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Abstract
The endoplasmic reticulum (ER) is a prominent organelle in Sertoli cells. It is an integral
component of unique adhesion junctions (ectoplasmic specializations - ESs) in this cell type, and
is closely associated with structures termed tubulobulbar complexes (TBCs) that internalize
intercellular junctions during sperm release and during the translocation of spermatocytes through
the blood-testis barrier. A role for the ER in Ca2+ regulation at ESs and TBCs has been suspected,
but evidence for this function has proved elusive. The focus of this thesis is identification of
molecular machinery involved in Ca2+ signaling and obtaining functional evidence of Ca2+
regulation of the actin networks at TBCs. Functional experiments using EGTA and thapsigargin
to lower and raise Ca2+ levels did not provide evidence that TBC actin networks are regulated by
Ca2+. Using immunofluorescence, I demonstrated that Ca2+ regulatory machinery is present at the
ESs attached to spermatid heads, and at ER-PM contacts. SERCA2 is present at ESs, IP3R is
present at ER-PM contacts associated with TBC bulbs, and STIM1, ORAI1 and SERCA2 are
present at the ER-PM contacts around the margins of Sertoli cell apical processes. The results
support the conclusion that the molecular machinery necessary for ER generated Ca2+ fluxes is
present in regions and structures directly related to junction remodeling in Sertoli cells, a process
necessary for sperm release.

ii

Preface
I designed, carried out the experiments and analyzed data in chapter 3. The figures were
prepared by me with the exception of the schematic diagrams that appear in the introduction and
in chapter 3 which were prepared by Dr. Wayne Vogl. Clement Ho was involved in the execution
of experiments related to Src and PTP1B. Julien Lima was involved in execution of preliminary
experiments relating to STIM1 and ORAI1. Dr. Wayne Vogl was involved in the execution of
experiments. Both Dr. Wayne Vogl and I collected electron micrographs for analysis of ER-PM
contacts.
The EGTA and thapsigargin studies in chapter 4 were designed and executed by myself.
Dr. Wayne Vogl was involved in the design and execution of these experiments. The live
Ca2+ imaging experiments were designed by myself, Dr. Wayne Vogl, Dr. Edwin Moore and Dr.
Parisa Asghari. This experiment was carried out by a number of individuals. Dr. Wayne Vogl and
Arlo Adams handled the animals and isolated seminiferous tubules. Aarati Sriram prepared fresh
media specifically designed to culture Sertoli cells to be used for incubating the isolated tubules.
Dr. Parisa Asghari performed the live Ca2+ imaging and helped in the analysis of data. Dr. David
Scriven developed software for data analysis as well as provided insights during data analysis. I
was involved throughout all of these processes and analyzed the data obtained from these
experiments. Dr. Edwin Moore, Dr. Parisa Asghari and Dr. David Scriven contributed to the
analysis of the data.
The majority of the data from Chapter 3 has been submitted for publication in “Biology of
Reproduction” under the title “Ca2+ signaling machinery is present at intercellular junctions and
structures associated with junction turnover in rat Sertoli cells”. This manuscript was written by
myself, Dr. Wayne Vogl and Arlo Adams with editing by Dr. Parisa Asghari, Dr. Edwin Moore
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and Matthew Piva. Parts of this manuscript were adapted for use in this thesis. The Src and PTP1B
data in this chapter is intended to be submitted as a separate manuscript to “The Anatomical
Record”.
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Chapter 1: Introduction
1.1

Spermatogenesis and mammalian seminiferous epithelium
The process of mammalian spermatozoa production, spermatogenesis, takes place in the

seminiferous epithelium that lines seminiferous tubules of the testes. There are two groups of cells
within the seminiferous epithelium: Sertoli cells and developing spermatogenic cells. Sertoli cells
are the architectural units of the seminiferous epithelium. They are columnar in shape and extend
from the base to apex of the epithelium. Their nuclei are typically located basally in the cells
adjacent to the basement membrane which is secreted both by Sertoli cells and by peritubular
myoid cells that form part of the walls of the seminiferous tubules [1]. Sertoli cells are located
adjacent to each other and embedded between them are the spermatogenic cell line.
The blood-testis barrier (BTB) is formed predominantly by tight junctions between
adjacent Sertoli cells and divides the epithelium into an adluminal compartment and a basal
compartment. The basal compartment is continuous with the interstitial space between adjacent
tubules [2] which contains Leydig cells and blood vessels. In addition to providing an immuneprivileged environment in the adluminal compartment, the blood-testis barrier also enables Sertoli
cells and germ cells to produce and maintain a unique physiological environment in the this
compartment [3].
Spermatogonial stem cells are located ‘beneath’ Sertoli cell tight junctions and on the
basement membrane where they undergo a series of mitotic divisions to give rise to primary
spermatocytes. These primary spermatocytes then lift off of the basement membrane and
translocate through the BTB into the adluminal compartment [4] where they complete meiosis
giving rise to the haploid round spermatids. These round spermatids undergo morphological
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differentiation into spermatids which are eventually released as spermatozoa into the lumen of the
tubules in a process referred to as spermiation.
1.2

Stages of spermatogenesis
Leblond and Clermont staged the rat spermatogenic cycle based on the cellular associations

seen in cross sections of seminiferous tubules [5]. The number of stages vary between species with
one spermatogenic cycle consisting of 14 stages in rats [5], 12 in mice [6], and 6 in humans [7].
By convention, the stages of the spermatogenic cycle are indicated with Roman numerals to avoid
confusion with ‘steps’ of the spermatid differentiation. Although within a single spermatogenic
cycle spermatozoa will be released into the lumen, the time it takes for a spermatogonium to
develop into a spermatozoa takes multiple spermatogenic cycles. This is due to the presence of
multiple cohorts of germ cells at different steps of development for any given stage of
spermatogenesis. For example, in a stage I seminiferous tubule of a rat there will be spermatogonia,
primary spermatocytes originating from spermatogonia of the previous spermatogenic cycle, and
two groups of spermatids originating from spermatogonia of two and three cycles previously.
A single spermatogenic cycle takes 12.9 days in rats [8], 8.6 days in mice [9], and ~16 days
in human [7]. It takes approximately 4.5 spermatogenic cycles in mammals for the entire process
of spermatogenesis to occur [10,11]– that is, it takes roughly 57 days in rats and 73 days in humans
for spermatogonium to differentiate into a mature spermatozoa. Although spermatozoa are
released only at one specific stage during each cycle, spermatozoa are released continuously from
any given seminiferous tubule. This is due to the phenomenon known as the spermatogenic wave
where segments along a seminiferous tubule will be at different stages of the spermatogenic cycle
in succession [12]. For example, a segment of a seminiferous tubule at Stage I will have a
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following segment at Stage II. This allows for the continuous production of spermatozoa by the
testis throughout adulthood.
1.3

Turnover of ectoplasmic specializations is critical for spermatogenesis
The seminiferous epithelium contains unique plaques of intercellular junctions termed

ectoplasmic specializations (ESs) [13]. These are tripartite structures characterized by three
morphological characteristics: a region of plasma membrane (PM) containing junction proteins,
attached bundles of hexagonally packed actin filaments, and an associated cisterna of endoplasmic
reticulum (ER). These structures are found in two regions within the seminiferous epithelium. The
first is located basally between adjacent Sertoli cells where PM contains the tight junctions forming
the BTB occur [2] in addition to adhesion junctions [14,15] and gap junctions [16]. The associated
actin bundles and ER cisterna are found in both Sertoli cells participating in attachment as such
these sites are often referred to as homotypic junction complexes to differentiate it from the second
region where ESs occur (Fig. 1.1). The second location where ESs are found is apically where
projections of Sertoli cells, termed apical processes, surround the heads of late spermatids to
anchor them in the epithelium prior to their release (Fig. 1.1). These apical ESs are comprised of
nectin-based and integrin-based adhesion junctions [14,15,17,18]. However, the tripartite structure
of an ES is only seen on the Sertoli cell side of the intercellular junction where the spermatid side
of the intercellular junction lacks associated bundles of actin and cisterna of ER. Thus apical ESs
are referred to as heterotypic junction complexes to distinguish them from the basal homotypic
junction complexes.
The turnover of the junctions within the ESs both at basal and at apical sites is crucial for
spermatogenesis. During spermatocyte translocation from the basal to adluminal compartments of
the seminiferous epithelium, junctions in basal ESs must disassemble above spermatocytes and
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reassemble below to maintain compartmentalization of the epithelium. At apical sites, junctions in
ESs anchoring the spermatid must be disassembled in the final step of spermiogenesis where the
spermatid is released into the lumen. The process of release is referred to as spermiation and the
free germ cell is now referred to as a spermatozoan.
1.4

Tubulobulbar complexes: the endocytic machines of junction turnover in

spermatogenesis
Clathrin-based endocytic structures known as tubulobulbar complexes (TBCs) internalize
and remove intact intercellular junction proteins both at apical and at basal ESs [19–21]. These
structures form initially as clathrin-coated pits which eventually grows into elongated structures
of up to 1-2 µm in eutherian mammals. In electron micrographs, cross-sections of these structures
reveal that they consist of a double membrane core. The outer membrane is formed from the
invagination of the Sertoli cell PM while the inner membrane consists of an evaginated adjacent
Sertoli cell PM or spermatid membrane [22] that has been pulled along through its intercellular
junctions. These elongated structures are comprised of three distinct morphological regions: a long
proximal tubule, a bulb region and a short distal tubule [22]. The proximal and distal tubule regions
contain an associated dendritic actin network that cuffs the membrane core with a clathrin-coated
pit at the end of the distal tubule (Fig. 1.1) [23,24]. A swelling develops in the distal end of the
structure which separates the proximal and distal tubules and is referred to as the bulb. The bulb
region lacks the actin cuffs associated with the tubule regions, but is closely related to a cisterna
of ER [22].
The actin networks of the tubule regions eventually disassemble resulting in the swelling
of both the distal and proximal tubules effectively being absorbed into the bulb [25]. The structure
undergoes scission at its base and enters the endosomal pathway of the Sertoli cell resulting in the
4

fusion with a lysosome [22,23]. This process effectively removes intact intercellular junctions at
basal and apical sites to allow for spermatocyte translocation and spermiation respectively. The
disruption of these structures has been shown to delay the release of spermatogenic cells from the
seminiferous epithelium. When the actin network stabilizing protein present at TBC actin cuffs,
cortactin, was knocked down using siRNA injections, TBCs appeared shorter and spermatids were
retained in the epithelium [26]
The protein components of the TBCs have been characterized extensively. The coated pits
contain clathrin [27], the protein adaptor AP-2 [28], and the AP-2 binding protein, Eps15 [29].
Amphiphysin [30] and dynamin [30,31] line the tubular regions of TBCs. Amphiphysin contains
a BAR domain that associates with membrane curvature and is thought to aid in tubulation of
membrane structures [32]. Although dynamin does not contain this BAR domain, they are also
known to be able to induce membrane tubulation [33]. The finding of dynamin along the entire
length of the tubular regions suggested that these structures undergo scission at multiple sites [31],
however, a recent study suggests that the tubular regions eventually swell into the bulb and the
structures undergoes scission at its base [25].
The dendritic actin networks that cuff the tubular regions contain a protein profile similar
to that of dendritic actin networks in general. N-WASP, Arp2/3 and cortactin have all be localized
to TBC actin cuffs [27,31]. N-WASP binds to the ends of an existing actin filament and regulates
the activity of Arp2/3 complex which nucleates new actin filaments at a 70° angle. Cortactin is
another known promoter of the Arp2/3 complex [34,35] and its activity is regulated by posttranslational modifications such as phosphorylation [36]. The actin cuffs are essential for the
formation of TBCs as demonstrated by elimination of the structures except for coated pits after
intratesticular injection of high doses of cytochalasin D [37].
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1.5

Endoplasmic reticulum: calcium regulation of tubulobulbar complexes?
Little is known about the function of the ER associated with the bulb regions of TBCs.

Morphologically similar structures, podosomes, are cell protrusions with an actin network core
that functions in motility and adhesion. It has been reported that Ca2+ oscillations caused by storeoperated Ca2+ entry (SOCE) drive the polymerization of the actin network elongating the
podosomes in melanoma cells [38]. Perhaps the ER at TBC bulbs functions in a similar fashion,
to drive the polymerization of the actin cuffs resulting in the elongation the structure. Alternatively,
it may function in the disassembly of the structure rather than its formation. When rat testes were
perfused ex vivo with cytochalasin D, actin cuffs were disrupted and the resulting TBCs resemble
early TBCs that contain massive bulbs [25]. Perhaps Ca2+ signaling at the bulb region functions to
progressively remove the actin cuffs prior to vesiculation of the structures.
1.6

Hypothesis and Objectives
In this thesis, I hypothesize that Ca2+ signaling occurs at TBCs to orchestrate changes

in their actin networks. To investigate this hypothesis, I had two major objectives.
My first objective was to determine if the molecular machinery for Ca2+ signaling is present
at TBCs. If Ca2+ signaling occurs at these structures then they should possess molecular machinery
known in other systems to orchestrate local changes in Ca2+ levels. To evaluate whether this
machinery is present at both ESs and TBCs, I used immunofluorescence to probe tissue from
Rattus norvegicus for Ca2+ machinery.
My second objective was to obtain functional evidence of Ca2+ signaling altering the actin
networks at TBCs. I evaluated the effects of the Ca2+ chelator, EGTA, to investigate the effect of
lowering Ca2+ concentration on TBCs. To investigate the effect of increasing Ca2+ concentration
on TBCs, I used the ER Ca2+ pump blocker, thapsigargin, which would prevent the pumping of
6

Ca2+ from the cytoplasm into the ER resulting in a rise in cytosolic Ca2+. Additionally, I attempted
to visualize Ca2+ fluxes at apical TBCs using live Ca2+ imaging.
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Figure 1.1 Schematic diagram of the seminiferous epithelium.
Positions of ectoplasmic specializations (ESs) and tubulobulbar complexes (TBCs) in the seminiferous epithelium are
shown. Germ cells are shaded with grey and are embedded between adjacent Sertoli cells which are shaded with
yellow. The ER is highlighted in blue. Actin filaments are highlighted in red. TBCs occur at basal ESs to internalize
junctions between adjacent Sertoli cells to allow for spermatocyte translocation. Within the apical processes of Sertoli
cells, ESs occur at sites of attachment with spermatid heads. Removal of junctions by TBCs at apical sites is a crucial
step of spermiation.
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Chapter 2: Methods
2.1

Animals
All animals utilized in this study were reproductively mature male Sprague-Dawley rats

(Rattus norvegicus) obtained from Charles River Laboratories. They were housed in accordance
with guidelines established by the Canadian Council on Animal Care and with protocols (#A160069) approved by the Animal Care Committee of the University of British Columbia. All rats
were healthy at the time of use and ranged from 300 to 500 g in weight.
2.2

Anesthesia and euthanasia
Animals used in this study were anesthetized by isoflurane inhalation. While under deep

anesthesia, the testes were removed and then processed further using protocols specific to each
experiment. After testes were removed, animals were euthanized while under deep anesthesia by
opening the thorax and cutting the heart.
2.3

Reagents
Unless otherwise noted, reagents were obtained from Sigma-Aldrich. See Table 2.1 for

details on antibodies used.
2.4
2.4.1

Electron microscopy
Fixation and embedding
The spermatic artery on the dorsal surface of each testis was canulated with a 26-gauge

needle and then the organs were gravity perfused briefly with PBS (150 mM NaCl, 5 mM KCl,
0.8 mM KH2PO4, 3.2 mM Na2HPO4, pH 7.3, 33°C) to remove blood, and then for 30 min with
fixative [0.1 M sodium cacodylate (EM Sciences), 1.5% paraformaldehyde (Fisher), and 1.5%
glutaraldehyde (EM Sciences), pH 7.3, 33°C]. The testes were cut into small (1 cm3) blocks, and
the blocks fixed further by immersion for an additional 2 hrs in the same fixative at room
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temperature. Samples were washed three times in 0.1 M sodium cacodylate for 10 min and then
post-fixed on ice for 1 hr in 1% OsO4 (EM Sciences) in 0.1 M sodium cacodylate buffer. Samples
were washed three times (10 min each wash) with ddH2O then stained en bloc with 1% uranyl
acetate (EM Sciences) for 1 hr at room temperature. Samples were washed three times with ddH2O
(10 min each wash), dehydrated through an ascending alcohol series (30%, 50%, 70%, 95%,
100%), passed through two incubations in 100% propylene oxide (Fisher), left overnight in 1:1
solution of propylene oxide:EM-bed 812 (EM Sciences), passed through two 2 hr incubations in
100% EM-bed 812, and then embedded in 100% EM-bed 812 and incubated at 60°C for
approximately 48 hrs.
2.4.2

Sectioning and imaging
Thick (1 μm) sections for light microscopy were obtained using a Leica EM UC6

Ultramicrotome (Leica Microsystems) fitted with glass knives. Sections were stained with
toluidine blue and photographed using a Zeiss Imager A1 Microscope (Carl Zeiss) utilizing brightfield optics.
For analysis by conventional electron microscopy, thin sections (90 nm) were obtained
using the same ultramicrotome as indicated above, but fitted with an Ultra-AFM 3.0 mm diamond
knife (DiATOME). Sections were collected on naked 200 mesh copper grids and then stained first
with saturated uranyl acetate in 75% methanol and then with standard Reynolds’ lead citrate. The
material was imaged using a Tecnai G2 Spirit Transmission Electron Microscope (FEI) operated
at 120 kV.
2.4.3

Distance measurements and statistical analysis
TEM images from two animals were used to measure the distance between the PM and ER

both at the periphery of the apical process. Each associated cistern of ER was measured at the
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closest distance between the two membranes using ImageJ software. Average values for distances
were calculated for each animal and expressed as means ± 95% confidence interval.
2.5
2.5.1

Immunofluorescence microscopy
Drug perfusion
For ex vivo drug perfusions, a pair of testes were removed from the same animal (when

possible) and each testis was perfused with Krebs-Henseleit buffer (with 4% bovine serum
albumin) containing either the drug of study (EGTA or thapsigargin) or the control buffer at 33°C
using 2 channel peristaltic pump set to 1 mL/min. Then the testes were gravity-perfusion fixed for
30 minutes as described below.
For EGTA studies, 1 mM of EGTA was perfused for 10 min with a control testis was
perfused with buffer containing 3 mM Ca2+ for the same length of time. For the thapsigargin
studies, 1 µM of thapsigargin was perfused for 1 hr with a control testis being perfused with buffer
containing DMSO at the same concentration.
2.5.2

Fixation
Testes were fixed as described for EM using fixative for fluorescence (PBS, 3%

paraformaldehyde, pH 7.3). After 30 min, the organs were washed by perfusion with 0.22 µmfiltered PBS warmed to 33°C. One half of the testis was used to obtain cryosections while the other
was used to obtain epithelial fragments.
2.5.3

Cryosections
The half of each testis dedicated to cryosections was mounted onto an aluminum stub

using Optimal Cutting Temperature (OCT) compound (Sakura Finetek). The testis was flashfrozen using liquid nitrogen and 10 µm thick sections were obtained using a cryomicrotome.
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Sections were collected on poly-L-lysine-coated slides and immediately plunged into cold acetone
for 5 min and subsequently placed into a PBS/0.1% BSA bath for 5 min.
In the drug perfusion experiments, the acetone step was replaced with a 10 min incubation
to attach the sections to the slides. Tissue was subsequently washed with PBS/0.1% BSA for 10
minutes and stained with fluorescent phallotoxins followed by mounting with Vecta Shield
Mounting medium (Vector Laboratories).
2.5.4

Epithelial fragments
The half of each testis dedicated to epithelial fragments was decapsulated and the

seminiferous tubules were cut into small pieces using scalpels in a petri dish containing PBS. The
pieces were transferred into 50 mL falcon tubes and fragmented by aspirating them first through
an 18-gauge needle followed by a 21-gauge needle. The solution was allowed to stand for 10
minutes to allow larger fragments to sink to the bottom. The supernatant was transferred to a 14
mL falcon tube and centrifuged to precipitate fragments that contained late spermatids with
surrounding Sertoli cell apical processes. The supernatant was removed and the pellet was
resuspended in 1 mL of PBS. These fragments were transferred to poly-L-lysine-coated slides. The
fragments were allowed to adhere to the slide for 10 minutes inside a humidity chamber.
2.5.5

Antibody labeling and imaging
Both sections and fragments had excess liquid drained off and a hydrophobic marker was

used to draw a well around the samples to keep solutions over the tissue. Sections were blocked
with 5% BSA/PBS for 1 hr while fragments were blocked with 5% BSA/0.1% saponin/PBS for 1
hr. Primary antibodies for sections were diluted in 0.1% BSA/PBS while primary antibodies for
fragments were diluted in 0.1% BSA/0.1% saponin/PBS. Once added to the samples, antibodies
were left on overnight at 4°C in a humidity chamber. The samples were washed three times for 10
12

min each by replacing the solution on the tissue with fresh 0.1% BSA/PBS each time. Secondary
antibody was diluted in 0.1% BSA/PBS for sections and 0.1% BSA/0.1% saponin/PBS for
fragments. The secondary antibody was added to the samples and incubated at 37°C for 1 hr. They
were then washed for 10 min by replacing the solution with fresh 0.1% BSA/PBS and stained with
300 nM DAPI in 0.1% BSA/PBS for 10 min. The samples were washed again with fresh 0.1%
BSA/PBS and then mounted using Vectashield antifade mounting medium (Vector Laboratories).
Samples were imaged using a Leica TCS SP5 confocal microscope. Select images were further
processed using a Lucy-Richardson deconvolution algorithm in the imageJ plugin, Deconvolution
Lab [39].
2.5.6

Optimizations
Sections labeled with mouse anti-SERCA2 were not treated with acetone immediately

after sectioning, instead they were treated identically to epithelial fragments with the inclusion of
0.1% saponin in buffers for permeabilization.
2.5.7

Colocalization analysis
Deconvolved Z stacks of epithelial fragments were used for colocalization analysis of

STIM1 and ORAI1 antibody labeling. The imageJ plugin, JACoP [40], was used to calculate
Manders’ coefficients for STIM1 and ORAI1 labeling. Due to a limitation with the plugin not
being able to measure colocalization within a region of interest in a Z stack, all labeling outside of
the fragment consisting of debris and artifact was removed using functions contained in the imageJ
software prior to colocalization analysis. This enabled a measure of colocalization of the fragment
without artificial inflation caused by debris and artifacts. The thresholds for both STIM1 and
ORAI1 channels were determined visually and applied identically across all experiments.

13

2.5.8

Statistical analysis of tubulobulbar complex actin cuff measurements
Micrographs of apical TBCs were used to measure the length of TBC actin cuffs. All

groups of data followed a Gaussian distribution as verified by a Shapiro-Wilk normality test.
Statistically significant differences between groups was evaluated using an unpaired two-tailed ttest. The variances between groups that were compared were evaluated with an F test to determine
if their variances were significantly different – no significant differences were found.
2.6
2.6.1

Ca2+ imaging
Serum-free defined medium (SFDM)

The media used to isolate and image was prepared using DMEM/F12 cell culture medium as a
base. Reagents were added to give a final composition of: 100 U/ml penicillin, 0.1 mg/ml
streptomycin, 6.7 ng/ml sodium selenite (Invitrogen), 10 µg/ml insulin (Invitrogen), 5.5 µg/ml
transferrin (Invitrogen), 250 ng/ml Fungizone, 100 ng/ml rat follicle-stimulating hormone (FSH)
(National Hormone and Peptide Program), 10 ng/ml recombinant human epidermal growth factor,
50 ng/ml vitamin A, 200 ng/ml vitamin E, 1 nM hydrocortisone (Sigma-Aldrich), 0.1 µM
testosterone, 10 nM estradiol, 2 mM L-glutamine (Invitrogen), 3 µg/ml cytosine beta-Darabinofuranoside.

2.6.2

Epithelial isolation

Animals were put under deep anesthesia using an intraperitoneal injection of pentobarbital rather
than isoflurane which is known to induce IP3R calcium release. Testes were removed and
decapsulated in SFDM media. The seminiferous tubules were cut into pieces using scalpels. The
epithelium from stage VII seminiferous tubules was isolated using a technique developed by
Guttman and colleagues [41]. After the epithelium has been stripped from the tubules, they were
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transferred to 4-chambered #1.0 borosilicate coverslips (Lab-Tek) coated with poly-L-lysine and
allowed to attach for 10 min.

2.6.3

Ca2+ monitoring

Chambers were washed with fresh media to remove unattached material. The isolated epithelium
was then permeabilized for 4 min using modified media containing 30 µg/mL saponin, 5 mM ATP
and buffered to 100 µM Ca2+. EGTA was used to buffer Ca2+ to 100 µM as calculated by the online
resource MAXchelator Ca-Mg-ATP-EGTA Calculator V1.0 using constants from NIST database
#46 v8. Saponin was washed away using the above modified media without saponin and with 30
mM Fluo-4. The chamber was then placed on a widefield microscope fitted with a CCD camera
and recording initiated. The media was then replaced with media containing 3.5 µM Adenophostin
A, 30 mM Fluo-4, 5 mM ATP, 100 µM Ca2+.

2.7
2.7.1

Immunoblotting
Whole testis lysates
Testes from several animals were decapsulated and the tissue was pooled. The tissue was

homogenized in radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 50 mM Tris, 5
mM, EDTA, 1% Nonidet P-40, 1% deoxychloic acid, 0.1% SDS, pH 7.3) containing mini-EDTAfree protease inhibitor (Roche).
2.7.2

Seminiferous epithelium lysates
This lysate was prepared using the method developed by Guttman et al. (2007) and is

described here briefly. Testes were decapsulated and cut into smaller pieces while in cold PEM/250
buffer (0.2 M Pipes, 0.1 M EGTA, 0.1 M MgCl2, 250 mM sucrose). The seminiferous epithelium
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was removed from the tubule walls using two probes. Tissue was concentrated by centrifugation
and homogenized using RIPA lysis buffer containing mini-EDTA-free protease inhibitor (Roche).
Protein concentration of both lysates was determined using Pierce BCA protein assay kit
(Thermo Fisher Scientific) and then diluted down to 2 mg/mL using Laemmli sample buffer.
Aliquots were stored at -20°C until needed.
2.7.3

SDS-PAGE and membrane transfer
SDS-PAGE was performed as described by Laemmli (1970) and is briefly described here.

Unless otherwise stated, 20 µg of lysates were loaded into 1-mm-thick 10% SDS-PAGE gels and
run at 100 V for 1 hour. The gel was allowed to equilibriate in wet transfer buffer (25 mM Tris,
192 mM glycine, pH 8.3) for 10 minutes. Proteins were transferred to PVDF membranes using
wet transfer for either 1 hr at constant 350 mA or overnight at constant 90 mA in 4°C.
2.7.4

Immunolabeling and detection
We used our standard blocking buffer, 4% non-fat milk in TBST (50 mM Tris, 150 mM

NaCl, 0.1% Tween, pH 7.5), for washing the membrane throughout the experiment as well and
refer to it as blot buffer. The membrane was blocked with blot buffer either overnight at 4°C or for
1 hr at room temperature. Primary antibody was diluted in blot buffer and added to the membrane
for 1 hr at room temperature. This was followed by another three washes with blot buffer for 5
min each wash. Secondary antibody was diluted in blot buffer and added to the membrane for 1 hr
at room temperature. The membrane was washed three times for 5 min each wash with TBST and
transferred to ECL solution for 3 minutes. Membranes were imaged on an ImageQuant LAS 4000
system (GE Life Sciences).
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2.7.5

Optimizations
The IP3R blot had 20 µg of protein loaded into a 6% polyacrylamide gel and was transferred

overnight at 90 mA 4°C. The STIM1 and ORAI1 blot had 30 µg of protein loaded into a 10%
polyacrylamide gel and was transferred for 1 hr at room temperature. The SERCA2 blot had 60
µg of protein loaded into a 10% polyacrylamide gel and was transferred for 1 hr at room
temperature.
Table 2.1 Antibodies
Catalog
Lot #
Number

Antibody

Manufacturer

IF (µg/mL)

Blotting (µg/mL)

Rabbit anti-Calnexin

Sigma-Aldrich

C4731

054M4870V

-

1:40,000 dilution

Rabbit anti-Cortactin
Mouse anti-IP3R

Sigma-Aldrich
Santa Cruz
Biotechnology

C7112

076M4790V

90

-

sc-377518

D1514

2

0.25

NMIgG

Sigma-Aldrich

I5381

SLBK0107V

variable

variable

NRIgG

Sigma-Aldrich

I5006

SLBM2617V

variable

variable

Mouse anti-ORAI1

ProSci Inc.

PM-5205

0902

10

0.5

Rabbit anti-PTP1B

Abcam

Ab201974

GR234215-1

2

0.5

Mouse anti-SERCA2

Abcam

Ab2861

GR283954-1

10

0.5

Rabbit anti-Src

Ab47405

GR104503-6

1

1

Rabbit anti-STIM1

Abcam
Santa Cruz
Biotechnology

sc-68897

F0409

2

0.1

Goat anti-Mouse
Alexa Fluor 488

Invitrogen

A11029

1745855

20

-

Invitrogen

A11034

1531670

20

-

Biotium

20122

13c1015

20

-

Invitrogen

A11029

1745855

20

-

Goat anti-Rabbit
Alexa Fluor 488

Invitrogen

A11034

1531670

20

-

Goat anti-Rabbit CF
633

Biotium

20122

13c1015

20

-

Goat anti-Mouse
HRP

Bio-Rad

170-6516

L005680 A

-

1:40,000 dilution

Goat anti-Rabbit
HRP

Bio-Rad

170-6515

L005679 A

-

1:40,000 dilution

Goat anti-Rabbit
Alexa Fluor 488
Goat anti-Rabbit CF
633
Goat anti-Mouse
Alexa Fluor 488
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Chapter 3: Evidence

for

Ca2+

signaling

machinery

at

ectoplasmic

specializations and tubulobulbar complexes in Sertoli cell apical processes
3.1

Introduction
This chapter details the experiments related to the first objective of this thesis. To determine if

Ca2+ signaling machinery is present at TBCs, I performed immunofluorescence microscopy using
testes from Rattus norvegicus. This species was chosen for study as apical TBCs are large and easy
to visualize in rat compared to other species. In this study only apical TBCs were examined as
basal TBCs are difficult to visualize at the light level. Apical TBCs occur in clusters of up to 24
[22] that are typically oriented in the same direction making it easy to obtain them in cross section
whereas basal TBCs do not occur in clusters and their orientations in the epithelium are
unpredictable [28]. Stage VII seminiferous tubules were chosen for evaluation because apical
TBCs are well developed at this stage of spermatogenesis in rat [19,43].
Previous observations have shown that phosphatidylinositol 4,5-bisphosphate (PIP2) and
phospholipase C-γ (PLCγ) are present at ESs [44]. The finding of these components suggested
that phosphoinositide signaling may be occurring at ESs which involves generation of IP3 from
the cleavage of PIP2 by PLCγ. This led to a model proposed by Guttman and colleagues [44] where
inositol 1,4,5-trisphosphate receptor (IP3R), a Ca2+ release channel in the ER, at ESs releases Ca2+
to trigger ES disassembly. Although this model proposed that IP3R is present at ESs, it is also
possible that IP3R may occur at the ER associated with the bulbs of TBCs. As there have been no
previous studies evaluating IP3R at ESs or TBCs, I used immunofluorescence to investigate
whether IP3R is indeed present at ESs and TBCs.
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In addition to IP3R, there are other candidate proteins that could be present at TBCs. The ER
and PM at the bulbs of TBCs are in close apposition and suggest a potential ER-PM contact.
Tomography studies [45, submitted] indicate there are filamentous connections between the ER
and PM at these sites. The proteins stromal interaction molecule 1 (STIM1) and ORAI1 occur at
ER-PM contact sites involved in Ca2+ signaling making them attractive candidates at TBC bulbs.
These proteins are components of store-operated Ca2+ entry (SOCE) where depletion of
intracellular Ca2+ stores triggers an influx of Ca2+ from the extracellular environment through
channels in the PM. STIM1 is a Ca2+ sensor in the ER membrane which is activated upon depletion
of ER Ca2+ stores [46,47]. Its activation causes the cytosolic domain to become positively charged
which brings it into close apposition to the negatively charged phospholipids of the PM [48–50].
Once in close proximity to the PM, it can then activate ORAI1, a Ca2+ channel subunit in the PM
[51,52]. Activation of ORAI1 subunits allows them to oligomerize to form a Ca2+ channel resulting
in Ca2+ influx into the cytoplasm from the environment [53]. If this candidate pair is in fact present
at TBCs, this mechanism may explain how the ER becomes closely associated with the PM at the
bulbs of TBCs.
If regulation of Ca2+ is important in apical TBCs, then there may be Ca2+ pumps present in the
ER membrane to refill ER stores in the apical process especially since there are multiple
generations of TBCs that occur during Stages VI and VII. In addition to resetting cytosolic Ca2+
levels, reuptake of Ca2+ into the ER is important for Ca2+ oscillations. This is an important
mechanism of Ca2+ signaling in cells such as in the elongation of actin networks in podosomes
[38] and in the regulation of transcription factors such as NF-KB [54]. I hypothesized that
sarco/endoplasmic reticulum Ca2-ATPase 2 (SERCA2), a Ca2+ pump in the ER that refills ER Ca2+
stores, is present in apical processes.
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In addition to looking for Ca2+ signaling machinery at TBCs, I was particularly interested in
whether or not the components involved in Ca2+ oscillation-induced actin network elongation of
podosomes were also present at TBCs. The oscillations of Ca2+ created by STIM1 and ORAI1 at
podosomes function to activate Src kinase [38] which will then phosphorylate cortactin to promote
polymerization of the actin network [55]. More specifically, Src is activated by the activity of
protein tyrosine phosphatase 1B (PTP1B) which removes an inhibitory phosphate from Src [56].
I hypothesized that Src and PTP1B may be present at apical TBCs and probed for their presence.
3.2
3.2.1

Results
The Ca2+ release channel, IP3R, localizes to the bulb regions of tubulobulbar

complexes
In cryosections of stage VII seminiferous tubules, the IP3R antibody strongly labelled the
acrosomes of round spermatids and regions of the apical processes (Fig. 3.1A). Similar labeling
patterns were not observed in primary antibody controls (Fig. 3.1B) where sections were probed
with normal mouse IgG at the same concentration instead of the IP3R antibody. In controls where
the primary antibody was replaced with buffer (secondary control) (Fig 3.1C) and in controls
where both primary and secondary antibodies were replaced with buffer (blank control) (Fig.
3.1D), a similar pattern was not observed. Higher magnification of the epithelium that has been
phallotoxin-labeled to show the actin networks of TBCs, showed that the IP3R labeling is located
near the ends of TBCs (Fig. 3.1E). This was better observed in deconvolved micrographs using an
antibody against cortactin to label TBCs (Fig 3.1I). Controls of similar magnification did not show
similar labeling patterns (Fig. 3.1F-H).
To evaluate the position of the IP3R labeling with respect to TBCs, I used deconvolved
micrographs of isolated apical processes. IP3R labeling was seen in the apical process distal to the
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spermatid head in a region where the ends of TBCs are expected to occur (Fig. 3.2A, D).
Interestingly, the antibody did not convincingly label regions where ESs occur. Labeling of the
stalk of the spermatid head proximal to the midpiece was also seen (Fig. 3.2A, D). Cortactin was
used to label the actin networks of TBCs (Fig. 3.2B, E) and the proximal and distal tubules could
sometimes be distinguished (Fig. 3.2B). When these channels were merged, the IP3R labeling
could be seen at the ends of TBCs (Fig. 3.2C, F) and when the proximal and distal tubules could
be distinguished, the labeling of IP3R occurred in the gap between (Fig. 3.2C). Controls for the
IP3R antibody did not show similar labeling patterns (Fig. 3.2G-I). The IP3R antibody reacted with
a single band in the range expected for IP3R on immunoblots (Fig. 3.2G). The antibody is expected
to interact with 3 isoforms of IP3R and their expected molecular weights are 250, 260, and 313
kDa. Calnexin was used as a loading control.
3.2.2

The ER Ca2+ sensor, STIM1, is present in Sertoli cells and their apical processes
In cryosections of stage VII seminiferous tubules, the antibody against STIM1 labelled

Sertoli cells extending from the basal region into apical processes surrounding late spermatids
(Fig. 3.3A). This pattern was not seen in controls (Fig 3.3B-D). At higher magnification, the
labeling pattern was seen as filamentous projections from the base to apex consistent with an ER
labeling pattern (Fig. 3.3E). This pattern was not seen in controls at similar magnification (Fig.
3.3F-H).
In deconvolved micrographs of isolated apical processes, STIM1 labeling was seen
throughout the apical process (Fig. 3.4A, B). This pattern was not seen in controls (Fig. 3.4C-E).
In immunoblots, the STIM1 antibody detected a band between 70–100 kDa which is consistent
with the predicted molecular weight of STIM1 (86 kDa) (Fig. 3.4F). The antibody also detected a
band at a lower molecular weight between 55 – 70 kDa which was not seen in control lanes probed
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with NRIgG. This band may represent STIM1 that has undergone cleavage as it has been reported
to be regulated by calpain cleavage [57]. Calnexin was used as a loading control.
3.2.3

The plasma membrane Ca2+ subunit, ORAI1, is present in Sertoli cells and their

apical processes
The ORAI1 antibody showed a similar Sertoli cell pattern to that of STIM1 in stage VII
seminiferous tubules, extending from the base of Sertoli cells into the apical process but the
labeling was more diffuse (Fig. 3.5A) compared to the filamentous pattern seen with the STIM1
antibody. Similar patterns were not seen in controls (Fig. 3.5B-D). This Sertoli cell labeling pattern
could better be seen at higher magnification (Fig. 3.5E), which was not seen in controls at similar
magnification (Fig. 3.5F-H).
Deconvolved micrographs of isolated apical processes showed labeling throughout the
apical process with a particular bias towards labeling the periphery (Fig. 3.6A, B). Controls did
not show the same labeling pattern (Fig. 3.6C-E). Immunoblot analysis of the specificity of the
ORAI1 antibody detected a band between 40–55 kDa which was consistent with glycosylated
ORAI1 (50 kDa) (Fig. 3.6F). The ORAI1 antibody also detected a band just below 55 kDa in
whole testis lysate only and another just below 25 kDa in both whole testis and seminiferous
epithelium lysates that were also seen in the control lysates probed with NMIgG. Calnexin was
used as a loading control.
3.2.4

STIM1 and ORAI1 colocalize at the periphery of apical processes
Colocalization of STIM1 and ORAI1 in apical processes of Sertoli cells was analyzed using

deconvolved micrographs of isolated epithelial fragments labeled for both STIM1 and ORAI1
(Fig. 3.7A, B). When STIM1 and ORAI1 patterns were overlayed, regions of colocalization were
seen near the periphery of the apical process (Fig. 3.7C), not at regions known to contain bulbs.
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The colocalization of STIM1 and ORAI1 in apical processes was quantified in deconvolved Z
stacks of epithelial fragments from three different animals. The fraction of STIM1 colocalized with
ORAI1 at peripheral sites in apical processes in the three animals was 0.41 ± 0.07, 0.21 ± 0.05,
and 0.31 ± 0.09 (95% c.i., n = 11, 11, 10) respectively (Fig. 3.7D). The fraction of ORAI1 in the
same three animals was 0.43 ± 0.07, 0.33 ± 0.05, and 0.41 ± 0.06 (95% c.i., n = 11, 11, 10)
respectively (Fig. 3.7D).
3.2.5

ER-PM contacts occur at the periphery of the apical processes
The apparent co-localization of STIM1 and ORAI1 at the periphery of apical processes

prompted me to evaluate these regions at the ultrastructural level and search for ER-PM contact
sites. At the periphery of apical processes, concentric layers of ER surround more central regions
that encase the heads of spermatids and the related cluster of TBCs. The outermost tubular
cisternae were often swollen and form close contacts with the PM (Fig. 3.8 A, B). The distance
between the PM and ER at these regions of close contact was measured to be 13.3 ± 1.1 nm (95%
c.i., n = 47) and 14.2 ± 1.0 nm (95% c.i., n = 45) in two different animals. When these contact sites
were viewed at high magnification, electron dense connections could be seen between the two
closely apposed membranes (Fig. 6D-M).
3.2.6

The sarco/endoplasmic reticulum Ca2+ ATPase, SERCA2, is present in Sertoli cells

and is associated with apical ectoplasmic specializations
In cryosections probed with antibodies against SERCA2, a Sertoli cell pattern was seen
with labeling extending from the base of the epithelium to the apex (Fig. 3.9A). At a higher
magnification in cryosections, the labeling surrounded the nucleus and extended filamentous
projections towards the apex of each cell where it labeled apical processes (Fig. 3.9E). This
labeling pattern was not seen in controls (Fig. 3.9B-D, F-H).
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In epithelial fragments, the antibody labeling could be seen throughout the apical process
and in particular at the periphery proximal to the dorsal aspect of the spermatid head (Fig. 3.10A,
D). The actin networks were labeled with phallotoxins to show the position of the ES and TBCs
(Fig. 3.10B, E). When the antibody labeling was overlayed with the actin, the antibody label
occurred in association with the ES along the dorsal aspect and the inner concavity of the spermatid
head (Fig. 3.10C, F). This pattern was not observed in controls (Fig. 3.10G-I). The specificity of
the antibody was further evaluated by immunoblot where it recognized a single band between 70100 kDa in both whole testis lysate and seminiferous epithelium lysate (Fig. 3.10J). This was lower
than the predicted molecular weight for SERCA2 of 110 kDa. Calnexin was used as a loading
control.
3.2.7

Src kinase is associated with the ends of tubulobulbar complexes
In cryosections probed with antibodies against Src, was seen strongly labeling apical

process of Sertoli cells (Fig. 3.11A). At a higher magnification in cryosections that have been
labeled with phallotoxins, the labeling was observed at the ends TBCs (Fig. 3.11E). This labeling
pattern was not seen in controls (Fig. 3.11B-D, F-H).
In deconvolved micrographs of epithelial fragments, the antibody labeling was
concentrated within the apical process distal to the spermatid head (Fig. 3.12A, D). The actin
networks were labeled with phallotoxins to show the position of TBCs (Fig. 3.12B, E). When the
antibody labeling was overlayed with the actin, the antibody label occurred at the ends of TBCs
(Fig. 3.12C, F). This pattern was not observed in controls (Fig. 3.12G-I). The specificity of the
antibody was further evaluated by immunoblotting where it recognized a single band between 5570 kDa in both whole testis lysate and seminiferous epithelium lysate (Fig. 3.12J) which is
consistent with the molecular weight of Src (60 kDa). Calnexin was used as a loading control.
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3.2.8

The phosphatase regulator of Src, PTP1B, is present in Sertoli cells and their apical

processes
In cryosections of stage VII seminiferous tubules, PTP1B antibody had a typical Sertoli
cell labeling pattern with staining extending from the base of the tubule to the apex (Fig. 3.13A).
This pattern was not seen in controls (Fig. 3.13B-D). At higher magnification, labeling surrounded
the nucleus and extended apically into Sertoli cell apical processes (Fig. 3.13E). This pattern was
not seen in controls (Fig. 3.13F-H).
Deconvolved micrographs of isolated epithelial fragments showed that the labelling was
distributed throughout the apical process (Fig. 3.14A, B). This labeling pattern was not seen in
controls (Fig. 3.14C-E). Immunoblot analysis of the antibody specificity revealed a single band
between 37-50 kDa which is consistent with the molecular weight of PTP1B (50 kDa).
3.3

Discussion
Figure 3.15 is a diagrammatic summary of the immunolocalization data showing the

location of proteins within the apical process of Sertoli cells with respect to TBCs and ESs.
3.3.1

Role of SERCA2 at ectoplasmic specializations: maintain microdomain of Ca2+?
It has long been suspected that the ER component of the unique adhesion junctions (ESs)

in Sertoli cells functions to generate local changes in Ca2+ levels as it has been shown to contain
Ca2+ through precipitation and x-ray microanalysis of electron micrographs [58]. The effects of
this potential signaling was first thought to result in a contraction of the actin bundles resulting in
the expulsion of the spermatids into the lumen [59], however, it was later shown that the actin
bundles are non-contractile [60]. Others hypothesized that it may be involved in regulating either
the junctions themselves or the related actin bundles [61,62]. Chelation of Ca2+ has been shown to
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interfere with the arrangement of actin filaments within ESs [61] suggesting that Ca2+ regulation
may function to alter their organization.
A model previously proposed by Guttman et al. [44] predicted that IP3R was present in the
ER at ESs and releases Ca2+ to initiate disassembly of the actin bundles at sites during junction
remodeling that occurs at sperm release and turnover of the blo

od-testis barrier. Although

this disassembly was thought to be due to the Ca2+-dependent actin severing protein gelsolin, this
was later shown not to be the case [63]. A more recent study has shown that plastin 3, an actin
bundling protein that is negatively regulated by Ca2+, is present at ESs [64] and a release of Ca2+
may function to inhibit the bundling activity of plastin 3. The immunolocalization data did not
convincingly demonstrate that IP3R is present at ESs; rather, it showed that SERCA2 was present
at the sites. It is possible that one of the functions of SERCA2 at ESs may be to maintain a microdomain of normally low Ca2+ within the ES prior to any junction remodeling to promote the
bundling of actin by plastin 3.
3.3.2

Bulbs of tubulobulbar complexes: a site of store-operated Ca2+ entry?
Although STIM1 and ORAI1 did not appear to localize to TBC bulbs, others have shown

that TRPM6, a Ca2+ channel in the PM, and a cytosolic scaffolding protein, HOMER1, are present
at the bulb regions of TBCs [45, submitted]. Additionally, the immunolocalization data of IP3R
also indicates that it is present at the bulbs of TBCs. In HEK cells, a different TRP channel
(TRPC1) has been shown to form a complex with IP3R and HOMER1 and is involved in SOCE
[65]. HOMER1 binding blocks DD/E residues on TRPC1 [66] which is the site of STIM1 binding
[67,68]. The stimulation of IP3R leads to activation of STIM1 and the dissociation of IP3RHOMER1-TRPC1 complexes [69] revealing the DD/E residues. STIM1 then is able to bind to the
DD/E residues on TRPC1 and stabilize the channel in its open state [67,68]. The observation that
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TRPM6 is in the same regions as IP3R and HOMER1, together with the observation that STIM1
is generally distributed in the ER, makes this potential mechanism attractive. TRPM6 contains
both a Homer-binding ligand (residues 1367-1371) and STIM1 binding residues (residues 13801381), though these two sequences are 8 residues apart in TRPM6 compared to 4 residues in TRPC
channels. The function of any potential ER-mediated Ca2+ oscillations at TBCs is unknown;
however, Ca2+ signaling could be related either to regulation of the actin cytoskeleton in
neighboring tubular regions, or to the eventual identification and function of the bulbs as putative
endosomes.
As TBCs will eventually vesiculate to enter endosomal compartments of Sertoli cells, the
markers associated with early endosomes are found at TBC bulbs such as Rab5 and EEA1
[20,21,70]. It is thought that Ca2+ release is crucial for early endosomes potentially to aid in their
acidification [71–73]. Since the luminal environment of endosomes is initially composed from that
of the extracellular space, the Ca2+ concentration is relatively high. The seminiferous tubule fluid
contains 400 µM of Ca2+ [74] compared to 80-90 nM in the cytoplasm of Sertoli cells [75,76]
resulting in a concentration in the bulbs four times higher compared to the Sertoli cell. The
concentration of Ca2+ found in early endosomes characterized by Rab5 is 0.5 µM indicating that a
massive release of Ca2+ has occurred [77] which may be an alternate explanation for why TRPM6
occurs at the bulb regions of TBCs. Although this is complicated by the portion of the spermatid
cytoplasm that occurs within the bulbs which will also have a lower concentration of Ca2+
compared to the seminal tubule fluid. However, the data shows that IP3R, TRPM6, HOMER1 and
STIM1 occur at TBC bulbs indicating that the machinery necessary to generate Ca2+ fluxes is
present.
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3.3.3

Peripheral ER-PM contacts in apical processes: a site of store-operated Ca2+ entry?
The combination of STIM1 and ORAI1 colocalizing at the periphery and finding ~14 nm

ER-PM contacts suggest that SOCE may occur at these sites. The distance between the ER and
PM at these contacts is within the reported range of STIM1 contact sites 10-25 nm [78]. SOCE at
the periphery may function to replenish the Ca2+ stores of the ER within the apical process which
may be particularly important if Ca2+ is occurring both at ESs and TBCs. Loss of Ca2+ from these
potential signaling sites may be due to plasma membrane Ca2+ATPases (PMCAs) that pump Ca2+
out of the cell intro the environment and function similarly to SERCAs to dissipate Ca2+ transients
in the cell. Although they are known to be present in spermatids and are necessary for
hyperactivated motility of mature sperm for fertilization [79], it is unknown whether they are also
present in Sertoli cells or their apical processes. To investigate this potential function, preliminary
studies could be conducted aimed at evaluation of PMCA distribution in Sertoli cells. Additionally,
if these sites are important in refilling intracellular Ca2+ stores then inducing Ca2+ release using
thapsigargin or ionomycin should result in an increased colocalization of STIM1 and ORAI1 at
the periphery of Sertoli cell apical processes.
3.3.4

Potential role of Src in regulation of the actin cuffs of tubulobulbar complexes
Currently the mechanism of TBC actin cuff elongation and subsequent depolymerization

is unknown. Based on the mechanism of dendritic actin network polymerization-driven elongation
of podosomes, I looked for Src kinase and its regulator PTP1B at TBCs. In podosomes, Ca2+
oscillations from STIM1/ORAI1 results in activation of Src which phosphorylates cortactin to
drive actin network polymerization [38]. The mechanism of Src activation by Ca2+ oscillation is
thought to be mediated by the Ca2+-dependent protease, calpain2 [55]. Activation of calpain 2
protease activity by Ca2+ results in cleavage of PTP1B producing a fragment with enhanced
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phosphatase activity [55]. The PTP1B fragment removes an inhibitory phosphate from Src which
can then phosphorylate cortactin to promote actin network assembly [55,80–82]. The finding of
Src localized to the ends of TBCs may suggest these structures are elongated by a mechanism
similar to podosomes. Although its regulator, PTP1B, is observed throughout the apical process,
it may only exert its phosphatase activity in regions where there are Ca2+ fluxes to increase
phosphatase activity through calpain 2-mediated cleavage.
The mechanism involving calpain 2, PTP1B and Src described above is further complicated
by the fact that calpain 2 also recognizes cortactin as a substrate for cleavage and is involved in
disassembly of podosomes [55]. In addition, Src phosphorylation of paxillin, which is also a
component of TBC actin cuffs [83], can result in activation of calpain through Erk signaling to
initiate podosome disassembly [84,85]. It is hypothesized that the spatiotemporal regulation of this
potential feedback loop between Src and calpain 2 coordinates the assembly and disassembly of
podosomes [86]. An alternative function of SOCE at peripheral sites may be to participate in
spatiotemporal regulation of Src by potentially activating Src and/or calpain 2 that are proximal to
the periphery. A role for Src in spermatogenesis is suggested by previous studies showing that
incubation of isolated stage VII-VIII with Src inhibitor, PP2, results in a 45% reduction in sperm
release [87]. It was postulated that this was a result of inhibiting the Src activation of the
disengagement complex [87], the last Sertoli cell-spermatid attachments that remain after ES
disassembly. Disruption of TBCs through siRNA knockdown of cortactin have been shown to
inhibit sperm release [26]. Therefore it would not be surprising if the inhibition of Src caused a
reduction in sperm release due to a disruption at the level of TBC regulation.
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Figure 3.1 Cryosections of stage VII seminiferous tubules show IP3R labeling near the distal ends of
tubulobulbar complexes.
(A) Maximum projection showing the IP3R antibody labeling regions within the apical processes of Sertoli cells
(arrowheads) known to contain the bulbs of TBCs. Labeling of round spermatid acrosomes is also seen. (B-D) Primary,
secondary, and blank controls. (E) Maximum projection of phalloidin-labeled actin merged with IP3R antibody
labeling shows that the latter probe labels regions near the ends of TBCS (arrowheads). (F-H) Primary, secondary,
and blank controls. (I) Maximum projection of a deconvolved Z stack better illustrating the labeling of the IP3R
antibody (arrowheads) at the distal ends of TBCs labeled by cortactin antibody.
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Figure 3.2 Epithelial fragments show IP3R labeling at the bulb regions of tubulobulbar complexes.
Maximum projections of deconvolved Z stacks of isolated epithelial fragments (A, D) showing IP3R antibody labeling
in the apical process distal to spermatid heads (arrowheads). Labeling of the acrosome proximal to the tail regions is
also seen (arrows). (B, E) Cortactin labeling actin networks at TBCs clearly showing the proximal (PT) and distal (DT
– arrows) tubules of TBCs. Merged micrographs show IP3R labeling at the ends of TBCs (F – arrowhead) and between
the distal and proximal tubules (C – arrowhead). (G-I) Primary, secondary, and blank controls. (J) Immunoblot
analysis of the specificity of the IP3R antibody on whole testis (WT) and seminiferous epithelium (SE) lysates
compared to lysates probed with normal mouse IgG (NMIgG). The antibody is expected to interact with 3 isoforms
of IP3R and their expected molecular weights are 250, 260, and 313 kDa. Calnexin was used as a loading control.
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Figure 3.3 Cryosections of stage VII seminiferous tubules show STIM1 labeling Sertoli cells and their apical
processes.
(A) Maximum projection showing STIM1 antibody labeling Sertoli cells which extend from the base of the epithelium
towards the apex where their apical processes contact spermatids. (B-D) Primary, secondary and blank controls. (E)
Maximum projection showing STIM1 antibody labeling of Sertoli cells at a higher magnification. STIM1 labeling is
seen extending from the nucleus (arrow) at the base through filamentous projections to the apical processes
(arrowheads). (F-H) Primary, secondary, and blank controls. Arrows indicate Sertoli cell nuclei.
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Figure 3.4 Epithelial fragments show STIM1 labeling throughout apical processes.
Maximum projections of deconvolved Z stacks of isolated epithelial fragments (A, B) showing STIM1 antibody
labeling throughout the apical process. (C-E) Primary, secondary, and blank controls. (F) Immunoblot analysis of the
specificity of the STIM1 antibody on whole testis (WT) and seminiferous epithelium (SE) lysates compared to lysates
probed with normal rabbit IgG (NRIgG). Expected molecular weight of STIM1 is 84 kDa. Calnexin was used as a
loading control.
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Figure 3.5 Cryosections of stage VII seminiferous tubules show ORAI1 labeling Sertoli cells and their apical
processes.
(A) Maximum projection showing ORAI1 antibody labeling Sertoli cells which extend from the base of the epithelium
towards the apex where their apical processes contact spermatids. (B-D) Primary, secondary and blank controls. (E)
Higher magnification of the seminiferous epithelium showing ORAI1 antibody labeling of Sertoli cells at a higher
magnification. STIM1 labeling is seen extending from the nucleus (arrow) at the base to the apical processes
(arrowheads). (F-H) Primary, secondary, and blank controls. Arrows indicate Sertoli cell nuclei.
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Figure 3.6 Epithelial fragments show ORAI1 throughout apical processes.
Maximum projections of deconvolved Z stacks of isolated epithelial fragments (A, B) showing ORAI1 antibody
labeling throughout the apical process. (C-E) Primary, secondary, and blank controls. (F) Immumoblot analysis of the
specificity of the STIM1 antibody on whole testis (WT) and seminiferous epithelium (SE) lysates compared to lysates
probed with normal mouse IgG (NMIgG). Expected molecular weight of ORAI1 is 33 kDa, expected weight of
glycosylated ORAI1 is 50 kDa. Calnexin was used as a loading control.
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Figure 3.7 STIM1 and ORAI1 colocalize at the periphery of apical processes.
Maximum projections of a deconvolved Z stack of an isolated apical process showing STIM1 (A) and ORAI1 (B)
antibody labeling. (C) When the two channels are combined, colocalization of STIM1 and ORAI1 is observed near
the periphery of the apical process (arrowheads). (D) Colocalization of STIM1 and ORAI1 in deconvolved Z stacks
of epithelial fragments from three animals was quantified. Error bars represent 95% confidence intervals.
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Figure 3.8 ER-PM contacts at the periphery of apical processes.
(A) An electron micrograph showing a cross-section through an apical process. The hook-shaped spermatid head is
sectioned in two places (asterisks) and the proximal tubular regions of numerous TBCs are seen in cross-section
(arrowheads). The ER in regions around the periphery of the apical process occurs in multiple layers. (B) An area
similar to that outlined by the box in panel (A). Here, the outermost cisternae swell (arrows) into tubular ER (asterisks)
that come into close contact with the PM of the Sertoli cell (arrowhead). (C) The distance between the ER and PM
was 13.3 ± 1.1 nm in one animal and 14.2 ± 1.0 nm in another. (D-M) Electron micrographs showing these ER-PM
contacts (arrowheads) in representative images from two animals. Scale bar in D applies to E-M.
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Figure 3.9 Cryosections of stage VII seminiferous tubules show SERCA2 labeling the ER throughout Sertoli
cells and their apical processes.
(A) Maximum projection showing SERCA2 antibody labeling Sertoli cells extending from the base to the apical
processes. (B-D) Primary, secondary and blank controls. (E) Higher magnification of the seminiferous epithelium
showing SERCA2 labeling surrounding a Sertoli cell nucleus (arrow) and extending through filamentous projections
to the apical processes (arrowheads). (F-H) Primary, secondary, and blank controls. Arrows indicate Sertoli cell
nuclei.
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Figure 3.10 Epithelial fragments show SERCA2 labeling ectoplasmic specializations.
Maximum projections of deconvolved Z stacks of isolated epithelial fragments (A, D) showing SERCA2 antibody
throughout the apical process (arrowheads). (B, E) Phallotoxin staining of actin networks at TBCs. (C-F) Merged
micrographs show SERCA2 labeling (arrowheads) at ESs (arrows). (G-I) Primary, secondary, and blank controls. (J)
Immunoblot analysis of the specificity of the SERCA2 antibody on whole testis (WT) and seminiferous epithelium
(SE) lysates compared to lysates probed with normal mouse IgG (NMIgG). The expected molecular weight of
SERCA2 is 110 kDa. Calnexin was used as a loading control.
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Figure 3.11 Cryosections of stage VII seminiferous tubules show Src labeling near the distal ends of
tubulobulbar complexes.
(A) Maximum projection showing the Src antibody strongly labeling the apical processes of Sertoli cells. (B-D)
Primary, secondary, and blank controls. (E) Maximum projection showing that Src labeling (arrowheads) is at the
ends of phalloidin-labeled TBCs (arrows). (F-H) Primary, secondary, and blank controls.
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Figure 3.12 Epithelial fragments show Src labeling at the bulb regions of tubulobulbar complexes.
Maximum projections of deconvolved Z stacks of isolated epithelial fragments (A, D) showing Src antibody labeling
in the apical process distal to spermatid heads (arrowheads). (B, E) Phallotoxin-labeling of actin shows location of
TBCs (arrows). (C, F) Merged micrographs show Src labeling (arrowheads) at the ends of TBCs (arrows). (G-I)
Primary, secondary, and blank controls. (J) Immunoblot analysis of the specificity of the Src antibody on whole testis
(WT) and seminiferous epithelium (SE) lysates compared to lysates probed with normal rabbit IgG (NRIgG). The
expected molecular weight of Src is 60 kDa. Calnexin was used as a loading control.
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Figure 3.13 Cryosections of stage VII seminiferous tubules show PTP1B labeling of Sertoli cells and their apical
processes.
(A) Maximum projection showing the PTP1B antibody strongly labeling the apical processes of Sertoli cells. (B-D)
Primary, secondary, and blank controls. (E) Maximum projection showing that PTP1B labeling at a higher
magnification. Labeling is seen to surround the nucleus of a Sertoli cell (arrow) and extend to the apical processes
(arrowheads). (F-H) Primary, secondary, and blank controls.
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Figure 3.14 Epithelial fragments show PTP1B labeling throughout Sertoli cell apical processes.
Maximum projections of deconvolved Z stacks of isolated epithelial fragments (A, B) showing PTP1B antibody
labeling throughout the entire apical process. (C-E) Primary, secondary, and blank controls. (F) Immunoblot analysis
of the specificity of the PTP1B antibody on whole testis (WT) and seminiferous epithelium (SE) lysates compared to
lysates probed with normal mouse IgG (NMIgG). The expected molecular weight of PTP1B is 50 kDa. Calnexin was
used as a loading control.
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Figure 3.15 Summary of Ca2+ signaling machinery localized within apical processes of Sertoli cells.

The Ca2+ release channel, IP3R, was localized to the bulb regions of tubulobulbar complexes
(TBCs). STIM1 and ORAI1 were found to colocalize to the periphery of the apical process where
ER-PM are found. SERCA2 was seen to associate with ectoplasmic specializations (ESs).
SERCA2 and STIM1 were seen throughout the general ER of the Sertoli cell. ORAI1 was also
generally distributed throughout the Sertoli cell (not pictured here).
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Chapter 4: Studies on obtaining functional evidence of calcium fluxes in Sertoli
cell apical processes

4.1

Introduction
In chapter 3, I provide immunofluorescence data that indicates a number of proteins

involved in Ca2+ signaling occur at ESs and TBCs. The studies in this chapter attempt to provide
functional evidence to support the main hypothesis of this thesis that Ca2+ signaling at TBCs
functions to alter the actin networks at TBCs. If Ca2+ signaling is a regulator of these actin networks
then the manipulation of Ca2+ levels should elicit an observable phenotype. To test this prediction,
I utilized the Ca2+ chelator, EGTA, to explore the effects of reduced levels of Ca2+ on TBC actin
networks in rat. Conversely I used thapsigargin to explore the effects of increased Ca2+ levels on
TBC actin networks. Thapsigargin effectively increases the cytosolic levels of Ca2+ by blocking
SERCA pumps which I have shown to be present at apical processes in chapter 3. I used an ex vivo
testis perfusion technique that was developed by Hoffer and colleagues [88] to deliver EGTA or
thapsigargin over a period time to the seminiferous tubules.
A previous study investigated the effect of Ca2+ depletion on basal ESs and found after 2
hours the junctions lost stability as Sertoli cells retracted from one another [61]. The investigators
proposed this was due to contraction of the actin bundles associated with ESs but these actin
bundles were shown by a later study to be non-contractile [60]. It has previously been shown that
Ca2+ depletion causes rounding of cultured Sertoli cells due to changes in their cytoskeletal
networks [89] which may explain the phenotype observed at basal ESs. The study involving EGTA
in this chapter attempts to dissect the effects of Ca2+ depletion on the actin networks of TBCs rather
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than ESs. Due to the severe phenotype observed from exposing tubules to 2 mM of EGTA for 2
hours, I decided to perfuse testes with the same concentration of EGTA but for 15 minutes. This
was an attempt to detect any effects on the actin networks at TBCs without being obscured by the
severe change in overall cell morphology seen at 2 hours of exposure.
4.2
4.2.1

Results
Ca2+ depletion by EGTA perfusion has no effect on length of actin networks at

tubulobulbar complexes
The quality of the actin networks was visualized using fluorescent phallotoxins. Quality of
the actin networks at TBCs and ESs was comparable between control (Fig. 4.1A) and EGTA
exposed groups (Fig. 4.1B). The mean length of TBCs in EGTA group was 1.6 ± 0.1 µm while the
mean length in the control was 1.5 ± 0.1 µm (95% confidence intervals) (Fig. 4.2C). There was no
statistically significant difference between the two groups (P = 0.06).
4.2.2

Thapsigargin has no effect on length of actin networks at tubulobulbar complexes
Similar to the EGTA perfusion studies, thapsigargin had no visible effect on the quality of

the actin networks at TBCs (Fig. 4.2B) when compared to controls (Fig. 4.2A). The mean length
of TBCs in thapsigargin exposed group was 1.2 ± 0.1 µm while the mean length in the control was
1.3 ± 0.1 µm (95% confidence intervals) (Fig. 4.2C). There was no statistically significant
difference between the two groups (P = 0.13).
4.2.3

Live imaging of Ca2+ in isolated apical processes
I attempted to visualize Ca2+ fluxes at TBCs using the fluorescent Ca2+ indicator fluo-4 in

isolated apical processes. After initial studies were unsuccessful, I attempted to induce Ca2+ release
from IP3R which I have shown in chapter 3 to be present at the bulbs of TBCs. Using the most
potent agonist of IP3R, adenophostin A, I was unable to detect any events that could be classified
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as a Ca2+ flux event. However, I did observe bright patches in regions of the apical process where
the bulbs of TBCs would be expected (Fig. 4.3A, C). When looking at a line scans of this region
(Fig. 4.3A, C insets) the change in fluorescence intensity at this region can be seen (Fig. 4.3B, D).
The three micrographs in panels A and C represent three different time points and their position in
the line scan is indicated by the arrows. Although minor fluxes in fluorescence intensity occur in
these regions of interest (Fig. 4.3B, D), the change in intensity at these sites was at the same level
of magnitude as background within the apical process.
4.3
4.3.1

Discussion
EGTA and thapsigargin studies
Attempts to deplete and inflate Ca2+ levels in Sertoli cells by perfusing with EGTA and

thapsigargin respectively yielded no observable phenotypic changes in the actin networks at TBCs.
The duration of EGTA perfusion of the testis was chosen to be 10 minutes as previous studies
showed the retraction of Sertoli cells at even 30 minutes [61]. However, the reference study utilized
isolated seminiferous tubules rather than perfusion methods used here which may impacted
effectiveness of Ca2+ depletion in the seminiferous tubules. In particular, the use of isolated tubules
allows for EGTA chelation of Ca2+ within the lumens of the seminiferous tubules which is directly
in contact with the apical processes. With perfusion, however, chelation of Ca2+ is occurring via
the vascular system. Thus perfusion may not be as efficient at depleting Ca2+ as bathing isolated
seminiferous tubules in a Ca2+ chelating buffer. Future studies that extend the duration or increase
the concentration of EGTA used in these perfusion experiments could be conducted to examine
this further.
If the mechanism of Ca2+ regulation of TBCs is similar to that of podosomes then it may
not be surprising that thapsigargin did not have any observable effects. Thapsigargin induces
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constitutive Ca2+ influx rather than Ca2+ oscillations mediated by SOCE which was found to be
sufficient for Src activation but not podosome formation [38]. This is an example of the importance
of temporal Ca2+ oscillations orchestrating cellular processes which is also seen in mast cell
exocytosis [90]. If the mechanism of TBC formation is similar to that of podosomes then it may
explain why thapsigargin had no effect on its actin networks. Studies that manipulate Ca2+
oscillations may inform to what potential function if any they might have on TBC actin networks.
Potential studies could involve overexpression or knockdown of the proteins involved in the
oscillations which might include TRPM6, IP3R, STIM1 or ORAI1.
4.3.2

Live Ca2+ imaging
Although I was unable to detect any significant flux of Ca2+ in isolated epithelial fragments,

I did observe bright patches of fluorescence in regions where the ends of TBCs would be expected.
The magnitude of change in the intensity of the region of interest did not suggest Ca2+ fluxes were
occurring. It is important to note that the Ca2+ indicator was a non-ratiometric indicator and is not
able to make a direct correlation to [Ca2+] as multiple factors contribute to the fluorescence
intensity such as indicator concentration. The bright patch observed may be due to a higher
concentration of probe accumulated inside of a membrane-bound structure such as a TBC bulb or
post-vesiculation structures. However, changes in fluorescence intensity are indicative of a change
in [Ca2+] but the fluctuations observed at these patches were not above background levels.
A number of factors may have made detection of fluxes difficult such as the buffer system
used. In order to deliver the fluorophore and the agonist adenophostin A, fragments were
permeabilized with saponin which meant that the level of Ca2+ within the cytosol would be
controlled by the Ca2+ level of the buffer. It has been shown previously that Ca2+ is regulator of
IP3R activity with no activity in the absence of Ca2+ but becomes increasingly active up to 300 nM
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after which it becomes inhibitory [91–93]. Thus the levels of Ca2+ in the buffer was adjusted to
~100 nM to ensure it was not inhibitory and was close to values reported for Sertoli cell basal
levels [75,76]. The use of EGTA to buffer the Ca2+ in the solution may have made detection of
small Ca2+ fluxes impossible by buffering the Ca2+ immediately. Additionally, the structural
integrity of the ER may have been compromised in the process of fragmentation. During isolation
of these fragments, the apical processes are separated from the rest of the Sertoli cell by mechanical
force which may have damaged the integrity of the ER network within the apical process.
Future studies that investigate the possibility of Ca2+ fluxes at apical processes of Sertoli
cells could utilize 2 photon microscopy of intact seminiferous tubules. This would allow for the
depth penetration necessary to look through the wall of seminiferous tubule at the apical processes
of Sertoli cells. This in combination with using genetically encoded calcium indicators (GECI)
with peptide tags to localize the GECIs to endosomes could allow for visualization of Ca2+ fluxes
at TBCs specifically. This approach would eliminate any potential compromise in the integrity of
the intracellular morphology necessary for Ca2+ fluxes to occur.
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Figure 4.1 Perfusion of 1 mM EGTA for 1 hr has no effect on length of tubulobulbar complexes.
(A) Maximum projection of control tissue phallotoxin-labeled for actin to visualize TBCs. (B) Maximum projection
of EGTA treated tissue phallotoxin-labeled for actin to visualize TBCs. (C) The mean lengths of TBCs between
control and treated tissues were not significantly different (P = 0.06). Error bars = 95% confidence intervals.
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Figure 4.2 Perfusion of thapsigargin for 1 hr has no effect on length of tubulobulbar complexes.
(A) Maximum projection of control tissue phallotoxin-labeled for actin to visualize TBCs. (B) Maximum projection
of thapsigargin (TG) treated tissue phallotoxin-labeled for actin to visualize TBCs. (C) The mean lengths of TBCs
between control and treated tissues were not significantly different (P = 0.13). Error bars = 95% confidence intervals.
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Figure 4.3 Live imaging of Ca2+ in isolated apical processes.
Widefield micrographs showing a region in two different (A, C) apical process containing a bright patch where bulbs
of TBCs occur (arrow) at three different time points. Insets are magnified regions of the bright patches with a green
line indicating the pixels selected for line scan analysis. (B, D) Line scan analysis showing changes in fluorescence
intensity over time. Each column represents the entire green line seen in the inset. Each square in a column represents
a pixel 90 nm in width and height and thus the y-axis represents the x position on that line.
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Chapter 5: Conclusion
5.1

Overall analysis and conclusions in light of current research
The molecular components associated with actin cuffs of the tubular regions of TBCs have

been well established. These networks contain hallmark proteins of dendritic actin networks found
in other systems such as NWASP, Arp2/3 and cortactin [27]. To a lesser extent, molecular
components of the bulbs regions have been reported including junction proteins being internalized
and endosomal markers such as EEA1 and rab5 [20,21]. However, molecular components related
to the ER at TBC bulbs have not been reported. This is similar to ESs, the molecular components
that have been identified are associated with either the actin bundles or the intercellular junctions.
Few molecular components associated with the ER of these structures have been reported.
The results of the immunolocalization studies show that proteins known to be involved
with regulating intracellular Ca2+ levels in other systems are present at ESs, at TBCs and at
peripheral PM contact sites. These results fulfill the first objective of this thesis which was to
determine if the molecular machinery involved in Ca2+ was present at TBCs. The finding of IP3R
at the bulbs of TBCs and SERCA2 at ESs provides the first solid support for the hypothesis that
local fluctuations in Ca2+ generated by subdomains of the ER in Sertoli cells may play a significant
role in events that occur during spermatogenesis, particularly those related to junction remodeling.
Additionally, the finding of STIM1 and ORAI1 colocalization at the periphery of Sertoli cells led
to the identification of novel ER-PM contact sites in Sertoli cells – at the periphery of apical
processes. However, the results of the functional studies were unable to fulfill the second objective
of this thesis of obtaining evidence of Ca2+ regulation over actin networks at TBCs.
In addition to localizing Ca2+ signaling machinery to TBCs, the localization of Src at the
ends of these structures was shown. Although distribution of Src in the seminiferous epithelium
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has been previously reported [94], the data did not provide information on the precise localization
with respect to TBCs and ESs due to low resolution. It has been previously hypothesized that Src
functions as a molecular switch to trigger endocytosis of junctions at ESs [94] based on
observations that it shuffles between the PM and late endosomes [95–97] and studies showing Src
knockout mice are infertile [98]. I have shown that Src localizes to TBCs which suggests that
TBCs may be the site at which Src regulates control over junction internalization. This regulation
might act on actin networks as discussed in chapter 3.

5.2

Strengths and limitations of thesis
A major strength of the work in this thesis involves the methods used in evaluating the

distribution of molecular machinery in relation to ESs and TBCs. I used a technique that was
developed in the Vogl lab that fragments fixed apical processes away from the rest of the Sertoli
cell. Using these fragments in immunolocalization studies allows for a superior analysis of the
spatial distribution of molecular machinery with respect to ESs and TBCs. This is nicely illustrated
in cryosections and fragments probed for SERCA2. Cryosections nicely show the distribution of
SERCA2 throughout Sertoli cells and at higher magnification show that SERCA2 is ubiquitously
distributed throughout the apical process (Fig. 3.10). In isolated apical processes, the labeling
occurs throughout the apical process but an association with ESs can be seen (Fig. 3.10). The
differences in clarity between the two techniques may be due to overlapping apical processes in
cryosections which can be reduced by using thinner sections. However, the use of thinner sections
limit the ability to obtain an entire Sertoli cell in cross section. I opted to use both techniques in
this thesis, using cryosections to show the overall distribution of specific proteins within the
seminiferous epithelium and fragments to evaluate their distribution in relation to TBCs and ESs.
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When designing the experiment to visualize Ca2+ fluxes in isolated apical processes, I made an
assumption that the morphology crucial to facilitating Ca2+ fluxes would remain intact during the
fragmentation process. Since the ER networks within the apical process are continuous with the
rest of the Sertoli cell, fragmentation of the apical process away from the rest of the Sertoli cell
may disrupt the distribution of the ER and associations with the PM that are necessary for Ca2+
fluxes to occur in apical processes. Additionally, the fragments were saponized to deliver the
fluorescent Ca2+ indicator, Fluo-4, and the IP3R agonist, adenophostin A which may also have an
impact on the integrity of the ER.
5.3

Future directions
The work presented here attempts to provide a foundation upon which future studies might

further dissect the role of Ca2+ regulation of TBCs and ESs. As discussed in chapter 4, the use of
two photon microscopy would allow for the depth penetration necessary to examine apical
processes of intact seminiferous tubules. Coupled with the use of GECIs targeted to specific
cellular domains to detect any Ca2+ fluxes. This could allow for detection of Ca2+ fluxes that were
not visualized using methods in this thesis potentially due to several factors. The maintenance of
the architecture of the seminiferous epithelium by using intact tubules would ensure that the
integrity of the ER is not compromised. The use of GECIs targeted to specific domains will reduce
background levels of fluorescence to make detection of Ca2+ fluxes easier.
Visualizing apical processes in intact seminiferous tubules using two photon microscopy is an
exciting prospect that has the potential to dissect the process of TBC formation and ES regulation.
One experiment that would provide useful insight, would be the visualization of the actin dynamics
throughout TBC formations. This could be accomplished by transfecting the seminiferous tubules
with a plasmid encoding LifeAct, a small peptide that binds F-actin without interfering in cellular
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dynamics. Since TBCs have never been visualized live before, this would inform on the length of
time it takes for a TBC to form and eventually vesiculate which would be useful when designing
drug perfusion studies similar to those performed in chapter 4. The visualization of the actin
dynamics in the lifecycle of one TBC would inform whether current models of TBC formation are
correct.
Studies aimed at evaluating the function of the Ca2+ signaling machinery identified at ESs and
TBCs in this thesis would be productive. Knockdown studies using siRNA could inform on the
function of these proteins on the regulation of ESs and TBCs. This approach has been used
previously to show that disruption of TBCs by cortactin knockdown results in spermiation failure
[26]. It would be interesting to knockdown IP3R and determine if it has a similar effect on
spermiation which would provide functional evidence of Ca2+ regulation of TBCs. Similarly,
knockdown studies on SERCA2 would provide insight into its role in regulating ESs. If the role
of SERCA2 is to maintain low levels of Ca2+ to prevent disassembly of the actin bundles at ESs,
then knockdown might result in disruption of these tripartite structures.
Further investigation into potential Src regulation of TBCs is warranted from the
immunolocalization data in chapter 3 showing it at the ends of TBCs. It has been reported
previously that incubation of isolated seminiferous tubules with PP2, a Src inhibitor, results in a
45% decrease in sperm release [87]. Studies similar to the drug perfusion studies in chapter 4 could
be used to deliver Src inhibitors to evaluate the function of Src in relation to TBCs. The same
technique could be used to explore the potential spatiotemporal regulation of Src by Ca2+
oscillations by perfusing inhibitors to components of SOCE. Inhibitors could target STIM1/ORAI1
mediated SOCE as I have shown this pair to occur at peripheral ER-PM contacts in the apical
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process. Alternatively, inhibitors to the TRPM6 channel could be used as it has recently been
implicated at the bulb of TBCs [45].
This work contributes to our understanding of the role of calcium signaling in the unique
process of junction remodeling in the testis. From a general cell biology perspective, it will lead
to a new and alternative paradigm of junction internalization. An understanding of the basic
biology of the testis is essential to understanding normal male fertility. Identifying major signaling
regulators of TBC formation will help us identify the key control points of spermatocyte
translocation and spermiation. Future studies can use this information to investigate the underlying
causes of male infertility or to identify potential molecular targets for male contraceptives.

57

References
[1]

Tung PS, Skinner MK, Fritz IB. Cooperativity between Sertoli Cells and Peritubular
Myoid Cells in the Formation of the Basal Lamina in the Seminiferous Tubule. Ann N Y
Acad Sci 1984; 438:435–446.

[2]

Dym M, Fawcett DW. The blood-testis barrier in the rat and the physiological
compartmentation of the seminiferous epithelium. Biol Reprod 1970; 3:308–326.

[3]

Griswold MD. Interactions between germ cells and Sertoli cells in the testis. Biol Reprod
1995; 52:211–216.

[4]

Russell L. Movement of spermatocytes from the basal to the adluminal compartment of
the rat testis. Am J Anat 1977; 148:313–328.

[5]

Leblond C, Clermont Y. Definition of the stages of the cycle of the seminiferous
epithelium in the rat. Ann N Y Acad Sci 1952; 55:548–573.

[6]

Oakberg EF. A description of spermiogenesis in the mouse and its use in analysis of the
cycle of the seminiferous epithelium and germ cell renewal. Am J Anat 1956; 99:391–
413.

[7]

Heller CH, Clermont Y. Kinetics of the germinal epithelium in man. Recent Prog Horm
Res 1964; 20:545–575.

[8]

Clermont Y, Harvey SC. Duration of the cycle of the seminiferous epithelium of normal,
hypophysectomized and hypophysectomized-hormone treated albino rats. Endocrinology
1965; 76:80–89.

[9]

Oakberg EF. Duration of spermatogenesis in the mouse and timing of stages of the cycle
of the seminiferous epithelium. Am J Anat 1956; 99:507–516.

[10]

Russell LD, Sinha-Hikim AP, Ettlin RA, Clegg ED. Evaluation of the testis: Histological
and Histopathological. 1st ed. Cache River: Cache River Press; 1990.

[11]

Franca L, Russell L. The testis of domestic mammals. In: Martinez-Garcia F, Regadera J
(eds.), Male Reproduction: A Multidisciplinary Overview. Madrid: Churchill
Communications Europe Espana; 1998:197–219.

[12] Perey B, Clermont Y, Leblond CP. The wave of the seminiferous epithelium in the rat.
Am J Anat 1961; 108:47–77.
[13]

Russell L. Observations on rat sertoli ectoplasmic (‘junctional’) specializations in their
association with germ cells of the rat testis. Tissue Cell 1977; 9:475–498.

[14] Ozaki-Kuroda K, Nakanishi H, Ohta H, Tanaka H, Kurihara H, Mueller S, Irie K, Ikeda
58

W, Sakai T, Wimmer E, Nishimune Y, Takai Y. Nectin Couples Cell-Cell Adhesion and
the Actin Scaffold at Heterotypic Testicular Junctions. Curr Biol 2002; 12:1145–1150.
[15]

Salanova M, Stefanini M, De Curtis I, Palombi F. Integrin Receptor α6β1 is Localized at
Specific Sites of Cell-to-Cell Contact in Rat Seminiferous Epithelium. Biol Reprod 1995;
52:79–87.

[16]

Li MWM, Mruk DD, Lee WM, Cheng CY. Connexin 43 and plakophilin-2 as a protein
complex that regulates blood-testis barrier dynamics. Proc Natl Acad Sci 2009;
106:10213–10218.

[17]

Palombi F, Salanova M, Tarone G, Farini D, Stefanini M. Distribution of β1 Integrin
Subunit in Rat Seminiferous Epithelium. Biol Reprod 1992; 47:1173–1182.

[18]

Inagaki M, Irie K, Ishizaki H, Tanaka-Okamoto M, Miyoshi J, Takai Y. Role of cell
adhesion molecule nectin-3 in spermatid development. Genes to Cells 2006; 11:1125–
1132.

[19]

Guttman J, Takai Y, Vogl AW. Evidence that tubulobulbar complexes in the seminiferous
epithelium are involved with internalization of adhesion junctions. Biol Reprod 2004;
71:548–559.

[20]

Young J, Guttman JA, Vaid KS, Vogl AW. Tubulobulbar complexes are intercellular
podosome-like structures that internalize intact intercellular junctions during epithelial
remodeling events in the rat testis. Biol Reprod 2009; 80:162–174.

[21]

Young J, Takai Y, Kojic KL, Vogl AW. Internalization of adhesion junction proteins and
their association with recycling endosome marker proteins in rat seminiferous epithelium.
Reproduction 2012; 143:347–357.

[22]

Russell L, Clermont Y. Anchoring device between Sertoli cells and late spermatids in rat
seminiferous tubules. Anat Rec 1976; 185:259–278.

[23]

Russell L. Further observations on tubulobulbar complexes fomed by late spermatids and
sertoli cells in the rat testis. Anat Rec 1979; 194:213–232.

[24]

Vogl AW, Soucy LJ, Lew GJ. Distribution of actin in isolated seminiferous epithelia and
denuded tubule walls of the rat. Anat Rec 1985; 213:63–71.

[25] Lyon KRP, Bosseboeuf E, Vogl AW. An Alternative Model of Tubulobulbar Complex
Internalization During Junction Remodeling in the Seminiferous Epithelium of the Rat
Testis. Biol Reprod 2015; 93:1–12.
[26]

Young J, De Asis M, Guttman J, Vogl AW. Cortactin depletion results in short
tubulobulbar complexes and spermiation failure in rat testes. Biol Open 2012; 1:1069–
1077.
59

[27]

Young J, Guttman JA, Vaid KS, Shahinian H, Vogl AW. Cortactin (CTTN), N-WASP
(WASL), and clathrin (CLTC) are present at podosome-like tubulobulbar complexes in
the rat testis. Biol Reprod 2009; 80:153–161.

[28]

Du M, Young J, De Asis M, Cipollone J, Roskelley C, Takai Y, Nicholls PK, Stanton PG,
Deng W, Finlay BB, Vogl AW. A novel subcellular machine contributes to basal junction
remodeling in the seminiferous epithelium. Biol Reprod 2013; 88:60.

[29]

Nicholls PK, Harrison CA, Walton KL, McLachlan RI, O’Donnell L, Stanton PG.
Hormonal Regulation of Sertoli Cell Micro-RNAs at Spermiation. Endocrinology 2011;
152:1670–1683.

[30]

Kusumi N, Watanabe M, Yamada H, Li S-A, Kashiwakura Y, Matsukawa T, Nagai A,
Nasu Y, Kumon H, Takei K. Implication of amphiphysin 1 and dynamin 2 in tubulobulbar
complex formation and spermatid release. Cell Struct Funct 2007; 32:101–113.

[31]

Vaid KS, Guttman JA, Babyak N, Deng W, Mcniven MA, Mochizuki N, Finlay BB, Vogl
AW. The Role of Dynamin 3 in the Testis 2007; 654:644–654.

[32]

Peter BJ. BAR Domains as Sensors of Membrane Curvature: The Amphiphysin BAR
Structure. Science (80- ) 2004; 303:495–499.

[33]

Iversen T-G, Skretting G, van Deurs B, Sandvig K. Clathrin-coated pits with long,
dynamin-wrapped necks upon expression of a clathrin antisense RNA. Proc Natl Acad Sci
2003; 100:5175–5180.

[34]

Weaver AM, Karginov A V, Kinley AW, Weed SA, Li Y, Parsons JT, Cooper JA.
Cortactin promotes and stabilizes Arp2/3-induced actin filament network formation. Curr
Biol 2001; 11:370–374.

[35]

Weed SA, Karginov A V., Schafer DA, Weaver AM, Kinley AW, Cooper JA, Parsons JT.
Cortactin Localization to Sites of Actin Assembly in Lamellipodia Requires Interactions
with F-Actin and the Arp2/3 Complex. J Cell Biol 2000; 151:29–40.

[36] Webb BA, Zhou S, Eves R, Shen L, Jia L, Mak AS. Phosphorylation of cortactin by p21activated kinase. Arch Biochem Biophys 2006; 456:183–193.
[37]

Russell L, Saxena NK, Turner TT. Cytoskeletal involvement in spermiation and sperm
transport. Tissue Cell 1989; 21:361–379.

[38] Sun J, Lu F, He H, Shen J, Messina J, Mathew R, Wang D, Sarnaik a. a., Chang W-C,
Kim M, Cheng H, Yang S. STIM1- and Orai1-mediated Calcium oscillation orchestrates
invadopodium formation and melanoma invasion. J Cell Biol 2014; 207:535–548.
[39]

Sage D, Donati L, Soulez F, Fortun D, Schmit G, Seitz A, Guiet R, Vonesch C, Unser M.
DeconvolutionLab2: An open-source software for deconvolution microscopy. Methods
2017.
60

[40]

Bolte S, Cordelières FP. A guided tour into subcellular colocalization analysis in light
microscopy. J Microsc 2006; 224:213–232.

[41]

Guttman J, Vaid KS, Vogl AW. Enrichment and disassembly of ectoplasmic
specializations in the rat testis. Methods Mol Biol 2007; 392:159–170.

[42]

Laemmli UK. Cleavage of Structural Proteins during the Assembly of the Head of
Bacteriophase T4. Nature 1970; 227:680–685.

[43]

Russell L. Spermatid-Sertoli tubulobulbar complexes as devices for elimination of
cytoplasm from the head region late spermatids of the rat. Anat Rec 1979; 194:233–46.

[44]

Guttman J, Janmey P, Vogl AW. Gelsolin - evidence for a role in turnover of junctionrelated actin filaments in Sertoli cells. J Cell Sci 2002; 115:499–505.

[45]

Lyon K, Adams A, Piva M, Asghari P, Moore ED, Vogl AW. Ca2+ signaling machinery
is present at intercellular junctions and structures associated with junction turnover in rat
Sertoli cells. Biol Reprod 2017.

[46]

Liou J, Kim ML, Heo W Do, Jones JT, Myers JW, Ferrell JE, Meyer T. STIM is a Ca2+
sensor essential for Ca2+-store-depletion-triggered Ca2+ influx. Curr Biol 2005; 15:1235–
1241.

[47] Roos J, DiGregorio PJ, Yeromin A V., Ohlsen K, Lioudyno M, Zhang S, Safrina O,
Kozak JA, Wagner SL, Cahalan MD, Veliçelebi G, Stauderman KA. STIM1, an essential
and conserved component of store-operated Ca 2 + channel function. J Cell Biol 2005;
169:435–445.
[48] Huang GN, Zeng W, Kim JY, Yuan JP, Han L, Muallem S, Worley PF. STIM1 carboxylterminus activates native SOC, Icrac and TRPC1 channels. Nat Cell Biol 2006; 8:1003–
1010.
[49]

McLaughlin S, Murray D. Plasma membrane phosphoinositide organization by protein
electrostatics. Nature 2005; 438:605–611.

[50]

Ercan E, Momburg F, Engel U, Temmerman K, Nickel W, Seedorf M. A Conserved,
Lipid-Mediated Sorting Mechanism of Yeast Ist2 and Mammalian STIM Proteins to the
Peripheral ER. Traffic 2009; 10:1802–1818.

[51]

Park CY, Hoover PJ, Mullins FM, Bachhawat P, Covington ED, Raunser S, Walz T,
Garcia KC, Dolmetsch RE, Lewis RS. STIM1 clusters and activates CRAC channels via
direct binding of a cytosolic domain to Orai1. Cell 2009; 136:876–890.

[52]

Muik M, Frischauf I, Derler I, Fahrner M, Bergsmann J, Eder P, Schindl R, Hesch C,
Polzinger B, Fritsch R, Kahr H, Madl J, et al. Dynamic coupling of the putative coiled-coil
domain of ORAI1 with STIM1 mediates ORAI1 channel activation. J Biol Chem 2008;
283:8014–8022.
61

[53]

Prakriya M, Feske S, Gwack Y, Srikanth S, Rao A, Hogan PG. Orai1 is an essential pore
subunit of the CRAC channel. Nature 2006; 443:230–233.

[54]

Frantz B, Nordby EC, Bren G, Steffan N, Paya C V, Kincaid RL, Tocci MJ, O’Keefe SJ,
O’Neill EA. Calcineurin acts in synergy with PMA to inactivate I kappa B/MAD3, an
inhibitor of NF-kappa B. EMBO J 1994; 13:861–870.

[55]

Cortesio CL, Chan KT, Perrin BJ, Burton NO, Zhang S, Zhang ZY, Huttenlocher A.
Calpain 2 and PTP1B function in a novel pathway with Src to regulate invadopodia
dynamics and breast cancer cell invasion. J Cell Biol 2008; 180:957–971.

[56]

Bjorge JD, Pang A, Fujita DJ. Identification of Protein-tyrosine Phosphatase 1B as the
Major Tyrosine Phosphatase Activity Capable of Dephosphorylating and Activating c-Src
in Several Human Breast Cancer Cell Lines. J Biol Chem 2000; 275:41439–41446.

[57]

Prins D, Michalak M. STIM1 is cleaved by calpain. FEBS Lett 2015; 589:3294–3301.

[58]

Franchi E, Camatini M. Morphological evidence for calcium stores at Sertoli-Sertoli and
Sertoli-spermatid interrelations. Cell Biol Int Rep 1985; 9:441–446.

[59]

Means AR, Dedman JR, Tash JS, Tindall DJ, van Sickle M, Welsh MJ. Regulation of the
testis sertoli cell by follicle stimulating hormone. Annu Rev Physiol 1980; 42:59–70.

[60]

Vogl AW, Soucy LJ. Arrangement and possible function of actin filament bundles in
ectoplasmic specializations of ground squirrel Sertoli cells. J Cell Biol 1985; 100:814–
825.

[61]

Franchi E, Camatini M. Evidence that a Ca2+ chelator and a calmodulin blocker interfere
with the structure of inter-Sertoli junctions. Tissue Cell 1985; 17:13–25.

[62]

Pelletier R-M, Trifaro J-M, Carbajal ME, Okawara Y, Vitale ML. Calcium-dependent
actin filament-severing protein scinderin levels and localization in bovine testis,
epididymis, and spermatozoa. Biol Reprod 1999; 60:1128–1136.

[63]

Guttman J, Vaid KS, Vogl a W. A re-evaluation of gelsolin at ectoplasmic specializations
in sertoli cells: the influence of serum in blocking buffers on staining patterns. Anat Rec
2007; 290:324–329.

[64] Li N, Mruk DD, Wong CKC, Lee WM, Han D, Cheng CY. Actin-bundling protein plastin
3 is a regulator of ectoplasmic specialization dynamics during spermatogenesis in the rat
testis. FASEB J 2015:1–18.
[65]

Yuan JP, Kiselyov K, Shin DM, Chen J, Shcheynikov N, Kang SH, Dehoff MH, Schwarz
MK, Seeburg PH, Muallem S, Worley PF. Homer binds TRPC family channels and is
required for gating of TRPC1 by IP3 receptors. Cell 2003; 114:777–789.

[66] Yuan JP, Lee KP, Hong JH, Muallem S. The closing and opening of TRPC channels by
62

Homer1 and STIM1. Acta Physiol 2012; 204:238–247.
[67]

Lee KP, Yuan JP, So I, Worley PF, Muallem S. STIM1-dependent and STIM1independent function of Transient Receptor Potential Canonical (TRPC) channels tunes
their store-operated mode. J Biol Chem 2010; 285:38666–38673.

[68]

Zeng W, Yuan JP, Kim MS, Choi YJ, Huang GN, Worley PF, Muallem S. STIM1 Gates
TRPC Channels, but Not Orai1, by Electrostatic Interaction. Mol Cell 2008; 32:439–448.

[69] Kim JY, Zeng W, Kiselyov K, Yuan JP, Dehoff MH, Mikoshiba K, Worley PF, Muallem
S. Homer 1 mediates store- and inositol 1,4,5-trisphosphate receptor-dependent
translocation and retrieval of TRPC3 to the plasma membrane. J Biol Chem 2006;
281:32540–32549.
[70]

Adams A, Wayne Vogl A. High Resolution Localization of Rab5, EEA1, and Nectin-3 to
Tubulobulbar Complexes in the Rat Testis. Anat Rec 2017.

[71]

Gerasimenko J V., Tepikin A V., Petersen OH, Gerasimenko O V. Calcium uptake via
endocytosis with rapid release from acidifying endosomes. Curr Biol 1998; 8:1335–1338.

[72]

Pryor PR, Mullock BM, Bright NA, Gray SR, Luzio JP. The role of intraorganellar Ca(2+)
in late endosome-lysosome heterotypic fusion and in the reformation of lysosomes from
hybrid organelles. J Cell Biol 2000; 149:1053–1062.

[73]

Morgan AJ, Platt FM, Lloyd-Evans E, Galione A. Molecular mechanisms of
endolysosomal Ca2+ signalling in health and disease. Biochem J 2011; 439:349–74.

[74]

Waites G, Gladwell R. Physiological Significance of Fluid Secretion in the Testis and
Blood-Testis Barrier. Physiol Rev 1982; 62:624–671.

[75]

Gorczynska E, Handelsman DJ. The Role of Calcium in Follicle-stimulating Hormone
Signal Transduction in Sertoli Cells*. J Biol Chem 1991; 266:23739–23744.

[76] Ravindranath N, Papadopoulos V, Brooker G, Dym M. Rat Sertoli Cell Calcium Response
to Basement Membrane and Follicle-Stimulating Hormone’. Biol Reprod 1996; 54:130–
137.
[77]

Phillips MJ, Voeltz GK. Structure and function of ER membrane contact sites with other
organelles. Nat Rev Mol Cell Biol 2015; 17:69–82.

[78]

Wu MM, Buchanan J, Luik RM, Lewis RS. Ca2+ store depletion causes STIM1 to
accumulate in ER regions closely associated with the plasma membrane. J Cell Biol 2006;
174:803–813.

[79]

Okunade GW, Miller ML, Pyne GJ, Sutliff RL, O’Connor KT, Neumann JC, Andringa A,
Miller DA, Prasad V, Doetschman T, Paul RJ, Shull GE. Targeted Ablation of Plasma
Membrane Ca2+-ATPase (PMCA) 1 and 4 Indicates a Major Housekeeping Function for
63

PMCA1 and a Critical Role in Hyperactivated Sperm Motility and Male Fertility for
PMCA4. J Biol Chem 2004; 279:33742–33750.
[80]

Oser M, Yamaguchi H, Mader CC, Bravo-Cordero JJ, Arias M, Chen X, DesMarais V,
van Rheenen J, Koleske AJ, Condeelis J. Cortactin regulates cofilin and N-WASp
activities to control the stages of invadopodium assembly and maturation. J Cell Biol
2009; 186:571–587.

[81]

Tehrani S, Tomasevic N, Weed S, Sakowicz R, Cooper JA. Src phosphorylation of
cortactin enhances actin assembly. Proc Natl Acad Sci U S A 2007; 104:11933–11938.

[82]

Martinez-Quiles N, Ho H-YH, Kirschner MW, Ramesh N, Geha RS. Erk/Src
phosphorylation of cortactin acts as a switch on-switch off mechanism that controls its
ability to activate N-WASP. Mol Cell Biol 2004; 24:5269–5280.

[83]

Mulholland DJ, Dedhar S, Vogl AW. Rat seminiferous epithelium contains a unique
junction (Ectoplasmic specialization) with signaling properties both of cell/cell and
cell/matrix junctions. Biol Reprod 2001; 64:396–407.

[84]

Badowski C, Pawlak G, Grichine A, Chabadel A, Oddou C, Jurdic P, Pfaff M, AlbigèsRizo C, Block MR. Paxillin phosphorylation controls invadopodia/podosomes
spatiotemporal organization. Mol Biol Cell 2008; 19:633–645.

[85]

Glading A, Uberall F, Keyse SM, Lauffenburger DA, Wells A. Membrane Proximal ERK
Signaling Is Required for M-calpain Activation Downstream of Epidermal Growth Factor
Receptor Signaling. J Biol Chem 2001; 276:23341–23348.

[86]

Boateng LR, Huttenlocher A. Spatiotemporal regulation of Src and its substrates at
invadosomes. Eur J Cell Biol 2012; 91:878–888.

[87]

Shupe J, Cheng J, Puri P, Kostereva N, Walker WH. Regulation of Sertoli-germ cell
adhesion and sperm release by FSH and nonclassical testosterone signaling. Mol
Endocrinol 2011; 25:238–252.

[88] Hoffer AP, Carlton BD, Brunengraber H. Ultrastructure and Intercellular Perfused
Vacuolization of Isolated Rat Testes. J Androl 1983; 4:361–370.
[89]

Welsh MJ, VanSickle M, Means AR. Possible involvement of cyclic AMP, calcium and
cytoskeleton in control of protein secretion by Sertoli cells. In: Steinberger A, Steinberg E
(eds.), Testicular Development, Structure and Function. New York: Raven Press;
1980:89–98.

[90]

Wollman R, Meyer T. Coordinated oscillations in cortical actin and Ca2+ correlate with
cycles of vesicle secretion. Nat Cell Biol 2012; 14:1261–1269.

[91]

Bezprozvanny I, Watras J, Ehrlich BE. Bell-shaped calcium-response curves of
Ins(1,4,5)P3- and calcium-gated channels from endoplasmic reticulum of cerebellum.
64

Nature 1991; 351:751–754.
[92]

Iino M. Biphasic Ca2+ dependence of inositol 1,4,5-trisphosphate-induced Ca release in
smooth muscle cells of the guinea pig taenia caeci. J Gen Physiol 1990; 95:1103–1122.

[93]

Finch EA, Turner TJ, Goldin SM. Calcium as a coagonist of inositol 1,4,5-trisphosphateinduced calcium release. Science 1991; 252:443–446.

[94]

Lee NPY, Cheng CY. Protein kinases and adherens junction dynamics in the seminiferous
epithelium of the rat testis. J Cell Physiol 2005; 202:344–360.

[95]

Dozynkiewicz MA, Jamieson NB, Macpherson I, Grindlay J, van den Berghe PVE, von
Thun A, Morton JP, Gourley C, Timpson P, Nixon C, McKay CJ, Carter R, et al. Rab25
and CLIC3 collaborate to promote integrin recycling from late endosomes/lysosomes and
drive cancer progression. Dev Cell 2012; 22:131–145.

[96]

Sato I, Obata Y, Kasahara K, Nakayama Y, Fukumoto Y, Yamasaki T, Yokoyama KK,
Saito T, Yamaguchi N. Differential trafficking of Src, Lyn, Yes and Fyn is specified by
the state of palmitoylation in the SH4 domain. J Cell Sci 2009; 122:965–975.

[97]

Su T, Bryant DM, Luton F, Vergés M, Ulrich SM, Hansen KC, Datta A, Eastburn DJ,
Burlingame AL, Shokat KM, Mostov KE. A kinase cascade leading to Rab11-FIP5
controls transcytosis of the polymeric immunoglobulin receptor. Nat Cell Biol 2010;
12:1143–1153.

[98]

Eliceiri BP, Paul R, Schwartzberg PL, Hood JD, Leng J, Cheresh DA. Selective
requirement for Src kinases during VEGF-induced angiogenesis and vascular
permeability. Mol Cell 1999; 4:915–924.

65

