritubular 

myoid, and Sertoli cells) [29, 31-33], but some authors have described the AR in human 

spermatogonia [34], mouse fetal and postnatal germ cells [33], and rat spermatids [31].  

Work with AR-null chimeric mice and from germ cell transplantation studies demonstrate 

that AR in male germ cells is not necessary for normal fertility [35, 36].  Continuous 

expression of AR is seen in Leydig and peritubular cells, while a stage-specific 

expression of AR is seen in the Sertoli cell [29], with testosterone supporting this 

expression [37].  A DHT responsive promoter is also found upstream of the Ar gene [38], 

thereby further illustrating the idea of androgen/AR auto-regulation of AR expression in 

the testis.  Stages VII – VIII of spermatogenesis demonstrate the highest expression of  
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AR in the Sertoli cell, corresponding with the stages most affected by androgen 

withdrawal [19-21].   

Estrogens 

Surprisingly one of the metabolites of testosterone, estradiol (E2), also plays a 

role in the maintenance of fertility in the male, though the effects appear to be secondary 

and indirect.  Estrogens are derivatives of androgens, synthesized by the aromatase 

complex, which contains the cytochrome p450 enzyme (encoded by the cyp19 gene) 

[39].  Though aromatase has been found to be expressed in the Leydig cells [40], 

elongated spermatids [41], immature Sertoli cells [42], and ejaculated spermatozoa [43, 

44], the role of estrogens in spermatogenesis is still not clear. 

Estrogen receptor (ER) a has been detected in the Leydig cells and the 

peritubular myoid cells in the adult rat and mouse testis [33, 45], as well as in the 

efferent ductules [33, 45, 46].  ERß, however, is found in many cell types, including the 

Sertoli cell [47-49], early round spermatids, late spermatocytes [48-50], efferent 

ductules, epididymis, and vas deferens [33, 46, 48, 49].  Within the human testis, there 

has been a failure to immunolocalize ERa [51, 52], but high levels of ERa are found in 

the efferent ductules [53].  In contrast, ERß has been detected in the human testis, with 

the highest level of ERß1 being in round spermatids and the highest level of ERß2 in the 

Sertoli cells [51-53].  Both ERa and ERß bind E2 with high affinity.   

In mouse studies, targeted disruptions of the ER receptors have been 

undertaken in order to study the effect of estrogens on reproductive function (knock-out 

models: ERaKO, ERßKO, and ERaßKO) [54-56].  Aromatase knockout mice (ArKO) 

have also been created by knocking out Cyp19 [57].  Other studies have used knockout  

 



 

 137 

APPENDIX 1 (CONTINUED) 

mice for estrogen sulfotransferase enzymes [58] and the administration of anti-estrogens 

[59-61].   

Studies of ERaKO mice demonstrate a decline in testicular function in the adult, 

due to a pressure build-up in the seminiferous tubules as a result of impairment of fluid 

absorption in the efferent ductules [46].  Germ cell maturation does not require ERa; 

germ cells transplanted from ERaKO mice produce sperm capable of fertilizing eggs 

[62].  ERßKO mice have no disruption of testicular function or fertility [54].  ArKO male 

mice are unable to convert C19 steroids (androgens) to C18 steroids (estrogens) and 

exhibit disrupted spermatogenesis as they develop, with the specific defect in spermatid 

development, manifested as spermatogeneic arrest at early spermiogenesis and 

increased apoptosis [63, 64].  A large number of round spermatids are found in the 

semen (spermatid sloughing) of ArKO mice, indicating that the conversion of 

testosterone to estrogen may be necessary for the formation of the Sertoli-spermatid 

junctional complex [63].   
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APPENDIX 2 – IMMORTALIZED SERTOLI CELL LINES 
 
Currently, the best way to obtain Sertoli cells for in vitro studies is via primary 

isolation.  Although this method is very effective, it can also cause a delay in 

investigation, since several hours are lost during the isolation.  Moreover, use of an 

established cell line could effectively and immensely assist research Sertoli cells 

function.  Currently several lines exist, including the widely used TM4 cells from the 

mouse [1].  Other cell lines that have been established are the mouse Sertoli cell 1 

(MSC-1) [2], 15P-1 (mouse) [3], 45T-1 (mouse) [3], 42GPA-9 (mouse) [4], SF-7 (mouse) 

[5], TR-ST (rat) [6], ASC-17D (rat) [7], and the TTE-3 (mouse) [8].  Many other Sertoli 

cell lines have been established, but little has been reported on them.  None of these cell 

lines have been suitable for the study of Sertoli cell-spermatid interactions, mainly due to 

a lack of FSH-receptor expression. 

Several Sertoli cell lines (labeled sk) have been established from 10-day-old H-

2Kb-tsA58 transgenic mice carrying a temperature inducible SV40 T-antigen and exhibit 

a genetic phenotype like those in vivo [9, 10].  As a result of this antigen, these cells 

divide at a culture temperature of 33°C and stop division at a temperature of 39°C [9].  

Within two days at the higher, nonpermissive temperature, a change in cell morphology 

is observed [9].  No indication of massive apoptosis is apparent in the culture [9].  When 

returned to the lower, permissive temperature, the cells resume the morphology of 

dividing cells and proliferate [9].  Protein synthesis is not affected by the shift to the 

nonpermissive temperature [9].   

Little is known about the molecular phenotype of these cells.  However, they 

have been reported to express mRNAs for a-inhibin, Steel factor, sulfated glycoprotein-

2, transferrin, androgen receptor, GATA-1, and FSH-receptor [9, 10].  

Immunocytoskeletal analysis of cytoskeletal proteins demonstrated the presence of a- 
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smooth muscle actin, neurofilament protein 200, and vimentin in a pattern exactly 

corresponding to that of Sertoli cells in vivo [9], indicating further that these cells are of 

Sertoli cell origin.  Although the mRNA for the FSH-receptor was found in these cells, it 

was down-regulated compared to in vivo levels, and the level of functional FSH-receptor 

protein remains unknown.  Sneddon et al [11] have demonstrated that the sk11 Sertoli 

cell line (one of the sk cell lines) maintains the Sertoli cell phenotype in relation to 

androgen and estrogen receptors, in that the expressed AR and ERß induced 

expression of reporter gene constructs in the presence of a range of steroid ligands [11].  

These sk11 cells were later transfected with human wild type FSH-receptor, which 

allowed for continuously active FSH-receptor expression [12].  These cells, sk11 

TNUA5, showed a dose-dependent increase in cAMP production when stimulated with 

FSH [12].  These cells may provide a possible alternative to primary isolations in Sertoli 

cell studies in vitro. 
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