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s or the programmed cell death is generally characte

nd Nwrm-_llupcmlcnt biochemical mechanisms.

including normal cell turnover, proper

¥ I:l’!.l‘(l by distinct morphological charncteristios
poptosis is considered a vital component of

QW LLY I & .
processes fent atropl ymbrvoni development and functioning of the immune
dependent atrophy, embryonic development and chemical-induced cell death

npup'“"is (citth too little or lo.n much) is a factor in many human conditions including neurodegenerntive
diseases, ischemic damage, autoimmune disorders and many types of cancer. The mechanisms responsible I"%'
orm cell depletion from the ovary, either directly during the perinatal period or itltll;ct'il v:u f:llji: lm
atresia during postnatal life, are dependent upon the activation of physiological cell death lm-f-lmniu::m ;ll:ll:
is qecomplished via activation of a “universal’ pathway of cellular suicide ivolving altered cxprcﬁh;:'l of a
conserved cohort of genes. The goal of this review is to provide an overview of current knnwicdgc on
apoptosis including morphology, biochemistry, its role in health and disease, detection methods, and a
discussion of its alternative forms of apoptosis. The identity of the hormonal and intracellular effectors
responsible for the coordination of life and death decisions made by ovarian cells during development as well
as the biological and clinical implications of gene-directed cell death in the ovary are explored in this review.
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Introduction maintain cell populations in tissues, Andreu-

The term apoptosis was first used by Kerr, Vieyra and Habibi (2000) have mentioned that
Wyllie, and Currie (1972) to describe a in adults, apoptosis is observed mainly in those
morphologically distinct form of cell death tissues undergoing active differentiation such as
(Paweletz, 2001). It is understanding of the the hematopoietic system, testis, ovary, and

intestinal epithelium. Although there are a wide
variety of stimuli and conditions, both
physiological and pathological, that can trigger
apoptosis, not all cells will necessarily die in
response to the same stimulus. Irradiation or
drugs used for cancer chemotherapy results 1n
DNA damage in some cells, which can lead to
apoptotic  death through a p53-dependent

mechanisms involved in the process of apoptosis
in mammalian cells transpired from the
investigation of programmed cell death that
oceurs during the development of the nematode
Caenorhabditis ~ elegans ~ (Horvitz, 1999).
Apoptosis has since been recognized and
accepted as a distinctive and important mode of

“programmed” cell death, which involves the | : L
genetically determined elimination of cells. pathway (A_Zbr' hst).ISC:jml’i; TTF;?E’ ds:at;: T:;
However, it is important to note that other forms corticosteroids, mﬂ)t’h ?oc lcs;’ zl:lthough .
Ot programmed cell death have been donofloed SOWC caﬁai‘"(fz-ftgd ory evenystimulaled.

i (l))lher forms of programmed cell dle athz(l,l;l)%)’ giniear:e;lls express Fas or TNF receplors lha{;
Yet be discove ioli al. 5 ' = ia ‘o inding an
SPt‘randidolb::);:regﬂﬂ((io;)nellgi:thetet al:, 2005). can l.ead to ?E]Tg;asmo tvhlz.r l;gﬁ:dhal:fl:da“g; P
Apoptosis occur:s1I norm’ally during development o cross:l / st be blocked by a

death pathway that mu

and aging and as a homeostatic mechanism (O
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1s?ur*n.rn.,'al factor such as a hormone or growth
actor. There is also the issue of distinguishing

apoptogis from necrosis, two processes that can
occur independently, sequentially, as well as

simultaneously (Hirsch et al., 1997; Zeiss,
2003). In some cases it is the type of stimuli

and/or the degree of stimuli that determines if

cells c!le by apoptosis or necrosis. At low doses,
a variety of injurious stimuli such as heat,
radiation, hypoxia and cytotoxic anticancer

dl:ugs can induce apoptosis but these same
stimuli can result in necrosis at higher doses.

Finally, apoptosis is a coordinated and often
energy-dependent process that involves the

a‘ctivation of a group of cysteine proteases called
caspases” and a complex cascade of events that

link the initiating stimuli to the final demise of

the cell.
During ovarian follicular development, only

limited numbers of follicles are selected for
ovulation, whereas the rest undergo atresia at
various stages of development (Byskoy, 1978).
Previous studies indicate that the death of

granulosa cells (GC) triggers atresia of the
follicles (Hughes and Gorospe , 1991 and

Morphological Alterations of Apoptosis

Although the morphological events of
apoptosis are rapid and the fragments are
iderable apoptosis

quickly phagocytized, consl
may occur In SOme tissues before it IS

histologically apparent.
Light (Figs 1-2) and electron microscopy (Figs

3-6) have identified the various morphological
changes that occur during apoptosis (Hacker,

2000). This method detects the later events of
he early phase of apoptosis

apoptosis, so cells in t

will not be histologically apparent. Phagocytosis

of apoptotic bodies can also be appreciated with
ficult to detect apoptotic

TEM. However, it 1S dif;
cells at the earliest stages due 1O their transient

nature.
In 1972, Kerr et al., have described the cells
undergoing apoptosis by light microscopy. The
cell appears smaller 1n size with dense
cytoplasm. Pyknosis 15 the most characteristic
feature of apoptosis. It results from chromatin
condensation. Examination of H&E stained
sections revealed that apoptosis involves single
cell or small clusters of cells. The apoptotic cell
appears as a round or oval mass with dark
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Rajakoski, 1996). Although i
suggested that alterations in g _hus
might be involved in the iniliati;l)n mlfdoge :
atresia (Jolly et al., 1994; Hsueh E’t l"mllir::u[Elr
and Rosenfeld et al., 2001), by al,, 1994
pattern of steroid hormone during ﬂtreg[--hc CXagf
to be established. It has been shown tll.aaltH lhﬂ5 yet
like growth factors (IGFs) play an impory nsuljy.
in regulating follicular devclnpmmim fote
oranulosa cell apoptosis (deMoura et a: e
and Armstrong et al.,, 2001) and thu: .200(}
block apoptosis. Yuan Song et al., (2 004)clul1ld
studied the relationship between the Ieue]mﬁ~
[GFs and steroids and granulosa cell apop[();(.}{
goat ovary. They indicated that gigniﬁ]{;m
apoptosis occurs in atretic, but not heal[hﬂl
follicles. Apoptosis of granulosa cells is relat 5
to the imbalance between estradiol aﬁd
progesterone in the follicular fluid. The leve] of
IGF-I, but not IGF-II, is the crucial factor in

deciding whether a follicle will mature or
undergo atresia.

Apoptosis in General

eosinophilic cytoplasm and dense purple nuclear
chromatin fragments.
Semi-ultrathin sections stained with toluidine or

methylene blue revealed intensely stained

s when seen by light microscopy.

apoptotic cell
lear and

This methodology depends on the nuc
cytoplasmic condensation that occur during

apoptosis. Smaller apoptotic bodies will not be
detected and healthy cells with large dense
‘tracellular granules can be mistaken for
apoptotic cells or debris.
Electron microscopy can better define the
subcellular  changes.  This is  because

categorization of an apoptotic cell 1s irrefutable
if the cell contains certain ultra-structural

morphological characteristics (White and Cinti,

2004). These characteristics are: (1) electror
fragmentation; (3)

dense nucleus; (2) nuclear

intact cell membrane even late in the 'cell

disintegration  phase; (4) disorganized
ear vacuoles;

nelles; (5) large cl

the cell surface. AS apoptosis

to-cell adhesions 1 {ost and
g cells.

e from neighborin 1
f apoptosis, the cc!

cytoplasmic orga
and (6) blebs at
progresses, the cell
the cell will separat
During late phase ©

y
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(ol ;d by karyorthexis and separation of cell

n
allo }ljhl“t‘ |llll“i‘ﬂ II“I“”H, i |)|'|H.'l‘m'l

[0 NN
il '” hl ' v Iy 4
i apypcdding: Apoptotie | adien or plasmn

Srgne- bound sentelen contining the cellula
. of the dying coll which are then
by macrophapes, purenchymal
W of "unphmll'«' gl Al lll‘Hllll'l‘{l within
..."- egonomen: No T matory renction wis
'Il | H::I with the process ol npoplogiy nor with
E.i"HE'“ of npoptotie cells beenuse: (1)
J-"E:,;-\r colly do not telense their cellular
tluents into  the  surrounding nterstitinl
dusne; (2) They are quickly |l|l'lIHut.'}fltNUl| by the
e colls  thuy  likely proyenting
saondary necrostys and, (3) The enpulling cells
L“ produce anti-inflammatory  eytokines
(Savil and Fadok, 2000; Kurosaka ¢ ul,,

004)

Mochemical Features

~-pu|1lnllu colls exhibit several biochemical
modifieations quch ns protein cleavage, protein
grosslinking, DNA brenkdown, and phagoeytic
fecognition (Hengartner, 2000), Caspuses are
{nnctive proenzyme form in most cells, They
liave proteolytic activity and are able 1o cleave
proteing. Once caspases are initinlly activated
{hey can oflen activate other procaspuses,
allowing initintion of o protense cnseade, This
proteolytic  cascade amplifies the apoptotic
slgnaling pathway and thus leads (o rapid cell
death,

lo date, ten major caspases have been identified
and broadly categorized into initiators (caspase-
'.3.-9,-10). offectors  (caspase-3,-6,-7) and
Inffammatory (caspase-1,-4,-5) Caspases

] ",]1"-.'._. };]Iﬁﬂl

soprounding

caspases that have been identified inelude
ouspse-1 1, which s reported to regulate
fpoptosis and eytokine maturation during septic
shoek, cagpase-12, which mediates endoplasmic-
specific apoptosis and cytotoxicity by amyloid-
b, cspase-13, which is suggested to be a bovine
#ene, and easpase-14, which is highly expressed
i embryonic tigsues but not in adult tissues (Hu

(Cohen, 1997; Rai et al, 2005). The other
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o al, 1998 Nabongawa ef al, 2000, Koenig et
wly 20001 Kung et nl, 2002),

lenalve  protein  crossclnking  1s  another
chinrneteristie of apoptotic cells and is nehieved
Uirough the exprossion and setlvation of tissue
aneplotaninose (Nemes ef al, 1996). DNA
brenkdown by Ca'and Mg’ “dependent
endonuclensen nlso occury, resulting - DNA
(ragments of 180 to 200 base pairs (Bortner et
il 1995), A charneteristic “DNA [adder™ can be
visunlized by ngarose gel electrophoresis with an
oihidium — bromide  stain - and  ultraviolet

(lumination,

Another biochemicanl fonture is the expression of

coll surfnce markers that result in the early
phagoeytie recognition of apoplotic cells by
adjncent cells, permitting quick phagoeytosis
with minimal compromise (o the surrounding
tssue. This is achioved by the movement of the
normal inward-facing phosphatidylserine of the
cell's lipid bilayer to express on the outer lnyers
of the plasma membrane (Bratton et al., 1997).
Lixternalization of phosphatidylserine is a well-
known recognition ligand for phagoeytes on the
surfince of the apoptotic cell. Recent studies have
shown that other proteins are also being exposed
on the cell surface during apoptotic cell
clearance. These include Annexin I and
calreticulin,

Annexin V is a recombinant phosphatidylserine-
binding profein that interacts strongly and
specifically with phosphatidylserine residues and
can be used for the detection of apoptosis ( Arur
ot al., 2003). Calreticulin is a protein that binds
(o an LDL-receptor related protein on the
engulfing cell and is suggested to cooperate with
phosphatidylserine as a recognition signal
(Gardai et al,, 2005).

Distinguishing Apoptosis from Necrosis
Klmore (2007) mentioned that necrosis 1s the
alternative to apoptotic cell  death, It s
considered to be a toxic or degradative process
(hat oceurs after cell death, Necrosis leads to cell
death with cell swelling and Karyolysis.
Apoptosis leads to cell death with cell shrinkage,
pyknosis, and karyorrhexis,
Because the mechanism and morphology of
apoptosis and necrosis differ, there 1§ overlap
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between these two processes. Evidence indicates
that mnecrosis and apoptosis represent
morphologic  expressions of a shared
biochemical network described as the
“apoptosis-necrosis continuum” (Zeiss, 2003).
For §xample, two factors that will convert an
ongoing apoptotic process nic & pecrotic
process include a decrease in the availability of
caspases and intracellular ATP (Leist et al..
1997: Denecker et al., 2001). Whether 2 cell
dies by necrosis or apoptosis depends In part on
the nature of the cell death signal, the tissue
type. the developmental stage of the tissue and
the physiologic milieu (Fiers et al., 1999; Zeiss,
2003).

Microscopically, it is not always easy
distinguish apoptosis from necrosis. They can
occur simultaneously depending on the intensity
and duration of the stimulus, the extent of ATP
depletion and the availability of caspases (Zeiss,
2003). Necrosis is an uncontrolled and passive
process that usually affects large fields of cells
whereas apoptosis is controlled and energy-
dependent and can affect individual or clusters
of cells. Necrotic cell injury is mediated by two
main mechanisms: interference with the energy
supply of the cell and direct damage to cell
membranes.

Some of the major morphological changes that
occur with mnecrosis include cell swelling;
formation of cytoplasmic vacuoles; distended
endoplasmic ~ reticulum; formation  of
cytoplasmic blebs; condensed, swollen or
ruptured mitochondria; disaggregation and
detachment of ribosomes; disrupted organelle
membranes; swollen and ruptured lysosomes
and eventually disruption of the cell
(Kerr et al., 1972; Majno and Joris, 1995;
Trump et al., 1997). The loss of cell membrane
integrity results in the release of the cytoplasmic
contents into the surrounding tissue, sending
chemotatic signals with eventual recruitment of
inflammatory cells. Because apoptotic cells do
ot release their cellular constituents into the
surrounding interstitial tissue and are quickly
phagocytosed Dby macrophages or adjacent
normal cells, there IS essentially no
inflammatory reaction (Savill and Fadok, 2000;
Kurosaka et al., 2003). It is also important to

note that pyknosis and karyorrhexis are not
exclusive to apoptosis and can be a part of the

o
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spectrum of cytomorphological ¢,
ACCUTS with necrosis (Cotran et al lgggges Ih&l
.y )

Apoptosis can be an Irreversibje p
Metzstein et al.., (1998) menti TOcegg
oned that
the genes that control Kkilling and e Y of
Drocesses of programmed cell death hagulfrnem
identified. Until recently, apOpm;e
traditionally been considered an in_;j hag
process with caspase activation Commit?ﬁble
cell to death and the engulfment genes selng 2
the purpose of dead cell removal. Hoeppnlzm
al. (2001) have shown that blocking eﬂau[fn: et
genes in C. elegans embryos enhances i
survival when cells are subjected to weak Ty
apoptotic signals. Reddien et al., (2001) ]f;j
demonstrated that, in C. elegans, mutations ﬂ];
cause partial loss of function of killer gepes
allow the survival of some cells that are
programmed to die via apoptosis. There is some
evidence of a potential role for macrophages in
promoting the death of cells in some tissues.
Diez-Roux and Lang (1997) mentioned that
elimination of macrophages in the anterior
chamber of the rat eye resulted in the survival of
vascular endothelial cells that normally undergo
apoptosis. Geske and coworkers (2001)
demonstrated that early p53-induced apoptotic
cells can be rescued from the apoptotic program
if the apoptotic stimulus is removed. Their
research suggests that DNA repair may be
volved in reversing the cell death pathway in

some circumstances.

Mechanisms of Apoptosis

Researchs indicate that there are WO
apoptotic pathways: the extrinsic Or
receptor pathway and the intrinsic
mitochondrial pathway. However, there is now
evidence that these two pathways are linked and

that molecules in one pathway can influence the
2002). There 1s an

main
death
or

other (Igney and Krammer,

additional granzyme B pathway that involves T-

cell mediated cytotoxicity and perfO%I]I'
[I. The

killing of the ce
d granzyme B pathways

converge on the same terminal, the execut1on
pathway. The latter is ‘nitiated by the cleavas®
of caspase-3 and results in DNA
degradation of cytoskeletal and nuc

granzyme-dependent
extrinsic, intrinsic, an
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pmtems, formation of apoptotic

Jinking © i for phagocytic cell
of ligands

| “‘ ﬁnau}f uptake by phagocytic cells.

s A pm_hwav activates a parallel,

_ teractions. involve
-l tmmmcmbersofdwnmmcmsts
(rNF’ receptor gene  superfamily
. 2001). Members of the TNF
fnmll} sha.rc cysteine-rich extracellular
B and have 2 cytoplasmlc domain of
s 80 amino acids called the “death domain™
pkenazi and Dixit, 1998). This death
sain plays 2 critical role in transmitting the
& signal from the cell surface to the
ollular signaling pathways. To date, the
acterized ligands and corresponding
: mccplors include Fasl/FasR, TNF-
NFR1. Apo2l/DR4, ApoZl/DRS and
a1 /DR3  (Chicheportiche et al, 1997;
.nd](n-cr.lm Suliman et al., 2001;
‘hio-Moscardo et al., 2005).
' sequences of events that define the extrinsic
se of apoptosis are best characterized with
, FasL/FasR and TNF-o/TNFR1 models. In
flese models, there is clustering of receptors and
ading with the homologous trimeric ligand.
on ligand binding, cytplasmic adapter
weins are recruited which  exhibit
mresponding death domains that bind with the
eptors. The binding of Fas ligand to Fas
eceptor results in the binding of the adapter
a FADD andthebmdmg of TNF ligand to
* receptor results in the binding of the

a and RIP (Hsu et al., 1995 and Wajant,
. FADD then associates with procaspase-8
d"ﬂnenzanon of the death effector domain. At
I5 point, a death- inducing signaling complex
IS ) is formed, resulting in the auto-catalytic
Clivation of procaspase-8 (Kischkel et al,

caSpase-S is activated, the execution P‘“-”

_-,. er protein TRADD with recruitment of

“ediated apoptosis can be inhibited by a prmm
ted c-FLIP which will bind to FADD and

caspase-independent  cell death pathway via
single stranded DNA damage (Martinvalet et
al., 2008)

caspase-8, rendering them ineffective (Kataoka

et al, 1998; Scaffidi, 1999). Another pomt of

potential apoptosis regulation involves a protemn
called Toso, which has been shown to block Fas-

induced apoptosis in T cells via inhibition of
caspase-8 processing (Hitoshi et al., 1998).

Perforin/granzvme Pathway

The cytotoxic T lymphocytes (CTLs) are able
to kill target cells via the extrinsic pathway and
the Fasl/FasR interaction is the predommant
method of CTL-induced apoptosis (Brunner et
al., 2003). However, they are also able to exen
their cytotoxic effects on tumor cells and virus-
infected cells via a novel pathway. The latter
involves secretion of transmembrane perfonn
molecule with a subsequent release of
cytoplasmic granules through the pore and nto
the target cell (Trapani and Smyth, 2002). The
serine proteases granzyme A and granzyme B
are the most important component within the
granules (Pardo et al., 2004).
Granzyme B activates procaspase-10 and
cleaves proteins. As well it can cleave Inhibitor
of Caspase Activated DNAse or ICAD
(Sakahira et al, 1998). Also granzyme B can
utilize the mitochondrial pathway for
amplification of the death signal by specific
cleavage of Bid and induction of cytochrome ¢
release (Barry and Bleackley, 2002; Russell
and Ley, 2002). Granzyme B can directly
activate caspase-3. In this view, the upstream
signaling pathways are bypassed resulting mto
direct induction of the execution phase of
apoplosis.
It is suggested that both the mitochondnal
pathway and direct activation of caspase-3 are
critical for granzyme B-induced killing (Goping
et al., 2003).
Recent findings indicate that thus method of
granzyme B cytotoxicity is critical as a control
mechanism for T cell expansion (Devadas et al.,
2006). Moreover, findings indicate that neither
death receptors nor caspases are involved with
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the T eell recoptor-induced apoptasis, On (e
other hand, Fas-Fas ligand Inferaction, adaplel
proteins with death domaing and casprses,

Ciranzyme A is also important In eytotoxic 1T ull
induced apoplosis. It activates  Caepiree
independent puthways by DNA nicking vis
DNAse NM23-111, a tumor suppressar gene
product (Fan et al,, 2008), This DNAge il i)
important role in preventing cancer through (e

induction of tumor cell apoptosis. Ciranzyme A

protease cleaves the nueleosome ansembly

protein SET complex, resulting apoplolle

DNA degradation (Lieberman and Fan, 200.5).
Therefore, inactivation of this ST complex by
granzyme A most likely also contributes 1o
apoptosis by blocking the maintenance ol DNA

and chromatin structure integrity,

Intrinsic Pathway
This pathway initintes apoplosis and Involven

stimuli that produce intracellulur slgnnly, ‘The

intrinsic pathway 18 o mitochondrial-initinted

events, The stimuli that initiate the inteinsie
pathway produce intracellular signals that may
act in either a positive or negative fashion,

Negative signals — can lead to failure of
suppression of death  programs and thereby
certaln

triggering  apoplosis, They involve
growth factors, hormones and eylokiney,
Other stimuli that act in a positive [ashion
include radiation, toxins, hypoxia, hyperthermin,
viral infections, and free radicals, All of these
stimuli cause changes in the inner mitochondrial
membrane  that  results
mitochondrial permeability (rangition (MPT)
pore, loss of the mitochondrial trans membrane
potential and release of (wo main groups of pro-
apoptotic proteins from the intermembrane §pace
into the eytosol (Saclens et al., 2004) Lo activate
the caspase-dependent mitochondrial pathway.
Cytochrome ¢ binds and activates Apaf-1 as woll
as procaspase-9, forming an “apoptosome”
(Chinnaiyan, 1999; Hill et al,, 2004) and
promote apoptosis by inhibiting 1AP (inhibitors
of apoptosis proteins) activity (van Loo et al,
20024; Schimmer, 2004),

The second group of pro-apoptotic proteins,
AIF. endonuclease G and CAD, are released
from the mitochondria after the cell has

committed to  die, during  apoplosis.
Fndonuclease G translocntes to the nucleus

in  formation of

100

.

’I'_f‘.l‘lj "”f I"’J

whare 1 cleayens uelenr chirimgig; o |
”"”H-‘r

aliganueleommal DA Tagmenty (5

2001 okl AL wiid '-”’H‘L‘rlll;f'lt“ Uy
il TR CAspIARE “Hliilmmh,m ””””M”";‘** ¥
i aubmequently relepssd Tramm (e e by AD
g tranglocnles 16 e nieleus el il
oleavage by chspased, };:'_""
;,Iiunnm.lm.uunml DIRA Tengansibit i, ;"”Ilum
e |!lnllhlllll'l--i| chircmmiling f-hlll‘hlllmﬂflll Al "
(17 condensution (Eamark et al,, 1994 g5 ;‘*‘u:ull%
¢f wl,, 2000 ). 4
Ve 1el-2 o a Tamily of proteing gwoves;s ™
miltachondelal membrane permeability and o,
ME cithel (LIAR Hl.ln'il_nlll (1 il ”'”'l""l“f (f "”'V
and  Adamn, 2002), This faimily have e,
identified Into 25 genes. Thelr anllapopof)
profelng inelude Bol-2, Dbelx, Bel-X1., Dol xe
Bol-w, BACH and (el pro-npoploti pmlui:r;
include 1sel-10, Pax, Bak, Bid, Bad, Bim, ik
and e These proteing can determine il the ,._,.|i
comimity 1o apoplosts o phorts the process. It j
(hought that the main mechanism of action of the
el2 family of proteins 15 the regulation of
cylochrome ¢ relenne Trom the mitochondrin vig
alteration ol mitochondrial — membrane
permerbility. The tumor suppressor protein pss
has 1 eritical role in regulation ob the Bel-2
(amily of  proteins, however  the  exacl
llluullullimlln lmvu Nnol yt'.l heon [;[}lllllh'ﬁ[{‘,ly
slucldated (Schuler and Green, 2001),  Bad
with Bel-X1 or Bel2, promoting cell  death
(Yang et al, 1995), Reports indicate that Bel-2
and  Bel- XL inhibit  apoptotic  death by
controlling the activation of caspase proterses
(Newmeyer et al,, 2000), “A ven' an additiona
profein degignated appears 1o bind both Bel-X
and Apaf-1, preventing aetivation of procnspase:
O (Chau et al, 2000). Pumi and Noxa are (wWo
members of the Bel2 family that are also
involved in  pro-apoptosis, Puma plays an
important role in ps3-medinted apoptosis. It was
shown that, in viltro, overexpression ol l-"mufl 14
accompanied by increased BAX expression,
BAX conformational change, (ranslocation 10
the mitochondria, cylochrome ¢ release and
reduction in the mitochondrial membrane

potential (Liu et al, 2003). Noxn 18 also
candidate mediator of pS3-induced apoplosis:

‘ : 5 T Nne
Studies show that thig protein can localize 10 l!l;c
mitochondria and interact with anti-apoplo

(%81 CamScanner
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.. members, rcsulting m the
g fcaspase-9 (Oda et al., 2000).

__ion Pathway

B (he fnal pathway of apoptoss. The
£ . ond intrinsic pathways both end at the
o2 execution phase. Execution caspases
S cvioplasmic endonuclease, which
L. uclear material, and proteases that
§8*. . nuclear and cytoskeletal proteins.
= . ¢ snd -7 function as effector or

e, Y

\:. -

~ caspases, cleaving cytokeratins,
<ma membrane cytoskeletal protem, the
protein NuMA and others, causing the
& . 1cicel and biochemical changes seen In
B i cells (Slee et al., 2001). Caspase-3 is
B aost important of the executioner caspasss.
_-_ :ated by any of the mitiator caspases

ae8-9. or-10). In apoptotic  cells,
s vated caspase-3 cleaves ICAD (endonuclease
_iaitors) 1o releass CAD (Sakahira et al,
gef). CAD then degrades chromosomal DNA
8= e nuclei and causes chromatin
depsation.  Caspase-3  also  induces
S mteeration of the cell into apoptotic bodies.
macocytic uptake of apoptotic cells is the last
somponent of apoptosis. The appearance of
sphotidylserine on the ouier leaflet of
soptotic cells then facilitates noninflammatory
shagocytic recognition, allowing for their early
sntake and disposal (Fadok et al., 2001). This
wocess of early and efficient uptake with no
;e of cellular constituents, results in

sssentially no inflammatory response.

L
211

L4

a

hysiologic Apoptosis

Physiologically, apoptosis demonstrates an
pposite role to mitosis and cell proliferation
is regulates of various cell populations. It also
paintains homeostasis in the adult human body,
mf an et al., 2001).
Apoptosis is critically important during various
evelopmental processes e.g., the ovary arise
through overproduction of cells. This initial
overproduction is then followed by the death of
Apoplosis is central to remodeling in the adult,
Sueh as the follicular atresia of the postovulatory
follicle and post-weaning mammary gland

e
=

e
1 :ldlr
- -

B i x
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Apoptosis and ovarian ... .. . .

mvolution (Tilly, 1993; Lamd et sk, 1996
Furthermore, as orgamisms grow older, some
cells begm to detenorate at a faster rate and are
elimmated via apoptosss.

Patheologic Apoptosis

Aboormalities m ceil death regulation can be
a significant component of diseases such as
cancer, autoimmune [ymphopsoliferative
syadrome, ischemiz, and peurodegencrative
diseases. Some conditions featwe msufficient
apoptosis whereas others feature excessive
apoptosis. Cancer is an example where e
normal mechanisms of cell cycle reguiation are
dvsfunctional, with either an overproliferation of
cells and/or decreased removal of cells (Kimg
and Cidlowski, 1998). In fact, suppression of
apoptosis during carcinogepesis s thoeght ©
play a central role in the development and
progression of some cancers (Kerr et al., 1994).
Tumeor cells can acquire resistance 0 ZpOpLosIs
by the expression of anti-apoptotic proteins such
as Bcl-2 or by the down-regulation or mutstion
of pro-apoptotic proteins such as Bax The
expression of both Bel-2 and Bax s reculated by
the p33 tumor suppressor gene (Miyashita et al,
1994). Certain immune cells (T cells and natural
killer cells) normally destroy tumor cells via the
perforin/granzyme B pathway or the death-
receptor pathway. Alterations of vanous cell
sienaling pathways can result in dysregulation of
apoptosis and lead to cancer. The p33 tumor
suppressor gene is a transcription factor that
regulates the cell cycle and is the most wadely
mutated gene in human tumorigenesis (Wang
and Harris, 1997). The critical role of p33 is
evident by the fact that it is mutated mn over 0%
of all human cancers. p33 can activate DNA
repair proteins when DNA has sustained
damage, can hold the cell cycle at the Gi/S
regulation point on DNA damage recognition.
and can initiate apoptosis if the DNA damage
proves to be irreparable (Pientenpel and
Stewart, 2002). Excessive apoptosis may also
be a feature of some conditions such as

autoimmune  diseases,  neurodegensralive
disecases, and ischemia-associated imjury.

Alzheimer’s disease is a neurodegenerative
condition that is thought to be caused by
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that

103

Aprsapiternts sl sevnilng)

Covrm el ntteiiiom

I piiinl vertadiale spiseion durbig sk s
and warly necnmial. motically setlve pimieding
gerin vells  nlgiats 1o shibiniien  tha
developing peallal ndge T thie pwwilty feavmnd
cibiryomie  uvaly, Uiese  dividing  gsein Lafle
IHH;{HHIN] s ‘rhﬂlll by sy the A ¢ ;,vnh
niate inelotie division and, ae tosyiss, boas £91ine
arrested I the fiest proghess  (Peters, 1970
fipshifichd, 19905 Tnaing bbb tibessie  mid
melosls, larpge nmbsrs ol garin welln min culbed
o the ovary (of as yel (iknawi TERsEmS
loss than onethird of the  loisl
worin cells being sndaosad i
lan shuntly aliay
s flepiletizn

pesclting i
bt of potential
the cvaury within primordin ferlli
birth  Detailed analyses ol gorm cull
i rodents suggest that here a wayainl diserole

peaks ol degeneintion ol bl erpentiin i
aocvies i the embiyaiile ovary (e mummont wnd

Mandl, 1961 Barum, 1961

| he lurgest peak of germ call loms oeeurn within
ihe rllvu.lmy m.g-mlnl [lil'lilllﬂllrli lhlrlllu l‘ll‘ Illlllf
dnges of Tetal deve lopment, although calleln
depgeneration continues it the first few diys
after birth and 1 observed in bkl miitotic mnd
post-mitatie gerin | ells
Morphometric and cytologh al studies made bry
Baker (1963) revenled that al lepst three discrete
wives of germ cell Toss probably oceur i the
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underlying mechanism responsible for the berns
of germ cells in mouse OVary comes cellular and
nuclear morphology by microscopy This s
supported by the findings of Couconvanis ef al

. (1993) who demonstrated that degeneration of

mouse cogonia and cocytes in vIVO OCCUrs via

ApoOPLosIs
Additional experiments using light and electron
microscopy, as well as biochemical analyses, ol
mouse primordial germ cells cultured in vitro
revealed that germ cells deprived ol trophic
factor support degenerate with  many of the
morphological — and biochemical  leatures
characteristic of apoptotic cell death, including
cellular anl nuclear condensation,
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internucleosomal DNA cleavage and increased
expression of tissue transglutaminase (Pesce et

al ., 1993).

b- Follicular atresia
Once the primordial follicle pool is

established, depletion of most of the remaining
oocytes occurs indirectly as a result of atretic
degeneration of follicles not selected for
ovulation (Tsafriri and Braw, 1984;
Hirshfield, 1991). Although still controversial,

it appears that in most mammals the majority of

follicles undergo atresia during the late preantral
to the early antral stage when continued growth
is dependent upon gonadotrophin.  This

observation is based on several pieces of

evidence, although the most convincing data are

derived from analysis of apoptosis via in situ
end-labelling of DNA fragments in fixed ovarian
sections. In all mammals studied thus far,
specific labelling of apoptotic cells by this
approach (which has also been confirmed by

morphological analyses) 1s apparently confined
to granulosa cells of follicles undergoing

maturational transition to the antral stage of

development or to large subordinate antral
follicles not selected for ovulation (Tilly, 1993;

Tilly et al., 1995a, 1996). These histochemical

data are supported by qualitative assessments of

DNA oligonucleosomes in ovarian extracts
throughout postnatal ~ development, which
confirm the presence of apoptotic DNA
fragm
developing antral follicles has formed (Ratts et
al ., 1995). It is possible that degeneration of
immature (primordial, primary, small preantral)
follicles does occur, but that the process remains
inconspicuous owing to the efficient and rapid

removal of the cellular debris (apoptotic bodies)
by resident macrophages.

The hormonal regulation of apoptosis in
granulosa cells during follicular atresia appears
very complex, and probably involves a classic
mesenchymal (theca—interstitial}—epithelial
(granulosa) cell interaction (Chun et al., 1994;
Flaws et al., 1995a; Tilly et al., 1995b). Much
of our current knowledge of the endocrine,
paracrine and autocrine regulation of apoptosis
has been derived from studies of rat antral
follicles incubated in vitro under defined
conditions (Tilly et al., 1992a).

ents in ovaries only after the first wave of
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Data derived from studies of rat follic)
incubated in vitro have revealed thagc es
as

anticipated from in vivo observations (Tsafyi..
and Braw, 1984; Hirshfield, 19;;11
gonadotrophins  are effective  inhibitors )%
apoptosis that occurs in granulosa cel[s zf
follicles deprived of trophic support (Chun ef Q
., 1994; Tilly and Tilly, 1995). The apg;.
apoptotic actions of FSH and LH can also
mimicked by treatment of follicles it
neuropeptides, such as vasoactive intesting
peptide (VIP), and protein kinase A activatgrs
(Flaws et al ., 1995a).

It has been proposed that intrafollicular-derived
insulin-like growth factor 1 (IGF-I), ang
paracrine factors produced by theca—interstitia]
cells, such as transforming growth factor ¢
keratinocyte growth factor and hepatacyté
growth factor, which bind specific receptors
expressed by the adjacent granulosa cells,
mediate the suppression of apoptosis by
gonadotrophins and other endocrine factors in
granulosa cells of antral follicles (Tiily et al .,
1992a, 1995b; Chun et al ., 1994; Eisenhauer
et al ., 1995; Flaws et al ., 19952). To add
another level of complexity to these findings, the
actions of growth factors on apoptosis in rat
granulosa cells may in turn involve progesterone
as a mediator (Luciano et al ., 1994). Lastly, it
should be pointed out that pathways distinct
from those activated by the binding of hormones
to their receptors, such as extracellular matrix
protein interactions (Peluso et al ., 1996) and
gap junction maintenance (Weisen and
Midgley, 1993), may play key roles 1n
determining the fate of granulosa cells.

Investigations of the regulatory
surrounding survival of less mature follicles

within the ovary, and possible differences in the
apoptotic potential of cells within follicles at
various developmental stages, will also be of

great interest.

events

c-Luteolysis:
Luteolysis, relative to atresia . Little 1S
known of the requirement for apoptosis 10 the

process of luteal regression. The majority of
studies published thus far have identified the
presence of apoptotic cells at the time of
structural degeneration of the corpus luteum
(Orlicky et al ., 1992; Juengel et al ., 1993:
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'mparisons the luteotrophic factor, hCG,
py s expression of anti-oxidant factors, such
Eﬂhanceero};ide dismutase, in the rat corpus
P [aloraya et al ., 1988) and prevents
. in rabbit luteal tissue (Dharmarajan
po ~1994). The ability of hCG to protect
e#tesl ;,ellS from reactive OXygen species may
ﬂsa yolve paracrine mediators, such as
. Jrogesteron®; which directly inhibit superoxide
P"r"“i'cal generation by mononuclear phagocytes
mthe rat corpus luteum (Sugino et al .,1996).

Factors controlling ovarian apoptosis

Apoptotic TRAIL signaling
There are two main pathways that initiate the

apoptotic cascade: the extrinsic and the mtrinsic
pathway. The extrinsic pathway is triggered
| When TRAIL binds to TRAIL R1 or TRAIL R2.
Receptor trimerization, along with the sub-
sequent oligomerization and clustering of the
~ receptors, leads to the recruitment of the adaptor
~ protein Fas-associated protein with death
~ domain (FADD). FADD allows the recruitment
of the inactive pro-caspase-8 or —caspase-10 via
 a shared death effector do main (DED) leading
' {o the formation of the DISC. In some cells,
upon autoactivation at the DISC, activated
 caspase-8 and 10 cleave and directly activate the
eﬂ'éctor caspases (caspase-3, -6, -7) leading to
the exe-cution of apoptosis in cluding membrane
~ bleb-bing, inter-nucleosomal DNA
 fragmentation and nuclear shrinkage (type I
cells) (Goping et al., 2003). A protein called
cellular  FLICE-inhibitory profein (c-FLIP)
' Shms structural homology with pro—caSpase-S
and‘ possesses a death effector domain that lacks
Protease activity. In specific conditions, its
structure allows c-FLIP to be recruited to the
DISC where it inhibits the processing and

Apoptosis and ovarian ............ ...
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_activation of pro-caspase-8. Although many
isoforms of c-FLIP have been identified, only
three are expressed in human cells (Gozuacik
and Kimchi, 2004). They consist of two short
variants, c-FLIPS and c-FLIP R , and a long
splice variant, c-FLIPL . Both ¢-FLIPL and c-
FLIPS contain two DEDs an d compete with
pro-caspase-§ for association with FADD
(Grabarek et al., 2002). De-pending on the
level of c-FLIPL expression, its function at the
DISC will vary. When present in high amounts,
c-FLIPL will exert an anti-apoptotic effect at the
DISC (Graziani and Szabo, 2005). When
present in low amounts, it may heterodimerize
with caspase-8 at the DISC and promotes
apoptosis (Greenhalgh, 1998). c-FLIP is thus
seen as a major inhibitor of the extrinsic
pathway of apoptosis. In other cells (so called
type-1I cells), amplification of the signal via the
intrinsic or mitochondrial pathway 1s necessary
for efficient apoptosis. The intrinsic pathway 1S
usually triggered in response (o DNA damage,
hypoxia or oncogene overexpression.

As a sensor of cellular stress, p53 Is a critical
initiator of the intrinsic pathway. In response 1o
cellular damage, pS3 ftranslocates from the
cytoplasm to the nucleus where it promotes the
transcription of pro-apoptotic members of the
Becl-2 family. Pro-apoptotic Bcl-2 family
members such as Bax and Bak form pores in the
outer mitochondrial membrane causing the
release of cytochrome c and other apoptogenic
factors such as apoptosis inducing factor (AIF)
and SMAC/DIABLO into the cytoplasm.
Cytochrome c, along with apoptosis protease
activating factor-1 (APAF-1) and pro-caspase-9
form the apoptosome. Within the apoptosome,
clustered pro-caspase-9 gels activated and it
«leaves downstream effector caspases, leading to

the hallmarks of apoptosis (Gu et al., 2001). The
release of SMAC/DIABLO  from the
mitochondria pro-motes apoptosis by binding to
and neutralizing members of the family of
inhibitor of apoptosis proteins (IAPs), which can

block caspase-3 ac-
tivity through its baculovirus IAP repeat

domains. Although the extrinsic and infrinsic
pathways are activated by different mechanisms,
these two pathways are interconnected.
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Intracellular effectors
of ovarian apoptosis

The be2 gene family .
The initiation of apoptosis In various ovariai
cell lineages probably depends upon cell-
specific stimuli received via hormona! signals,
the absence or presence of which activates an
intracellular cascade of events that now appears
to share many common features regardless of the
cell type examined. Much of our recent
knowledge of the cytoplasmic and nuclear
effectors of the apoptotic pathway in the ovary
has come from studies of genes believed to
regulate apoptosis in cells of vartous
nonreproductive tissues {(Korsmeyer, 1995;
Stellar, 1995; Wyllie, 1995) or from genetic
mutation studies of invertebrate species such as
the nematode, Caenorhabditis elegans (Horvitz,
1999). One such gene in vertebrates is bc/-2, a
proto-oncogene that encodes a membrane-
anchored intracellular protein that prevents
apoptosis induced by a variety of stimuli,
including trophic hormone deprivation, 1onizing
radiation, hyperoxia, hypoxia and receptor-
linked death signals, such as those elicited by
tumour necrosis factor a (Reed, 1994;

Korsmeyer, 1995).

Although the role of BCL-2 in ovarian function
remains to be fully elucidated, a growing
number of reports have implicated this anti-
death factor and other related members of this
gene family in the three instances of ovarian cell
death discussed in the previous section. For
example, expression of the bc/-2 gene has been
detected in the ovary of many species (Johnson
et al., 1993; Rodger ef al., 1995; Tilly et al.,
1995a), and ablation of functional BCL-2
through targeted disruption of the gene in mice
(gene ‘knock-out’) leads to significantly fewer
oocytes and primordial follicles in the postnatal
ovary (Ratts ef al., 1995). By comparison, the
extent of granulosa cell apoptosis does not
appear to be affected by a loss of BCL-2,
suggesting  that there. are cell type-specific
:hfferences in the requirement for various genes
a(; ;fc:;))rli:tl:l ;Jr Iiuipress the cell death commd
A -h ny case, the commonality of
phenotype observed in SCF, SCF

106

receptor (c-kil) anq .BCL—E-deﬁcient mice fe
raised the possibility that the dOW“Stream
«urvival actions of SCF on developing oogqp;,
and oocytes are linked to enhanced expressjgp of
the bcl-2 gene (Ratts. et al., 1'99'5). Data o PIove
unequivocally that this association oceurs ip yjy,,
are not yet available. However, development of
defined in Vvitro models,' such as 1solate
primordial germ cells or intact fetal ovarje
placed in culture (Pesce el al, 1993
Martimbeau ef al., 1996), should permit futyye
testing of this hypothesis.

Another member of the be/-2 gene family whig),
warrants discussion in the context of ovariap
function is the death-susceptibility gene, hax
The BAX protem was originally identified viqa
its ability to noncovalently interact with BC[.-2
in cells (Oltvai ef al., 1993). This interaction is
thought to blunt BCL-2 bioactivity and thus may
serve as one of its mechanisms of action as a
death-inducing factor. However, BAX probably
also  acts  independently of  BCL-2
heterodimerization  to  induce  apoptosis

(Korsmeyer, 1995), although its precise
function in this regard remains to be fully

clarified. Recent studies suggest that this protein
plays a pivotal role in the life-and-death decision
ultimately faced by ovarian cells. For example,
expression of the bax gene in the ovary has been
reported from studies of both the mRNA (Rueda
et al., 1994; Tilly ef al., 1995a) and the protein
(Krajewski et al., 1994a). In addition, enhanced
expression of the bax death-susceptibility gene
in rat granulosa cells temporally coincides with
the occurrence of apoptosis and the onset of
follicular atresia in vivo and in vitro (Tilly et al.,
1995a).

Convincing evidence that BAX plays a
fundamental role in ovarian somatic cell death
has been derived from studies of genetically
manipulated mice that do not express functional
BAX protein (Knudson et al., 1995). Disruption
of the bax gene leads to the development of
grossly misshapen follicles which possess
degenerating oocytes indicative of atresia.
However, granulosa cells within degenerating
follicles of BAX-deficient mice appear 10 be
resistant to the induction of apoptosis (Knudso®
et al.,, 1995), substantiating reports that
increased expression of hax coincides with and
may herald the onset of follicle demise unde!
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ovary Johnson of al., 1996). One of these
19958 " s unique among the other members
o 4 is alternatively proccssed to
positive (‘short’ isoform, death
d negative (‘long’ isoform, death
regulators of the cell death patpway
o of als 1993). Data c'urrent]}‘f available
" te that Del-Xiong is the primary, 1? not onily,
indic? of the message expressed 1n ovarian
qlosa cells of mammalian (Tilly ef le.,
%;a;sﬂ) and avian (Johnson et al., 1996') species.
Ip agreement with the reported antiapoptotic
BCL-Xiong protein, recent observations

gotions of _
have revealed that ex-pression of bcl-Xiong
. the avian ovary 1s most abundant

mRNA 11 _ :
in granulosa cells of follicles destined for
ovulation (Johnson et al., 1996). At this point,

nowever, the precise requirement for either
‘oform of BCL-X 1n ovarian cell fate 1s

ancertain. This question may remain unanswered

cince disruption of the bcl-x gene in genetically
manipulated mice results in embryonic lethality
between day 12 and day 13 after coitus

(Motoyama ef al., 1995).

Anti-oxidant pathways
The mechanisms by which BCL-2 and related

proteins direct cell fate in any tissue are not well
understood. The membrane localization of BCL-
) within mitochondria (Hockenberry et al.,
1990) prompted early investigations into the
potential inter-actions of this cell death protein
with metabolic function. Use of gene-transfer
techniques  with cultured cells showed that
overexpression of bcl-2 protected cells from
oxidative stress-induced death and reduced
accumulation of certain reactive oxygen species

Apoptosis and ovarian ............ ..
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or their intermediates (Hockenberry et al.,
1993; Kane ef al., 1993). A follow-up study
demonstrated that BCL-2 may cause a slight
pro-oxidant state which then serves to trig-ger
oxidative stress defence mechanisms of the cell
in the form of increased activity of enzymes
such as superoxide dismutase (Steinman, 1995).
The link between BCL-2 and oxidative stress in
cells of nonreproductive tissues spawned a study
on the potential role of oxygen free radicals 1In
the process of granulosa cell apoptosis during
atresia (Tilly and Tilly, 1995). Data from these
investigations revealed that gonadotrophin-
ediated follicular survival coincides with
enhanced expression of anti-oxidant factors.
Moreover, provision of inhibitors of oxidative
stress to follicles cultured in vitro mimics the
ability of FSH to prevent apoptosis in granulosa
cells (Tilly and Tilly, 1995), which is consistent
with data suggesting that uncontrolled free
radical damage induces apoptosis in diverse cell
types (Buttke and Sandstrom, 1994).

The physiological significance of these findings
may be related to the stage of follicular
development at which the majority of atresia Is
thought to occur. The transition of developing
follicles to the antral stage is associated with a
marked increase in metabolic function of
granulosa cells, most notably in the production
of steroids via enhanced activity of cytochrome
P450 enzymes (Hirshfield, 1991; Richards,
1994). Electron transport associated with
steroidogenic output is a primary site of free

radical generation, suggesting that
differentiation of gran-ulosa cells within the
follicle coincides with an increased pro-oxidant
status. As a consequence, it has been

hypothesized that a potential trigger for atresia
in follicles not selected for ovulation is an

inadequate amount of protection from oxygen
free radicals that accumulate in steroidogenically
active granulosa cells (Tilly and Tilly, 1995).
Along these lines, a similar role for oxidative
stress has been proposed as a basis for both
functional (Sawada and Carlson, 1991;
Musicki et al., 1994) and structural (Rueda ef

al., 1995a) luteolysis.
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Lhe p53 tumour suppressor protein

One of the primary responses to cellular
DNA damage, such as that elicited by reactive
oxygen species, is the stabilization and nuclear
translocation of the anti-oncogenic transeription
factor, p33 (Kastan er al., 1991). In agreement
with these data and the hypothesis that oxidative
stress triggers atresia, accumulation

of pS3 protein in nuclei of granulosa cells of

antral follicles des-tined for atresia has been
reported (Tilly er al, 1995¢). Although the
mechanisms of p33 action in any tissue are not
fully  understood,  recent investigations
demonstrated that p33 induces apoptosis In
many cell types (Clarke et al., 1993), including
granulosa cells (Keren-Tal et al., 1995).
Furthermore. this effect may be the result of the
ability of p53 to enhance transcriptional activity
of the hax death-susceptibility gene (Miyashita
and Reed, 1995), while concomitantly
suppressing expression of the bcl-2 survival
gene (Miyashita ef al., 1994). The relationship
between nuclear p33 accumulation and altered
ex-pression of cell death genes in ovarian cells

has not yet been explored.

The ICE gene family

Lastly, recent evidence indicates that a newly
emerging family of cell death regulators,
belonging to a group of cyto-plasmic proteases
that demonstrate significant homology to the
Caenorhabditis elegans death  gene, ced-3
(Hengartner and Horvitz, 1994), may also
contribute to the initiation or pro-gression of
apoptosis in granulosa cells during atresia
(Flaws ef al., 1995b). Death proteins encoded by
members of this gene family in vertebrates
include interleukin-1fB-converting enzyme (ICE),
[CE-and-ced-3-homologue 1 (ICH-1), cysteine
protease P32 (CPP32), ICEIl (TX, [CH-2),
ICE I and MCH-2 (Martin and Green,
1995). These proteases share a conserved active
site sequence consisting of a QACRG
pentapeptide motif, and appear to be unique in
their ability to cleave proteins at aspar-tate
residues, Members of this family of proteases
attack a di-verse spectrum of specific
homeostatic and structural proteins, including
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(ADP)-ribose  polymerase (an engyy
nvolved in DNA repair), small nuéle‘c
ribonucleoproteins  (factors  responsible f::r
spliceosome assembly and mRNA l““ﬂ‘&*iim;
and structural proteins of the nuclear :;cﬂm{;’d
(Martin and Green, 1995).

In the rat a\\ialr}.}ny..[ﬁl‘cssinﬁll and gonadotrophip
regulation of 1CE, CPP32 and ICH-1 have beep
ra‘purlcd (Flaws e/ al., 1993b). It appears tha
ICE psrse 18 not involved in the apoptotic death
of granulosa cells as the abundance of ovarian
ICE mRNA 18 extremely low, expression of the
ICE gene in the ovary IS not gonadotrophin-
regulated, and follicles cultured in vino 1o
induce apnplnsis and atresia do not contaip
detectable ICE activity (Flaws er al., 1995h),
This proposal is in agreement with recent gene
knock-out data demonstrating that ablation of
ICE in mice does not alter apoptosis in two well-
defined model systems for cell death, the
glucomrticoid-tremcd thymus gland and the
post-lactational mammary gland (Li er al.,
1995). In contrast, expression of the death-
inducing proteases, CPP32 and ICH-1, in the
ovary is inhibited by gonadotrophins (Flaws e
al., 1995b), and prcliminm}-‘ data suggest that
endonuclease activation (Flaws ef al.,, 19935b)
and cleavage of small nuclear ribonucleo-
proteins (Trbovich and Tilly, 1995) may be
among the consequences of enhanced ICE-
related protease activity 1n granulosa cells.
Future analysis of the ovaries of genetically
manipulated mice deficient in specific members
of this protease gene family, complemented by
in vivo and in vitro examinations of the ex-
pression and actions of these cell death
regulators in ovarian cells, should aid m
elucidating the role of this new family of genes
in ovarian function.

puI}

Conclusions and Suggestion
Apoptosis is regarded as a carefully regulated

energy-dependent  process, characterized by
specific  morphological  and biochemical
features. It is fundamental to many aspects of
ovarian development and cyclic function
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00 for be used tO develop an_d protect the proteins are not fully understood and are the
Jatd e o] from environmental insults known focus of continued research. Understanding
qocyt® poswrilitya and to enhance success rates these mechanisms and other variants of
0 CUS° e etrieval and survival. Lastly, new apoptosis is vital because programmed cell
for 00cY iye measures may arise from the death, at the molecular level, is a component of
coﬂ‘.ﬁw destroy selectively the quiescent germ both health and disease, being initiated by
abill? ;31 (permanent sterility), the o:wglatox'y various physiologic and pathologic stimuli.
Cel}:op of antral follicles (tempora.ry sterility), or
f}?e corpus uteum (post-conception pregnancy
extrinsic Pathway Intrinsic Pathway Perforin/Granzyme
radiation, toxins, hypoxi, eic Pathway
* Cytotoxic T Celis

!

death '@ﬂﬂd -
death eCepiof ~a, ,
’( L perforin
adaptors mitochondrial changes (MPT) / \
\ ' granzyme B granzyme A
disc formation apoptosome forms 1 l

caspase 8 activation caspase 9 activation
\\ | / activation 1

caspase 3 activation
(Execution Pathway) DNA cleavage

|

endonuclease activation - degradation of chromosomal DNA
protease activation - degradation of nuclear and cytoskeletal proteins — cytoskeletal reorganization

'
cytomorphological changes:
chromatin and cytoplasmic condensation, nuclear fragmentation, etc.

|

formation of apoplotic bodies

Schematic representation of apoptotic events. The two main pathways of apoptosis are extrinsic and intrinsic as well

3 a perforin granzyme pathway. Each requires specific triggering signals to begin an energy-dependent cascade of
molecular events, Each pathways activates its own initiators caspase (8,9,10) which in tum activate the executioner

‘aspase3. The execution pathway results in cell shrinkage, chromatin condensation, formation of cytoplasmic blebs,
3poplotic bodies and finally phagocytosis of these bodies by the adjacent cells. (Taken after Susan Elmore

2007) Apoptosis: A Review of Programmed Cell Death. Toxicol Pathol. 2007; 35(4): 495-516).
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Figure 1&2: is a photomicrograph of a section of mouse exocrine
pancreas and skeletal muscle. The arrows indicate apoptotic cells

that are shrunken with condensed cytoplasm. The nuclei are
pyknotic and fragmented. Notice the lack of inflammation.
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Figure 3&4: TEM of thymus tissue showing apoptotic thymic
lymphocytes in an early phase of apoptosis.

Figs: I- 4 are taken

after Susan Elmore (2007) Apoptosis: A

Review of Programmed Cell Death. Toxicol Pathol. 2007: 35(4):

=93-516
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Fig. 5: {:leclron micrograph of granulosa cells revealing vacuolated
cytoplasm and mitochondria (arrow ).

Fig. 6: Electron micrograph of apoptotic granulosa cells showing uneven wavy
nuclear envelope (arrow) and i nereased vacuolization (star) of cytoplasm.

(Figs, 5&6 after J.K. Bhardwaj and R.K. Sharma (2012). Apoptosis and
Ovarian Follicular Atresia in Mammals, Zoology, Dr. Maria-Dolores Garcia

(Ed.), ISBN: 978-953-51-0360-8, InTech, Available'f‘rom: o
http://www.intechopen.com/books/zoology/apoptosns-and-ovarnan-folIlcular-

atresia-in-mammals).
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Apoptosis Abbreviations

Growth differentiation factor

IVE | Invitro fertilization

Apoptosis-inducing factor 189 CL |_Corpus luteum
Apoptosis protease-activating factor 1 DAB _L__D_lgntmobenzldme
Bcl-XL /Bcl-2-associated death promoter | __[_)D | Death domam
Bcl-2 homologous antagonist/killer | DED | Death cffector domam 3
Bcl-2 -associated X protein DISC | Death-inducing signalling complex l
B cell leukaemia-2 DNA | Deoxyribonucleic acid B |
B cell leukaemia-x long - DNase | DNA ladder nuclease T
B cell leﬁkaemia-x short E2 Estradlol
Bcl-2 homology X B ERK ~ Extracellular signal regulated kinase
Baculoviral 1nh1b1to1_'y repeat | FADD | Fas-associated death domain
Bcl-2 -related ovarian death gene |  FasL. | Fas ligand . i
Bcl-2 -related ovarian killer FasR Fas receptor

| Base pair % FLICE Fas ligand- interacting cell effector

| Caspase-activated DNase | FLIP | FLICE-inhibitory protein
Caspase activation and recruitment domain | FSH F ollicle-stimulatin g horm onec

clic adenosine 3°,5’-monophosphate FSHR FSH receptor

—— = o —

= —

| _NF-B

113

Gonadotrophin releasing hormone | IB | Inhibitor of NF- B o
Human chorionic gonadotrophin | kb | Kilobase 2]
17-Hydroxysteroid dehydrogenase kDa | Kilodalton m i 4
| Inhibitor of apoptosis KL Kit ligand e 4
Inhibitor of CAD LH Luteinising hormone
Inhibitor of NF- B J{ Mcl-1 | Myeloid cell leukaemia-1
Inhibitor of NF- B kinase MAPK | Mitogen-activated protein kinase
Mitogen-activated protem kinase kinase - SSC | Saline sodium citrate B ]
Messenger ribonucleic acid T Testosterone |
Nuclear factor B J TGF- | Transforming growth factor-beta
NF- B inducing Kinase B8 FENE= Tumour necrosis factor |
Phosphate-buffered saline TNFR | Tumour necrosis factor receptor |
Phophoinositide 3-kinase TRAIL | TNF-related apoptosis inducing ligand
Protein kinase C VDAC | Voltage-dependent anion channel
Prolactin | XIAP | X-linked inhibitor of apoptosis
Cytochrome P450 aromatase Z-VAD-fmk | Benzyloxycarbonyl-VAD-luoromethylketone
Receptor-interacting protein i 100 | Mitochondrial transmembrane potential
Ribonucleic acid SDS | Sodium dodecyl su[phate
Reactive ofigetl spectes | Smac | 2nd mitochondria-derived activator of caspascsl
Tumor necrosis factor a - e IGE insulin-like growth 1‘}_15@1' " -
C chrome C FGF | fibroblast growth factor o
basic fibroblastic growth factor FGFR ~ fibroblast growth factor receptor |
epidermal growth factor _ l FK Forskolin _—l
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