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ABSTRACT
DIBYENDU DUTTA
EXPRESSION OF PERFORIN AND GRANZYME VARIANTS IN ADULT RAT
TESTES AFTER ETHYLENE DIMETHANE SULFONATE (EDS)-INDUCED
TESTOSTERONE DEPLETION

AUGUST 2011

Testosterone is essential for regulation of spermatogenesis and testosterone
withdrawal results in germ cell apoptosis. However, the¢ mechanism for germ cell
apoptosis is unknown. In testes, mature Leydig cells produce testosterone. Using ethane
dimethane sulfonate (EDS), a Leydig cell-spelciﬁc toxicant, to deplete testosterone, Qe
investigated the relationship between granzyme and perforin, and germ cell apoptosis.
To confirm effects of testosterone depletion, EDS-treated rats were compared with
testosterone-replaced and testosterone-supplemented rats. At 5 and 7 days post-EDS
treatment, rats were euthanized for tissue collection. Leydig cell loss was confirmed by
the significant reduction in mRNA for Lhr (90%) and Ins/3 (99%), and testosterone
depletion was conﬁrméd by the undetectable level of testosterone in serum and testes of
EDS-treated rats. Due to ablation of testosterone, there was testicular weight loss (18%)
along with a significant increase in germ cell apoptosis (135 cells/mm” of testicular cross-
section). However, no difference in testicular weight or numbers of apoptotic germ cells
was observed in testosterone-replaced and testosterone-supplemented rats. Hence,

although EDS eliminated Leydig cells, testosterone replacement maintained testicular

\Y



weight and germ cell viability. In addition to increased germ cell apoptosis, the mRNA
levels for grankyme K (GzmK) and perforin (Prf) were also significantly higher (2- and
2.5-fold, respectively) in EDS-treated rats compared to controls. After testosterone
replacement, the levels of GzmK and Prf mRNAs were restored. The mRNA levels for
Cd4 and C'd8 were also significantly elevated (2- and 5-fold, respectively) following EDS
treatment, whereas testosterone replacement partially reversed it. Therefore, it was
hypothesized that testosterone depletion resulted in disruption of the blood-testis barrier
allowing CD4" and CD8" T cells to migrate inside the seminiferous tubule. With
recruitment of CD8" T cells inside the seminiferous tubule, GzmK and Prf were released
to induce germ cell apoptosis. However, CD8" T cells were detected in the interstitium,
whereas GZMK and PRF were detected insidé the seminiferous tubule. This indicatéd
that GZMK and PRF expression in testes may not be associated with CD8" T cells.
Moreover, detection of GZMK and PRF proximal to residual bodies indicated their

possible role in germ cell release during spermiation.
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CHAPTER 1
INTRODUCTION

Environmental exposure-induced male infertility is a matter of great concern in
the developed world. The Third National Report from the Centers for Disease Control
and Prevention (CDC) mentioned that humans are constantly exposed to hundreds of
environmental chemicals, of which many are known as endocrine disrupting chemicals
(Diamanti-Kandarakis ef al. 2009). Chemicals such as phthalates and polychlorinated
biphenyls that are used in making personal care products (perfumes and cosmetics) and
lubricants for electrical insulators induce male. infertility (Diamanti-Kandarakis ef al. -
2009). Infertility in men is due to a reduction in semen quality, sperm quantity,
urogenital tract abnormalities and testicular germ cell cancer. All four of these
conditions, either by themselves or collectively, constitute testicular dysgenesis syndrome
(Skakkebaek et al. 2001). Constant exposure to endocrine disrupting chemicals results in
androgen deficiency and impaired germ cell development (Boisen et al. 2001) resulting
in testicular dysgenesis syndrome. Therefore, to find possible treatments for male
infertility, it is important to understand the roles of androgens in testes and germ cell
production and development.

Testes are the part of the male reproductive system t:rom which sperm and ‘
androgen (testosterone) are secreted (Setchell & Breed 2006). The testicular capsule is

composed of three distinct layers. The outermost layer is called the tunica vaginalis; the



middle layer is called tunica albuginea; and, the third and innermost layer is called tunica
vasculosa (Steinberger & Steinberger 1975). Inside each testis, highly coiled tubules
called seminiferous tubules form convoluted structures that empty their contents into the
epididymis via the rete testis and the efferent ducts (Setchell & Breed 2006). Sperm are
produced inside seminiferous tubules by the process called spermatogenesis.

Inside the seminiferous tubules, spermatogenesis begins from the primordial germ
cells that give rise to the testicular germ cells, also called gonocytes, in the basal
epithelium layer of the seminiferous tubules (Steinberger & Steinberger 1975).
Gonocytes give rise to spermatogonia, which divide by mitosis and differentiate to
become type A-spermatogonia (Fig. 1). Type A-spermatogonia proliferate to become
type B-spermatogonia, which, in turn, differeﬂtiate to become more specia'lized meiotic
cells called spermatocytes. Spermatocytes undergo meiotic divisions and give rise to
haploid round spermatids, which later undergo morphological differentiation into
elongated spermatids and then spermatozoa (de Rooij 2001). There are approximately
350,000 stem cells in the rat testis and, from each stem cell, approximately 17,000 sperm
are made (de Rooij 2001). During this division and differentiation process, germ cells
constantly move from the basal layer towards the lumen via the adluminal compartment
of the seminiferous tubule. The migration, division and differentiation of germ cells
during spermatogenesis require strict regulatory activities of different cells present inside

and outside the seminiferous tubules.
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Figure 1: The process of spermatogenesis. Testicular stem cells undergo mitosis to

become type A-spermatogonia or self-renew to maintain the stem cell population. Type
A-spermatogonia undergo 8 — 12 mitotic divisions to increase the number of potential
sperm. Each type B-spermatogonia divides and subsequently differentiates to become
meiotic spermatocytes. Spermatocytes undergo meiosis to become haploid, round
spermatids. Through morphological differentiation, round spermatids metamorphose to
elongated spermatids which eventually become sperm. Thig morphological ‘
differentiation process is called spermiogenesis [modified from (de Rooij 2001)]. Diploid

(2n), Haploid (n).



Regulation of spermatogenesis occurs in three concentric circles — intrinsic,
interactive and extrinsic (Eddy 2002). Intrinsic regulation is managed by an
evolutionarily conserved genetic program that determines specific and unique sequential
events of spermatogenesis. Extrinsic regulation of spermatogenesis is governed by
secretions from the anterior pituitary (luteinizing hormone and follicle stimulating
hormone) and from Leydig cells (testosterone). Sertoli cells act as the interactive
regulator of spermatogenesis by modulating the endocrine signals via androgen receptors.

Sertoli cells are irregularly shaped, columnar cells that extend from the basal to
the adluminal compartment of the seminiferous tubule and occupy a volume of
approximately 17 to 19% of the total seminiferous epithelium of adult rats (Griswold
1998). During puberty, immature Sertoli cellsl'permanently cease all divisional activities
and become mature Sertoli cells (Griswold 1998). The number of mature Sertoli cells
remains constant in mammalian species at approximately 16 X 10° cells/gram of testis
(Mori & Christensen 1980). Sertoli cells express androgen receptors and secrete various
proteins and luminal fluid to modulate spermatogenesis (Mruk & Cheng 2004). The
Sertoli cell occupies a large area inside the seminiferous tubule and the plasma membrane
of each Sertoli cell remains in direct surface contact with about 50 developing germ cells
at a time (Russell 1993). Such direct surface contact helps Sertoli cells to form barriers
for maintaining a secluded, immune-privileged environment for the developing germ
cells. The junctional barrier between adjacent Sertoli cells constitutes the blood-testis
barrier (BTB) and the junction between a Sertoli cell and a germ cell is called the

ectoplasmic specialization (Mruk & Cheng 2004). Inside the seminiferous epithelium,
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germ cells are embedded in the surface area of Sertoli cells and are held in their location
by the blood-testis barrier. The Sertoli cell to germ cell ratio in every species is fixed
(Sharpe 1994). Just before the onset of puberty, the density of spermatogenic stem cells
in the testis is achieved through an early and massive apoptosis in the seminiferous tubule
(Eddy 2002). Apoptosis is also observed after the attainment of puberty. During normal
spermatogenesis, mistimed cell division and improper differentiation may lead to
defective sperm formation. Defective germ cells are eliminated from the testis by
apoptosis (Sharpe 1994) and apoptotic germ cells are phagocytosed by Sertoli cells
(Mruk & Cheng 2004).

Although apoptosis is essential in maintaining a viable germ cell population in the
testes, abnormally high apoptosis of germ cells;'may lead to male infertility. Testosterone
depletion, physiological abnormalities, toxic insults and chemotherapy can increase germ
cell apoptosis and, therefore, induce sterility (Nandi e al. 1999, Woolveridge et al. 1999,
Woolveridge et al. 2001, Show et al. 2004, O'Shaughnessy er al. 2008, Show et al. 2008).
In this study, we are particularly interested in understanding how depletion of
testosterone induces germ cell apoptosis in adult rats.

Testosterone is produced by Leydig cells that are located in the interstitium of the
testis and occupy approximately 2.7% of the total testicular volume (Mori & Christensen
1980). In rats, approximately 22 million Leydig cells are presenf per gram of testis (Mori
& Christensen 1980) and each Leydig cell is estimated to produce approximately 0.4 pg
of testosterone per déy. Therefore, in an adult rat, approximately 6.1 ng of testosterone is

produced per gram of testis in one minute (Free & Tillson 1973). The enzymes involved
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in the biosynthesis of testosterone are predominantly located in the smooth endoplasmic
reticulum of the Leydig cells and follow the A* pathway of steroidogeneis (Stocco &
McPhaul 2006).

Testosterone production and the functioning of Sertoli and Leydig cells are
dependent on the hypothalamus and pituitary gland secretions. Gonadotropin releasing
hormone (GnRH) from the hypothalamus stimulates the anterior pituitary to secrete
luteinizing hormone (LH) and follicle stimulating hormone (FSH) (Sharpe 1994). Leydig
cells synthesize testosterone under the influence of LH by increasing cholesterol
desmolase activity (Stocco & McPhaul 2006); FSH upregulates receptors for LH on
Leydig cells to facilitate testosterone synthesis (Stocco & McPhaul 2006). Follicle
stimulating hormone also acts on Sertoli cells fo control the opening and closing of thé
blood-testis barrier and leads to synthesis of various hormones and peptides, such as
activin and inhibin (Griffin 2004). Activin acts as a positive feedback regulator for FSH
secretion, and inhibin negatively regulates FSH production from the anterior pituitary
(Griffin 2004) (Fig. 2). Inside the seminiferous tubule, FSH supports development of
spermatogonia and entry of spermtocytes into meiosis (O'Donnell ez al. 2006). Follicle
stimulating hormone, in cooperation with testosterone, helps in survival of
spermatocytes, production of round spermatids and release of sperm (spermiation)

(O'Donnell et al. 2006).
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Testosterone produced by Leydig cells is not stored but is secreted into the
interstitial fluid (Sharpe 1994). Therefore, the transport of testosterone to its receptor is
governed by the testicular blood flow. The veins in the testis run parallel to the arteries
but in the opposite direction and drain arterial contents in the interstitium (Setchell &
Breed 2006). Capillaries inside the testis are confined to the intersitium and are not
perforated (Setchell & Breed 2006). These capillaries form networks that run parallel to
the seminiferous tubules and around the tubules (Setchell & Breed 2006). Blood flow is
comparatively lower in the testis compared to other organs. In rats, testicular blood flow
is approximately 30 ml/100 gm/min (Setchell & Breed 2006). Along with blood vessels,
I'1 to 15 lymphatic vessels are also present in the testicular interstitium and then contents
are emptied into the epididymis via efferent duéts (Setchell & Breed 2006). Secreted |
testosterone is transported to the germ cells and into seminiferous tubular fluid via Sertoli
cells (Sharpe 1994). From the interstitium, testosterone enters into the lymphatic spaces
and capillaries of the interstitium (Setchell & Breed 2006). Through these capillaries,
testosterone is transported into the testicular vein (Setchell & Breed 2006), where the
testosterone concentration is approximately equal to that of the seminiferous tubular fluid
(50 — 100 ng/ml) (Sharpe 1994). As the testicular venous blood with high testosterone
starts to leave the testis, testosterone is exchanged back into the arterial blood through the
countercurrent exchange mechanism (Sircar 2008) (Fig. 3). Thisv countercurrent
testosterone exchange mechanism is believed to be responsible for maintaining

approximately a 40-fold higher testosterone concentration in the testis compared to the

circulating blood (Sharpe 1994).
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Figure 3: Countercurrent exchange of testosterone in the testis. Testosterone made
in the testis goes into venous blood that is destined to be taken inside the body cavity.
While blood moves upwards, testosterone is exchanged from the venous blood to the
arterial blood that goes inside the testis. Thus, a high concentration of testosterone is

always maintained inside the testis compared to other body parts or circulating blood

[modified from (Sircar 2008)].



Although maintenance of testosterone concentration in the testis is essential for
spermatogenesis, the minimum necessary concentration is unknown (O'Donnell ef al.
1994, Sharpe 1994, Henriksen et al. 1995, Griswold 1998, Woolveridge er al. 1999,
Griftin 2004, Kerr ef al. 2006, O'Donnell et al. 2006, Stocco & McPhaul 2006, McCabe
et al. 2010). Although a relatively lower than normal testosterone level can maintain
spermatogenesis, the quantity of sperm production is estimated to decline by 20%
(Sharpe 1994, O'Donnell et al. 2006). However, it is generally accepted that an
undetectable level of testosterone increases germ cell loss, mainly by apoptosis, which
can then lead to sterility (O'Donnell et al. 1994, Sharpe 1994, Henriksen et al. 1995,
Griswold 1998, Woolveridge et al. 1999, Griffin 2004, Kerr et al. 2006, O'Donnell et al.
2006, Stocco & McPhaul 2006, McCabe ef al. 2010).

Apoptosis involves an orchestrated series of biochemical events leading to
characteristic cell morphological changes and ordered cell death. To eliminate the
defective cells from various physiological systems and reduce the chances of local
inflammation, the apoptotic process is executed in such a way that the cellular fragments
and damaging proteins can be safely disposed (Schwartzman & Cidlowski 1993). The
earliest morphological changes observed during apoptosis include the loss of cell
junctions and other specialized plasma membrane structures followed by condensation of
cytoplasm, coalition of nuclear chromatin into large masses, and fragmentation of the
nucleus. Consequently, the cytoplasmic volume decreases markedly with the apparent
loss of intracellular fluid and ions (Schwartzman & Cidlowski 1993). Loss of

intracellular fluid is the result of the dilation of the endoplasmic reticulum that forms
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vesicles, which fuse with the plasma membrane to empty their contents outside the cell
membrane (Schwartzman & Cidlowski 1993). The cell then transiently adopts a deeply
convoluted outline and eventually breaks up into several membrane-bound, smooth-
surfaced apoptotic bodies containing a variety of intact cytoplasmic organelles and some
nuclear fragments. Apoptotic bodies are typically phagocytosed, mainly by the nearby
mononuclear phagocytes, and sometimes by normal epithelial cells, vascular
endothelium, or tumor cells (Schwartzman & Cidlowski 1993). In the testis, such
phagocytosis activity is also observed in Sertoli cells (Mruk & Cheng 2004).

The process of apoptosis is controlled by a diversé range of cellular signals which
may be either extracellular (extrinsic inducers) or intracellular (intrinsic inducers).
Extracellular signals may include hormones, grewth factors and cytokines, and the
intracellular apoptotic signaling response may occur as a result of various stressors such
as viral infections (Schwartzman & Cidlowski 1993). Intrinsic pathway-induced
apoptosis is mainly due to cellular stress signals like DNA damage. The extrinsic
pathway is commonly observed during growth and development of an organism or tissue
where unwanted cells are eliminated by apoptosis (Schwartzman & Cidlowski 1993).
During the intrinsic pathway, the B-cell lymphoma-2 (Bcl-2) family of genes, such as
Bad, Bok, Bel-W, Bel-X1 and Bel-2 are involved (Sasi ef al. 2009); the extrinsic pathway
involves mainly the tumor necrosis factor (Tnf) family of genes, euch as Fas, FasL and
Tnfa (Wallach et al. 2008). The extrinsic pathway can also be initiated through cytotoxic
CD8" T lymphocytes (CTLs)ﬁ through secreted cytotoxic granules. These cytotoxic

granules contain proteolytic enzymes, such as perforin (PRF), that create pores on the
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membrane of the target cells, and granzymes (GZM), that enter through those pores to
induce apoptosis (Andersen ef al. 2006). Both extrinsic and intrinsic pathways may
merge to activate effector caspases for execution of apoptosis (Marsden & Strasser 2003).
Induction of apoptosis may also take place by interaction between different pathways.
For example, TNF members are sometimes required to activate CTLs for release of PRF
and GZM into the target cells (Andersen ez al. 2006), and GZMs can activate the pro-
apoptotic BCL-2 member, BID, thereby inducing the intrinsic pathway for apoptosis
(Froelich et al. 2004). Among the regulators of intrinsic and extrinsic pathways, the role
of GZM and PRF in testes remains elusive and is of particular interest.

Granzymes and perforin are expressed inside activated CTLs, which are activated
when they come in contact with an antigen-clasé [ major histocompatibility complex |
(MHC) on the surface of a target cell (Goldsby er al. 2000). Upon activation, CTLs, they
proliferate and differentiate into effector cells called cytotoxic T lymphocytes (CTLs).
These CTLs express CD8 glycoprotein on their cell membrane (Goldsby er al. 2000) and
thus are called CD8" T cells. These CD8" T cells contain two types of storage granules,
PRF and GZM. Perforin is a 65 kDa pore-forming protease, and granzymes are serine
proteases (Goldsby et al. 2000). Upon receptor mediated interaction with the target cell,
CD8' T cells concentrate storage granules and conjugate with the target cell through
ligand-receptor interaction (Chavez-Galan ef al. 2009). After conjugation, the storage
granules reorient themselves and release their contents through exocytosis into the
junctional space of thé two cells. Perforin monomers released from the granules

polymerize in the presence of Ca’" and form cylindrical pores on the cell membrane of
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the target cell. Through these pores, granzymes enter into the target cell and induce
apoptosis (Chavez-Galan ef al. 2009). However, granzymes are proteases and cannot
induce fragmentation of DNA, which is an absolute necessity for cells to undergo
apoptosis. Instead, granzymes activate effector caspases by protelytically cleaving pro-
caspaeses, which can subsequently induce DNA fragmentation and lead the cell toward
apoptosis (Goldsby et al. 2000).

Numerous macrophages, dendritic cells, mast cells, natural killer cells and
lymphocytes reside in the testicular interstitium (Hedger & Hales 2006). The lymphocyte
population in the rat testis is assumed to be approximately 10 to 20% of the total
leukocyte population in the rat testis (Wang er al. 1994). Although CTLs proliferate
significantly in the rat testis after testosterone dépletion (Wang er al. 1994), they were not
reported to migrate through the BTB into the seminiferous tubule. However, GZMB
(Hirst ef al. 2001) and GZMN (Takano et al. 2004) are expressed inside the seminiferous
tubules of human and mice testes. The BTB is not a rigid impermeable barrier and it
remains in a constant state of flux to allow developing germ cel.ls to move towards the
lumen of the seminiferous tubule during development of germ cells (Hedger 2002). In
fact, the BTB is completely broken down periodically in seasonal breeders (Pelletier
1986). Moreover, functionality and intactness of the BTB is testosterone-dependent
(Russell 1993, O'Donnell e al. 1996, Mruk & Cheng 2004, McCébe et al. 2010).
Therefore, it is hypothesized that CTLs can potentially enter into the seminiferous tubule
(Dym & Romrell 1975) and may induce inflammation and apoptosis of germ cells

following testosterone depletion. In fact, many inflammatory and immune regulatory
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cytokines [interlukin-1 (IL-1), interlukin-6 (IL-6), tumor necrosis factor-a (TNF-a) and
transforming growth factor-p (TGF-B)] that may facilitate proliferation of CTLs, are
expressed in Sertoli cells under the influence of FSH (Hedger & Hales 2006). In
spermatozoa, class I and class Il MHCs are also expressed, presumably to protect sperm
from immune cells and infections in the reproductive tract (Hedger & Hales 2006).
However, very little is known about the relationship between CTLs and testosterone in
testes.

In the current study, the localization of CTLs and the expression and co-
localization of granzymes and perforin in the rat testis following testosterone withdrawal
is investigated. Testosterone is depleted by selective elimination of adult Leydig cells
from rat testes using ethylene dimethane sulfon;ite (EDS). Ethane dimethane sulfonate is
a non-volatile methanesulfonic di-ester of ethylene glycol (Jackson & Jackson 1984). .
Like other glycol di-esters [CH3SO,O(CH;),0SO,CHj3] that are used in chemotherapy
(busulfan), EDS also possesses mild alkylating properties and is cytotoxic
(O'Shaughnessy et al. 2008). However, unlike busulfan, EDS has low toxicity on
primary cells of bone marrow and germ cells, but, in rats, causes depletion of testosterone
by selectively killing the adult Leydig cells (Taylor ez al. 1998). A single dose of EDS
(75 mg/kg of body weight) in rats initiates temporary loss of Leydig cells and completely
eliminates them by 24 hours (Henriksen e al. 1995). The elimination of the Leydig cells
is a temporary event because, after 21 days of treatment, Leydig cells start to reappear
through differentiation of mesenchymal cells and completely re-populate the interstitium

of the testis by 60 days post-EDS treatment (Ariyaratne ef al. 2003). Although the
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Leydig cells are eliminated from testes within 24 hours post-EDS treatment, the effect of
testosterone-withdrawal cannot be seen on germ cells until after 3 days due to the
presence of local residual testosterone (Henriksen ez al. 1995). After 3 days of EDS
treatment, however, when testosterone has been cleared from the testes, germ cell
apoptosis begins. By the 7 day, the rate of germ cell apoptosis becomes high and, by
the 14" day, the seminiferous tubules are almost completely devoid of germ cells
(Henriksen ef al. 1995). This results in the progressive reduction of testicular weight and
size, mainly due to the loss of different germ cell populations (Ariyaratne et al. 2003).
By day 21, the concentration of testosterone in the testis starts to elevate, peaks after 28
days, and attains the normal (control) concentration level around 60 days post-EDS
treatment. At this point, normal spermatogenesi‘s is fully restored (Ariyaratne et al.
2003). Hence, this is a good model to study gene expression in the testis and determine
testosterone-dependent or responsive genes. With this model we investigated the
expression patterns of granzyme variants and perforin in rat testes.

Although different GZM variants are present in testes (Takano et al. 2004), their
relative abundance, testosterone-responsiveness and localization are unknown.
Moreover, presence of PRF, the protein that help GZM to enter into target cells was
never reported in testes. In rats, there are seven known Gzm variants — GzmA, GzmB,
GzmC, GzmF, GzmK, GzmM and GzmN (Grossman et al. 2003). It is hypothesized that
loss of testosterone would result in increased expression of Prfand at least one, if not all,
Gzm variants in EDS-freated rat testes. It is also hypothesized that exogenous

testosterone replacement after EDS treatment would restore (maybe partially) the normal
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expression levels of Prfand Gzm in rat testes. Since Gzm and Prf are expressed in CTLs
(Andersen et al. 2006), abundance of granzyme and perforin containing cells (CD8" T
cells) is expected to follow a pattern similar to that of Gzm and Prf. Moreover, since
testosterone depletion results in germ cell apoptosis (Nandi e al. 1999, Taylor et al.
1999, Woolveridge et al. 1999, Woolveridge ef al. 2001), it is expected that CTLs could
mediate germ cell apoptosis through GZM and PRF by migrating inside the seminiferous
tubule. Hence, in the testosterone-depleted rat testis, CD8" T cells along with GZM and
PRF are expected to be localized inside the seminiferous tubule. However, CD8" T cells
may not migrate at all inside the seminiferous tubule and Gzm and Prf may not show any
difference after testosterone depletion. Since GZMs are known to have non-apoptotic
roles in some systems (Buzza & Bird 2006), it i‘s possible that, in the testis, they may |
regulate some non-apoptotic proteolytic function such as remodeling of BTB and other
extracellular matrices during germ cell development.
Therefore, the specific aims for this project are to determine: (1) whether Prfand
;zm expression are associated with germ cell apoptosis in rat testes following EDS-

induced testosterone depletion; and, (2) whether Prfand Gzm expressions are regulated

by testosterone in rat testes.
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CHAPTER 11

MATERIALS AND METHODS

Drugs

Ethylene dimethane sulfonate (EDS) is not commercially available. Hence, EDS
was synthesized in our laboratory using a previously described method (Jackson &
Jackson 1984) and was dissolved in 25% dimethylsulfoxide (DMSO). Testosterone
propionate (TP) (Sigma) was dissolved in sesame seed oil (SSO) (20 mg/ml).
Animals

Adult male Sprague-Dawley rats weighing approximately 250 — 300 gm and 90
days of age were purchased from Charles River Laboratories and acclimated to the
University vivarium for at least 10 days with water and food provided ad libitum. Rats
were treated for 5 and 7 days before tissue collection. Sixty rats were randomly assigned
to ten treatment groups with an n = 6/group, five groups for each tissue collection time
point. The groups were: [1] No treatment (NT); [2] Vehicle (VEH) (DMSO + SSO); [3]
Testosterone-supplemented (TES); [4] EDS: and [5] EDS + TES (testosterone-replaced).
Treatment |

Ethylene dimethane sulfonate was injected intraperitopeally (ip) as a single dése
of 75 mg/kg of body weight to the EDS and EDS + TES groups. For testosterone

supplementation and replacement, TP at 10 mg/kg of body weight was injected
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subcutaneously (sc) into TES and EDS + TES groups. On day 0, rats in every group
(except NT) received either DMSO or EDS and either SSO or TP (Table 1). For
maintenance of testosterone in the circulation in groups TES and EDS + TES, rats in
these groups received TP on the initial day of treatment (day 0) and then on 2", 4™ and
6" day. Rats were sacrificed on the 5" day (for 5 day study) and on the 7" day (for 7 day
study). All protocols for animal care and usage were followed in accordance with the
NIH guidelines and were approved by Texas Woman’s University’s Institutional Animal
Care and Use Committee (IACUC) (Protocol # 2007-05).

Table 1: Treatment regimen for 5 day and 7 day post-EDS treatment study

DMSO! EDS?

SSO’ | DMSO & SSO (VEH) EDS & SSO (EDS)

P! DMSO & TP (TES) EDS & TP (EDS + TES)

Hormone Measurements

Trunk blood collected after decapitation of the rats was allowed to coagulate for
30 min on ice followed by centrifugation at 8300 x g for 10 min at 4 °C to collect serum
for measurement of circulating testosterone concentrations. For measurement of

intratesticular testosterone (ITT), approximately 200 mg of testes after decapsulation

' Dimethylsulfoxide
? Ethylene dimethane sulfonate
? Sesame seed oil

! Testosterone Propionate
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(removal of tunica albuginea) were homogenized in 5 ml of 20 mM NaC,H;0; (sodium
acetate), pH 5.0, for one minute. A pH of 5.0 releases testosterone from androgen
binding proteins and allows more accurate measurement of total testosterone in samples
(O'Donnell et al. 1994). Homogenates were centrifuged at 8000 x g for 10 min at 4 °C
and supernatants were collected for measurement of ITT. Serum testosterone and ITT
were both measured with a radioimmunoassay (RIA) kit having a detection limit of 0.05
ng/ml (Testosterone RIA DSL— 4100, Webster, TX). Radioimmunoassay is a
competitive inhibition binding assay where a constant amount of anti-testosterone
antibody (known) is coated in the tube provided in the kit. A small amount of
radiolabeled testosterone (1125) plus increasing amounts of unlabelled reference standard
or sample are added to the tubes. After 1 hr of iﬁcubation, the antibody-bound (labeled &
unlabelled) testosterone is separated from the free or unbound testosterone. Because a
fixed amount of antibody and labeled testosterone is present in each assay tube, the
amount of labeled testosterone bound to antibody (the measured radioactivity by
Beckman’s Gamma 5500) depends on the concentration of unlabeled testosterone in
either the standard or samples. The higher the concentration of unlabeled testosterone, the
more labeled testosterone is displaced from the antibody and thus lower radioactivity is
bound to the fixed amount of antibody in the tube. A standard curve is generated by
plotting the ratio of the amount of labeled testosterone bound in the presence of the .
standard to the amount bound in the absence of any unlabeled testosterone as a function
of amount of standard; Quantification of the amount of testosterone present in the serum

and testicular samples is done by interpolation of the standard curve.
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RNA Extraction

Total RNA was extracted using TRIzol (Invitrogen) according to the
manufacturer’s protocol. For extraction of total RNA, approximately 200 mg of testis
from each rat was homogenized in 2.0 ml TRIzol with an Ultra-Turrax homogenizer for 1
min by a small generator probe at 2300 rotations/min in a 15 ml polypropylene tube.
The homogenate was incubated for 15 min in a 30 °C water bath. Following incubation
at 30 °C, 0.20 ml of chloroform/ml of TRIzol was added to the homogenates and
vortexed vigorously. The chloroform containing homogenate was incubated at room
temperature for 15 min followed by centrifugation at 9000 x g for 15 min at 4 °C.
Centrifugation resulted in the separation of the homogenate into two distinct phases, a
clear (aqueous) phase on top of a red layer (org:;inic phase). The aqueous phase
(containing RNA) was transferred to a new tube and an equal volume of 100%
isopropanol was added. The tubes were vortexed and incubated at =20 °C for 30 min to
facilitate the precipitation of total RNA. The organic phase was discarded in chemical
waste. Tubes were centrifuged at 9000 x g for 20 min at 4 °C to collect total RNA and
the alcohol supernate was decanted leaving a white pellet at the bottom of each tube.
One milliliter of 75% ethanol for each milliliter of TRIzol was added to the RNA pellets
and vortexed thoroughly to wash any phenol residue from the RNA pellets. The RNAs
were centrifuged again at 9000 x g for 20 min at 4 °C. The supernate of ethanol was.
decanted and the pellets air dried for 20 min at room temperature. The RNA pellets were

dissolved in 500 pl Tris-EDTA (1.0 mM Tris and 0.10 mM EDTA) and stored at — 20 °C

for further analysis.
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Quantification of Total RNA

The extracted total RNAs were diluted 100-fold in Tris-EDTA and subjected to
spectrophotometrical analysis to assess purity and intactness. The purity was assessed by
the Aasonm/A2sonm ratio with ratios of 1.8 — 2.1 considered to be free of any protein
contamination. The extinction coefficient of 25 Aseonm/mg of RNA was used to
determine total RNA concentration in each extract. From each extract, 3.0 ug of RNA
was subjected to 1.5% agarose gel electrophoresis in Tris-Acetate-EDTA (TAE) buffer
and stained for an hour with 0.5 pg/ml of ethidium bromide. The quality and intactness
of RNA was analyzed from the gel by calculating the ratio of 28S/18S bands with the
help of Alpha Innotech’s FluorChem HD2 gel imaging software. Ratio of 1.2 — 1.5 was
considered to be of sufficient purity for further z;‘malysis.

Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Representative samples of total RNAs (2.0 pg) from each testis were used to
make complementary DNA (cDNA) using the Invitrogen SuperScript 11" First-Strand
Synthesis kit for reverse transcription in a thermal cycler (PTC-100 from MJ Research).
To synthesize cDNA, 2.0 pg of total RNA was mixed with 1.0 ul of 50 uM oligo (dT),g
(to target the polyA tail of mRNAs) and 1.0 ul of dNTP set containing 20 mM of each
dNTP. The reaction mix was heated to 65 °C for 5 min to denature the secondary
structures of the RNA. To that RNA mix, 10.0 ul‘of c¢DNA synthesis mix [2.0 ul of 10X
RT buffer, 1.6 ul of 25 mM MgCl,, 2.0 uL of 0.10 M DTT, 1.0 pul of RNaseOUT (40
U/ul), and 1.0 ul of SuperScript I11" Reverse Transcriptase (200 U/ul) + 2.40 ul of

deionized H,O] were added and incubated for 50 min at 48 °C to synthesize cDNA. The
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cDNA synthesis reaction was terminated by denaturing the reverse transcriptase at 85 °C
for 5 min. From the resultant RNA/DNA hybrid, RNA was digested with 1.0 pl of
RNase H at 37 °C for 40 min. From the resultant 21.0 pl of final reaction volume of
cDNA, an aliquot was diluted 25-fold with 25 ug/ml acetylated-BSA (Invitrogen) for
quantitative real-time PCR (qPCR).
Primer Design and Function

Since DNA polymerase requires an open 3' —OH group for strand extension,
primers are required to initiate DNA synthesis. The selected genes for this study were
targeted by designing gene-specific primers of 20 to 27 nucleotides for both forward (+)
and reverse (—) strands of the DNA encoding those genes. To keep the cycle time short
and to obtain better completion of the dsSDNA frlagments, the primers were designed to
produce short dsDNA products with 3' specific primer sets. Each primer had a Ty, of 64 —
66 °C and 40 — 60% GC content. The product lengths of the amplified cDNAs were kept
to approximately 210 to 300 bp to have comparable cycle numbers for the products. The
primer sets for the targeted region of the genes were picked from two different exons to
ensure that the amplified cDNAs were only from the original cDNAs and not from any
genomic DNA that might be present as a contaminant from the RNA extraction process.
If the genomic DNA is amplified, the product léngths will be longer (product comprised
of lengths of exons and introns) than the fragments obtained from the amplification of
¢cDNAs. All primers were designed using Invitrogen’s Vector NTI" Advance 11

software. Primer sequences of the genes for this study are listed in Table 2.
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Table 2: Primer sequences of genes of interest

Gene

GenBank®
Accession
Number

Primer Sequences

Product
Length

Lhr

NM 012978

Fwd:
TGCGGTGCAGCTGGCTTCTTTACTG

Rev:
ATGGGGAGGCAGATGCTGACCTTC

237 bp

Inls3

NM_ 053680

Fwd:
TGCAGTGGCTGGAGCAACGACATC

Rev:
TTCATTGGCACAGCTGTNAGGTGGG

265 bp

Prf

NM 017330

Fwd: ATTCATGCCAGTGTGTGTGCCAGG
Rev:
AGCCATTGTCAGCATCCCAGACCTG

295 bp

GzmA

NM 153468

Fwd:
GAAATCTGAGGTCATTCTTGGGGCTCA
Rev:
TGGTTCCTGGTTTCACATCATCCCC

215 bp

GzmB

NM 138517

Fwd:
AGTGATCAACCCTGTCCTTGGCAGATG
Rev:
CAAAGAGCACACCAGTGACTTGGGTC

235 bp

GzmK

NM 017119

Fwd: AAGCTTCGCACGGCTGCAGAACTG
Rev: GCGATCCCCTGCACAGATCATGTC

250 bp

GzmN

NM 001191116

Fwd:
CGCAAAGACCACGTAAATCCAGGG

Rev: :
CGAGTCACCCTTGGAAGGAGCCTC

222 bp

Cd4

NM_012705

Fwd: AGTTCCAGCTGTCCGAAACGCTCC

Rev:
AAGTTCCAGCTGTCCGAAACGCTCC

237 bp

Cd8

NM 031539

Fwd:
GCCTGAACTGCTGCAAGTCCTGTG

Rev: .
GACGCCAAAAAGCCAGTCATGCTG

231 bp

Gapdh

NM_017008

Fwd: : .
TGAACGGGAAGCTCACTGGCATGG
Rev: CAATGCCAGCCCCAGCATCAAAG

234 bp
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Quantitative Real-time Polymerase Chain Reaction (QPCR)

Quantitative real-time PCR (qPCR) was conducted using Roche’s FastStart
SYBR Green Master Mix kit in Opticon Monitor 3 real-time PCR system (Bio-Rad) for
quantification of mRNA abundance. A 25.0 pl reaction mixture was made by adding
13.0 pl of the Roche’s FastStart SYBR Green Master Mix, 1.5 pl of 10 uM forward
primer, 1.5 pl of 10 uM reverse primer, 6.0 pl of the diluted cDNA (1:25) sample from
the RT reaction and 3.0 ul of deionized H,O. Thermal cycling was set at 95 °C for 10
min for the activation of the Taq polymerase. Then 40 cycles of template denaturation at
94 °C for 30 sec, primer annealing at 60 °C for 25 sec, extension for 25 sec at 72 °C and
fluorescence reading at 78 °C were performed. After 40 cycles, the temperature was
ramped slowly to obtain the melting curve of thé amplified dsDNA product to establish
the quality and accuracy of the dsSDNA synthesis. The qPCR products were also assessed
by agarose gel (1.5%) electrophoresis. For each gene, one band is expected in each lane
of their respective product sizes. Reactions with no template were run concurrently as
negative controls and glyceraldehyde 3-phosphate dehydrogenase (Gapgh) was used as
the housekeeping gene. The difference in quantity of the mRNAs expressed were

performed by the 278C0 method (Kubista er al. 2006) (Fig. 4).
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Figure 4: Calculation of relative abundance of mRNA by quantitative real-time
PCR. At a specific threshold, which is set above the background of fluorescence and on
the exponential region of the amplification curve, the C, values are selected for each
gene. The C ) value of the gene to be analyzed is subtracted from the C, value of the
housekeeping gene (Gapdh) for the control sample, which gives ACy, for control.
Similarly, C value of the gene to be analyzed is subtracted from the C) value of the
housekeeping gene (Gapdh) for the treatment sample, which gives ACy) for treatment.
The control ACy value is subtracted from the treatment ACy, which gives AAC for the
gene being analyzed. Since, cDNA is single-stranded, and with PCR they are being
amplified to double-stranded, the difference in number of copies of mRNA is det;:rm@ned

by (2)-AA('(I).
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Preparation of the Fixative

For preparation of modified Davidson’s fixative (mDF), 30 ml of 37% formalin
(11% formaldehyde), 15 ml of absolute ethanol (15%) and 5 ml glacial acetic acid (0.9
M) were added to 50 ml of deionized water and mixed (Tornusciolo ef al. 1995, Stahelin
et al. 1998, Lanning ef al. 2002, Latendresse et al. 2002, Garrity et al. 2003). Modified
Davidson’s fixative (mDF) had a pH of 3.40. Since methylene hydrate, the reactive form
of formaldehyde in water is slow to form at lower pH (Kiernan. 1990), mDF was
prepared several days in advance of usage.
Preparation of Slides

Sectioned testicular tissues are difficult to maintain on glass slides for extendedA
procedures and proteinase K digestions; therefo‘re, slides were routinely cleaned and
coated (subbed) (Shuttlesworth &Mills 1995). Glass slides (Fisher) were cleaned by .
soaking in a solution of 0.2 N HCI and 95% ethanol for 20 minutes, followed by rinsing
with tap water and distilled water, sequentially. Slides were air dried after cleaning. To
prepare the chromate-collagen mixture for subbing, 0.5 gm of bovine gelatin (EM
Science, Gibbstown, NJ, USA) was dissolved in 80 ml of warmed deionized water. To
that solution, 0.50 ml of Hipure liquid gelatin (cod fish skin, Norland Products, North
Brunswick, NJ, USA) was added. After cooling, 20 ml of deionized water containing
0.10 gm of dissolved chrome alum or chromium potassium disulfate dodecahydrate .
[(CrK(SO4),'12H,0] (EM Science) was added to the gelatin mixture (Shuttlesworth
&Mills. 1995). Slides were subbed with the chromate-gelatin only on the frosted side

with a cotton swab. Subbed slides were air dried overnight at room temperature and
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stored in slide boxes at refrigerated temperatures until use. Subbed slides in boxes were
set at room temperature before use to prevent moisture accumulation between the
sections and subbed surface of the slides.
Fixation and Paraffin Wax Embedding

After dissection, intact testes were immersed into mDF with tissue to fixative ratio
of 1:10 (weight:volume) and were refrigerated. Prior to fixation, testes were pierced
superficially at 5 — 6 locations on both ends with a 23—gauge needle to facilitate fixative
permeation (Latendresse et al. 2002). After immersion for 2 to 3 hr, testes were trimmed
into 3 to 5 mm pieces and fixation was continued for 24 hr in the refrigerator (4 °C).
After fixation, testes were dehydrated in the refrigerator with ascending concentrations -of
70%, 90% and 100% ethanol for 2 hr each. At ;'oom temperature, testes wefe cleared by
immersion in a 50:50 mix of xylene-ethanol for 2 hr followed by two changes of xylene
for 2 hr each. For paraffin embedding, testes were first transferred to a mix of 50:50
molten paraffin wax-xylene and incubated at 60 °C for 1 hr followed by three changes of
pure molten paraffin wax for 1 hr each at 60 °C. Each piece of testis was transferred to
warmed stainless steel tissue molds for paraffin wax embedding. From each tissue block,
7 um thick sections were cut with a rotator microtome and the ribbons floated in a 37 °C
water bath to permit section spreading. The sections were collected onto the subbed
slides and allowed to dry and attach to the subbed slides by warming the slides at. 40 °C

for 15 — 20 min on a slide warmer. The slides were refrigeratéd in a slide box until use.
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Hematoxylin and Eosin (H&E) Staining

For H&E staining, the sections were first dewaxed with xylene followed by
rehydration in descending concentration of ethanol (100%, 90% and 70%) for 15 min
each at room temperature. Rehydrated sections were stained with Modified Mayer’s
hematoxylin (American MasterTech) (diluted 1:1 with distilled water) for 3 min at room
temperature. Sections were counterstained with eosin (0.10% Eosin Y; 0.50% glacial
acetic acid v/v dissolved in 1.0 L of 70% ethanol) for 3 min at room temperature. After
dehydration of stained sections in increasing concentrations of ethanol (70%, 90% and
100%) for 3 min each followed by 5 min in xylene, sections were covered with Permount
and mounted with cover-slips.
Terminal Deoxynucleotidyl Transferase dU'l;P Nick End-labeling (TUNEL) Assay

The TUNEL assay was performed using the ApopTag" Plus Peroxidase In Situ -
Apoptosis Kit (Millipore) following the manufacturer’s instructions with minor
modifications. The sections were dewaxed in xylene and rehydrated in descending
concentration of ethanol (100%, 90% and 70%) for 15 min each at room temperature.
Following rehydration, sections were washed in PBS for 5 min. Sections were then
treated with proteinase K (3.0 pg/ml) (Amresco) for 3 min at room temperature to digest
the proteins around the cells and nuclei for bettér accessibility of t_he 3'-OH ends of the
fragmented DNA in the apoptotic nuclei. The concentration of proteinase K was kept
very low (3.0 pg/ml) compared to the manufacturer’s recommendation (20 pg/ml) and
the duration of tissue éection incubation in proteinase K was also reduced from the

recommended duration of 15 min to 3 min. It has been reported that higher concentration
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of proteinase K (> 5.0 pg/ml) and longer duration of incubation of tissue sections
increase non-specific TUNEL staining, destruction of tissue architecture, and loss of
some antigenic sites (Tornusciolo ef al. 1995, Stahelin ef al. 1998, Garrity et al. 2003).
Following proteinase K digestion, endogenous peroxidase was quenched from the
sections by treating the sections with 3% H>O; for 10 min at room temperature. The
sections were stained for broken DNA fragments by TUNEL assay. For TUNEL assay,
free 3' -OH DNA termini generated due to random fragmentation during apoptosis were
enzymatically labeled with digoxigenin-conjugated and unconjugated nucleotides to the
fragmented DNA by terminal deoxynucleotidyl transferase (TdT). The reaction was
carried out in a 37 °C humidified chamber for 1 hr. Addition of nucleotide triphosphates
(NTPs) to the 3' —OH ends of double-stranded or single-stranded DNA by TdT isa
template-independent process. The incorporated nucleotides form an oligomer composed
of digoxigenin-conjugated nucleotide and unlabeled nucleotide randomly. The TdT
enzyme reaction was terminated after 1 hr by treating the sections with the Stop buffer
provided in the kit. Digoxigenin nucleotide-labeled DNA fragments were allowed to
bind peroxidase-conjugated anti-digoxigenin antibody by incubation in a humidified
chamber for 30 min at room temperature. The apoptotic cells in sections with bound
peroxidase-conjugated antibody generated a permanent, intense, localized brown
perceptible stain after treatment with the peroxidaée chromogenic substrate 3,3'- -
diaminobenzidine (DAB). Counterstaining of the nornﬁal nuélei was performed with
Immunomaster’s Hematoxylin (American MasterTech) (diluted to 1:10 with distilled

water) by incubating the sections at room temperature for 10 min. As negative controls,
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sections containing no recombinant terminal deoxynucleotidyl transferase (TdT) enzyme
were processed in parallel.
Image Capture and Cell Counting

All images were captured using the Nikon’s eclipse 901 digital microscope at a
voltage of 9.2 and exposure time of 4 mSec. Areas of seminiferous tubules were
measured with Nikon’s NIS-Elements Basic Research version 3.1 software’s annotation
and measurement tool. Cell counting was performed with the same software’s object
count tool. For counting of TUNEL-positive cells, in each field, at least one TUNEL
positive cell was selected to specify the intensity of the objects to be counted with the 6
point circle tool of the software. The 6 point circle tool picks the threshold of the color
intensity of the selected TUNEL-positive nucle;is from the circle radius defined by 6
pixels. The threshold limits were from 30 — 40 (lower limit) and 120 — 140 (upper limit).
The binary image was cleaned by performing 6 iterations to remove any non-specific
object(s) and the binary image contours were smoothened by performing 16 iterations.

Adobe photoshop 7.0 was used to adjust the brightness and contrast of the images for
visual presentation.

Immunohistochemistry (IHC)

For IHC, sections were deparaffinized, fehydrated and boi‘led in 1.0 L of 1.0 mM
EDTA (pH 7.5) for 15 min in an 800 Watt microwave for antigen retrieval (McCabe et
al. 2010). To block non-specific antigenic sites, sections were preincubated in 10%
normal donkey serum Oackson Immunoresearch) in PBS for 1 hr in a 37 °C humidified

chamber. Primary antibodies [goat anti-GZMK (sc-49021; Santa Cruz Biotechnology),
30



rabbit anti-CD8b (sc-9147; Santa Cruz Biotechnology), goat anti-CD4 (sc-1140; Santa
Cruz Biotechnology), mouse anti-PRF (sc-136994; Santa Cruz Biotechnology)], diluted
50-fold with 10% normal donkey serum in PBS were applied to the sections and
incubated in a humidified chamber at room temperature (23 °C) for 18 hr. Isotope
matched non-specific mouse immunoglobulin 1 (IgG1) or 10% normal donkey serum
was used instead of primary antibody for negative controls. Detection of primary
antibodies was with either donkey anti-rabbit DyLight 649 (711-495-152; Jackson
Immunoresearch), donkey anti-goat DyLight 594 (705-515-147; Jackson
Immunoresearch), donkey anti-goat DyLight 649 (705-496-147; Jackson
Immunoresearch) or donkey anti-mouse DyLight 594 (715-515-150; Jackson
Immunoresearch) dilution of 1:500 with 10% nérmal donkey serum in PBS.. Sections
were mounted in Vectashield mounting medium with 4',6-diamidino-2-phenylindole -
(DAPI) (Vector Laboratories) and photographs were captured with Nikon’s Eclipse Ti
confocal microscope.

Statistical Analysis

Data for mRNA levels for genes from all treatment groups were normalized to the
untreated (NT) group and were compared by 3-way analysis of variance (ANOVA) with
SPSS version 15 software. Comparisons were between EDS treatment (EDS),
testosterone supplementation (TES) and testosterdne replacement (EDS + TES), and-
effect of days (5 and 7). Comparison between untreated (NTj and vehicle (VEH) groups
were performed by Stﬁdent’s t-test. To compare concentrations of serum testosterone, 2-

way ANOVA, and to compare ITT concentrations, 1-way ANOVA was performed. Post-
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hoc comparisons were performed with Newman-Keuls test and p-value < 0.05 was
considered significant (Zar 1999). All data are reported as mean + standard error of mean

(SEM), and graphs were generated by DeltaGraph version 5 software.
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CHAPTER III
RESULTS
The present study was designed to investigate the role of testosterone on germ
cell viability and pathways that lead to germ cell apoptosis following testosterone
withdrawal. Histological evaluation and gross morphology may be good to evaluate the
effects of testosterone depletion; however, techniques for gene expression analysis,
radioimmunoassay and immunohistochemistry for localization of proteins are essential to
decipher the effects of testosterone ablation in testes. Therefore, using the above
mentioned techniques in this study, the following aims were examined: whether perforin
(PRF) and granzymes (GZM) are associated with germ cell apoptosis in rat testes
following EDS-induced testosterone depletion and whether mRNAs for Prfand Gzm ére
regulated by testosterone in testes.

Testicular Weight

Although gross morphological appearance of testes was not different between
EDS-treated rats after 5 days or 7 days and controls (Fig. 5), there was a significant
reduction in total testes weight among both 5 day and 7 day EDS-treated rats compared to
the controls. The average loss of testes weight was 13% and 18% after 5 dayé and 7
days, respectively. Since, in the adult rat testis, Leydig cells constitute only 2.7% of ‘the‘

total testicular volume (Mori & Christensen 1980), loss of 13% and 18% weight can be
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due to the loss of germ cells as well. In rats receiving testosterone (TES) replacement

after EDS treatment, the testes weights remained at the control levels (Fig. 6).

Figure 5:  Gross morphological appearance of rat testes after 7 days of treatment. (A)

Untreated (NT); (B) EDS-treated.
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Testosterone Concentrations in Serum and Testes

Since EDS is known to eliminate mature Leydig cells, the source of testosterone
production, the effect of EDS treatment was evaluated by measuring testosterone
concentrations in serum and testes. Serum testosterone in EDS-treated rats after 5 and 7
days was below the detection limit of the assay (Fig. 7). Testosterone levels in
testosterone-supplemented (TES) and testosterone-replaced (EDS + TES) rats in both 5
and 7 days were considerably higher than the untreated (NT) and vehicle (VEH)-treated
rats because in those rats testosterone propionate (TP) was injected on alternate days.
Intratesticular testosterone (ITT) levels were checked for 7 day rats only because 5 day
samples were lost. Like serum, ITT in 7 day EDS-treated rats was also below the
detection level (Fig. 8 and 9). In testosterone-sh'upplemented (TES) rats, thé concentration
of testosterone (10 ng/gm) was very low compared to the untreated (NT) and vehicle -
(VEH)-treated rats (68 ng/gm and 85 ng/gm, respectively). Normally ITT concentration
is (65 — 85 ng/gm) higher than serum testosterone concentration (5 — 7 ng/gm). In TES
rats, because of the negative feedback on pituitary by the excess serum testosterone, ITT
level was below normal. Although complete restoration of ITT in EDS + TES rats was
not observed after testosterone replacement, the level was comparable to the testosterone-

supplemented (TES) rats (10 ng/gm) and was enough to maintain testicular weight after

EDS treatment (see Fig. 6).
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(*) indicates significant difference from all other treatment groups within the same day.
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Relative Abundance of mRNAs for Luteinizing Hormone Receptor (Lkr) and
Insulin-like Peptide 3 (Insi3)

Although undetectable testosterone in both serum and testes assayed by RIA may
suggest elimination of Leydig cells, complete elimination cannot be confirmed due to the
limitation of the RIA technique (concentrations below 0.05 ng/ml cannot be detected).
Therefore, the levels of two Leydig cell-specific mRNAs (LAr and Insi3) were quantified
by qPCR to determine the degree of Leydig cell loss (Ferlin et al. 2006, O'Shaughnessy
et al. 2008). The relative amount of mRNA for LAr was 82% and 92% reduced in 5 day
and 7 day EDS-treated rats, respectively (Fig. 10). After testosterone replacement (EDS
+ TES), the level of Lhr mRNA was further reduced by 5%. Testosterone
supplementation (TES) also resulted in signiﬁlc‘antly lower Lhr mRNA levels in testes
compared to vehicle (VEH) in both 5 and 7 day rats.

The mRNA for Insi3 was reduced by 99% in the testis of 5 day and 7 day rats in
both EDS and EDS + TES treatment groups (Fig. 11). Testosterone supplementation
(TES) showed time-dependent reduction in the relative mRNA level of /nsi3 in the testis.
After 5 days and 7 days, the relative amount of /ns/3 mRNA was 30- and 70-fold,
respectively, less than vehicle (VEH)-treated rats. The disparity between Lhr and Insi3
mRNA expression profile may be due to the réport that LHR is present in interstitial
macrophages as well as Leydig cells (Hedger &Hales. 2006), whereas, INSL3 is
exclusive to the mature Leydig cells and /ns/3 mRNA expression is directly regulated by
LH (Ferlin et al. 2006). Therefore, from the data of Insl3 mRNA expression pattern it

can be concluded that 99% of the mature Leydig cells were eliminated from both 5 and 7
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day rats. Although testosterone had no protective effect on EDS-induced Leydig cells
death, testosterone supplementation resulted in a down regulation of LAr and Insi3
mRNA levels, possibly via negative feedback regulation of the hypothalamus-pituitary-

gonad axis (see Fig. 2).
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Figure 10:  Lhr mRNA levels with Gpdh as the reference gene. Error bars represent
SEM with n = 6. Horizontal bar represents the normalized value for the untreated (NT)
group. Single * indicates significant difference from VEH within the same day. Double

* indicates significant difference from TES within the same day.
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Figure 11:  /ns/3 mRNA levels with Gapdh as the reference gene. Error bars
represent SEM with n = 6. Horizontal bar represents the normalized value for the
untreated (NT) group. Single * indicates significant difference from VEH within the
same day. Double * indicates significant difference from TES within the same day. #

indicates significant difference between 5 day and 7 day within the same treatment group.
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Histological Evaluation of Testicular Cross-sections

Leydig cells reside in the interstitium of rat testes (Kerr ez al. 2006). With
hematoxylin and eosin stain, no Leydig cells were detected in EDS and EDS + TES
testicular cross-sections (Fig. 12 — 15). This is consistent with the hormonal
measurement and mRNA quantification results. Normal Leydig cells were observed in

cross-sections of vehicle (VEH) and testosterone-supplemented (TES) rat testis.

Figure 12:  Hematoxylin and eosin stained cross-section of 7 day VEH-treated rat

testis. Leydig cells in the interstitium are shown by red arrows.
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Figure 13:  Hematoxylin and eosin stained cross-section of 7 day testosterone-

supplemented (TES) rat testis. Leydig cells in the interstitium are shown by red arrows.
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Figure 14:  Hematoxylin and eosin stained cross-section of 7 day EDS-treated rat

testis. The interstitium is devoid of any Leydig cell (marked by red arrows).
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Figure 15:  Hematoxylin and eosin stained cross-section of 7 day testosterone-

replaced rat testis. The interstitium is devoid of any Leydig cell (marked by red arrows).
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Testosterone Depletion Induces Significant Increase in Germ Cell Apoptosis

Following depletion of testosterone, there was a time-dependent increase in germ
cell apoptosis in the seminiferous epithelium (Fig. 16). In normal testes, potentially
defective germ cells are eliminated by apoptosis (Kerr et al. 2006). However, the cells
undergoing apoptosis in normal testes are mainly spermatogonia (Woolveridge ef al.
1999) and testosterone depletion results in apoptosis of pachytene spermatocytes and
spermatids (Woolveridge ef al. 1999). This means testosterone is essential for
spermatocytes and spermatids to differentiate into sperm.

Germ cell apoptosis in the testicular cross-sections was detected by the TUNEL
assay. The TUNEL-positive nuclei appeared brown due to the precipitation of the
peroxidase substrate 3,3'-diaminobenzidine (Dl'AB) and normal nuclei stained blue with
hematoxylin. There were only a few apoptotic germ cells (1 —4), mainly spermatogonia,
in 5 day and 7 day untreated (NT) and vehicle (VEH)-treated rat testicular cross-sections
(Fig. 17 & 18). Testosterone supplementation (TES) had no discernable apoptotic effect
on germ cells and appeared to be similar to VEH and NT rats (Fig. 19). There was a
significant increase in germ cell apoptosis 5 days post-EDS treatment (30 — 35) which
increased even further after 7 days (120 — 140) (Fig. 20 & 21). The predominant
TUNEL-positive cells that were in EDS-treated testicular cross-sections were
spermatocytes and round spermatids (Fig. 20 & 21). However, the number of apoptotic

germ cells decreased significantly because of testosterone replacement after EDS

treatment (EDS + TES) in both 5 and 7 day rats (Fig. 22).
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Figure 16:  Average number of TUNEL-positive cells. Error bars represent SEM with
n=6. Single * indicates significant difference from all other treatment groups within the

same day. Double * indicates significant difference between 5 day and 7 day within

treatment.
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Figure 17:  Apoptotic cells in the seminiferous tubule of 7 day untreated (NT) rat

testis cross-section detected by the TUNEL assay. Normal nuclei were counter-stained
by hematoxylin. A TUNEL-positive apoptotic spermatogonium (brown stain) is

indicated by an arrow.
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Figure 18:  Apoptotic cells in the seminiferous tubule of 7 day VEH-treated rat testis
cross-section detected by the TUNEL assay. Normal nuclei were counter-stained by
hematoxylin. TUNEL-positive apoptotic spermatogonia (brown stain) are indicated by

arrows.
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Figure 19:  Apoptotic cells in the seminiferous tubule of 7 day testosterone-

supplemented rat testis cross-section detected by the TUNEL assay. Normal nuclei were
counter-stained by hematoxylin. TUNEL-positive apoptotic spermatogonia (brown stain)

are indicated by arrows.
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Figure 20:  Apoptotic cells in the seminiferous tubule of 5 day EDS-treated rat testis
cross-section detected by the TUNEL assay. Normal nuclei were counter-stained by
hematoxylin. = Represent TUNEL-positive apoptotic primary spematocyte and =

represent apoptotic secondary spermatocyte.
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Figure 21:  Apoptotic cells in the seminiferous tubule of 7 day EDS-treated rat testis

cross-section detected by the TUNEL assay. Normal nuclei were counter-stained by
hematoxylin. ==» Represent TUNEL-positive apoptotic primary spematocyte; =

represent apoptotic secondary spermatocyte and; 2> apoptotic elongated spermatid.
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Figure 22:  Apoptotic cells in the seminiferous tubule of 7 day testosterone-replaced
rat testis cross-section detected by the TUNEL assay. Normal nuclei were counter-
stained by hematoxylin. TUNEL-positive apoptotic spermatogonia (brown stain) are

indicated by arrows.
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Expression Profiles of Granzyme Variants After Testosterone Depletion

In rats, seven granzyme variants have been reported (Grossman et al. 2003),
granzyme A (GzmA), granzyme B (GzmB), granzyme C (Gzm(), granzyme F (GzmF),
granzyme K (GzmK), granzyme M (GzmM) and granzyme N (GzmN). Due to the
absence of any unique region on the mRNA, primers could not be designed for three of
these variants, GzmC, GzmF and GzmM. Hence, these three genes were excluded from
this project. For the remaining four Gzm variants (GzmA, GzmB, GzmK and GzmN),
mRNA expression patterns, relative abundance and testosterone responsiveness were
analyzed.

The mRNAs for GzmA and GzmB were not affected by testosterone withdrawal,
replacement or supplementation (Fig. 23 and i4). In contrast, GzmN mRNA expression
had an increase in 5 day EDS-treated rats (statistically insignificant) but had a significant
increase after 7 days of EDS treatment (Fig. 25) compared to VEH, TES or EDS + TES
rats. After testosterone replacement (EDS + TES), however, GzmN mRNA level was
reversed to the levels of VEH and TES rats. Therefore, testosterone depletion may have
a delayed effect on GzmN mRNA expression. The mRNA for GzmK increased
significantly in both 5 day and 7 day EDS-treated rats and was restored to the levels of
VEH- and TES-treated rats after testosterone feplacement (EDS + TES) in 7 day but not
in 5 day rats (Fig. 26). This may be due to the lower levels of te.stosterone detected. in

serum of 5 day testosterone-replaced (EDS + TES) rats compared to 7 day testosterone-

replaced (EDS + TES) rats (see Fig. 7).
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Figure 23:  GzmA mRNA levels with Gapdh as the reference gene. Error bars

represent SEM with n = 6. Horizontal bar represents the normalized value for the

untreated (N'T) group.

56



1.8-

1.6

1.4+

1.2-

1+

0.8-

0.6-

NORMALIZED FOLD CHANGE

0.4+

0.2

VEH
TES
EDS
VEH
TES
ED

EDS + TES

EDS + TES

I
5 DAY 7 DAY

TREATMENT GROUPS

Figure 24:  GzmB mRNA levels with Gapdh as the reference gene. Error bars

represent SEM with n = 6. Horizontal bar represents the normalized value for the

untreated (N'T) group.
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Figure 25: GzmN mRNA levels with Gapdh as the reference gene. Error bars
represent SEM with n = 6. Horizontal bar represents the normalized value for the

untreated (NT) group. Asterisk (*) indicates significant difference from all other

treatment groups within the same day.

58



N
N o
' 1

NORMALIZED FOLD CHANGE
tn

0.5

od

. 0 N = () (7]

§ £ § & E§ & § €
+ +
2 2

l w | I W

5 DAY 7 DAY
TREATMNT GROUPS

Figure 26: GzmK mRNA levels with Gapdh as the reference gene. Error bars
represent SEM with n = 6. Horizontal bar represents the normalized value for the

untreated (NT) group.  Asterisk (*) indicates significant difference from all other

treatment groups within the same day.
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Comparative Expression Profile of Granzyme Variants in Normal Rat Testes
Among known granzyme variants, GzmA and GzmB are highest in most
mammalian tissues (Chowdhury & Lieberman 2008). However, GzmN is the most
abundant Gzm variant in mouse testes (Takano ef al. 2004). In rat testes, GzmK was the
least abundant and GzmN was the most abundant Gzm variants (Fig. 27). The average
C values of GzmK, GzmA, GzmB and GzmN were 28.5,27.5, 26.5 and 21, respectively

and compared to GzmK, the mRNA level of GzmN is 140-fold higher followed by GzmB

(2.65-fold) and GzmA (1.32-fold).

150+
1404
1304
1204
110+
100-

80+
704
60-
50
404

NORMALIZED FOLD DIFFERENCE

304
20+
10+

o ¥ B =
Gzm K Gzm A GzmB Gzm N

GRANZYME VARIANTS IN RAT TESTES

Figure 27: Relative mRNA abundance of GzmA, GzmB and GzmN with reference to

GzmK in normal rat testes. Error bars represent SEM with n =12,
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Expression Profiles of Perforin and Abundance of T Cells (Cd4" and Cd8")

Cytotoxic T cells (CD8") release perforin and granzymes into the target cells to
induce apoptosis (Andersen ef al. 2006). Since a significant increase in apoptosis was
observed in both 5 day and 7 day EDS-treated rats along with a significant increase in
GzmK expression, it was hypothesized that germ cell apoptosis might involve cytotoxic T
cells. Therefore, the mRNA expression of lymphocyte-specific markers, Cd4 (helper T
cells) and Cd8 (cytotoxic T cells), along with perforin (Prf) were investigated. After
EDS treatment, mRNAs for Prf (Fig. 28), Cd4 (Fig. 29) and CdS§ (Fig. 30) were all
significantly higher compared to their respective controls. The mRNAs for both Prfand
Cd8 had very similar expression patterns to that of GzmK where all these three genes
(GzmK, Prfand Cd8) were significantly highér after EDS treatment than their VEH and
TES groups, and after testosterone replacement (EDS + TES), mRNAs for all three genes
were significantly down-regulated. However, testosterone replacement (EDS + TES) had
little effect on Cd4 mRNA and did not reverse to the levels of VEH and TES. There was
also a 2- to 3-fold increase in mRNA for Cd§ in VEH- and TES-treated rats, consistent
with previous reports (Hedger et al. 1998) that DMSO may induce proliferation of CD8"
T cells in rat testicular interstittum. The mRNA expression profile for GzmK, Prfand
Cds8 indicated that CD8" T cells may be involved in regulating germ cell apoptosis in the
absence of testosterone. In addition, testosterone may regulate the CD8" T cell

population in the testis and/or their capacity to express GzmK and Prf.
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Figure 28:  PrfmRNA levels with Gapdh as the reference gene.  Error bars represent
SEM with n = 6. Horizontal bar represents the normalized value for the untreated (NT)
group. Asterisk (*) indicates significant difference from VEH and TES within the same
day. # indicates significant difference from VEH, TES and EDS + TES within the same

day.
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Figure 29: (Cd4 mRNA levels with Gapdh as the reference gene. Error bars represent
SEM with n = 6. Horizontal bar represents the normalized value for the untreated (NT)

group. Asterisk (*) indicates significant difference from VEH and TES within the same

day. # indicates significant difference from VEH within the same day.
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Figure 30: Cd8 mRNA levels with Gapdh as the reference gene. Error bars represent
SEM with n = 6. Horizbntal bar represents the normalized value for the untreated (NT)
group. Single * indicates significant difference from VEH within the same day. Double
* indicates significant difference from VEH, TES and EDS + TES groups within the

same day. # indicates significant difference from TES within the same day.
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Localization of CD4",CD8" T Cells, Perforin and Granzyme K in the Rat Testis

Spermatogenesis occurs inside the secure environment of seminiferous epithelium
protected from immune cells by the blood-testis barrier (BTB). However, immune cells
are prevalent (Hedger & Hales 2006) in the interstitium of the testis. Besides CTLs and
NK cells, macrophages and dendritic cells are also reported to be present in the
interstitium, but none of these cells were ever reported to be present inside the
seminiferous tubules (Hedger & Hales 2006).

In this study, an increase in apoptotic germ cells along with a significant increase
in mRNAs for Cd4, Cd8, GzmK, and Prfwas observed post-EDS treatment; expression of
GzmK, Prfand CdS8" was reversed after testosterone replacement. These results can be
due to any of three reasons: (1) due to testostelr'one depletion there was disihtegration of
the BTB resulting in invasion of the CTLs inside the seminiferous tubules and induction
of apoptosis in germ cells; (2) Sertoli cells or germ cells themselves overexpress GzmK
and Prfin the absence of testosterone and induce apoptosis; or (3) germ cells overexpress
GzmK and Prfin the absence of testosterone and may regulate some spermatogenic
events. In order to accept or reject any of the three postulates, it was important to
determine the localization of GZMK, PRF, CD4 and CD8 proteins in the testis. CD4 and
CDS staining were detected in the interstitium of the testis (Fig. 31 & 32) and are
consistent with previous reports (Hedger er al. 1998). However, GZMK and PRF were
co-localized inside the seminiferous tubule where residual bodies reside after sperm

release (Fig. 33 —36). This shows that GzmK and Prf are expressed inside the

seminiferous tubules independent of CD8" T cells.
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Figure 31:  Confocal image of rat seminiferous tubule with localization of CD4 (red)

in cross-section of 7 day EDS-treated rat testis. Anti-rat polyclonal goat anti-CD4
antibody was detected by DyLight 594-conjugated donkey anti-goat polyclonal antibody
(red) and nuclei were stained by DAPI (blue). '
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Figure 32:  Confocal image of rat seminiferous tubule with localization of CD8 (red)
in cross-section of 7 day EDS-treated rat testis. Anti-rat polyclonal rabbit anti-CD8b
antibody was detected by DyLight 649-conjugated donkey anti-rabbit polyélonal
antibody (red) and nuclei were stained by DAPI ‘(blue).
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Figure 33:  Confocal image of rat seminiferous tubule with localization of GZMK
(green) in cross-section of 7 day EDS-treated ‘rat testis. Anti-rat polyclonal goat anti-
GZMK antibody was detected by DyLight 649-conjugated donk'ey anti-goat polyclonal
antibody (green) and nuclei were stained by DAPI (blue). -
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Figure 34: Confocal image of rat seminiferous tubule with localization of PRF (red)

in cross-section of 7 day EDS-treated rat testis. Anti-rat polyclonal mouse anti-PRF
antibody was detected by DyLight 594-conjugated donkey anti-mouse polyclonal -
antibody (red) and nuclei were stained by DAPI (blue).

69



Figure 35:  Confocal image of rat seminiferous tubule with co-localization of GZMK

(green) and PRF (red) in cross-section of 7 day EDS-treated rat testis. Anti-rat
polyclonal goat anti-GZMK antibody was detected by DyLight 649-conjugated donkey
anti-goat polyclonal antibody (green) and anti-rat polyclonal mouse anti-PRF antibody
was detected by DyLight 594-conjugated donkey anti-mouse polyclonal antibody (red)
and nuclei were stained by DAPI (blue). ‘
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Figure 36:  Confocal image of rat seminiferous tubule with co-localization of GZMK

(green) and PRF (red) in cross-section of 7 day VEH-treated rat testis. Anti-rat
polyclonal goat anti-GZMK antibody was detected by DyLight 649-conjugéted donkey
anti-goat polyclonal antibody (green) and anti-rat polyclonal mouse anti-PRF antibody

was detected by DyLight 594-conjugated donkey anti-mouse polyclonal antibody (red)
and nuclei were stained by DAPI (blue).
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Figure 37:  Confocal image of negative control for GZMK and PRF in rat

seminiferous tubule cross-section of 7 day EDS-treated rat testis. The primary antibodies
anti-rat polyclonal goat anti-GZMK antibody (for GZMK) and anti-rat polyclonal mouse
anti-PRF antibody (for PRF) were omitted. Staining was performed by only the
secondary antibodies DyLight 649-conjugated dbnkey anti-goat polyclonal antibody and
DyLight 594-conjugated donkey anti-mouse polyclonal antibody. Nuclei were stained by

DAPI (blue).
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CHAPTER IV
DISCUSSION
The loss of Lhr and Ins/3 mRNAs after 5 and 7 days post-EDS treatment suggest
elimination of most adult Leydig cells. With mature Leydig cells gone, there was
depletion of testosterone to an undetectable level, progressive loss of testes weight and a
time-dependent increase in germ cell apoptosis. Although testosterone replacement had
no effect on Lar and Insi3 mRNA levels, testicular weights and viability of germ cells
was maintained at the control levels. Thus, testosterone is vital for germ cell survival,
and testosterone may act as a suppressor for apoptotic genes in testes.
Since effects of testosterone depletion on expression of BCL-2 family of proteins
in testes (Woolveridge et al. 1999, Woolveridge et al. 2001, Show et al. 2004,
O'Shaughnessy et al. 2008, Show et al. 2008) and the TNF family of proteins (Nandi er
al. 1999, Taylor et al. 1999) have already been reported, we evaluated the response of
GZM and PRF. Although granzyme members are present in testes (Hirst e al. 2001,
Takano ef al. 2004, Bhat er al. 2006, Chowdhury & Lieberman 2008), their comparative
abundance, testosterone-responsiveness and association with germ cell apoptosis are not
known. Moreover, PRF was not reported to be present in testes (Hirst er al .2001 ). In
this study, we evaluated testosterone-responsiveness on expression of Prf. four Gzm

variants (GzmA, GzmB, GzmK and GzmN), along with localization of GZMK, PRF, CD4"

and CD8" T cells in rat testes.
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In normal rat testes, expression of GzmN is highest compared to GzmA, GzmB and
7zmK, which is in agreement with an earlier report (Takano et al. 2004). Although
GzmK had the least mRNA level than the other Gzm variants that were evaluated, it was
the most testosterone-responsive Gzm variant followed by GzmN. The mRNA level of
zmK post-EDS treatment was 2- to 2.5-fold higher than controls. Moreover,

testosterone supplementation reversed this effect after 7 days. A similar trend was
observed regarding the mRNA levels of Prfand Cd8. Therefore, it was hypothesized
that, in the absence of testosterone, the integrity of the blood-testis barrier may have been
compromised resulting in infiltration and recruitment of CD8" T cells inside the
seminiferous tubule. After coming in contact with germ cells, CD8" T cells release PRF
and GZMK to induce apoptosis of germ cells. l‘Therefore, using immunohiStochemistr-y,
we performed localization of CD8, GZMK and PRF in EDS-treated rat testes.
Interestingly, CD$ staining was observed in the interstitium only and never inside the
seminiferous tubule, which is in agreement with previous reports (Wang et al. 1994,
Hedger et al. 1998). On the other hand, GZMK and PRF were co-localized inside the
seminiferous tubule, but not on or around germ cells. This indicates that, although there
is an increase in GzmK and Prf mRNAs, their expression may not be associated with
CD8" T cells in testes, and GZMK and PRF, like other granzyme variants, may be
involved in some non-apoptotic mechanism regulating spermato.genesis. For example,}
GZMB and GZMN are not associated with CD8" T cells in testes and GZMB is
expressed in Sertoli cells (Hirst e al. 2001), and GZMN in primary spermatocytes, round

spermatids and elongated spermatids (Takano e al. 2004). Both these granzyme variants
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in testes were hypothesized to be involved in some non-apoptotic function during
spermatogenesis (Takano ef al. 2004), including a role in facilitation of migration of
developing germ cells through the blood-testis barrier (Hirst ef al. 2001).

Although granzymes are generally cytolytic, and are mostly associated with CD8"
T cells, they can be expressed in other non-immune cells as well (granulosa cells and
chondrocytes) (Amsterdam et al. 2003, Chowdhury & Lieberman 2008). Moreover,
granzymes are also involved in non-apoptotic extracellular activities such as remodeling
of extracellular matrix, inducing inflammation and signal transduction (Buzza & Bird
2006, Romero & Andrade 2008, Anthony et al. 2010). Here, our results also indicated
non-apoptotic functions of GZMK and PRF in testes.

Granzyme K, also known as Gzm3 waé’ originally discovered as the second
tryptase granzyme member other than GzmA (Chowdhury & Lieberman 2008) and is,
closely located to GzmA on the same chromosome (human 5q11.2, mouse 13 13 and rat
2q14) (Zhao et al. 2007a). In various models GzmK induces apoptosis in a caspase-
independent manner (Guo et al. 2008) by cleaving components of SET complex APEI,
HMG?2 and SET to allow DNase NM23H1 to generate single strand DNA breaks (Zhao et
al. 2007b, Guo et al. 2008). GZMK also processes pro-apoptotic BID and produces
reactive oxygen species from mitochondria dliring the initial stages of apoptosis (Zhab et
al. 2007a). However, GZMK may also have a non-apoptotic fuﬁction. Besides being in
CTLs and natural killer cells, GzmK is also present in mouse brain (Suemoto ef al. 1999).
Using in situ hybridization GzmK mRNA was detected in the cerebral cortex,

hippocampus, hypothalamus and diencephalon but not in glial cells of the mouse brain
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(Suemoto ef al. 1999). Therefore, it was suggested that GZMK in brain may process or
degrade neuropeptides and f-amyloid precursor protein, since tryptase-like activity was
seen during degradation of B-amyloid precursor protein in brain (Wiegand et al. 1993).
Similarly, in testes GZMK and PRF may have such a non-apoptotic function and play a
role during spermatogenesis.

Previous studies have shown that testosterone is essential to complete the process
of elongation of round spermatids to elongated spermatids (O'Donnell et al. 1994,
O'Donnell et al. 2006), and during release of spermatozoa (spermiation) from the Sertoli
cell (Kerr et al. 2006, O'Donnell ef al. 2006). During spermiation, spermatozoa
disengage from the ectoplasmic specialization and progressively move towards the lumen
(Kerr et al. 2006), and the Sertoli cell selecti\;ely retain the excess residual cytoplasﬁ as
residual bodies and release the sperm (Kerr et al. 2006). The exact mechanisms of
spermatozoa release from ectoplasmic specialization, however, remain elusive (Kerr et
al. 2006). Tt is suggested that when spematids begin to lose their relationship to the
ectoplasmic specialization, structures rich in filaments and microtubules, called
tubulobule, start to appear (Kerr ef al. 2006) and these structures are retained until sperm
are released (Kerr et al. 2006). These tubulobular structures indirectly help in the
formation of residual bodies by pulling the excess cytoplasm from the lumen to the apical
trunk of the Sertoli cell (Kerr et al. 2006). Just after the release of sperm, the spermatid
cytoplasm in the residual bodies is reduced by 70% concurtently with successive
degradation and reférmation of the tubulobular structures (Kerr et al. 2006). Granzyme

K and PRF may play a crucial role in this process and facilitate the degradation of the
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tubulobular structures. Since, tubulobular structures are made of microtubules (Vogl et
al. 2000) and B-tubulin is a specific target of GZMK (Bovenschen et al. 2009), GZMK
may have a role in degradation of the tubulobular structures. Moreover, microtubules are
also abundant in the Sertoli cell cytoplasm and surround the cisterns in which spermatids
remain embedded (Vogl et al. 2000), therefore, GZMK may modulate the structural
rearrangement of ectoplasmic specialization and movement of spermatids during
spermiogenesis. Indeed, Guttman ef al. (2004) reported that tubulobular complexes are
responsible for internalization and disassembly of ectoplasmic specialization at the time
of spermiation. Therefore our results indicated that, due to testosterone depletion there
was an overexpression of GzmK and Prf which may have led to an increased degradation
of tubulobular structures and ectoplasmic speICialization. With premature 'degradation of
the tubulobular structures, germ cells detached from Sertoli cell and became apoptotic. A
comprehensive model for the localization of CD8" T cells, GZMK and PRF with relation
to various cells in the seminiferous tubule is depicted in figure 38.

In conclusion, at least four granzyme variants are expressed in rat testes, of which
GzmN is the most abundant and GzmK is the least abundant variant. Both GzmK and
GzmN in rat testes are testosterone-responsive. The expression of GzmK in EDS-treated
rat testes was similar to the expression of Prf. There was an increase in mRNAs for Cd4
and Cd8, however, both CD4 ™ T cells and CD8" T cells were located in the interstitium,
whereas GZMK and PRF were detected inside the seminiférous tubule. This showed
that, in testes, testoéterone-dependent expression of GzmK, GzmN and Prf are not

associated with CD8" T cells. Since, GZMK and PRF were not detected inside or in
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proximity of germ cells, their direct role in inducing germ cell apoptosis in the absence of
testosterone could not be proved. However, detection of GZMK and PRF by the residual
bodies in the seminiferous tubule suggests their possible role in degradation of

microtubules during spermiation.
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Figure 38:  Localization of specific cell types in the cross-section of rat seminiferous
tubule. Residual bodies containing GZMK and PRF (shown in yellow arrows) are
localized to stripped cytoplasm of round spermatids. Cell types (CD8" T cells)

containing GZMK and PRF are also localized in the interstitium, indicated by arrow.

Magnification of photograph is 400X.
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Abbreviation

ANOVA

BCL-2

BID

BSA

BTB

CD

CDC

cDNA

DAB

DAPI

DMSO

dNTP

EDS

EDS + TES

EDTA

LIST OF ABBREVIATIONS

Full name

Analysis of variance

B-cell lymphoma-2

BH3 interacting domain death agonist
Bovine serum albumin

Blood-testis barrier

Cluster of differentiation

Centers for Disease Control and Prevention
Complementary deoxyribonucleic acid
Cycle threshold

Cytotoxic T Lymphocyte

3,3'- diaminobenzidine |
4',6-diamidino-2-phenylindole
Dimethyl sulfoxide
Deoxyribonucleotide triphosphate
Ethylene dimethane sulfonate
Testosterone-replaced

Ethylenediaminetetraacetic acid
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FSH
GAPDH
GnRH
GZMA'
GZMB
GZMK
GZMN
H&E
HCI
[gG
[HC

IL
INSL3
ip

ITT

LH
LHR
mDF
MHC

mRNA

Follicle stimulating hormone
Glyceraldehyde 3-phosphate dehydrogenase
Gonadotropin releasing hormone
Granzyme A

Granzyme B

Granzyme K

Granzyme N

Hematoxylin and Eosin
Hydrochloric acid
Immunoglobulin G
Immunbhistochemistry
Interleukin

Insulin-like peptide 3
Intraperitoneal

Intratesticular testosterone
Luteinizing hormone

Luteinizing hormone receptor
Modiﬁéd Davidson's fixative
Major hisfocompatibility complex

Messenger ribonucleic acid

' Name of genes are italicized and their protein forms are in CAPITAL letters
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ND Not detected

NT No treatment

PBS Phosphate buffered saline

PRF Perforin

qPCR Quantitative polymerase chain reaction

RIA Radioimmunoassay

RT-PCR Reverse transcriptase polymerase chain reaction
SC Subcutaneous

SEM Standard error of ‘mean

SSO Sesame seed oil

TdT : Terminal deoxynucleotidyl transferése

TES Testosterone-supplemented

TGF Transforming growth factor

T Melting temperature

TNF Tumor necrosis factor

TP ’ Testosterone propionate

TUNEL Terminal deoxynucleotidyl transferase dUTP nick

end-labeling

VEH Vehicle treatment
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