A Thesis
For the Degree of Doctor of Veterinary Medicine

Investigation of Flotillin-1 in the Rat
Testis during Development,
Spermatogenesis, and

Ischemia/Reperfusion Injury

Department of Veterinary Medicine

GRADUATE SCHOOL
CHEJU NATIONAL UNIVERSITY

Heechul Kim

2008. 2.



Investigation of Flotillin-1 in the Rat Testis during
Development, Spermatogenesis, and
Ischemia/Reperfusion Injury

Heechul Kim
(Supervised by professor Taekyun Shin)

A thesis submitted in partial fulfillment of the requirement for the degree of Doctor
of Veterinary Medicine

2007. 10.

This thesis has been examined and approved.

Taekyun Shin, Prof. of Veterinary Medicine, PhD., DVM
" Yongduk Lee, Prof. of Veterinary Medicine, PhD., DVM

Changjong Moon, Prof. of Veterinary Medicine, PhD., DVM

2007. 12.

Department of Veterinary Medicine
GRADUATE SCHOOL
CHEJU NATIONAL UNIVERSITY



GENERAL INTRODUCTION
References

Figures

Chapter I: Immunohistochemical Study of Flotillin-1 in the

Rat
L1.
1.2.
1.3.
1.4.
L.5.
L.6.
L.7.

Chapter II: Immunohistochemical Study of Flotillin-1 in Rat

CONTENTS

Testis during Development, and Spermatogenesis —------------

Abstract

Introduction

Materials and Methods -------------

Discussion  --- .

References

Figures

Testis with Ischemia/Reperfusion Injury

IL.1.
I1.2.
IL.3.
I1.4.
ILS.
IL.6.
IL.7.

Abstract

Introduction

Materials and Methods

Results

Discussion

References

Figures

15
16
18
22
25
27
31

37
38
40
44
46
48
52



General introduction

Flotillin-1, a structural protein of caveolae

The surfaces of most cells are studded with tiny, flask-shaped membrane
invaginations called caveolae, which have been reviewed by Anderson (1993) [1].
Caveolae are located in glycosylphosphatidylinositol-anchored membranes and are
involved in transcytosis, vesicular trafficking, and signal transduction [1, 2, 20]. The
principal constituents of caveolae are caveolins and flotillins, which were identified
by Rothberg et al. (1992) [19] and Bickel et al. (1997) [2], respectively (Fig. 1).
There are two flotillin isotypes: flotillin-1 and flotillin-2 [10]. Although similar in
structure and function, flotillin-1 and flotillin-2 differ in their cellular distribution and
specific properties [26]. For example, flotillin-1 is detected mainly in the heart,
diaphragm, adipose tissue, skeletal muscle, and lungs, whereas flotillin-2 has a much
wider tissue distribution but is virtually absent in skeletal muscle and the diaphragm
[26]. Since the discovery of flotillin-1, many investigators have studied its functional
roles in various body systems, including the nervous [7, 8], urinary [28], and male

reproductive [5] systems.

Possible involvement of flotillin-1 in the testis during development

The testis is the male reproductive organ that produces spermatozoa. Testis
maturation is essential for the production of spermatozoa. During testicular
development, differentiation and maturation of spermatogenic cells and Sertoli cells
occur in the seminiferous tubules [14, 22]. The differentiation schedule of

spermatogenic cells in the rat testis is as follows: at postnatal days 6-7, the testis



contains somatic (Sertoli) cells and spermatogonia cells (gonocytes) only; by days
13-14, leptotene spermatocytes appear; by days 17-18, zygotene spermatocytes are
present; by days 19-20 and days 22-23, early and late pachytene spermatocytes are
seen, respectively; haploid round spermatids first appear at days 24-25, and
elongating spermatids first appear by days 30-31; by day 36, elongated spermatids
can be found [14]. The functional maturation (differentiation) of Sertoli cells occurs
after their proliferation, during the fetal and infantile periods [22]. The maturation of
Sertoli cells involves the loss of proliferative ability, the formation of inter-Sertoli
cell tight junctions (the blood-testis barrier), and the expression of functions not
present in immature Sertoli cells [22]. The series of changes that occur in
spermatogenic and Sertoli cells do not occur independently, but arise through
cell-cell interactions [6, 22].

In vitro studies of flotillin-1 suggest that it is involved in the process of testis
development. Lopez-Casas and del Mazo (2003) found that when cell-cell
interactions were disrupted, the levels of flotillin-1 mRNA and protein decreased
significantly in an NIH-3T3 culture model [13]. The subsequent increase in the levels
of both flotillin-1 mRNA and protein was concomitant with the restoration of these
interactions [13]. This indicates that flotillin-1 is involved in cell-cell interactions. In
addition, flotillin-1 is involved in neuronal differentiation [12]. Santamaria et al.
(2005) found that the levels of prostate overexpressed protein 1 and flotillin-1
oscillated during the cell cycle [21]. Moreover, the depletion of either protein
markedly inhibited cell proliferation under basal conditions, whereas the
overexpression of either protein strongly induced proliferation [21], implying that
flotillin-1 is involved in proliferation. Therefore, it is possible that flotillin-1 is

involved in testis development (Fig. 2).



Possible involvement of flotillin-1 in the testis during spermatogenesis

Spermatogenesis occurs in the seminiferous tubules and is a complex
process involving mitotic spermatogenic cell division, meiosis, and the process of
spermiogenesis [9]. In the seminiferous tubules, spermatogenic cells and Sertoli cells
are arranged in defined associations or seminiferous epithelium stages [18]. In rats,
these cellular organizations are classified into 14 stages of the seminiferous epithelial
cycle [11]. The organization and localization of spermatogenic cells differs in each
stage, and the localization and morphology of Sertoli cells changes regularly during
the seminiferous epithelium cycle [11, 18]. There is indirect evidence of signal
transduction between spermatogenic cells and Sertoli cells, which produce
spermatozoa. In particular, Sertoli cells change morphologically and functionally
during the seminiferous epithelium cycle. For example, cyclic changes in the volume
and surface area are observed for various organelles, including mitochondria, rough
endoplasmic reticulum, lipid droplets, Golgi apparatus, and lysosomes, in Sertoli cell
cytoplasm [25]. Of these, the formation of lipid droplets and lysosomes is associated
with the phagocytosis of residual bodies and apoptotic germ cells during
spermatogenesis [4, 27].

Caveolae are frequently found in the Sertoli cell membrane in the embryonic
mouse testes [17]. After the discovery of caveolae in Sertoli cells, studies examined
the constituents of caveolae—caveolins and flotillins—in the testis [3, 5]. In the adult
testis, Sertoli cells and Sertoli glycosphingolipid-enriched fractions were found to
lack caveolin, while they were enriched in flotillin-1 [5]. This indicates that
flotillin-1 is more involved than caveolin in Sertoli cell signal transduction. In
addition, flotillin-1 is related to the formation lipid droplets and lysosomes [7, 19]. In
spermatogenesis, the lipid droplets and lysosomes are located in the Sertoli cell

cytoplasm and are related to phagocytosis [4, 27]. In general, phagocytosis in Sertoli



cells changes cyclically during spermatogenesis [4, 27]. Therefore, it is possible that
the involvement of flotillin-1 in Sertoli cells changes cyclically during the

seminiferous epithelium cycle (Fig. 3).

Possible involvement of flotillin-1 in the testis during testicular torsion

Testicular torsion causes damage via twisting and untwisting of the
spermatic cord, resulting in ischemia and reperfusion. After testicular torsion, the
changes in blood flow cause primary injury to the constituent cells of the testis, and
then infiltrating inflammatory cells cause secondary damage [23, 29]. The
spermatogonia and preleptotene and leptotene spermatocytes in the seminiferous
tubules are easily damaged by testicular torsion, because these cell types are located
outside the blood-testis barrier of Sertoli cells and are directly damaged by the
changes in blood flow and infiltrating inflammatory cells, as has been demonstrated
by the location of apoptotic germ cells in the seminiferous tubules after testicular
torsion [24]. The testis is a self-renewing organ, which is controlled by the regular
mitosis of spermatogonial stem cells [15]. Therefore, spermatogenesis decreases with
the apoptosis of spermatogonial stem cells or spermatogonia after testicular torsion.
The histopathologic findings after testicular torsion include the (1) apoptosis of germ
cells, (2) infiltration of inflammatory cells in the interstitial space, and (3) activation
of Sertoli cells for the phagocytosis of apoptotic germ cells [16, 22, 24].

It is possible that flotillin-1 is involved in testicular torsion. Flotillin-1 has
been identified in Sertoli cells, which are activated under testicular torsion; flotillin-1
activity in Sertoli cells may be altered after testicular torsion [5]. The principal
inflammatory cell type seen after testicular torsion is macrophages, which are

involved in phagocytosis and forming lysosomes [16]. Cathepsin D is a lysosomal



protein related to flotillin-1 [7]. Flotillin-1 contributes to the formation of lysosomes
in astrocytes and macrophages in experimental autoimmune encephalomyelitis [7].
Therefore, it is possible that flotillin-1 is involved in the activation of macrophages
and Sertoli cells after testicular torsion through the formation of lysosomes with

cathepsin D.
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Figure 1. Diagram of caveolae. (A) Caveolae are located in
glycosylphosphatidylinositol-anchored membranes (lipid rafts). The principal
constituents of caveolae are caveolin and flotillin-1. (B) The involvement of caveolae
in intracellular signaling. A signal is transmitted to caveolae, causing their activation.

The activated caveolae release proteins and ions into the cytoplasm.
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Figure 2. Illustration of the possible involvement of flotillin-1 in the Sertoli
cell-spermatogenic cell interaction. Immature Sertoli and spermatogenic cells mature
via cell-cell interactions during development. It is possible that flotillin-1 is involved

in this process.
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Figure 3. Illustration of the possible change in flotillin-1 activity during the
seminiferous epithelium cycle in the rat. Sertoli cells change morphologically and
functionally during the seminiferous epithelium cycle. Flotillin-1 is located in Sertoli
cells. It is possible that the flotillin-1 activity changes during the seminiferous

epithelium cycle.
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CHAPTER I

Immunohistochemical Study of
Flotillin-1 in the Rat Testis during

Development, and Spermatogenesis
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I.1. Abstract

The level and cellular localization of flotillin-1, a lipid raft protein, was
examined in the testis of rats during postnatal development and
spermatogenesis in order to determine if flotillin-1 is involved in testicular
development. The testes of rats were sampled on postnatal days 7, 14, 21, 40,
and 60, and analyzed by Western blot and immunohistochemistry. Western
blot analysis detected flotillin-1 in the testes at days 7 and 14 after birth but
the level decreased significantly at postnatal days 21, 40 and 60. At postnatal
days 7, 14, 21, and 40, flotillin-1 immunolocalisation was observed mainly in
the Sertoli cells. However, there was little flotillin-1 immunolabeling in the
spermatogenic cells from the seminiferous tubule of the testes. In the
seminiferous tubule of the testes at postnatal day 60, flotillin-1
immunoreactivity in the Sertoli cells varied according to the stages of the
spermatogenic cycle; intense immunoreactivity being observed in stages IX-III
and less in stages IV-VIII. These results suggest that flotillin-1 participates in
the developmental process of Sertoli cells and is involved in the regulation of

spermatogenesis.

KEYWORDS: Testis; Flotillin-1; Development; Spermatogenesis; Sertoli cell

_15_



L.2. Introduction

Flotillins are structure proteins in the lipid rafts [1] that are
particularly enriched in the detergent-insoluble glycolipid-enriched membrane
domains involved in both signal transduction and vesicular trafficking [5, 9].
Two isotypes of flotillins have been identified: flotillin-1 and flotillin-2 [1].
Flotillin-1 has been observed in various organs including the brain [8], spinal
cord [7], heart [13] and testis [3, 6]. In the adult rat testis, flotillin-1 has
been found to be abundant in both Sertoli and peritubular myoid cells but is
found in lesser quantities in spermatogenic cells and spermatozoa [3].
Furthermore, there was increased flotillin-1 immunoreactivity reported in
Sertoli cells and inflammatory cells in a pathological condition of the testis,
such as experimental acute testicular torsion [6]. This suggests that flotillin-1
is involved in the signal transduction of Sertoli cells as well as in the
formation and activation of phagolysosomes in normal and pathological
conditions of the testis.

During testicular development, signal transduction in Sertoli and
spermatogenic cells is important because a variety of cellular changes have
been observed in the seminiferous tubules. In addition, a mechanism of signal
transduction, the endocytic mechanism, which is distinct from both clathrin
and non-clathrin-mediated endocytosis, has been reported in mammalian cells
[4]. It was previously reported that amphiphysin I, which is a related protein
in clathrin-mediated endocytosis, is activated substantially from days 15 to 25
during the postnatal development of the seminiferous epithelium, and it is
localized in Sertoli cells [19]. On the other hand, flotillin-1 is involved in

non-clathrin-mediated endocytosis [4] and the signal transduction of Sertoli
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cells [3]. However, the temporal profile and possible role of flotillin-1 during
testicular development is unknown.

In mature rat testis, the spermatogenic cycles are classified into 14
stages [10]. In spermatogenesis, Sertoli cells relay external signals and provide
the factors essential to the differentiation and proliferation of spermatogenic
cells [2]. Sertoli cells themselves change functionally and morphologically
during the spermatogenic cycle: these cyclic changes have been detected in
the mitochondria, rough endoplasmic reticulum, Golgi apparatus, lysosomes and
lipid droplets in the Sertoli cells [16]. Flotillin-1 is closely associated with the
lipid droplets [12] and lysosomes [6], suggesting that flotilin-1 is involved in
the spermatogenic cycle. However, little is known about the differential
distribution of flotillin-1  expression according to the cycle of the
spermatogenesis in the rat testis.

This study examined the level and localization of flotillin-1 in the rat
testis during postnatal development and in the stages of spermatogenic cycle
in order to determine if flotilin-1 plays a role in testicular development and

spermatogenesis.
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I.3. Materials and Methods

Animals

Male Sprague-Dawley rats (Orient Bio, Gyunggi-do, Korea) were bred
at our animal facility. The testes (n = 3 samples) at 7, 14, 21, 40 and 60
days after birth were used for Western blot analysis and histology (n =
3/group). The testes at postnatal days 7 to 40 were classified as immature
testes, while the testes at postnatal day 60 were classified as mature testes
according to a previous study [11, 15]. All the experiments were performed in

line with accepted ethical guidelines.

Tissue preparation

The rats were sacrificed under ether anesthesia. The testes were
dissected from each group. Samples of the testes were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS, pH 7.4), processed by
routine protocols and embedded in paraffin wax for immunolabeling
experiments. The opposite testis was snap-frozen and stored for immunoblot

analysis.

Antibodies

Rabbit polyclonal anti-flotillin-1 (clone H104) was obtained from Santa
Cruz Biotechnology (Santa Cruz, CA). Mouse monoclonal anti-beta-actin and
mouse anti-vimentin were purchased from Sigma (St. Louis, MO) and

Neomarkers (Fremont, CA), respectively.

Westermn blot analysis
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The tissues were homogenized in a lysis buffer (40 mM Tris, 120
mM NaCl, 0.1% Nonidet 40, 2 mM Na3VO4, 1 mM phenylmethylsulfonyl
fluoride, 10 pg/ml aprotinin, 10 pg/ml leupeptin). After incubation for 60 min
in an ice-bath, the homogenates were centrifuged at 14,000 rpm for 20 min,
and the supernatant was harvested. For the immunoblot assay, supernatant
containing 20 pg of protein was loaded into individual lanes of 10% sodium
dodecyl (lauryl) sulfate-polyacrylamide gels, separated by electrophoresis under
standard conditions and electroblotted onto nitrocellulose membranes
(Schleicher and Schuell, Keene, NH). The residual binding sites on the
membrane were blocked by incubation with 5% nonfat milk in Tris-buffered
saline (TBS; 10 mM Tris-HCI, pH 7.4, and 150 mM NaCl) for 1 h at room
temperature (RT). Subsequently, the membrane was incubated for 2 h at RT
with the rabbit polyclonal anti-flotillin 1 antobody diluted 1:1,000. The
membranes were washed three times in TBS containing 0.1% Tween 20
before being incubated with horseradish peroxidase-conjugated anti-rabbit IgG
(Vector, Burlingame, CA) (1:2000 dilution) for 1 h at RT. The membranes
were developed using a chemiluminescent substrate (WEST-one Kit; iNtRON
Biotech), employed according to the manufacturer’s instructions, and exposed
to Agfa medical X-ray film (Agfa Gevaert, Mortsel, Belgium). After imaging,
the membranes were stripped and reprobed using the anti-beta-actin antibody
(Sigma) using a similar protocol to that described above. The optical density
(per mm2) of each band was measured using a scanning laser densitometer
(GS-700, Bio-Rad, Hercules, CA), and the values are presented as the mean =+
SEM. The ratios of the density of each flotillin-1 band relative to that of the
beta-actin band were compared using Molecular Analyst software (Bio-Rad).

The data was analyzed using one-way ANOVA followed by a
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Student-Newman-Keuls post hoc test for multiple comparisons. In all cases, p

< 0.05 was considered statistically significant.

Immunohistochemistry

6 um-thick paraffin wax embedded tissue sections were deparaffinized
and rehydrated by routine protocols and heated with citrate buffer (0.01 M,
pH 6.0) in a microwave oven for 3 min. They were then incubated in 0.3%
hydrogen peroxide in methyl alcohol for 20 min to block the endogenous
peroxidase activity. After three washes with PBS, the sections were incubated
with 10% normal goat serum (Vector ABC Elite kit, Burlingame, CA) diluted
in PBS, which was followed by incubation with rabbit polyclonal flotillin-1
(1:400 dilution) for 1 h at RT. After three washes in PBS, the sections were
incubated with biotinylated goat anti-rabbit IgG (Vector) (1:200 dilution) for
45 min at RT. After three washes in PBS, the sections were incubated with
the avidin-biotin peroxidase complex (Vector), prepared according to
manufacturer’s instructions, for 45 min at RT. The peroxidase reaction was
developed using a diaminobenzidine substrate kit (Vector) prepared according
to manufacturer’s instructions for 5 min.

To examine the phenotype of flotillin-1 immunoreactive cells, double
immunofluorescence was applied using the cell-type-specific markers, including
vimentin for Sertoli cells. First, the sections, prepared as described previously,
were incubated with rabbit anti-flotillin-1 (1:200 dilution) overnight at 4°C,
followed by fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit IgG
(Sigma), diluted 1:50 for 1h at RT. The slides were then incubated with
mouse anti-vimentin (1:200 dilution) overnight at 4°C, followed by

tetramethyl rhodamine isothiocyanate (TRITC)-labeled goat anti-mouse IgG
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(Sigma), diluted 1:50 for 1h at RT.

The lipofuscin autofluorescence was reduced or eliminated using the
following procedures: washing the sections three times for 1 h each wash in
PBS at room temperature, briefly dipping them in distilled H,O, treating them
with 10 mM CuSO4 in ammonium acetate buffer (50 mM CH3;COONH,, pH
5.0) for 20 min, briefly dipping them again in distilled H,O, and then
returning them to PBS. The double immunofluorescence-labeled specimens
were examined using an FV500 laser confocal microscope (Olympus, Tokyo,

Japan).
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1.4. Results

Flotillin-1 protein levels in testis during postnatal development

In order to determine if the amount of flotillin-1 had changed
developmentally in the testes, the level of flotillin-1 in the testes was
analyzed semiquantitatively by Western blotting.

Flotillin-1 was strongly detected in the testis at days 7 (density value,
0.98 £ 0.01 OD/mm2; n = 3 rats) and 14 (0.93 + 0.04; n = 3 rats) after
birth. The level then decreased significantly at postnatal days 21 (0.59 £ 0.04;
n = 3 rats; p < 0.05 vs. postnatal day 7 and 14) and 40 (0.56 = 0.07; n = 3
rats; p < 0.05 vs. postnatal day 7 and 14). The level of flotillin-1 was
lowest in the mature testes (at day 60 after birth; 0.41 = 0.05; n = 3 rats; p

< 0.05 vs. postnatal day 7, 14, 21, and 40). This is illustrated in Fig. 1.

Localization of flotillin 1 in rat testis
Immunohistochemistry of immature rat testis

At postnatal days 7-40, flotillin-1 immunoreactivity was observed
mainly in the Sertoli cells but there was some labeling of the spermatogenic
and Leydig cells in the testes, as seen in Fig. 2.

At postnatal day 7 (Fig. 2A) and 14 (Fig. 2B), the seminiferous
tubule consisted mainly of Sertoli cells and gonocytes. Flotillin-1
immunoreactivity was detected mainly in the membranes of Sertoli cells but
not in the gonocytes. At postnatal day 21 (Fig. 2C), the spermatocytes
accumulated in the lumen. Flotillin-1 immunoreactivity was detected mainly in
the membrane of the Sertoli cells but not in the spermatocytes. At postnatal

day 40 (Fig. 2D), the diameter of the tubule continued to increase and
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elongated spermatids appeared. Flotillin-1 immunoreactivity was detected

mainly in the cytoplasmic processes of Sertoli cells.

Immunohistochemistry of adult rat testis

In the seminiferous tubule of the adult rat testis (at postnatal day 60),
flotillin-1 labelling was observed in the Sertoli cells, peritubular myoid cells,
and elongating spermatids, as seen in Fig. 3. In the Sertoli cells, flotillin-1
was differentially localized in the seminiferous tubules according to the
different stages of the spermatogenic cycle of the seminiferous epithelium.

At stage II/IIT of the cycle (Fig. 3A), flotillin-1 immunoreactivity was
detected in the adluminal compartment of the Sertoli cells, in which
localization was near the head of the elongate spermatids.

At stage V/VI of the cycle (Fig. 3B), the elongated spermatids had
moved to the basal area of the seminiferous tubule. Flotillin-1 immunolabeling
was prominent in the perinuclear and supranuclear region of Sertoli cells.

At stage VII of the cycle (Fig. 3C), elongate spermatids were moved
to the lumen. Flotillin-1 immunoreactivity was located in the basal area of the
Sertoli cells.

At stage VIII of the cycle (Fig. 3D), the pattern of flotillin-1
localization matched that of stage VII of the cycle, in which the Sertoli cells
were immunopositive. Furthermore, flotillin-1 immunoreactivity was observed
in the residual bodies.

At stage X of the cycle (Fig. 3E), flotillin-1 immunoreactivity was
detected in the apical region of Sertoli cells, in which localization was close
to the head of the elongating spermatids. Furthermore, the elongating

spermatids were weakly immunopositive for flotillin-1.
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A large number of meiotic spermatocytes were detected in the tubule
at stage XIV of the cycle (Fig. 3F). The flotillin-1 immunoreaction was
detected in the adluminal compartment of Sertoli cells, in which localization
was near to the head of the elongate spermatids.

In summary, there was a high level of flotillin-1-immunoreactivity in
Sertoli cells in stages IX-III, and a low level in stages IV-VIIL

The vessels and Leydig cells were also immunopositive for flotillin-1

in the interstitial tissue among the tubules (Fig. 3).

Double immunofluorescence labeling of flotillin-1 and vimentin in testis

Double labeling was performed to observe the co-localization between
flotillin-1 and vimentin, illustrated in Fig. 4A-I.

The immunoflurescent localization of flotillin-1 in the testis during
development showed was similar to that observed using single
immunoperoxidase labeling (Fig. 4A, D, and G). Vimentin immunoreactivity
was detected mainly in the perinuclear, supranuclear and apical regions of the
Sertoli cells at postnatal days 7 (Fig. 4B), 21 (Fig. 4E), and 60 (Fig. 4H), as
described in a previous report [21]. Some of the flotillin-1 immunoreactivity
was colocalized in the vimentin-positive-Sertoli cells at postnatal days 7 (Fig.

4C), 21 (Fig. 4F), and 60 (Fig. 41).
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L.5. Discussion

This study examined the immunolocalisation of flotillin-1 in the testis
during postnatal development, as well as during the various stages of the
spermatogenic cycle. Flotillin-1 was localized mainly in the Sertoli and
peritubular myoid cells with lesser quantities being observed in the
spermatogenic cells in the adult rat testis. The immunohistochemical findings
of the adult testis are largely consistent with the previous report of Evans et
al. [3]. However, flotillin-1 immunolocalisation in the testis during postnatal
development and in the various stages of the spermatogenic cycle has not
previously been reported.

Postnatal development in the rat testis requires signaling pathways that
can regulate the precise balance between cell survival, proliferation and
differentiation [20]. In the early phase of testicular development, there are a
greater number of Sertoli cells in the rat testis [18]. In addition, flotillin-1
participates in the cell proliferation associated with the prostate overexpressed
protein 1 [14]. The immunoblot analysis presented here revealed high levels
of flotillin-1 at postnatal day 7 and this was maintained until postnatal day
14, after which the level decreased. In this phase, flotillin-1 immunoreactivity
was observed mainly in the Sertoli cells. This suggests that flotillin-1
immunoreactivity mirrors the proliferation of Sertoli cells. Therefore,
flotillin-1 may play a role in testicular maturation, possibly in the proliferation
of Sertoli cells.

The cytoplasmic components of Sertoli cells during the spermatogenic
cycles appear to furnish some insights into the functional roles of Sertoli cells

in  spermatogenesis [16]. The present study revealed that flotillin-1

_25_



immunoreactivity varies in the cytoplasm of Sertoli cells during the various
stages of the spermatogenic cycles. There is consensus that flotillin-1 is
associated with the formation lipid droplets [12]. In the Sertoli cells of the
adult testis, it was reported that the formation of lipid droplets is associated
with the phagocytosis of residual bodies and apoptotic germ cells [17]. The
lipid droplets accumulate markedly after spermiation, decrease after stage XIV
of spermatogenesis, and remain at low levels in stages IV-VIII [16].
Interestingly, the accumulation of lipid drops in Sertoli cells during the
spermatogenic  cycle correlated with the flotillin-1  immunoreactivity.
Furthermore, a previous study reported that flotillin-1 is closely related to the
formation lysosomes in Sertoli cells [6]. This suggests that flotillin-1 is a
lipid droplet protein that is actively involved in the formation and activation
of phagolysosomes, resulting in the clearance of residual bodies and apoptotic
germ cells in Sertoli cells during spermatogenesis.

In conclusion, these results suggest that the lipid raft protein flotillin-1
is involved in the proliferation process of Sertoli cells after birth, as well as
in the formation of lipid droplets in the Sertoli cells under spermatogenesis in

mature rats.
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L.7. Figures
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Figure 1. Western blots labeled for flotillin-1 and beta-actin: flotillin-1 levels
decreased progressively with the postnatal age in the testis of rats. The
arrowheads indicate the positions of flotillin-1 (approximately 45 kDa) and
beta-actin (45 kDa).

Bar graph: densitometric data analysis (mean + S.E., n = 3 rats/group). The
relative levels of flotillin-1 were calculated after normalization to the
beta-actin bands from three different samples. *, p < 0.05 vs. postnatal day 7

and 14; #, p < 0.05 vs. postnatal day 21 and 40.
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Figure 2. Immunolocalisation of flotillin-1 in the rat testis at postnatal days 7
(A), 14 (B), 21 (C), and 40 (D). At postnatal days 7 (A) and 14 (B), in the
cytoplasm of the Sertoli cells that fill the Iumen completely, flotillin-1
immunoreactivity was mainly detected in the membrane of the Sertoli cells
(asterisks), but not in gonocytes (arrows). At postnatal day 21 (C), flotillin-1
immunoreactivity was clearly observed in the membrane of the Sertoli cells
that surrounded the differentiating spermatogenic cells (arrows), but not in the
spermatocytes  (arrowhead). At  postnatal day 40 (D), flotillin-1
immunoreactivity was observed in the supranuclear region of Sertoli cells

(arrows). Counterstained with hematoxylin. Scale bars = 30 pm.
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Figure. 3. Immunolabeling of flotilin-1 in the seminiferous tubules of the adult

rat testis. A: a tubule at stage II/IIl of the cycle of the seminiferous tubule.
Flotillin-1 was immunolocalised in the adluminal compartment of Sertoli cells

(arrows). Some vessels (dotted arrow) and Leydig cells (arrowhead) also
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labeled positively for flotillin-1. B: a tubule at stages V/VI of the cycle of
the seminiferous tubule. Flotillin-1 was immunolocalised in the perinuclear and
supranuclear regions of Sertoli cells (arrows). C: a tubule at stage VII of the
cycle of the seminiferous tubule. Flotillin-1 was immunolocalised in the basal
area of Sertoli cells. D: a stage VIII tubule, flotillin-1 immunolabeling was
observed in the basal compartment of Sertoli cells (arrows), residual bodies
(arrowheads), and peritubular myoid cells (dotted arrow). E: a stage of X
tubule, flotillin-1 immunoreactivity was detected in the apical region of Sertoli
cells (arrows) and elongating spermatids (arrowheads). F: a stage of the XIV
tubule, flotillin-1 was immunolocalised in the adluminal compartment of

Sertoli cells (arrows). Counterstained with hematoxylin. Scale bars = 30 pum.
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Figure. 4. Immunoflourescent co-localization of flotillin-1 (A, D, G) with
vimentin (B, E, H) in the testis at postnatal days 7 (A-C), 21 (D-F), and 60
(G-I). The arrows indicate flotillin-1 immunoreactivity in the vimentin-positive
Sertoli cells. C, F, and I are merged images. Scale bars: in A-F, 20 um; in

G-I, 40 pm.
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CHAPTER II

Immunohistochemical Study of
Flotillin-1 in the Rat Testis during

Ischemia/Reperfusion Injury
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II.1. Abstract

To investigate the involvement of flotillin-1 in acute experimental testicular
torsion, we examined the expression and cellular localization of flotillin-1 and
cathepsin D in the rat testis with ischemia/reperfusion (I/R) injury. Western
blot analysis showed that the expression of flotillin-1 increased significantly 6
h after I/R and that the level remained elevated for 48 h.
Immunohistochemically, flotillin-1 was constitutively localized in some Sertoli
cells, peritubular myoid cells, and interstitial cells in the normal testis. After
I/R injury, Sertoli cells in the damaged tubules were intensely immunostained
for flotillin-1 at 24 and 48 h after I/R. Flotillin-1 was also detected in some
inflammatory cells in the interstitial space around damaged tubules.
Furthermore, flotillin-1 was colocalized with cathepsin D, a lysosomal marker,
in normal testis (mainly in Sertoli cells), and the colocalization was greater in
Sertoli cells and macrophages in I/R injured testes. Therefore, we postulate
that flotillin-1 immunoreactivity is increased in some Sertoli and inflammatory
cells (especially in EDI-positive activated macrophages) in testicular torsion
and that flotillin-1 in the injured testis associates with lysosomes in Sertoli
cells and macrophages, activating subsequent signals in inflammatory

macrophages and Sertoli cells after I/R.

Keywords: Cathepsin D; Flotillin-1; Macrophage; Sertoli cell; Testis; Testicular

torsion
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I1.2. Introduction

Flotillins are enriched in the detergent-insoluble, glycolipid-enriched
membrane domains [1] that are involved in signal transduction, vesicular
trafficking, and protein tyrosine nitration in cells [3]. There are two isoforms
of flotillin, flotillin-1 and flotillin-2 [1]. Flotillin-1, a structural protein in lipid
rafts, is found in cells that express caveolin as well as in those that lack
caveolin [1]. At a certain stage of activation, flotillin-1 is segregated from the
lipid raft and is involved in the stimulation of intracellular signal pathways. In
addition, flotillin-1 is often found in lysosomes, suggesting that it is directly
or indirectly associated with the formation of cathepsin D (a lysosomal
marker)-positive phagolysosomes [9, 13].

The cathepsins constitute a group of proteases in the
endosomal/lysosomal proteolytic system [18]. Cathepsins often leak into the
cytoplasm following the endocytosis of oxidizable substrates that destabilize
lysosomal membranes through lipid peroxidation [18]. Cathepsin D is a major
component of lysosomes [21]. Recently, it was reported that both flotillin-1
and cathepsin D are distributed in various testicular cell types [2, 6]. Little is
known about the expression of lipid raft proteins, including flotillin-1, in
testicular torsion.

Testicular torsion has been implicated in testicular injury and
infertility. The main pathology of testicular torsion is ischemia and reperfusion
(I/R) injury of the testis [7]. I/R injury causes the infiltration of inflammatory
cells into the interstitial space surrounding damaged tubules during the delayed
phase after reperfusion. This suggests that, during the peak and delayed

phases of reperfusion, increased numbers of hematogenous macrophages
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stimulate the generation of nitric oxide (NO) and oxidative stress, which
results in induced germ cell death [14, 15, 17]. Therefore, the inflammatory
response contributes to testicular I/R injury and is a potential cause of
infertility.

A recent study reported that many lipid raft structural proteins are
present in testis cells [6], and their expression might change during the
inflammatory process. Furthermore, in some neurological disorders, flotillin-1 is
abundant within the phagosomes of phagocytes, which suggests that flotillin-1
is involved in the phagocytic process [9, 13]. However, little is known of the
functional role and temporal profile of flotillin-1 in testicular inflammation.

This study examined the expression and localization of flotillin-1 in
acute experimental testicular torsion to investigate the role of flotillin-1 in

testicular inflammation with I/R injury.
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I1.3. Materials and methods

Surgical procedure

Sprague—Dawley rats were purchased from Daehan Biolink (Chungbuk,
Korea) and were bred in our animal facility. Twenty 8- to 9-week-old male
rats were used in the experiments. Male adult rats (250-300 g) were
anesthetized with chloral hydrate (Fluka, Buchs, Switzerland; 375 mg/kg body
weight, intraperitoneal injection). All surgical procedures were performed as
described previously [14, 16]. The left scrotum was incised, and the left
spermatic cord was rotated 720° clockwise to minimize individual variation in
blood flow. After 1.5 h, the torsion (i.e., ischemia) was relieved (i.e.,
reperfusion), and the testis was returned to the scrotum. Testes were collected
at 6, 24, and 48 h after reperfusion. The testes were removed immediately
after death, and then fixed routinely in 10% buffered formalin for paraffin
embedding or stored at —70 °C for Ilater biochemical analysis. All
experiments were conducted in accordance with the National Research

Council's Guide for the Care and Use of Laboratory Animals.

Antibodies

Rabbit polyclonal anti-flotillin-1 (clone H104) and goat anti-cathepsin
D (IgG, clone R-20, catalog no. sc-6487), which is a lysosomal marker
(Girardot et al., 2003), were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Mouse monoclonal anti-beta-actin was obtained from Sigma
(St. Louis, MO, USA). EDI (mouse monoclonal anti-rat macrophages) was
obtained from Serotec (London, UK). EDI recognizes a lysosomal

membrane-related antigen on both monocytes and macrophages [4].
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Westem blot analysis

Western blot analysis was performed according to a previously
described protocol [13]. In brief, testis tissue was homogenized in
immunoprecipitation buffer [20 nM HEPES (pH 7.2), 1% Triton X-100, 1%
deoxycholate, 0.1% SDS, 150 mM NaCl, 10 um/ml leupeptin, 10 pm/ml
aprotinin, 1 mM phenylmethylsulfonylfluoride] with 20 strokes in a
homogenizer. The homogenate was transferred into microtubes and centrifuged
at 14,000 rpm for 20 min, after which the supernatant was harvested.

For the immunoblot assay, supernatant samples containing 20 pg of
protein each were loaded into individual lanes of 10% SDS-polyacrylamide
gels, electrophoresed, and immunoblotted onto nitrocellulose membranes
(Schleicher and Schuell, Keene, NH, USA). The residual binding sites on the
membrane were blocked by incubation with 5% non-fat milk in Tris-buffered
saline (TBS; 10 mM TrissHCl, pH 7.4, and 150 mM NaCl) for 1 h.
Subsequently, the membrane was incubated for 2 h with rabbit polyclonal
anti-flotillin-1 antibody (1:3000 dilution). The membranes were washed three
times in TBS containing 0.1% Tween 20 before being incubated with
horseradish peroxidase-conjugated anti-mouse IgG (Vector, Burlingame, CA,
USA) for 1 h. Immunoreactive bands were developed wusing a
chemiluminescent substrate (WEST-one™ kit; iNtRON Biotech, Kyungki,
Korea).

After imaging, the membranes were stripped and reprobed using
anti-beta-actin antibody (Sigma). The optical density (per mm2) of each band
was measured with a scanning laser densitometer (GS-700, Bio-Rad, Hercules,

CA, USA), and these values are presented as means = SEM. The ratios of
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the density of each flotillin band relative to that of the beta-actin band were
compared using Molecular Analyst software (Bio-Rad).

The data were analyzed using one-way analysis of variance (ANOVA)
followed by the Student-Newman—Keuls post hoc test for multiple

comparisons. In all cases, p < 0.05 was considered statistically significant.

Immunohistochemistry

Immunohistochemical and double immunofluorescence labeling were
performed as described elsewhere [13]. In brief, 5-um sections of
paraffin-embedded testis were deparaffinized, treated with citrate buffer (0.01
M, pH 6.0) in a microwave for 3 min, and then treated with 0.3% hydrogen
peroxide in methyl alcohol for 20 min, to block endogenous peroxidase
activity. After three washes with PBS, the sections were incubated with 10%
normal goat serum or rabbit serum and then incubated for 1 h at room
temperature with primary antibodies consisting of either rabbit anti-flotillin-1
or goat anti-cathepsin D antibodies. The immunoreactions were visualized
using avidin-biotin peroxidase complexes (Vector Elite ABC kit; Vector,
Burlingame, CA, USA), and the peroxidase reaction was developed using a

diaminobenzidine substrate kit (Vector).

Double immunofluorescence

To examine the cell phenotype of flotillin-1 expression, double
immunofluorescence was applied using cell type-specific markers, including
ED1 for rat macrophages. First, paraffin sections were reacted sequentially
with primary rabbit anti-flotillin-1, secondary biotinylated anti-rabbit IgG

(Vector, Burlingame, CA, USA), and tetramethyl rhodamine isothiocyanate
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(TRITC)-labeled streptavidin (Zymed, San Francisco, CA, USA). Then, the
slides were incubated with second primary reagents, including EDI1, and this
was followed with fluorescein isothiocyanate (FITC)-labeled goat anti-mouse
IgG (1:50 dilution; Sigma).

To observe the colocalization of cathepsin D with EDI1 or
anti-flotillin-1 in testis lesions, sections immunostained with one of the
primary reagents, e.g., EDI or rabbit anti-flotillin-1, were reacted with
biotinylated anti-mouse IgG or anti-rabbit IgG (Vector, Burlingame, CA),
followed by TRITC-labeled streptavidin (Zymed, San Francisco, CA, USA),
and then with the second primary antisera (anti-cathepsin D, %800 dilution),
followed by FITC-labeled rabbit anti-goat IgG (Sigma).

To reduce or eliminate lipofuscin autofluorescence, the sections were
washed in PBS (three times for 1 h) at room temperature, dipped briefly in
distilled H,O, treated with 10 mM CuSOs in ammonium acetate buffer (50
mM CH3;COONH4, pH 5.0) for 20 min, dipped briefly in distilled H20 again,
and then returned to PBS. The double immunofluorescence-stained specimens
were examined with an FV500 laser confocal microscope (Olympus, Tokyo,

Japan).
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I1.4. Results

Flotillin-1 protein is significantly increased in testicular torsion

Western blot analysis was used to examine flotillin-1 expression in the
testis with testicular torsion (I/R). Flotillin-1 was expressed constitutively in
the testes from normal control rats, but its expression was increased
significantly in the testes with testicular torsion (Fig. 1). As seen in Fig. 1,
flotillin-1 expression was significantly increased at 6 h (0.27 + 0.02 [mean +
SEM], n = 3, p < 0.05) and was further enhanced at 24 (0.35 £ 0.02, n =
3) and 48 h (0.33 £ 0.05, n = 3) after testis I/R, compared with the normal
control (0.11 + 0.01, n = 3).

Increased flotillin-1 immunoreactivity is localized in Sertoli and spermatogenic
cells and macrophages in the testis after I/R

In the normal rat testis, weak flotillin-1 immunoreactivity was found
in some Sertoli cells, spermatogonia, peritubular myoid cells, and interstitial
cells in the testis (Fig. 2A). In the Sertoli cells, flotillin-1 was mainly located
in the cytoplasm.

At 24 h after testis I/R, when a significant increase of flotillin-1 was
seen in the Western blot analysis, some Sertoli and spermatogenic cells in the
damaged seminiferous tubules showed increased flotillin-1 expression compared
with the normal controls. Some multinucleated germ cells were detected and
were positive for flotillin-1 (Fig. 2B, inset). Furthermore, flotillin-1 was
immunostained in the EDI-positive monocyte-like macrophages in the
interstitial space surrounding the damaged seminiferous tubules (Fig. 2C-E).

The immunoreactivity of flotillin-1 in testis I/R at 48 h was similar to that at
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24 h after I/R (data not shown).

Cathepsin D immunoreactivity is increased in the testis after /R

In normal control rat testis, immunoreactivity for cathepsin D was
found in some Sertoli cells, spermatogonia, and interstitial cells (Fig. 3A). At
24 h after testis I/R, cathepsin D immunoreactivity was increased in some
Sertoli and spermatogenic cells in the damaged seminiferous tubules compared

with the normal control (Fig. 3B).

Flotillin-1 expression is colocalized with cathepsin D in the normal testis and
testicular /R

To examine the relationship between flotillin-1 and cathepsin D,
double labeling was performed (Fig. 4A—F). In the normal control, cathepsin
D was colocalized in flotillin-1-positive cells, including Sertoli cells,
spermatogonium, and interstitial cells (Fig. 4A-C). At 24 h after testis I/R
injury, cathepsin D immunoreactivity was colocalized in both flotillin-1-positive
cells (Fig. 4D-F) and EDIl-positive macrophages (Fig. 4G-I). This indicates
that flotillin-1 is closely associated with cathepsin D in Sertoli cells and

macrophages in testicular torsion.
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I1.5. Discussion

This study demonstrated that the expression of flotillin-1 protein was
increased significantly in rat testis after I/R. In addition, flotillin-1
immunoreactivity was localized in various testicular cell types in normal
controls, whereas flotillin-1 reactivity increased in Sertoli and spermatogenic
cells and in monocyte-like macrophages after I/R. These results suggest that
flotillin-1 responds to the progression of testicular I/R.

Flotillin-1 is associated with lipid rafts, which are important sites for
signal transduction and vesicular trafficking [1]. Flotillins have been included
in an expanding list of proteins that are colocalized at caveolae, including
protein kinase C alpha, Ras, Rap Src-like kinase, and
glycosylphosphatidylinositol-linked receptors [10, 20]. In pathological lesions of
other organs, flotillin-1 may promote the trafficking of various molecules and
subsequently activate signal transduction [9, 13]. In addition, it has been
suggested that their interaction has a role in the vesicular transport of
materials between Sertoli and spermatogenic cells [6]. In the present study,
after I/R, flotillin-1 expression increased strongly in the membranes of
spermatogenic cells (particularly spermatogonia and primary spermatocytes) and
Sertoli cells (Fig. 4), suggesting that there is cross-talk between Sertoli and
spermatogenic cells, which activates subsequent signals in both spermatogenic
and Sertoli cells.

There is a general agreement that flotillin-1 is associated with the
formation of phagosomes in macrophage cell lines [3, 8, 19]. Several authors
have described phagosomes in Sertoli cells as well as in macrophages [11,

12]. Here, flotilin-1 was colocalized with cathepsin D, a lysosomal marker,
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indicating that flotillin-1 accumulates in lysosomes in macrophages and Sertoli
cells in the testis after I/R. This suggests that flotillin-1, a lipid raft protein,
is either actively or passively involved in the formation or activation of
phagolysosomes, resulting in the clearance of cellular debris in macrophages
and Sertoli cells in the process of testicular I/R injury.

In conclusion, this study suggests that the lipid raft protein flotillin-1
is involved in the degenerative process after testicular torsion, possibly via the
activation of signal transduction enzymes and the formation of
phagolysosomes. The precise role of flotillin-1 after testicular injury remains

to be elucidated.
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Figure 1. Western blot analysis of flotillin-1 in the testis at various times
after ischemia/reperfusion (normal control, and 6, 24, and 48 h). (A)
Representative photographs of Western blots with arrowheads indicating the
expression of flotillin-1 (48 kDa) and beta-actin (45 kDa). (B)
Semiquantitative analysis of flotillin-1 immunoreactivity in the testes
normalized to the intensity of beta-actin expression in the same immunoblot.
The flotillin-1 immunoreactivity is detected at low levels in the testes of
normal controls and is significantly increased at 6, 24, and 48 h after

reperfusion. The data (mean + SEM) are from three experiments. *, p < 0.05

vs. normal control.
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Figure 2. Increased flotillin-1 immunoreactivity is localized in Sertoli and

spermatogenic cells and macrophages in testis after I/R. In the normal rat
testis, weak flotillin-1 expression is detected in some spermatogonia (A,
arrow), Sertoli cells (A, arrowhead), and interstitial cells (A, asterisk). At 24
h after relieving the torsion, flotillin-1 immunoreactivity is increased in
spermatogonia (B, arrow), Sertoli (B, arrowheads) and interstitial (B, asterisk)
cells. Furthermore, some flotillin-1-positive multinucleated germ cells are
observed in the rat testis 24 h after reperfusion (B, inset). In the interstitial
space around damaged tubules, flotillin-1 (C, red, arrows) expression is
detected in some EDI-positive macrophages (D, green, arrows). The sections
in A and B were immunoperoxidase-stained for flotillin-1 and counterstained
with hematoxylin. Scale bars: in A-B, 50 um; in C-E, 20 pm; in inset, 25 1

m.
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Figure 3. Cathepsin D immunoreactivity is increased in the testis after I/R. In
normal control rat testis, cathepsin D immunoreactivity was found in some
Sertoli cells (A, arrow), spermatogonia, and interstitial cells (A, arrowhead).
At 24 h after testis I/R, cathepsin D immunoreactivity is increased in some
Sertoli (arrowheads), spermatogenic (arrows), and interstitial (asterisk) cells in

the damaged tubules. Counterstained with hematoxylin. Scale bars = 50 um.
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Cathepsin D Flotillin-1 Normal

Flotillin-1

Figure 4. Immunofluorescence colocalization of cathepsin D (A, D, G) with
flotillin-1 (B, E) and ED1 (H) in the testis of normal control rats (A—C) and
rats at 24 h after relieving the torsion (D-I). In the normal controls, some
cathepsin D-immunoreactivity (A, green, arrowhead) 1is colocalized in
flotillin-1-positive Sertoli cells (B, red, arrowhead) in seminiferous tubules (C,
merge, arrowhead) and some interstitial cells (A—C, arrow). At 24 h after
relieving the torsion, many cathepsin D-positive Sertoli cells (D, green,

arrowheads) are positive for flotllin-1 (E, red, arrowheads) in damaged tubules
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(F, merge, arrowheads) and interstitial cells (D-F, arrow). In addition,
cathepsin D (G, green, arrows) expression is detected in some EDI-positive
macrophages (H, red, arrows) in the rat testis at 24 h after reperfusion (I,

merge, arrows). Scale bars = 20 um.
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