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ABSTRACT 

 

 Tubulobulbar complexes are cytoskeleton-related membrane structures that develop at 

sites of intercellular attachment in the mammalian seminiferous epithelium. At apical junctions 

between Sertoli cells and spermatids the structures internalize adhesion junctions and are a 

component of the sperm release mechanism. Here I explore the possibility that tubulobulbar 

complexes that form at the ‘blood-testis barrier’ are sub-cellular machines that internalize basal 

junction complexes. Electron microscopy reveals that morphologically identifiable tight and gap 

junctions are present in basal tubulobulbar complexes in rats. In addition, immunological probes 

for claudin-11 (CLDN11), connexin-43 (GJA1), and nectin-2 (PVRL2) react with linear 

structures at the light level that I interpret as tubulobulbar complexes, and probes for early 

endosome antigen 1 (EEA1) and Rab5 (RAB5A) react in similar locations. Significantly, 

fluorescence staining patterns for actin and claudin-11 indicate that the amount of junction 

present is dramatically reduced over the time period that tubulobulbar complexes are known to 

be most prevalent during spermatogenesis. I also demonstrate, using electron microscopy and 

fluorescence microscopy, that tubulobulbar complexes develop at basal junctions in primary 

cultures of Sertoli cells. These structures not only morphologically resemble their in vivo 

counterparts, but they also contain junction proteins. I use this culture system together with 

transfection techniques to show that junction proteins from one transfected cell project into and 

are likely internalized by adjacent non-transfected cells as predicted by the junction 

internalization hypothesis. On the basis of my findings I present a new model for basal junction 

remodeling as it relates to spermatocyte translocation in the seminiferous epithelium.  
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PREFACE 

 The majority of data and content in Chapters 1-5 of this thesis has been submitted for 

publication to the scientific journal ‘Biology of Reproduction’ under the title ‘A Novel 

Subcellular Machine Contributes to Basal Junction Remodeling in the Seminiferous Epithelium’, 

with contributions of all authors and collaborators described as follows. Min Du, myself, was 

responsible for the establishment and maintenance of primary Sertoli cell cultures (the basis upon 

which all in vitro data and images were acquired), preparation of various stock and working 

solutions (examples include enzyme solutions, stock components of specialized culture media, 

specialized culture media and DNA transfection mixes), immunofluorescence preparation of both 

in vitro and in vivo (tissue sections and tissue fragments) samples, acquisition of digital images 

using conventional and confocal microscopes, generation of DNA plasmids that incorporated a 

claudin-11-GFP fusion construct (with significant aid from a co-author as indicated below) and 

general preparation of labstuff (such as aliquoting reagent stock solutions, purchasing, preparing 

experimental tools and equipment). J’Nelle Young performed statistical analysis of the data that 

compare the amounts of basal junction material at Stages V and VII of the rat seminiferous 

epithelium, and offered numerous advice on immunofluorescence preparation and image 

acquisition. Marc De Asis was physically involved in several cell culture experiments by helping 

to complete certain steps in the cell isolation process. Jane Cipollone trained me on the crucial 

basic cell culture techniques. Dr. Calvin Roskelley provided the essential equipment with which 

to perform the cell culture experiments. Dr. Yoshimi Takai provided an anti-nectin-2 primary 

antibody that was not commercially available. Peter K. Nicholls, whose supervisor is Dr. Peter 

G. Stanton, donated the claudin-11 cDNA with which the GFP-tagged fusion construct was 

made. Dr. Wanyin Deng trained me on the techniques of DNA plasmid construction and was 

extensively involved in the actual making of the GFP-tagged claudin-11 fusion construct. Dr. 
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Brett Finlay is the head of the research group that Dr. Deng belongs to and provided the 

equipment and reagents with which to construct DNA plasmids. Dr. Wayne Vogl was my 

Master’s degree supervisor and has given tremendous amounts of help and training to my thesis 

work. Dr. Vogl was physically involved in the tissue preparation and immunofluorescence image 

acquisition of both in vitro and in vivo experiments, and has provided excellent electron 

micrographs for this thesis. 

 All fluorescence images presented in this thesis were acquired, processed and composed 

into figures by me with the exceptions of Fig. 5 and Fig. 6. Fig. 16 and Figure 17 were also 

composed by me. Suggestions on image arrangement in figures were provided by Dr. Vogl. 

Adjustments on image placement within a figure, positioning of arrowheads and image labels 

were made by Dr. Vogl. All electron micrographs and relevant figures were acquired and 

composed by Dr. Vogl. For in vitro experiments, rat testes were surgically removed from animals 

under deep anesthesia by Dr. Vogl, and subsequent cell isolation, seeding, maintenance and 

fluorescence preparation were performed by myself. For in vivo experiments, testes removal and 

fixation, as well as tissue sections and tissue fragmentation were performed by Dr. Vogl, with 

subsequent immunofluorescence preparations performed by myself. The construction of GFP-

tagged claudin-11 fusion construct was led by Dr. Wanyin Deng and I was involved in 

completing the different steps involved. 

 This thesis is based on the manuscript written by me and Dr. Vogl that has been 

published by Biology of Reproduction online ahead of print on January 9, 2013. To complete the 

thesis, I have added to the manuscript further content such as new figures (Fig. 14 to 17), edits to 

figures (Fig. 1, 4, 5, 6, 7 and 13), relevant figure legends, the entirety of Chapter 6, new content 

in Chapters 3-4 regarding the added data and figures, additional information in Chapters 1-2, the 

Preface, the Table of Contents, the List of Figures, and various other content to comply with the 

UBC Faculty of Graduate Studies approved thesis structure and flow. 
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 The use of animals in this study has been approved by the Animal Care Committee of the 

University of British Columbia. Approved animal care protocols are A12-0108 and A11-0172. 
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CHAPTER 1: INTRODUCTION 

 Intercellular junction turnover is a fundamental property of cells. It not only is important 

during morphogenesis, but also occurs during epithelial renewal, the movement of cells between 

compartments, and tumor progression. A currently accepted model for junction disassembly is 

one in which integral membrane junction molecules in adjacent cells detach from each other and 

are internalized into each of the parent cells by conventional mechanisms of endocytosis [1-4] or 

macropinocytosis [5-7]. An exception to this occurs with gap junctions that are internalized as 

intact junctions in large double membrane vesicles into one or the other of the attached cells [8-

10] in a clathrin mediated fashion [11]. An entirely different mechanism of junction 

internalization may occur at basal junction complexes between Sertoli cells in the seminiferous 

epithelium of the mammalian testis and is the focus of this thesis.  

 

Background 

Spermatogenesis 

 The mammalian testis houses a variety of anatomical features, one of which is the 

collection of small coiled tube-like structures termed seminiferous tubules, or ‘sperm-producing’ 

small tubes. The lumen of each tubule is lined by a seminiferous epithelium that is formed by 

columnar epithelial cells called Sertoli cells as well as developing germ cells that migrate 

between the Sertoli cells toward the lumen of the seminiferous tubule. The developing germ cells 

undergo spermatogenesis, the complicated multi-step biological process by which spermatogonia 

develop into primary and secondary spermatocytes and eventually into mature spermatozoa. 

Similar to other types of epithelial cells, Sertoli cells connect with each other via junction 

complexes. In the seminiferous epithelium, these junction complexes are located near the 
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basement membrane and are composed in part by adhesion (ectoplasmic specializations [12]), 

tight and gap junctions. Tight junctions form the blood-testis barrier that separates the epithelium 

into two compartments: a basal compartment where early spermatogenic cells are located and an 

adluminal one that contains ‘late’ spermatocytes and spermatids [13]. During meiosis, 

spermatocytes are translocated from basal into adluminal compartments. In the rat seminiferous 

epithelium, different types of intercellular junctions employ different integral membrane proteins 

to facilitate linkage between neighboring Sertoli cells. Among others, claudins and occludins are 

present at tight junctions, one of which is claudin-11 [14]. Nectin-2 is an integral membrane 

protein that participates in homotypic intercellular junctions at basal ectoplasmic specializations 

[15], while connexin-43 is a component of the gap junctions between Sertoli cells [14]. 

Claudin-11, also known as the oligodendrocyte-specific protein (OSP), is an integral 

membrane protein with a molecular mass of approximately 22 kD and is expressed by 

oligodendrocytes in the brain and by Sertoli cells in the testis [14, 16]. Claudins have been 

suggested to bind with ZO-1 which bridges the integral membrane proteins with the cytoskeleton 

[14]. In the testis, claudin-11 is a component of the tight junctions that form the blood-testis 

barrier [13, 16]. 

Nectin-2 belongs to an immunoglobulin-like family of adhesion junction proteins and has 

been shown to form a complex with the adaptor afadin which binds to filamentous actin [14, 17]. 

At apical ectoplasmic specializations, nectin-2 on the plasma membrane of a Sertoli cell connects 

heterotypically with nectin-3 on the plasma membrane of a spermatid [17]. At basal ectoplasmic 

specializations, nectin-2 on the plasma membrane of a Sertoli cell connects homotypically with 

another nectin-2 molecule on a neighboring Sertoli cell [15]. 

A major component of gap junctions are connexins, which are integral membrane 

proteins that complex with each other to form hexameric hemi-channels termed connexons on 
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the plasma membrane [18]. A connexon on the plasma membrane of one cell interacts with and 

binds to another connexon on a neighboring cell, thus completing a channel that permits the 

exchange of various substances between the two cells [18-20]. Different types of connexins are 

named based on the molecular mass predicted from their cDNA sequences [18, 20]. In the testis, 

connexin-43, which has a molecular mass of 43.0 kDa [18], is the major type of connexin that 

can be found in Sertoli cells at basal junction regions [19, 20]. 

 

Stages of the cycle of the seminiferous epithelium 

Spermatogenesis is a complex multi-step process. In the rat, successive generations of 

spermatogenic cells continually undergo spermatogenesis at each location within the 

seminiferous tubule. That is, before one generation of spermatogenic cells completes 

spermatogenesis, the next generation will arise from spermatogonia and begin the same process 

at the location in the seminiferous epithelium where the prior generation first arose. Along each 

seminiferous tubule, segments of the epithelium are arranged in order so that one segment is 

slightly ahead of the development of the segment behind. As the generations of spermatogenic 

cells progress through spermatogenesis, a series of distinctive cellular associations occurs and 

each cellular association is characteristic of the step(s) of spermatogenesis that the cells are in at 

a give point in time (or steps of spermiogenesis, which were the basis upon which the stages 

were first defined). At any cross-section of the seminiferous tubule in rat, a unique cellular 

association can be seen and defines a certain stage of the cycle. Depending on the particular 

stage, different numbers of generations of spermatogenic cells may be seen in a cross-section of 

the seminiferous epithelium. Overall, fourteen stages of the seminiferous epithelium can be 

identified in the rat, each designated by a corresponding roman numeral. For the purpose of this 

thesis, only Stages V and VII will be briefly described. Descriptions of all stages of the cycle of 
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the seminiferous epithelium in the rat and of methods to identify the stages can be found in the 

reports by Leblond and Clermont [21] and Clermont and Perey [22]. The completion time for 

one cycle is approximately twelve days [23, 24]. 

At Stage V of the cycle of the seminiferous epithelium, spermatocytes of a younger 

generation continue to grow while maturing spermatids of an older generation are entrenched 

deep within the seminiferous epithelium. Maturing spermatids are grouped in bundles and their 

nuclei are situated in proximity to the basement membrane. This positioning of bundles of 

spermatid nuclei close to the basement membrane can be used to identify Stage V of the cycle of 

the seminiferous epithelium in fluorescence or phase images. 

At Stage VII of the cycle of the seminiferous epithelium, a newly-formed generation of 

spermatocytes is present along the basement membrane and an older generation of spermatocytes 

is at the pachytene stage of meiosis. Spermatids of an even older generation are situated apically 

in the seminiferous epithelium and line the lumen of the seminiferous tubule. Each maturing 

spermatid at Stage VII displays a curved nucleus. A lobule of Sertoli cell cytoplasm is present 

opposite to the concave surface of the curved nucleus. The presence of curved nuclei of maturing 

spermatids and their associated lobules of Sertoli cell cytoplasm that line the lumen of the 

seminiferous tubule can be used to estimate Stage VII of the cycle of the seminiferous epithelium 

in fluorescence or phase images. 

It also should be noted that the newly-formed generation of spermatocytes begin their 

translocation from the basal compartment into the adluminal compartment approximately in 

Stage VIII of the cycle of the seminiferous epithelium [25]. 
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Basal junction turnover in the seminiferous epithelium 

In the seminiferous epithelium, the translocation of spermatocytes from basal to 

adluminal compartments through massive and basally situated intercellular junctions between 

Sertoli cells is fundamental to male fertility. The adluminal compartment is where spermatocytes 

complete meiosis and the resulting haploid spermatids ultimately differentiate into male gametes 

that are released from the epithelium as spermatozoa. During the translocation event, junctions 

disassemble above spermatocytes and simultaneously assemble below [25, 26], thereby 

maintaining the Sertoli cell permeability barrier and the integrity of the adluminal compartment 

of the epithelium. In addition, unique sub-cellular structures called tubulobulbar complexes form 

at basal junctions in the seminiferous epithelium and several different functions were proposed 

for them, some of which were described in a recent review [27]. The function that I favor is one 

where basal tubulobulbar complexes are thought to internalize basal junctions into one or the 

other of the attached Sertoli cells [28]. 

 

Basal Tubulobulbar Complexes 

Tubulobulbar complexes at basal junctions in the seminiferous epithelium consist of long 

tubular extensions from one Sertoli cell that project into corresponding invaginations of the 

neighboring Sertoli cell (Fig. 1)[28]. This double membrane core is cuffed by a network of actin 

filaments along its length, and at the tip of the complex is a coated-pit. The distal third of the 

double-membrane tube becomes swollen and the actin cuff is replaced by a cistern of 

endoplasmic reticulum. This bulbar region eventually buds off from the complex and is 

internalized by the Sertoli cell [29].  
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Since their first discovery over four decades ago, there have been few detailed studies on 

basal tubulobulbar complexes and the structures have generally been ignored in discussions of 

spermatocyte translocation. This is somewhat surprising because the complexes have long been 

speculated to be involved with basal junction turnover [15, 29, 30], and similar tubulobulbar 

complexes that form at apical sites of attachment between Sertoli cells and mature spermatids 

have been shown both to internalize adhesion junctions [31-33] and to be linked to the 

mechanism of sperm release [34-36]. In addition, there is a burst in basal tubulobulbar complex 

formation that precedes the translocation of spermatocytes from basal to adluminal 

compartments of the epithelium [29], an observation consistent with a role in junction 

remodeling associated with the translocation event.   

The lack of studies on basal tubulobulbar complexes is likely due to a number of factors. 

First, the structures are notoriously difficult to distinguish from elements of the junction complex 

using conventional fluorescence microscopy. Second, unlike apical tubulobulbar complexes that 

are clustered in specific regions adjacent to spermatid heads, basal complexes do not cluster at 

any specific and predictable location at the belt-like junctions between neighboring Sertoli cells. 

Finally, basal complexes cannot be isolated in a similar fashion to apical complexes for 

visualization at high resolution. An additional problem for studying tubulobulbar complexes in 

general is that no model system has been developed for experimentally manipulating the 

structures in vitro.  

 

Primary Sertoli cell cultures 

 Up to now, scientists in the field have been using primary cultures of rat Sertoli cells as a 

tool in research for more than thirty-five years [37-48]. Earlier methods for establishing primary 
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Sertoli cell cultures involved isolating Sertoli cells from testicular tissue through serial enzymatic 

digestions and mechanical agitations, as well as seeding the isolated Sertoli cells onto the 

bottoms of culture flasks or dishes [37, 38]. Since then, the culture technique has been 

progressively improved as modifications were made that included the use of reconstituted 

basement membrane [49] as well as a dual-compartment culture chamber setup [39, 50-52]. With 

such improvements, cultured Sertoli cells are able to maintain morphological differentiation as 

reported by others [49, 50, 52]. 

A detailed description of the technique for establishing primary cultures of rat Sertoli 

cells can be found in the methods paper by Suarez-Quian and Onada [52]. This technique 

involves the use of reconstituted basement membrane (Matrigel
TM
) in a dual-compartment 

culture chamber setup. Sertoli cells from rats between 10 to 30 days of age should be used for 

primary cell cultures, as it is more difficult to isolate Sertoli cells from older and more mature 

rats due to increased amounts of germ cell contamination and of connective tissue [52]. When 

Sertoli cells from 20-day-old rats are used, the seeding density must be high because the mitotic 

activities of Sertoli cells are reduced after approximately two week post-birth [53, 54] and 

therefore will not divide sufficiently to reach confluency when seeded at low densities. A 

subsequent hypotonic treatment to the cultures can be performed to improve Sertoli cell purity in 

culture [40]. 

 

Hypothesis 

In this thesis, I hypothesize that basal tubulobulbar complexes are sub-cellular machines 

that internalize basal intercellular junction proteins into one or the other of the attached Sertoli 

cells in the mammalian seminiferous epithelium. To test this hypothesis, one of my aims is to 
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explore the possibility of using primary cultures of rat Sertoli cells as an in vitro tool for the 

study of basal tubulobulbar complexes. If the junction internalization hypothesis is true, then 

basal junction proteins should be present within basal tubulobulbar complexes, endocytic 

markers should associate with basal tubulobulbar complexes and junction proteins from one 

Sertoli cell should be internalized into an adjacent Sertoli cell by basal tubulobulbar complexes. 

These predictions will be examined in this thesis.  

 

Summary of results 

Here, electron microscopy demonstrates that basal tubulobulbar complexes in vivo often 

occur in pockets or folds formed by intercellular junctions, and I confirm an earlier report [28] 

that tight and gap junctions are present within the complexes. I extend these results by using 

confocal microscopy of perfusion fixed sections of rat testes immuno-labeled for the major 

protein components (nectin-2 [17], claudin-11 [16, 55], and connexin-43 [56-58]) of adhesion, 

tight and gap junctions in the epithelium to show that junction proteins are indeed present in the 

structures. Significantly, I show that the early endocytic markers (EEA1 and Rab5) are situated 

in similar locations. In addition, there appears to be less basal junction present at Stage VII than 

at Stage V, an observation that correlates with the time during which basal tubulobulbar 

complexes are known to be most active during spermatogenesis. I demonstrate for the first time 

that tubulobulbar complexes develop in a primary Sertoli cell culture system. Furthermore, I use 

this in vitro model system together with immunofluorescence and transfection techniques to 

show that, like their in vivo counterparts, the structures contain junction proteins. The identity of 

tubulobulbar complexes in fluorescence data was determined by using filamentous actin or the 

clathrin related protein AP2 as markers.  In addition, tight junctions (‘membrane-kisses’) are 

visible in the structures when evaluated by electron microscopy. I conclude that basal 
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tubulobulbar complexes internalize intercellular junctions between Sertoli cells and therefore 

may significantly contribute to junction remodeling at the blood-testis barrier and to the 

mechanism by which spermatocytes translocate from basal to adluminal compartments of the 

seminiferous epithelium. 
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CHAPTER 2: MATERIALS AND METHODS 

Animals 

 All animals used in the study were Sprague Dawley rats obtained from Charles River 

(Sherbrooke, QC, Canada). They were housed and used in accordance with guidelines 

established by the Canadian Council on Animal Care and according to protocols approved by the 

Animal Care Committee of the University of British Columbia. Twenty-day-old pups were 

obtained from a small breeding colony maintained in our animal care facility.  

 

Primary Sertoli cell culture 

 Primary Sertoli cell cultures were prepared based on established protocols [49, 51, 52]. In 

my hands, the cultures were approximately 85% Sertoli cells, with contaminants being germ cells 

and myoid cells.  

One day prior to Sertoli cell isolation, a cell culture plate was prepared by adding 

Falcon
TM
 cell culture inserts (bottom filter membrane contains 1 µm-sized pores) (BD 

Biosciences, Mississauga, ON, Canada) into wells of a Falcon
TM
 24-well Multiwell Plate (BD 

Biosciences, Mississauga, ON, Canada). Matrigel
TM
 (BD Biosciences, Mississauga, ON, 

Canada) was diluted 1:5 with DMEM/F12 containing L-Glutamine and antibiotics, and 50 µl of 

diluted Matrigel
TM
 was used to coat each filter membrane. Diluted Matrigel

TM
 was allowed to 

polymerize at 37
o
C overnight.  

To isolate Sertoli cells from fresh rat testicular tissue, twenty-day-old Sprague-Dawley 

rat pups were put under deep anesthesia with isoflurane, the animals were euthanized by 

decapitation, and then their testes removed. Testes were decapsulated, minced into a fine slurry 
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and transferred to a sterile dissociation flask (Fisher Scientific, Ottawa, ON, Canada) containing 

20 ml of the first enzyme solution [DMEM/F12 containing 1.5 mg/ml trypsin (STEMCELL 

Technologies, Vancouver, BC, Canada), 40 µg/ml crude Deoxyribonuclease I (Sigma-Aldrich, 

Oakville, ON, Canada), 250 ng/ml fungizone (HyClone, Logan, UT, USA), 100 U/ml penicillin 

(STEMCELL Technologies, Vancouver, BC, Canada) and 0.1 mg/ml streptomycin (STEMCELL 

Technologies, Vancouver, BC, Canada), non-sterile components were sterilized with 0.20 µm 

pore size syringe filters (Corning Incorporated, Corning, NY, USA) and 10 ml syringes (BD 

Biosciences, Mississauga, ON, Canada)]. All enzymatic digestions of testicular tissue were 

carried out in sterile glass dissociation flasks that were swirled in a 37
o
C water bath. Testicular 

tissue was enzymatically digested in the first enzyme solution for 25 min. 20 ml of DMEM/F12 

containing 5% fetal bovine serum (FBS) was added to the flask to cease trypsin activities. 

Digested tissue was centrifuged at 800 rpm for 5 min at room temperature and the supernatant 

was removed, leaving a loose pellet. The pellet was then washed twice with 10 ml of washing 

solution (DMEM/F12 containing L-glutamine and antibiotics). After washing, the pellet was 

resuspended in 20 ml of the second enzyme solution [DMEM/F12 containing 2 mg/ml 

collagenase type I (Invitrogen, Burlington, ON, Canada), 2mg/ml hyaluronidase Type I-S 

(Sigma-Aldrich, Oakville, ON, Canada), 40 µg/ml crude deoxyribonuclease I (Sigma-Aldrich, 

Oakville, ON, Canada), 250 ng/ml fungizone, 100 U/ml penicillin and 0.1 mg/ml streptomycin, 

non-sterile components were sterilized with 0.20 µm pore size syringe filters (Corning 

Incorporated, Corning, NY, USA) and 10 ml syringes (BD Biosciences, Mississauga, ON, 

Canada)] and transferred to a new sterile dissociation flask. Testicular tissue was enzymatically 

digested for 35 min. No FBS treatment followed this second enzymatic digestion. Digested tissue 

was centrifuged at 600 rpm for 4 min at room temperature and the supernatant was removed, 

leaving a dense pellet. The pellet was then washed twice with 10 ml of washing solution. After 

washing, the pellet was resuspended in 20 ml of the final enzyme solution [Ca
++
-/Mg

++
-free 
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Dulbecco’s Phosphate Buffered Saline (STEMCELL Technologies, Vancouver, BC, Canada) 

containing 0.5 mg/ml trypsin (STEMCELL Technologies, Vancouver, BC, Canada), 0.1 mg/ml 

EDTA (Fisher Scientific, Ottawa, ON, Canada), 4 mM dextrose (Fisher Scientific, Ottawa, ON, 

Canada), 250 ng/ml fungizone, 100 U/ml penicillin and 0.1 mg/ml streptomycin, non-sterile 

components were sterilized with 0.20 µm pore size syringe filters (Corning Incorporated, 

Corning, NY, USA) and 10 ml syringes (BD Biosciences, Mississauga, ON, Canada)] and 

transferred to a new sterile dissociation flask. Testicular tissue was enzymatically digested for 14 

min. 20 ml of the 5% FBS solution was added to the flask to cease trypsin activities. Digested 

tissue was centrifuged at 800 rpm for 5 min at room temperature and the supernatant was 

removed, leaving a dense pellet. The pellet was then washed twice with 10 ml of washing 

solution. After washing, the pellet was resuspended in 5 ml of serum-free defined medium 

(SFDM). The cell suspension was diluted to a final concentration of >1.3x10
6
 cells/0.2 ml 

SFDM. 0.2 ml of the final cell suspension was seeded onto the polymerized Matrigen
TM
 layer 

inside cell culture inserts, and 0.8 ml SFDM was added to the wells of the cell culture plate. The 

cells were incubated at 34 
o
C with 5% CO2. Cell culture media were changed every two days. 

A hypotonic wash solution was applied in place of SFDM to cultured cells two days after 

seeding to lyse contaminating germ cells. Debris from lysed germ cells was removed during 

subsequent media changes. The hypotonic wash solution was a 5 or 10 mM Tris-HCl (Sigma-

Aldrich, Oakville, ON, Canada) solution at pH 7.50 [40, 52]. The hypotonic wash lasted for 2.5 

min. After washing, the hypotonic wash solution was aspirated and replaced with SFDM. The 

cell culture plate was then gently shaken to loosen dead germ cells into SFDM. SFDM 

containing dead germ cells was aspirated again and was replaced with fresh SFDM. 

Sertoli cells were cultured for seven days prior to being processed for fluorescence 

microscopy or electron microscopy. 
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Composition of serum-free defined medium (SFDM) 

SFDM was made by adding the following constituents to DMEM/F12 cell culture 

medium (Sigma-Aldrich, Oakville, ON, Canada) to obtain the indicated final concentrations 

[52]: 100 U/ml penicillin; 0.1 mg/ml streptomycin; 6.7 ng/ml sodium selenite (Invitrogen, 

Burlington, ON, Canada); 10 µg/ml insulin (Invitrogen, Burlington, ON, Canada); 5.5 µg/ml 

transferrin (Invitrogen, Burlington, ON, Canada); 250 ng/ml fungizone; 100 ng/ml recombinant 

human FSH (National Hormone & Peptide Program, Dr. A.F. Parlow, Torrance, CA, USA);     

10 ng/ml recombinant human Epidermal Growth Factor (Sigma-Aldrich, Oakville, ON, Canada); 

50 ng/ml Vitamin A (Sigma-Aldrich, Oakville, ON, Canada); 200 ng/ml vitamin E (Sigma-

Aldrich, Oakville, ON, Canada); 10
-9
 M hydrocortisone (Sigma-Aldrich, Oakville, ON, Canada); 

10
-7 
M testosterone (Sigma-Aldrich, Oakville, ON, Canada); 10

-8 
M estradiol (Sigma-Aldrich, 

Oakville, ON, Canada); 2 mM L-glutamine (Invitrogen, Burlington, ON, Canada); 3 µg/ml 

cytosine beta-D-arabinofuranoside (Sigma-Aldrich, Oakville, ON, Canada). 

 

Transfection of cultures with plasmids 

Cultured Sertoli cells were transfected with DNA plasmids encoding GFP-tagged 

claudin-11, GFP-tagged connexin-43 and GFP-tagged nectin-2 for two days prior to fixation. 

The plasmid for claudin-11 was constructed as indicated below, the plasmid for connexin-43 was 

generously provided by Dr. Naus (University of British Columbia) and the plasmid for nectin-2 

was generously provided by Dr. Julian Guttman (Simon Fraser University). Lipofectamine
TM
 

2000 (Invitrogen, Burlington, ON, Canada) was used as the transfection reagent. SFDM 

containing no antibiotics or antimycotics were used during transfection. For transfection of cells 
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in each cell culture insert designed for 24-well plates, 25 µl SFDM were used to dilute DNA 

plasmid stock solutions, and 25 µl SFDM were used to incubate Lipofectamine
TM
 2000 reagent 

for 10 min. 0.4 µg of experimental DNA plasmid and 2 µl of Lipofectamine
TM
 2000 were used in 

each cell culture insert (plasmid to transfection reagent w/v ratio = 1:5). The DNA plasmid and 

Lipofectamine
TM
 2000 solutions were mixed and allowed to incubate for 30 min, completing the 

transfection mix. During this incubation, regular SFDM in the cell culture plate was replaced 

with antibiotic-/antimycotic-free SFDM (50 µl was added to inserts and 600 µl was added to 

wells). After incubation, 50 µl of the transfection mix was added to each cell culture according to 

the manufacturer’s instructions. Cells were incubated at 34 
o
C with 5% CO2 for at least 4 hrs 

prior to media change with normal SFDM. 

Some cell cultures were transfected with the transfection agent alone or with empty 

vectors that do not contain fusion constructs (used at the same concentration as experimental 

fusion constructs) to serve as vehicle controls (Fig. 15, a and b). GFP-tagged junction protein 

fusion constructs were also transfected into the MDCK cell line to serve as positive controls (Fig. 

13, f and g). 

 

Construction of claudin-11-GFP plasmids 

Rat claudin-11 (Cldn11) was cloned from primary Sertoli cell cDNA into pcDNA3.1 and 

verified by DNA sequencing. To generate plasmid constructs expressing claudin-11 with N- or 

C-terminal EGFP fusions, two sets of oligonucleotide primers were designed, and used to 

amplify by PCR the claudin-11 coding region by using the rat claudin-11 cDNA clone as the 

template. I used primers ‘A’ and ‘B’ (sequence for forward primer ‘A’: 

CGAATTCGCCACCATGGTAGCCACTTGCCTGCAG; sequence for reverse primer ‘B’: 
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GGGATCCCGGACATGGGCACTCTTGGCGTG) to clone the claudin-11 coding region that 

will be inserted into the pEGFP-N1 vector (Clontech Laboratories, Inc., Mountain View, CA, 

USA). I used primers ‘C’ and ‘D’ (sequence for forward primer ‘C’: 

CGAATTCGATGGTAGCCACTTGCCTGCAG; sequence for reverse primer ‘D’: 

GGGATCCTTAGACATGGGCACTCTTGG) to clone the claudin-11 coding region that will be 

inserted into the pEGFP-C1 vector (Clontech Laboratories, Inc., Mountain View, CA, USA). The 

PCR products were first cloned into pCR2.1-TOPO (Invitrogen, Burlington, ON, Canada), 

verified by restriction digestion (Fig. 16a) and DNA sequencing, and then sub-cloned into 

pEGFP-N1 and pEGFP-C1 to generate constructs expressing fusions of claudin-11 to the N- and 

C-termini of EGFP, respectively. These plasmid constructs were further verified by restriction 

digestion (Fig. 16b) and DNA sequencing. Prior to transfecting cultured Sertoli cells, the 

transfection efficacy of both types of plasmid constructs were experimentally verified in cultured 

MDCK cells. It was discovered that the pEGFP-N1 construct successfully transfected into 

MDCK cells and resulted in the production of green fluorescent signals that outlined the cell 

periphery (Fig. 13f), a characteristic of the localization behavior of claudin-11. The pEGFP-N1 

construct was then selected for subsequent transfection into cultured Sertoli cells.  

 

Immunofluorescence of Sertoli cell cultures 

Sertoli cells cultured for 7 days were fixed with 3% paraformaldehyde in PBS (150.0 mM 

NaCl, 4.0 mM Na/K PO4, 5.0 mM KCl, pH 7.30) for 30 min. After fixation, cells were washed 3 

times with TPBS/BSA buffer (0.05% Tween 20 and 0.1% bovine serum albumin in PBS, pH 

7.30). Whole filters were cut away from cell culture inserts with a scalpel and immediately 

submerged in cold acetone for 5 min to permeabilize cells. Following permeabilization, cells 

were further washed 3 times with TPBS/BSA buffer and blocked for 10 min with 5% normal 
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goat serum (NGS) (Sigma-Aldrich, Oakville, ON, Canada) or 5% normal donkey serum (NDS) 

(Sigma-Aldrich, Oakville, ON, Canada) in TPBS/BSA. Primary antibody solutions were then 

added to fixed cells and labeled at 4
o
C overnight. Cells were again washed with TPBS/BSA for a 

total of 3 times. Secondary antibody solutions were then added to cells and allowed to label for 1 

hr at 37 
o
C. After incubation with secondary antibodies, cells were washed 3 times with 

TPBS/BSA. When needed, cells were stained with phalloidin after incubation with secondary 

antibodies. Whole filters were mounted on chromic acid-cleaned glass slides in VectaShield 

mounting medium with DAPI (Vector Laboratories, Burlington, ON, Canada) to stain for nuclei. 

Some filters were mounted in mounting medium without DAPI. 

 

Immunofluorescence of tissue sections and tissue fragments 

Adult male Sprague-Dawley rats were anesthetized and testes removed. The testes were 

perfused briefly with PBS to clear blood from blood vessels, and then perfusion-fixed with 3% 

paraformaldehyde in PBS for 30 min then with PBS for 30 min.  

For tissue sections [32], testes were mounted on stubs with Tissue-Tek
®
 Optimal Cutting 

Temperature compound
 
(Sakura Finetek USA, Torrance, CA) and quick-frozen in liquid 

nitrogen. 5 µm thick tissue sections were cut from testis with a cryo-microtome, and each was 

immediately transferred onto a glass slide coated with poly-L-Lysine (Sigma-Aldrich, Oakville, 

ON, Canada) and then submerged in cold acetone for 5 min. 

For tissue fragments [32], testes were decapsulated and minced to a slurry. Minced 

testicular material was transferred to a 50 ml centrifuge tube (BD Biosciences, Mississauga, ON, 

Canada), passed through an eighteen gauge syringe needle and subsequently a twenty-one gauge 

needle to fragment the tissue and allowed to sediment by gravity. Fragmented tissue contained 



 17 

within the resulting supernatant was transferred to a 15 ml centrifuge tube (BD Biosciences, 

Mississauga, ON, Canada) and centrifuged to separate Sertoli cells that remain attached to 

spermatids from free-floating cells. Subsequently, the supernatant was aspirated to remove free-

floating cells, and the pellet was resuspended in buffer. A few drops of the resulting cell 

suspension were then applied to a poly-L-lysine-coated glass slide and immediately plunged into 

cold acetone for 5 minutes. 

Slides were removed from acetone and allowed to air-dry. A water-repellent circle was 

drawn around each tissue section with a Liquid Blocker Super Pap Pen (Cedarlane, Burlington, 

ON, Canada) to retain liquids over the sections. 50 µl TPBS/BSA buffer containing 5% NGS or 

NDS were added to tissue sections as a blocking agent for 20 min. For sections only labeled for 

filamentous actin, 100 µl phalloidin stain were added in place of the blocking solution, directly 

followed by washing and mounting. After blocking, primary antibodies were applied to the slides 

and allowed to label at 4 
o
C overnight. After overnight incubation with primary antibodies, slides 

were washed three times with TPBS/BSA buffer. Secondary antibodies were applied to the slides 

and allowed to label for 1 hour at 37 
o
C. Slides were again washed three times with TPBS/BSA. 

Tissue sections or fragments that would be double-labeled for filamentous actin received 

phalloidin stain as a second wash following incubation with secondary antibodies. Water-

repellent circles were removed with a razor blade. Tissue sections were mounted in VectaShield 

mounting medium with DAPI (Vector Laboratories, Burlington, ON, Canada) to stain for nuclei. 

 

Antibodies and stains 

Primary antibodies were diluted with TPBS/BSA buffer containing 1% NGS. Primary 

antibodies from different host species were sometimes prepared together in a single solution to 
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double-label cells. Working concentrations of primary antibodies were as follows: polyclonal 

rabbit anti-Oligodendrocyte Specific Protein (anti-claudin-11) (Abcam, Cambridge, MA, USA; 

ab53041): 0.0025 mg/ml; monoclonal mouse anti-connexin-43 (Millipore, Etobicoke, ON, 

Canada; MAB3068): 0.0025 mg/ml; rabbit anti-nectin-2 was used at 1:500 dilution; polyclonal 

goat anti-GATA-4 (Santa Cruz Biotechnology, Santa Cruz, CA, USA; sc-1237): 0.0020 mg/ml; 

polyclonal rabbit anti-Rab5 (Abcam, Cambridge, MA, USA; ab13253): 0.0025 mg/ml or 

0.00125 mg/ml; monoclonal mouse anti-alpha adaptin (anti-AP2) (Abcam, Cambridge, MA, 

USA; ab2807): 0.02 mg/ml; monoclonal rabbit anti-EEA1 (New England BioLabs, Pickering, 

ON, Canada; C45B10): 0.000315 mg/ml; monoclonal mouse anti-alpha smooth muscle Actin 

(Abcam, Cambridge, MA, USA; ab7817): 0.002 mg/ml; normal rabbit IgG (Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA, USA; 011-000-003), normal mouse IgG 

(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA; 015-000-003) and normal 

goat IgG (Sigma-Aldrich, Oakville, ON, Canada; I5256): diluted with PBS to a concentration of 

1 mg/ml that served as the stock concentration, which was diluted to working concentrations 

based on concentrations of the experimental antibodies being controlled for; normal rabbit serum 

(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA; 011-000-120) was used at 

1:500 dilution to control for rabbit anti-nectin-2.  

Secondary antibodies were diluted with TPBS/BSA buffer to a working concentration of 

0.02 mg/ml. Either Alexa Fluor
®
 568 Phalloidin or Alexa Fluor

®
 488 Phalloidin (Invitrogen, 

Burlington, ON, Canada; A12380 and A12379, respectively) was diluted 1:20 for cultured 

Sertoli cells and 1:5 or 1:2 for tissue sections with TPBS/BSA buffer. 
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Estimation of Sertoli cell culture purity by cell counting 

DAPI-stained nuclei of cells cultured in dual-compartment chambers were counted using 

the ‘Cell Counter’ plug-in for the ImageJ software. An antibody to alpha smooth muscle actin, 

which is a marker for peritubular myoid cells [59], was used to probe and allowed the counting 

of peritubular myoid cells. Fluorescent images were taken with a 40X objective on a 

conventional microscope. Cells already cultured in dual-compartment chambers were counted to 

obtain the most accurate results in an actual cell culture. Germ cells were recognized by their 

intensely-stained, small-sized and round nuclei. Peritubular myoid cells were recognized by their 

weakly-stained, large, stretched and oval-shaped nuclei. Sertoli cells were recognized by their 

intermediately-stained (weaker than germ cell nuclei but stronger than peritubular myoid cell 

nuclei), irregularly round nuclei (each of which has one or more ‘dots’ of more intense DAPI 

signal). Since Sertoli cell purity differs from area to area on a cell culture, a total of at least 1000 

cells were counted for four of six separate experiments to improve estimation accuracy; less than 

1000 cells were counted for the remaining two experiments because not enough cells were 

recorded in the images taken. For each of the six experiments, percentages of Sertoli cell purity 

were calculated as follows: the number of non-Seroli cells was divided by the total number of 

cells counted, then multiplied by 100%. The resulting percentage number was rounded upwards 

if digits after the decimal point were 0.45 or above, and downwards if the digits were 0.44 or 

below. This number was then subtracted from 100% to obtain the percentage of Sertoli cells 

among the cells counted. This method is not perfectly accurate and provides only an estimation 

to Sertoli cell culture purity. 

A caveat to this approach is that at numerous times, cell nuclei were not optically focused 

and resulted in blurry DAPI signals, making it difficult to judge the cell type. To avoid counting 

less contaminant cells than the amount that was actually present, all uncertain cell types were 



 20 

treated as contaminants. Furthermore, although peritubular myoid cells are counted using alpha 

smooth muscle actin signal, their DAPI-stained nuclei might not be visible in the optical plane at 

which the images were taken and were therefore not included in the total cell count. As a result, 

the actual Sertoli cell purity may be higher than what was calculated. 

 

Electron Microscopy 

 Tissue was processed for electron microscopy as described in detail elsewhere [60] 

except that isoflurane instead of halothane was used for anesthetizing the animals.  

 Primary Sertoli cell cultures were processed using the same fixatives and buffers as used 

for tissue. Media above and below the culture well insert membranes were replaced with fixative 

at room temperature and allowed to sit for 1 hr. The membrane was cut from the insert, 

transferred to a glass vial, and then immersion fixed for an additional 1.5 - 2 hrs. The membrane 

then was further processed in the same fashion as tissue.  

Sections were evaluated and photographed on a FEI Tecnai G2 Spirit electron 

microscope operated at 120 kV. 

 

3D analysis of confocal Z-stacks 

Fluorescent Z-stacks obtained with a Zeiss LSM 510 confocal microscope in the form of 

‘.lsm’ file types were imported into the Volocity software (PerkinElmer, Waltham, MA, USA). 

Each Z-stack was cropped in ‘XYZ’ mode along the X and Y axes to isolate the cell of interest 

and its immediate surroundings. The stack was further cropped along the Z axis to eliminate 

fluorescence that would otherwise obstruct viewing of the structure of interest three-

dimensionally. The cropped stack was adjusted for brightness and contrast and a three-

dimensional reconstruction was generated by viewing the stack in ‘3D Opacity’ mode. Each 3D 
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image was further adjusted for brightness, density (transparency) and black level and 

subsequently rotated to produce optimal viewing of the structure of interest. To orient viewers, a 

spherical grid and indicators for X, Y and Z axes were also included. A snapshot of each 3D 

image was generated as a 2D image and exported as a TIFF file. 

 

Analysis of junction staining 

An index of the amount of junction present at stages V and VII was determined by 

probing 5 µm thick cryosections of seminiferous epithelium with phalloidin to label actin 

filaments in ectoplasmic specializations or with antibodies generated against claudin-11 to label 

tight junctions. A total of 13 tubules of each of Stage V and Stage VII were randomly chosen 

from sections of the testes of two different animals and photographed using identical exposures. 

Negatives were scanned into digital format and an area around the periphery of each tubule that 

contained only basal junction regions was selected.  The areas in Stage V and Stage VII tubules 

were set to a predetermined threshold using ImageJ software [61]. The use of thresholding is an 

established technique [62-64] and have been used to test for differences between apical 

tubulobulbar complexes in control and cortactin knock-down testes [36] . When set to a common 

threshold, the number of positive pixels remaining above the threshold was determined using the 

‘analyze particles’ function. The number of pixels was considered to be an index of the amount 

of junction present at basal junctions. A t-test was used to determine if the numbers of pixels 

above threshold were different between Stages V and VII. 
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CHAPTER 3: RESULTS 

Basal tubulobulbar complexes form within junction ‘pockets’ 

In testis tissue processed for electron microscopy, basal junction complexes between 

neighboring Sertoli cells were identified at the ultrastructural level by the presence of unique 

adherens junctions termed ectoplasmic specializations. These structures consist of regions of a 

sub-membrane layer of close-packed actin filaments, and a cistern of endoplasmic reticulum 

(Fig. 2, a and b). Tight and gap junctions were present within the adhesion domains and were 

identified by the presence of membrane ‘kisses’ (Fig. 2, a and b) and closely opposed membranes 

respectively (Fig. 2a). Tubulobulbar complexes originated in zones of the cell occupied by 

ectoplasmic specializations (Fig. 2, c and d) and frequently appeared to be enclosed within 

‘pockets’ or folds in the basal junction complexes (Fig. 2, c, d and f).  

 

Basal tubulobulbar complexes contain morphologically identifiable intercellular junctions 

As shown previously by others [28], basal tubulobulbar complexes were observed to have 

all the features of apical complexes that occur between Sertoli cells and spermatids; that is, each 

complex had a long proximal tubule cuffed by an actin network and the entire structure was 

capped by a coated pit that retained a connection to the adjacent cell. Unlike apical complexes, 

the tip of the adjacent cell did not have a density associated with the plasma membrane attached 

to the pit (Fig. 2e).  Large bulbs or swellings developed in the distal third of the complexes and 

were closely related to cisternae of endoplasmic reticulum (Fig. 2, f and g). Significantly, tight 

and gap junctions, recognized by the presence of membrane kisses and closely opposed 

membranes similar to those found within junction complexes, were identified both in tubular 

regions of the complexes (Fig. 2, h and i) and in the bulbs (Fig. 2, f, g, j and k).  
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These results confirm Russell’s [29] report that ultrastructurally identifiable tight and gap 

junctions are present in basal tubulobulbar complexes.  

 

Basal tubulobulbar complexes contain claudin-11, connexin-43 and nectin-2 

 In cryo-sections of perfusion fixed testis double-labeled for filamentous actin and 

claudin-11, connexin-43 or nectin-2, rod-like protrusions were identified extending away from 

the Sertoli cell junction complexes that formed intense linear bands of fluorescence near the base 

of the epithelium. These protrusions were positive both for junction proteins as well as for actin 

(Fig. 3, a to i). Signal strengths of junction protein staining were well above those of non-specific 

staining (Fig. 3, c, f, i and their respective insets). 

I conclude that basal tubulobulbar complexes in the seminiferous epithelium contain 

tight, gap and adhesion junction proteins.  

 

The endocytic markers EEA1 (early endosome antigen 1) and Rab5 associate with basal 

tubulobulbar complexes 

To determine if markers for early endosomes labeled regions known to contain 

tubulobulbar complexes, I probed cryo-sections of perfusion fixed testis with antibodies against 

filamentous actin and EEA1, or for connexin-43 and EEA1. Staining for EEA1 often occurred 

within fluorescent ‘pockets’ within the basal junction complex labeled for filamentous actin (Fig. 

4, a and b) or connexin-43 (Fig. 4, c and d). EEA1 signals also were observed to cap the ends of 

rod-like protrusions that extend from junction ‘bands’ (Fig. 4e) and resemble what were seen at 

apical tubulobulbar complexes (lower inset in Fig. 4e). When sections were labeled for Rab5 and 
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connexin-43 or actin, staining for Rab5 occurred near or at the tips of linear structures labeled for 

connexin-43 (Fig. 4f) or actin (Fig. 4g) similar to what occurs at apical tubulobulbar complexes 

(inset in Fig. 4g) [33]. Non-specific staining was virtually non-existent when compared to EEA1 

or Rab5 staining (insets of Fig. 4, e and f, respectively). 

I have also attempted to confirm in vivo observations by immunoprobing EEA1 and Rab5 

in cultured Sertoli cells. Observations similar to those from in vivo samples were made where 

EEA1 (Fig. 14, a and b) or Rab5 (Fig. 14, d and e) signals occurred near or at the tips of rod-like 

protrusions positive for connexin-43 signal. However, in cultured Sertoli cells, signal strengths 

and staining patterns of EEA1 and Rab5 were not significantly different from those of non-

specific staining (Fig. 14, c and f) and therefore cannot fully confirm the in vivo results. 

 I conclude that basal tubulobulbar complexes are associated with markers for early events 

in the endocytosis pathway.  

 

Basal junctions are less apparent after the peak appearance of tubulobulbar complexes 

 Basal tubulobulbar complexes tend to peak in their formation at Stages IV-V of 

spermatogenesis in rat and degrade during Stages VI–VII [29]. If tubulobulbar complexes are 

involved with internalization of junctions, then junction complexes should be less apparent at 

stage VII after junctions have been internalized and degraded than at Stages IV-V when 

tubulobulbar complexes are most apparent in the epithelium. This was the case when cryo-

sections of perfusion fixed testis were stained for ectoplasmic specializations with a probe for 

actin (Fig. 5, a and b) and also was the case when similar sections were stained for tight junctions 

with a probe for claudin-11 (Fig. 6, a and b). 
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I conclude that junctions are being reduced in size or are being degraded prior to the 

actual beginning of spermatocyte translocation in Stages VIII-IX of spermatogenesis, and that 

this reduction correlates temporally with the time over which tubulobulbar complexes are most 

easily detected in the epithelium [29]. 

 

Basal tubulobulbar complexes form in primary cultures of rat Sertoli cells 

 To explore the possibility of developing an in vitro model system that would enable easy 

manipulation for doing detailed experimental studies, for better resolving structure at the light 

level, and for doing live cell imaging, I evaluated primary Sertoli cell cultures for the presence of 

tubulobulbar complexes.   

 Sertoli cell cultures were established by me as described in the Materials and Methods. 

To verify that, in my hands, primary cultures of Sertoli cells morphologically differentiate as 

reported by others [49, 50, 52], I evaluated my cultures for cell shape, nuclear position and the 

presence of cell specific basal junction complexes. 

In my cultures, Sertoli cells established and maintained a morphologically differentiated 

phenotype that varied from low to high columnar depending on position in the culture insert and 

how extensively the cells were able to mechanically manipulate the Matrigel
TM
 on which they 

were plated. The more columnar cells extended processes into the underlying matrix layer that 

appeared thicker in these regions than in areas where the cells were more cuboidal (Fig. 7, a to 

d). The nuclei of the cells were present at their bases, similar to what is observed in the intact 

seminiferous epithelium.  

When observed at the ultrastructural level, junction complexes, identified by the presence 

of ectoplasmic specializations, occurred near the base of the monolayer between neighboring 
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Sertoli cells (Fig. 7e). Membrane kisses, indicative of tight junctions, were present within the 

junction complexes (Fig. 7, f and g).  

Significantly, when observed by electron microscopy, tubulobulbar complexes were 

present between neighboring Sertoli cells in regions of intercellular contact (Fig. 8, a and b). 

These structures were identified by their tubular appearance, their double membrane core and 

their cuff of actin filaments arranged in a network. The plasma membrane of the adjacent cell 

attached to the coated pit at the tip of each complex lacked a sub-membrane density (Fig. 8c); 

this is also a characteristic of basal tubulobulbar complexes found in the intact epithelium (see 

Fig. 2e), and is different than apical tubulobulbar complexes that have a density associated with 

the spermatid plasma membrane. In addition to more mature complexes, double-membrane 

coated pits and tubulobulbar complexes in the early stages of formation were observed at 

ectoplasmic specializations (Fig. 8, d to g). Like in the intact seminiferous epithelium, 

tubulobulbar complexes in primary cultures of Sertoli cells occasionally were observed within 

pockets or folds in basal junction complexes (Fig. 9a).  

Tubulobulbar complexes in primary cultures were oriented either perpendicular (Fig. 9, b 

and c) or parallel (Fig. 9, d and e) to the cell periphery. In all cases, the structures had a coated 

pit at their tip (arrowheads in Fig. 9, a to e) and formed from sites at the periphery of the cells 

where components of ectoplasmic specializations could be identified (arrows in Fig. 9, b, c and 

d).  

Unlike in vivo, basal tubulobulbar complexes in the primary Sertoli cell cultures did not 

develop large bulbs in distal regions, although enlarged regions and ectopic swellings associated 

with elements of endoplasmic reticulum were occasionally observed (asterisks in Fig. 9, c and e). 
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It should be noted that both basal junction complexes and basal tubulobulbar complexes 

can be observed in low columnar as well as high columnar cells. A quantitative comparison of 

the exact amounts of the basal structures that are present in these cells, however, was not 

performed in the present study. 

 

Tubulobulbar complexes in vitro contain morphologically identifiable junctions 

Similar to basal tubulobulbar complexes that form between Sertoli cells in vivo, high 

resolution electron microscopic evaluation of tubulobulbar complexes formed in vitro revealed 

that they contained membrane kisses indicative of the presence of tight junctions (arrowheads in 

Fig. 10, a, b and c). 

 

Tubulobulbar complexes in primary Sertoli cell cultures contain junction proteins 

 To further explore the possibility that the tubulobulbar complexes formed in primary 

Sertoli cell cultures contain junction proteins, primary cultures were probed for filamentous actin 

and for nectin-2 (Fig. 11, a to d), claudin-11 (Fig. 11, e to h) and connexin-43 (Fig. 11, i to l).  

All immunological probes outlined the periphery of Sertoli cells in regions known to contain 

basal junction complexes. Significantly, rod-like protrusions that were positive for junction 

proteins as well as for filamentous actin were observed to arise from the cell periphery and 

extend into the cells (arrowheads in Fig. 11). These linear protrusions resembled similar 

structures observed in vivo and were consistent with the tubulobulbar complexes observed at the 

ultrastructural level. When Z-stacks obtained with a confocal microscope were analyzed in three 

dimensions using the Volocity software (PerkinElmer, Waltham, MA, USA), these linear 

protrusions were verified to be tubular in nature (Fig. 11, d, h and l). 
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To verify that basal tubulobulbar complexes contain junction proteins in vitro, the 

clathrin related protein AP2 was used as an additional marker for tubulobulbar complexes. AP2 

is a heterotetramer adaptor that facilitates clathrin coat assembly on the cell membrane and can 

be localized between the clathrin coat and the cell membrane [65, 66]. Since clathrin is known to 

be present at the tips of tubulobulbar complexes [67], AP2 would localize to the same position. 

When labeled for AP2, staining occurred either at or near the ends of junction positive tubules 

(Fig. 12, a to e), thereby confirming that the linear structures were likely tubulobulbar complexes 

that contain junction proteins. 

Signal strengths of AP2 and nectin-2 staining were well above those of non-specific 

staining (insets in Fig. 12, a and d). 

 

Junction proteins from one Sertoli cell are internalized by neighboring Sertoli cells 

To verify that junction proteins from one Sertoli cell are internalized into a neighboring 

Sertoli cell as predicted by the junction internalization hypothesis, cultured Sertoli cells were 

transfected with DNA plasmids that contain sequences encoding GFP-tagged junction proteins 

(claudin-11, connexin-43 and nectin-2). Cells were stained with an antibody targeting GATA-4 

as a somatic cell marker to immunoprobe for Sertoli cell nuclei (Fig. 13, a-e), and some cells also 

were stained with AP2 (Fig. 13d) or filamentous actin (Fig. 13e). Transfection efficiency in 

primary Sertoli cell cultures was extremely low with only a few transfected Sertoli cells present 

in each culture. As a result, transfected Sertoli cells were surrounded by a pool of neighboring 

non-transfected, GATA-4-positive Sertoli cells. As predicted, fluorescence from junction-

protein-GFP primarily localized to the periphery and to some degree to the cytoplasm of 

transfected cells. Significantly, rod-like protrusions projected into neighboring non-transfected 
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cells that were otherwise devoid of green fluorescent signal (Fig. 13, a and b). In other instances, 

GFP-positive vesicles were observed in non-transfected Sertoli cells that neighbored transfected 

ones (Fig. 13c). GFP-positive vesicles that were observed in non-transfected cells also were 

associated with AP2 (Fig. 13d) or rod-like protrusions positive for filamentous actin that extend 

from the cell periphery (Fig. 13e). The presence of junction-protein-GFP signals in Sertoli cells 

that were not transfected suggests that the tagged junction proteins were being internalized by 

neighboring cells. I was unable to convincingly demonstrate the presence of endocytic markers 

associated with the tubulobulbar complexes because of excessive background staining. 

Vehicle controls revealed that the transfection reagent and empty vectors alone did not 

produce the observed GFP signal patterns (Fig. 15, a and b). Specificity controls revealed that the 

experimental nuclear and junction protein staining were not non-specific (Fig. 15, c and d). 

Positive controls revealed that when transfected into the readily proliferative MDCK cell line, 

my GFP-tagged claudin-11 fusion construct as well as the GFP-tagged nectin-2 fusion construct 

were indeed functional in an in vitro setting (Fig. 13, f and g). In the positive controls, GFP 

signals localized to the cell periphery where intercellular junctions would be present. 

 

Sertoli cell cultures are approximately 85% pure 

To assess the level of contamination from non-Sertoli cells (such as germ cells and 

peritubular myoid cells) in a Sertoli cell-enriched culture, cells from six separate experiments 

were counted, and results are as follows (percentages were approximate): out of 1002 cells 

counted, 86% were Seroli cells and 7% were peritubular myoid cells; out of 684 cells counted, 

88% were Sertoli cells and 5% were peritubular myoid cells; out of 467 cells counted, 79% were 

Sertoli cells and 4% were peritubular myoid cells; out of 1194 cells counted, 86% were Sertoli 
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cells and 3% were peritubular myoid cells; out of 1057 cells counted, 77% were Sertoli cells and 

8% were peritubular myoid cells; out of 1172 cells counted, 86% were Sertoli cells and 10% 

were peritubular myoid cells. Taken together, the average purity of primary Sertoli cell cultures 

in my hands is approximately 85%. 
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CHAPTER 4: DISCUSSION 

In this study I present evidence consistent with the conclusion that tubulobulbar 

complexes that form at basal sites in the seminiferous epithelium are sub-cellular machines that 

internalize intercellular junctions into one or the other of the attached Sertoli cells. Also, I show 

that tubulobulbar complexes develop in primary cultures of Sertoli cells. The results have 

implications for the mechanism by which spermatocytes translocate through the blood-testis 

barrier during spermatogenesis, and for future in vitro studies of junction remodeling by Sertoli 

cells.  

Tubulobulbar complexes are elongate structures that develop at sites of intercellular 

attachment in the seminiferous epithelium [28]. Each complex consists of a tubular core, formed 

by the two attached membranes of adjacent cells, which is cuffed by a dendritic network of actin 

filaments [67]. The entire structure is capped at its end by a clathrin-coated pit [67]. Distal 

regions of the complex swell and eventually separate from the complex to be internalized and 

degraded by the Sertoli cell [68]. There is a growing body of evidence that tubulobulbar 

complexes that form at apical sites of attachment between Sertoli cells and spermatids internalize 

adhesion junctions. The structures contain intercellular adhesion proteins and are associated with 

endocytic markers [31-33]. Moreover, disruption of apical tubulobulbar complexes or their 

failure to form is correlated with spermiation delay or failure [34-36] – a phenotype predicted on 

the basis of the junction internalization hypothesis.   

 

The role of basal tubulobulbar complexes in junction internalization 

Tubulobulbar complexes that form at intercellular junctions near the base of the 

epithelium between neighboring Sertoli cells resemble those complexes present at apical sites 
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[28], and data presented here are consistent with a role in junction internalization. 

Morphologically recognizable tight and gap junctions were identified in the structures by Russell 

in his original work on tubulobulbar complexes [29], and these results have been confirmed in 

the present study. In addition, putative basal complexes label with antibodies raised against 

components of all three major junction types  (adhesion – nectin-2, tight – claudin-11 and gap – 

connexin-43) when evaluated by fluorescence microscopy.  In the latter immunofluorescence 

studies, the observation that the ends of the tubular structures are positive for the clathrin related 

protein AP2 is consistent with the conclusion that the structures are indeed tubulobulbar 

complexes. Moreover, early endocytosis markers are found in similar locations as basal 

tubulobulbar complexes, and in some cases have the same staining pattern as those associated 

with apical tubulobulbar complexes [32, 33]. These results together strongly support the 

conclusion that basal tubulobulbar complexes likely internalize junctions. Significantly, the 

ultrastructural data from conventional transmission electron microscopy indicate that junction 

proteins in adjacent membranes do not entirely disengage from each other prior to being 

incorporated into tubulobulbar complexes. Although junction proteins can remain attached to 

each other as they are incorporated into tubulobulbar complexes, freeze fracture images of 

double-membrane vesicles in Sertoli cells presented by others [69] suggest that the junctions 

likely become fragmented laterally within the plane of the membrane and therefore no longer 

contribute functionally to basal junction complexes or to the blood-testis barrier. 

The conclusion that junction proteins from one Sertoli cell are internalized together with 

junction proteins from the adjacent Sertoli cell by tubulobulbar complexes not only is consistent 

with ultrastructural findings, but is consistent with data from my in vitro studies where GFP-

tagged proteins in transfected cells associate with markers for tubulobulbar complexes and 
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protrude into and are internalized by the adjacent non-transfected cells that are otherwise devoid 

of GFP signals. 

A schematic diagram showing the proposed mode of formation of a basal tubulobulbar 

complex and how it internalizes basal junctions is depicted in Fig. 17.     

 

Tubulobulbar complexes in the in vitro system 

As far as I know, this is the first study to report that tubulobulbar complexes form in 

morphologically differentiated primary cultures of Sertoli cells. Primary cultures have been used 

to study Sertoli cell structure and function for many years [37-48]. Of particular significance has 

been the use of inserts together with matrix and hormones to enable the cells to morphologically 

differentiate [39, 49-52]. Although these primary cultures have been used extensively to study 

intercellular junctions, the presence of tubulobulbar complexes in these systems has not been 

demonstrated. 

Here I show that the tubulobulbar complexes that develop in primary culture are tubular 

in nature, are composed of the attached plasma membranes of two adjacent Sertoli cells, form in 

association with basal junction complexes, are capped by coated pits, are cuffed by an actin 

network, and can occur in folds or pockets in basal junctions. Moreover, like their in vivo 

counterparts, the structures contain ultrastructurally identifiable junctions and also label 

positively for junction proteins by immunofluorescence microscopy. One interesting feature of 

the complexes that form in culture is that they fail to develop the large terminal ‘bulbs’ 

characteristic of the complexes in vivo, although some of the structures do enlarge near their ends 

and are somewhat related to cisternae of endoplasmic reticulum. The failure to develop fully 

mature bulbs may indicate that the culture system does not completely replicate in vivo 
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conditions. This is consistent with my observation that I could not confirm the localization of 

endocytic markers in culture. One obvious missing feature of the culture system is the absence of 

the complex somatic/germ cell interactions that occur in the fully intact seminiferous epithelium.  

Our novel finding that tubulobulbar complexes form in primary cultures of Sertoli cells 

indicates that basal tubulobulbar complexes may be involved with constitutive junction turnover 

in Sertoli cells – a conclusion consistent with the observation that basal tubulobulbar complexes 

are present at all Stages of the cycle of the seminiferous epithelium in vivo [29].  Importantly, 

formation of tubulobulbar complexes in primary Sertoli cell cultures provides an in vitro model 

system for studying the control of tubulobulbar complexes and their role in junction remodeling.   

 

The role of basal tubulobulbar complexes in spermatocyte translocation 

The report that basal tubulobulbar complex formation dramatically peaks at Stages IV-V 

in the rat seminiferous epithelium [29] has renewed significance when viewed within the context 

of junction remodeling relative to spermatocyte translocation from basal to adluminal 

compartments during Stages VIII-IX. Basal junction remodeling appears to begin much earlier 

than the actual physical translocation of spermatocytes through the junctions, and much earlier 

than previously appreciated. My observation that there is considerably less junction (actin in 

ectoplasmic specializations, and claudin-11 in tight junctions) present at Stage VII than at Stage 

V, and that the difference in pixels remaining above threshold between the two stages is 

statistically significant, is consistent with the hypothesis that tubulobulbar complexes internalize 

junctions. The temporal separation of peak tubulobulbar complex formation and physical 

translocation of spermatocytes [29] indicates that junction remodeling related to spermatocyte 

translocation may be a multi-step process, beginning with a reduction in the amount of ‘junction’ 
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present through the action of tubulobulbar complexes that begins well before Stage VIII, the 

upward movement of spermatocytes starting in Stage VIII, the formation of new junctions 

inferior to the translocating spermatocytes beginning in Stage VIII, and the final disassembly of 

junctions (possibly by tubulobulbar complexes) above the spermatocytes eventually leading to 

their entry into the adluminal compartment. This is different from the canonical model of 

spermatocyte translocation proposed by Russell [25] that simply involves un-zippering of 

junctions above and the re-formation of new junctions below the translocating spermatocytes.  

Significantly, the fact that the peak formation of tubulobulbar complexes at basal sites 

precedes that at apical sites indicates that junction remodeling associated with spermatocyte 

translocation actually begins prior to that associated with spermiation. This has implications for 

current models of the interaction between these two events [70].  It also is interesting that the 

peak in basal tubulobulbar complex formation occurs at roughly the same stages of 

spermatogenesis where elongate spermatids are moved to their deepest point in the epithelium. 

Any functional inter-relationship between entrenchment of spermatids and basal junction 

remodeling remains to be determined. 

Unlike at apical sites where a link between tubulobulbar complex formation and 

spermiation has now been fairly well established, the link between the function of tubulobulbar 

complexes and spermatocyte translocation at basal sites is less substantiated. If tubulobulbar 

complexes are indeed related to junction restructuring associated with spermatocyte 

translocation, then disruption of basal tubulobulbar complexes should compromise spermatocyte 

translocation.  This prediction has not yet been verified experimentally. 
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Overview of conclusions 

I conclude that tubulobulbar complexes that form in areas of contact between Sertoli cells 

in basal regions of the seminiferous epithelium internalize elements of the basal junction 

complex. My results are consistent with the ‘junction internalization hypothesis’ of tubulobulbar 

complex function generally in the seminiferous epithelium, and add a new dimension to our 

understanding of basal junction remodeling in the seminiferous epithelium as it relates to 

spermatocyte translocation. My study also provides a valuable model system for studying the 

process of junction remodeling in vitro. 
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CHAPTER 5: FIGURES 

 

FIG. 1. Schematic diagram of a 

tubulobulbar complex and seminiferous 

epithelium. Shown here is a schematic 

diagram of a section through the 

seminiferous epithelium showing the 

positions of tubulobulbar complexes and 

of basal junctions between Sertoli cells.  
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FIG. 2. Electron micrographs of basal junction complexes between Sertoli cells and associated 

tubulobulbar complexes. (a,b) Basal junction complexes (brackets) between Sertoli cells. Tight 

junctions are indicated by the small arrowheads. The large arrowhead in (a) indicates a gap 
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junction. Bars = 100 nm. (c,d) Proximal tubules (arrows) of tubulobulbar complexes are often 

within pockets or folds in basal junction complexes. Junction complexes are indicated by the 

brackets. Bars = 500 nm. (e) Cross section of a coated pit at the end of a tubulobulbar complex. 

Bar = 100 nm. (f,g) Bulb regions (large arrows) of tubulobulbar complexes. The asterisks 

indicate associated cisternae of endoplasmic reticulum. The small arrows indicate proximal 

tubular regions of tubulobulbar complexes and the arrowheads indicate the presence of junction 

elements in the bulbs. The arrowhead in (f) is shown at higher magnification in (j). (f) Bar = 500 

nm, (g) Bar = 200 nm. (h,i) Cross sections through the proximal tubular regions of tubulobulbar 

complexes showing the presence of tight junctions (arrowheads) similar to those identified at 

junction complexes in (a) and (b). A gap junction is indicated by the large arrowhead in (i). Bars 

= 50 nm. (j,k) Sections through bulbs of two tubulobulbar complexes that document the presence 

of tight junctions (arrowheads)  in the structures. The asterisks indicate cisternae of endoplasmic 

reticulum. Bars = 100 nm. 
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FIG. 3. Confocal images of putative basal tubulobulbar complexes in cryo-sections of adult rat 

seminiferous epithelia approximately at Stage V of spermatogenesis. Filamentous actin was 

stained with phalloidin (red color) and used as a marker for tubulobulbar complexes. Nuclei of 

spermatids, spermatocytes and Sertoli cells were stained with DAPI (blue color). Putative basal 

tubulobulbar complexes appear as relatively short rod-like protrusions (arrowheads) that extend 

away from ‘threads’ or ‘bands’ of basal junctions in the epithelium. Both filamentous actin and 

junction proteins (green color) localize to the same rod-like structures, suggesting that putative 

basal tubulobulbar complexes contain junction proteins. (a,b,c) Rod-like structures immuno-

reactive for the tight junction protein claudin-11. A rod-like structure appears to occur within a 

junction ‘pocket’ in (c). (d,e,f) Rod-like structures immuno-reactive for the adhesion junction 

protein nectin-2. (g,h,i) Rod-like structures immuno-positive for the gap junction protein 

connexin-43. (i) Connexin-43 staining localizes to the end region of a rod-like structure, the body 

of which contains filamentous actin. Insets in (c,f,i) show normal IgG or serum controls in 

sections of seminiferous epithelia. Normal rabbit IgG (NRIgG), normal rabbit serum (NRS) and 

normal mouse IgG (NMIgG) were used to control for staining of claudin-11, nectin-2 and 

connexin-43, respectively. Insets in (c,i) have actin staining (red color) whereas the inset in (f) 

does not. Bars = 10 µm. 
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FIG. 4. Confocal images of basal junction regions in adult rat seminiferous epithelia 

immunoprobed for endocytic markers EEA1 (early endosome antigen 1) and Rab5. Junction 

bands or lines often form junction ‘pockets’ and putative basal tubulobulbar complexes 

frequently form within these junction pockets or folds. (a) Prominent EEA1 immunofluorescent 

signal (arrowhead) is seen within a junction pocket or fold. (b) Prominent EEA1 signal 

(arrowhead) within a portion of a junction pocket formed by actin filament bundles in 

ectoplasmic specializations. (c,d) Prominent EEA1 signals within portions of junction pocket 

formed by gap junctions (arrowheads). (e) EEA1 signal caps the end of a rod-like protrusion 

(arrowhead) that extends away from gap junctions. Lower inset in (e) shows actin-positive 

tubulobulbar complexes at apical sites of attachment between a Sertoli cell and a spermatid 

similarly capped by EEA1 signals (arrowheads). (f) Rab5 signal is present near the end of a rod-

like protrusion (arrowhead) that extends away from gap junctions. (g) Rab5 signals cap the ends 

of two rod-like protrusions (arrowheads) that extend away from ectoplasmic specializations. The 

rod-like protrusions are likely basal tubulobulbar complexes. Inset in (g) shows similarly stained 

apical tubulobulbar complexes (arrowhead) imaged with conventional fluorescence microscopy. 

Upper inset in (e) and inset in (f) show normal rabbit IgG (NRIgG) controls in sections of 
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seminiferous epithelia for the staining of EEA1 (upper inset in e) or Rab5 (inset in f). The normal 

IgG controls were double-labeled for connexin-43 (green color). (a-g) Bars = 10 µm. Bar in inset 

in (f) = 10 µm. Bars in insets in (e,g) = 5 µm. 

 

 

FIG. 5. Conventional immunofluorescence images of 5 µm thick cryo-sections from perfusion 

fixed rat testis labeled for actin at approximately Stage V (a) and Stage VII (b) of the cycle of the 

seminiferous epithelium. (a,b) Actin labels the tubule wall as well as apical ectoplasmic 

specializations (apical ESs) at the Sertoli cell-spermatid interface and can be used to identify 

Stages V and VII. At Stage V, elongate spermatid heads are deep within apical Sertoli cell 

crypts. At Stage VII, late spermatid heads are at the apex of the epithelium, are hook-shaped and 

have a prominent lobule of Sertoli cell cytoplasm adjacent to their concave face. Examples of 

basal junctions (green fluorescence) as seen in a section through a single seminiferous tubule are 

indicated by the arrows that point to the boxes. The orientation of basal junctions is roughly 

parallel to the tubule wall, as schematically indicated in Fig. 1. The bar graph inset indicates the 
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numbers of pixels specifically in junction regions above an arbitrary threshold for tubules at 

Stage V and Stage VII and serves as an index of the amount of ectoplasmic specialization present 

at each of the stages. Bar = 0.1 mm. 

 

 

FIG. 6. Conventional immunofluorescence images of 5 µm thick cryo-sections from perfusion 

fixed rat testis labeled for claudin-11 at approximately Stage V (a) and Stage VII (b) of the cycle 

of the seminiferous epithelium. (a,b) At Stage V, elongate spermatid heads are deep within apical 

Sertoli cell crypts. At Stage VII, late spermatid heads are at the apex of the epithelium, are hook-

shaped and have a prominent lobule of Sertoli cell cytoplasm adjacent to their concave face. 

Examples of basal junctions (green fluorescence) as seen in a section through a single 
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seminiferous tubule are indicated by the arrows that point to the boxes. The orientation of basal 

junctions is roughly parallel to the tubule wall, as schematically indicated in Fig. 1. The 

corresponding phase images at the bottom of the panels verify stages in the fluorescence images 

above. The bar graph inset indicates the numbers of pixels specifically in junction regions above 

an arbitrary threshold for tubules at Stage V and Stage VII and serves as an index of tight 

junction amount present at each of the stages. Bar = 0.1 mm. 
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FIG. 7. Primary cultures of Sertoli cells grown on Matrigel
TM
 in transwells are morphologically 

differentiated and form basal junction complexes. (a) Shown here is a schematic diagram 

showing the positions of junctions and tubulobulbar complexes in primary cultures of Sertoli 

cells. As depicted by the schematic diagram in (a) and by the images of plastic sections in (b,c,d), 

the heights of the cells vary in different regions of the monolayer. Low columnar cells are often 

present near the center of the cell layer whereas high columnar cells are often present near the 

periphery of the cell layer. Sertoli cells appear to manipulate Matrigel
TM
 by extending processes 

into the underlying Matrigel
TM
 layer. Bar = 20 mm. (e) Intercellular junction complexes, 

recognized by the presence of ectoplasmic specializations (arrowheads), occur near the base of 

the monolayer. Bar = 1 mm. Bar in inset = 100 nm. (f,g) Morphologically identifiable tight 

junctions (arrowheads) occur within the junction complexes. Bars = 100 nm. 
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FIG. 8. Ultrastructural evidence for the formation of tubulobulbar complexes at intercellular 

junctions in primary cultures of Sertoli cells. (a,b) Shown here are two examples of tubulobulbar 

complexes (arrowheads and insets) near the bases of cultured Sertoli cells. In both cases the 
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sections are of the proximal tubular region and can be identified by the surrounding network of 

actin filaments and the double plasma membrane cores. (a) Bar = 0.5 mm. Bar in inset = 100 nm. 

(b) Bar = 2 mm. Bar in inset = 100 nm. (c) Cross section through the coated pit region of a 

tubulobulbar complex. Bar = 100 nm. (d) Two tubulobulbar complexes shown at a junction 

complex. The one indicated by the arrowhead is in the initial stages of formation whereas the one 

indicated by the arrow is somewhat further developed. Bar = 250 nm. (e) A tubulobulbar 

complex in the initial stages of formation adjacent to an actin bundle of an ectoplasmic 

specialization in the adjacent cell. The two cells remain connected in the region of the coated pit.  

Bar = 100 nm. (f) A tubulobulbar complex at a later stage than that shown in (e). Here the short 

tubular region has developed an actin cuff as the coated pit moves away from the junction. Bar = 

100 nm. (g) In this image, the coated pit region of a tubulobulbar complex has moved away from 

the junction and developed a long tubular region. Bar = 200 nm. 
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FIG. 9. Electron microscopic images of tubulobulbar-like structures in primary cultures of Sertoli 

cells. (a) A tubulobulbar-like structure that ends in a coated pit occurs in a pocket or fold in an 

intercellular junction complex (indicated by the brackets). This is similar to the location of 

tubulobulbar complexes observed in vivo. Bar = 1 mm. (b,c,d,e) Four examples of tubulobulbar-

like structures in cultured Sertoli cells. The structures end in coated pits (arrowheads), are 

composed of double plasma membrane cores, and formed in areas where ectoplasmic 

specializations (arrows indicate actin bundles) are present. An ectopic bulb (asterisk) is present 

on the structure in (c) and a putative bulb (asterisk) is present in (e). Bars in (b,c,d) = 200 nm. 

Bar in (e) = 250 nm. 

 

 

FIG. 10. Electron micrographs of tubulobulbar complexes in primary cultures of Sertoli cells 

showing the presence of ‘membrane kisses’ (arrowheads) indicative of tight junctions and similar 

to those observed at similar locations in vivo. (a) Longitudinal section through a tubulobulbar 

complex. Bar = 500 nm. (b,c) Cross-sections through tubulobulbar complexes. Bars = 100 nm. 

 



 52 

 

FIG. 11. Confocal (single plane) images of putative tubulobulbar complexes between cultured 

Sertoli cells. Single-channel images (a,b) and the resulting merged image (c) showing a rod-like 

protrusion extending away from the cell periphery. The rod-like protrusion is positive for 

filamentous actin as well as nectin-2, and resembles apical tubulobulbar complexes that are 

probed for the same junction elements (arrowhead in inset). Bars = 10 µm. Bar in inset in (c) = 5 

µm. Single-channel images (e,f) and the resulting merged image (g) showing a rod-like 

protrusion extending away from the cell periphery. The rod-like protrusion is positive for 

filamentous actin as well as claudin-11. Bars = 5 µm. Single-channel images (i,j) and the 

resulting merged image (k) showing a rod-like protrusion extending away from the cell 

periphery. The rod-like protrusion is positive for filamentous actin as well as connexin-43. Bars 
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= 5 µm. (d,h,l) Single ‘snap-shot’ images of three-dimensional reconstructions of Z stacks from 

which the single planes in panels c,g,and k were obtained. The three dimensional reconstructions 

were rotated to different viewing angles to show that the protrusion is in fact rod-like and not 

part of a junction band. White spherical grids and XYZ axes are included in the figures to show 

that these images are from three-dimensional constructions. 

 

 

FIG. 12. Confocal images of cultured Sertoli cells labeled for AP2 and either claudin-11 (a,b,c) 

or nectin-2 (d,e). Arrowheads indicate rod-like structures labeled for junction proteins that also 
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react at their tips with the probe to AP2. Insets in (a,d) show normal IgG or serum controls in 

cultured Sertoli cells. Normal mouse IgG (NMIgG) and normal rabbit serum (NRS) were used to 

control for the staining of AP2 and nectin-2, respectively. Bars = 5 µm. 

 

 

FIG. 13. Confocal images showing cultured Sertoli cells transfected with DNA plasmids 

encoding GFP-tagged junction proteins extend rod-like structures into adjacent non-transfected 

Sertoli cells. Bars = 10 µm in (a-d and f-g). Bar = 5 µm in (e). GATA-4 was used as a somatic 

cell marker and labels Sertoli cell nuclei. AP2 was used as a tubulobulbar complex marker and 

localizes to the ends of tubulobulbar complexes. (a,b) GFP-tagged claudin-11 (a) or nectin-2 (b) 

proteins are prominent at the periphery of the transfected Sertoli cells and extend rod-like 

protrusions (arrowheads) into adjacent non-transfected Sertoli cells. (c) GFP-tagged connexin-43 

proteins are prominent at the periphery of a transfected Sertoli cell and a GFP-positive vesicle 

(arrowhead) was observed within an adjacent non-transfected Sertoli cell. (d,e) GFP-tagged 

claudin-11 proteins are prominent at the periphery of the transfected Sertoli cells and GFP-

positive vesicles are present in adjacent non-transfected Sertoli cells (arrowheads). The GFP-

positive vesicles associate with AP2 (arrowhead in d) or a rod-like protrusion positive for 
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filamentous actin (arrowheads in e). (f,g) Cultured MDCK cells were transfected with the same 

GFP-tagged claudin-11 (f) or GFP-tagged nectin-2 (g) fusion constructs that were used to 

transfect cultured Sertoli cells. Transfection with the fusion constructs were successful and GFP-

tagged junction proteins localized to the MDCK cell periphery as expected. 

 

FIG. 14. Confocal images of cultured 

Sertoli cells showing possible 

tubulobulbar complexes capped at their 

ends by the endocytic markers EEA1 or 

Rab5. Bars = 10 µm in a and c-f. Bar = 5 

µm in b. (a,b,d,e) Immunofluorescent 

signals of EEA1 (a,b) or Rab5 (d,e) appear 

to cap the ends of rod-like protrusions positive for connexin-43 (Cx43) that extend away from 

the cell periphery. (c,f) Normal rabbit IgG (NRIgG) controls for the staining of EEA1 (c) and 

Rab5 (f) in cultured Sertoli cells. The ‘spotty’ appearance of NRIgG signals make it difficult to 

conclude with certainty that the signals observed in a, b, d and e specifically identify EEA1 or 

Rab5. 
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FIG. 15. Confocal images of cultured Sertoli cells showing controls for in vitro transfection 

applications. Bars = 10 µm. (a) Cultured Sertoli cells treated with Lipofectamine
TM
 2000 without 

DNA plasmids. During image acquisition, ‘gain’ and ‘offset’ levels were erroneously increased 

and a diffuse pattern of background fluorescence can be seen over all cells. (b) Cultured Sertoli 

cells treated with empty DNA vectors that do not contain a fusion construct of interest. Empty 

vectors do encode EGFP. (c) Normal goat IgG (NGIgG) control in cultured Sertoli cells that 

were transfected with the GFP-tagged claudin-11 fusion construct. NGIgG was used to control 

for the staining of GATA-4 (Fig. 13, a-e). 
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FIG. 16. Restriction digests of the pCR2.1-TOPO, pEGFP-N1 and pEGFP-C1 vectors used in the 

making of the claudin-11-GFP fusion construct. This is to verify the successful insertion of the 

claudin-11 cDNA into these vectors. ‘L’ = ladder. (a) Restriction digest of pCR2.1-TOPO 

vectors after the ligation reaction with PCR-amplified claudin-11 cDNA. ‘TOPO for pEGFP-N1’ 

and ‘TOPO for pEGFP-C1’ refer to the pCR2.1-TOPO vectors that would be used to sub-clone 

the claudin-11 cDNA into pEGFP-N1 or pEGFP-C1 vectors, respectively. Each type of TOPO 

vector was extracted from three independent bacterial colonies for testing. PCR-amplified 

claudin-11 cDNA (cDNA) was used as a control for the inserts that should be present within the 

vectors. One cDNA-positive sample from each types of TOPO vectors was selected for the 

subsequent sub-cloning process. (b) Restriction digest of pEGFP-N1 and pEGFP-C1 vectors 

after the sub-cloning process. A pEGFP vector that does not contain a DNA insert (Empty 

vector) and claudin-11 cDNA (cDNA insert) were used as references for parts of the sub-cloned 

vectors. Each type of the sub-cloned pEGFP vectors was extracted from five independent 

bacterial colonies for testing. One cDNA insert-positive sample from of each type of pEGFP 

vectors was selected for use in the subsequent transfection experiments. 
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FIG. 17. Schematic representation of major steps during basal tubulobulbar complex-mediated 

junction internalization. ‘Ser 1’ represents one Sertoli cell. ‘Ser 2’ represents another Sertoli cell 

that is immediately adjacent to and forms a basal junction complex with ‘Ser 1.’ (a) Appearance 

of a basal junction complex prior to internalization. Major components of the basal junction 

complex include tight junction, gap junction and ectoplasmic specialization (ES). (b) A double-

membrane clathrin-coated pit forms in the region occupied by the basal junction complex. The 

location of AP2 is also shown. (c) The double-membrane clathrin-coated pit invaginates into one 

of the attached Sertoli cells and a short tubular ‘neck’ begins to form. Junction proteins of the 

ectoplasmic specialization (such as nectin-2) may enter this ‘neck.’ A dendritic network of 

filamentous actin that surrounds the ‘neck’ also begins to form. (d) The clathrin-coated 
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invagination develops into a basal tubulobulbar complex complete with its proximal tubular 

region, bulbar region that associates with a cistern of the endoplasmic reticulum, distal tubular 

region and clathrin-coated tip. The entire structure has a double-membrane core. A dendritic 

network of actin surrounds each of the proximal and distal tubular regions. Morphologically 

identifiable tight and gap junctions as well as junction proteins of the ectoplasmic specialization 

are being internalized by this basal tubulobulbar complex. Rab5 is suspected to localize to the 

bulbar region of the basal tubulobulbar complex. (e) The bulbar region of the basal tubulobulbar 

complex buds off to form a vesicle, which may coalesce with vesicles from other basal 

tubulobulbar complexes to form a multi-vesicular structure. The rest of the basal tubulobulbar 

complex also vesiculates, resulting in the formation of numerous double-membrane vesicles. 

EEA1 is suspected to localize to these vesicles or vesicular structures. 
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CHAPTER 6: CONCLUDING CHAPTER 

Research efforts on tubulobulbar complexes have largely focused on those present at the 

the spermatid-Sertoli cell interface at the apical surface of the seminiferous epithelium. Some 

considered the complexes to be anchoring devices [28, 71, 72] or devices that reduce spermatid 

cytoplasm or acrosomal material [27, 73, 74], different from my view of the structures as 

junction internalization machinery. Studies from our own research group as well as international 

groups have revealed increasing amounts of information regarding the characteristics of apical 

tubulobulbar complexes [31, 34, 60, 67, 75-77] and of evidence to support the hypothesis that 

tubulobulbar complexes play a role in the junction internalization events that occur in the 

seminiferous epithelium [31, 32, 36]. Work presented here contribute to these efforts by 

consolidating our knowledge of basal tubulobulbar complexes to support the junction 

internalization hypothesis. 

 

Relevance and contributions to the field 

Contrary to the attention received by apical tubulobulbar complexes, basal tubulobulbar 

complexes have been much less studied due to the reasons described in the Introduction. In 

addition, unlike apical tubulobulbar complexes that only occur in relationship to adhesion 

junctions, basal tubulobulbar complexes occur in association with junction complexes that 

consist of tight, gap and adhesion junctions. Up to now, there has been no in vitro model 

system(s) with which to study basal tubulobulbar complexes. It is therefore of considerable 

significance that this work demonstrates the feasibility of using a primary rat Sertoli cell culture 

system for the study of basal tubulobulbar complexes to colleagues in our research field. This in 

vitro system offers numerous advantages and future prospects to existing in vivo techniques. 
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Examples of such advantages include an easier way to identify putative basal tubulobulbar 

complexes from intercellular junctions, improved three-dimensional reconstruction to better 

visualize tubulobulbar complexes within the context of an entire Sertoli cell, an option to test the 

potential influence of various cell types (such as peritubular cells and germ cells) on the 

development and function of tubulobulbar complexes by controlling cell type composition of the 

cultures, ability to perform transient DNA transfection experiments, a possibility for live cell 

imaging to observe tubulobulbar complex development in real-time, ease of cell manipulation 

biochemically by altering the components of the cell culture media, and more. In addition, the 

conclusion that basal tubulobulbar complexes internalize intercellular junctions into one or the 

other of the attached Sertoli cells strengthen my support for the junction internalization 

hypothesis, adding evidence from a different aspect of the seminiferous epithelium than the 

apical aspect that most are familiar with. This brings us closer to finally ending the controversy 

regarding the true function of tubulobulbar complexes. This work would also bring basal 

tubulobulbar complexes back into the interest of colleagues in the field, whom have largely 

neglected the structures in the past forty years. Furthermore, the observation that the significant 

reduction in junctional material from Stage V to Stage VII in the seminiferous epithelium 

correlates temporally with the sharp rise in basal tubulobulbar complex count in Stages IV-V 

(first reported by Russel [29]) leads me to rethink the currently accepted model for spermatocyte 

translocation. I suspect that the spermatocyte translocation event is a multi-step process, with 

significant amounts of junction removal, likely achieved through basal tubulobulbar complexes, 

occuring well before the actual translocation. This improves upon the the classic idea that the 

event simply involves the disassembly of Sertoli-Sertoli cell junctions above the translocating 

spermatocyte and the reassembly of junctions below [25]. 
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Overview of results and conclusions 

Conclusions derived from this study successfully fulfilled the goals stated in the 

Introduction. I showed that it is indeed possible to study basal tubulobulbar complexes by using a 

cell culture model, which others can use and improve upon in the future to further elucidate 

characteristics of tubulobulbar complexes. Although imperfectly, the basal tubulobulbar 

complexes in vitro do resemble their in vivo counterparts with respect to several defining features 

and are justified in their worth as a tool in research. I used a plethora of techniques on both in 

vivo and in vitro samples to obtain strong evidence in support of the junction internalization 

hypothesis that I set out to test and showed that basal tubulobulbar complexes contain junction 

proteins. Specifically, clear ultrastructural visualizations of intercellular junctions and basal 

tubulobulbar complexes achieved with electron microscopy, fluorescence data that utilized 

different immunofluorescent probes and markers as well as DNA transfection results employing 

the use of GFP-tagged junction protein fusion constructs allowed me to reach my conclusion that 

basal tubulobulbar complexes play a role in internalization of basal junctions in the seminiferous 

epithelium. I showed that, as expected, endocytic elements associate with basal tubulobulbar 

complexes and that junction proteins from one Sertoli cell are internalized into another Sertoli 

cell by these complexes. The statistical comparison of the amounts of junctional material present 

at Stages V and VII in the seminiferous epithelium further solifidies my conclusion. 

 

Limitations 

One challenge encountered during this thesis work was the difficulty of transfecting 

primary cultures of rat Sertoli cells. Not only was the transfection efficiency extremely low, any 

one transfected Sertoli cell must also be forming at least one tubulobulbar complex with an 
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adjacent Sertoli cell at the time of fixation in order to provide useful information. This led to a 

very slow rate at which some sort of meaningful data could be harvested from DNA transfection 

experiments in vitro. Moreover, the remaining germ cells and sometimes even myoid cells that 

were present in culture would be transfected with higher efficiencies than Sertoli cells, resulting 

in sources of visual contamination when examining the samples under a microscope. Another 

obstacle arose when in vitro samples were immunoprobed for proteins and the resulted staining 

pattern does not differ significantly from that of normal IgG controls, such as the endocytic 

markers EEA1 and Rab5 (Fig. 14). This led to a situation where I could not confidently 

distinguish between true experimental fluorescent signals and non-specific signals. A possible 

cause of this obstacle may be the inability of in vitro tubulobulbar complexes to fully develop 

their bulbar regions in this current culture system. Another drawback of the in vitro component 

of this study is the imperfect removal of contaminating cells (germ cells and myoid cells) from 

cultures. However, the remaining contaminating cells may actually play a small, perhaps trivial 

role in stimulating tubulobulbar complex formation by remotely resembling cellular composition 

in intact seminiferous epithelia, after the native amounts of these cells as would be in vivo were 

drastically reduced. Despite these limitations, the electron microscopic data, 

immunofluorescence images and statistical analysis that I did present based on in vivo as well as 

in vitro studies are more than sufficient to support my conclusions. 

 

Future directions 

Results from this study could lead to more vigorous future efforts to study basal 

tubulobulbar complexes. RNAi knock-down experiments targeting tubulobulbar complex 

components (such as cortactin [36]) could be used to examine effects of a temporary loss of basal 

tubulobulbar complexes on spermatocyte translocation in live animals. In these experiments I 



 64 

would expect to see reduced basal tubulobulbar complex lengths at the blood-testis barrier in 

seminiferous epithelia, similar to what was observed in apical complexes [36]. Data could be 

acquired with electron microscopy, or with immunofluorescence techniques when using AP2 as a 

marker for tubulobulbar complexes. Statistical analysis coud be performed to measure the 

significance of such possible size reductions. In vitro experiments also could be used to verify 

that the knock-down does affect basal tubulobulbar complex length. It is also possible that the 

knock-down would reduce or even eliminate the peak in appearance of basal tubulobulbar 

complexes in Stages IV-V that was observed by Russell [29]. Based on my conclusion that basal 

tubulobulbar complexes internalize components of basal junction complexes in the seminiferous 

epithelia, I would also expect to see a delay in spermatocyte translocation across the blood-testis 

barrier in live animals and perhaps an accumulation of early primary spermatocytes in basal 

compartments of the epithelia over time. It may be necessary to prolong the administration of 

RNAi reagents in order to observe an effect. Furthermore, live cell imaging experiments where 

real-time visualizations of the uptake of junctional material by basal tubulobulbar complexes 

could be achieved with the in vitro system.  

Within intact and functional intercellular junctions, junction proteins often associate with 

various adaptor proteins, such as ZO-1 and afadin. It would be interesting to reveal potential 

relationships between these adaptor proteins and basal tubulobulbar complexes, and to examine 

whether basal tubulobulbar complexes internalize components of basal junctions other than 

integral membrane junction proteins. Adaptor proteins could be detected with immunological 

probes while using filamentous actin or AP2 as markers for basal tubulobulbar complexes. It 

would also be possible to transfect cultured Sertoli cells with DNA plasmids that encode 

fluorescent protein-tagged adaptor proteins, and determine whether the fluorescent protein fusion 
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constructs enter non-transfected cells, which would be an observation that supports the junction 

internalization hypothesis. 

Double-transfection experiments could be performed where, for example, a GFP-tagged 

junction protein fusion construct and an RFP-tagged AP2 fusion construct could be 

simultaneously transfected into cultured Sertoli cells. In successfully double-transfected Sertoli 

cells that are visualized in real-time, GFP signals representing junction proteins should localize 

to the cell periphery, and may be observed to gradually extend away from the cell periphery into 

rod-like protrusions capped at their ends by RFP signals representing AP2. Moreover, instead of 

transfecting cells that grow on Matrigel
TM
 in bicameral chambers, it would be possible to 

transfect cells that are suspended in culture media. For example, one cell population could be 

transfected with a GFP-tagged junction protein fusion construct, while another cell population 

with a RFP-tagged junction protein fusion construct (or entirely untransfected). The two cell 

populations in suspension could be mixed together and cultured in the same chamber. If one type 

of fusion construct is present in cells that either produce the other type of fusion construct or are 

otherwise untransfected, then such data would support the junction internalization hypothesis. Of 

course, the major difficulty associated with this approach would be the extremely low 

transfection rates in primary cultures of rat Sertoli cells. To help resolve this difficulty, it may be 

necessary to seek out alternative means of DNA transfection such as the magnetism-based 

transfection equipment offered by PromoCell GmbH (Sickingenstraße, Heidelberg, Germany). It 

may also be possible to use live cell imaging techniques to track GFP-tagged junction proteins 

after they have been internalized by tubulobulbar complexes to see if they are degraded by 

lysosomes (loss of GFP signals) or if they are stored (GFP signals remain in cytoplasm) and 

eventually re-inserted into the cell membrane (GFP signals re-enter cell periphery). This would 
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help us to better understand if junction elements internalized by tubulobulbar complexes enter 

the degradation pathway or recycling pathway. 

Moreover, future efforts could be aimed at attempting to recreate, at least to some degree, 

the complex Sertoli-germ cell organization of intact seminiferous epithelia. Spermatogonial cells 

could be seeded first onto Matrigel
TM
, followed by Sertoli cells on top. Experimental adjustments 

made to this setup could allow the simulation of a seminiferous epithelial basal compartment that 

contains spermatogonia in vitro. Subsequently, spermatogonia may develop into spermatocytes 

and eventually into spermatozoa that are released into the culture media. This would allow us to 

analyze if germ cells have any influence on the development of basal tubulobulbar complexes 

and in particular, whether the presence of germ cells could lead to the formation of a bulbar 

region which is not often seen on tubulobulbar complexes in the current in vitro system. Similar 

cell type composition adjustments could be applied to myoid cells as well. In addition, in vivo 

and in vitro samples could be probed for suspected components of or proteins that associate with 

both apical and basal tubulobulbar complexes to study whether they share all components or if 

one contains exclusive components that are not present in the other. 

 

A potential contraceptive target 

Being what I think of as essential participants in spermatogenesis, basal tubulobulbar 

complexes are also located closer to the blood stream than their apical counterparts. This may 

have significant implications for basal complexes as potential targets for contraception. If future 

orally ingested contraceptive medicine are designed to target basal tubulobulbar complexes, 

medicinal substances carried by the blood stream may reach basal complexes faster than they 

would apical complexes, therefore initiating a quicker onset of drug activities that can be 
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controlled more accurately. Contraceptives that act on basal tubulobulbar complexes could 

potentially exert their effects by reversibly hinder the formation and development of the 

structures, resulting in delayed junction turnover of the basal junction complexes in the 

seminiferous epithelia. This would lead to a temporary cease in spermatocyte translocation 

across the blood-testis barrier and subsequently a reduction in sperm count over a limited period 

of time. This could be very useful for future-dated conception prevention. It may not be unlikely 

that the same contraceptives would also target apical tubulobulbar complexes, which have been 

shown to result in failed spermiation when a component is knocked-down [36], resulting in 

lowered sperm count and thus further enhancing the effectiveness of the drugs. 
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