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Chapter 1

General introduction

Degenerating cells, following specific spatiotemporal patterns were observed in developing
specimens as early as the mid 19th century (reviewed in: Clarke and Clarke, 1996)'. After having
been out of focus for aimost a century, this "shrinkage necrosis” regained interest by
developmental biologisis after Gliicksmann's review (Gliicksmann, 1951), showing that this kind
of cell death with its peculiar cell morphology was intimately linked to the normal development of
both invertebrate and vertebrate species. It is, however, to the credit of Kerr, Wyllie and Currie that
the concept of a physiological cell death reached a wide scientific community (Kerr er al., 1972).
These authors revealed that degenerating cells that showed cellular and nuclear pyknosis, and
which were rapidly phagocytosed, were an integral part of both developmental processes and
tissue homeostasis of the adult; they dubbed this process of cell death with the term apoptosis.
Ultrastructural investigations revealed that during the apoptotic process organelles stay largely
intact, but are frequently more densely packed and clustered according to organelle type. Some
changes of organelles which may be observed in apoptotic cells include the dilation of the
endoplasmatic reticulum which eventually may fuse with the plasma membrane, and the presence
of crystalline areas of ribosomes (Wyllie er al., 1980; Duvall er al., 1986). By these
morphological characteristics, apoptosis markedly differs from the type of cell death which is
frequently observed in tissues that have been exposed to high levels of toxic agents or strong
physical stimuli such as intense heat, cold or ischemia, i.e. necrosis, or accidental cell death.
Necrotic cells, are characterized by an increase in cell-volume, swelling of organelles and loss of
plasma membrane integrity before the cells are cleared by phagocytes (Majno et al., 1995).

Apoptosis: physiological cell death

The first apoptotic cells that can be observed in developing mammalian specimens are probably
those located centrally in the inner cell mass, forming the amniotic cavity out of an initially solid
embryonic structure (Coucouvanis et al., 1995). Shortly thereafier, cells derived from all three
germ layers, i.e. ectoderm, endodenin and mesodenm, die at specific locations, within discrete time
windows (Gliicksmann, 1951; Saunders Jr. er al., 1966; Clacke et al, 1996). An important
physiological function for apoptosis during normal development is suggested by its apparent
close spatiotemporal relationship with morphogenetic processes such as cavitation, fusion, and
differential growth; some profound examples of these processes are the recanalization of the anal
canal, fusion of the neural walls, and shaping of the neural tube into spinal cord and brain,
respectively (Hoving et al., 1990; Blaschke er al., 1995; Nievelstein er al., 1998). In addition,
throughout }ife apoptosis appears to be related to maintaining tissue achitecture and homeostasis,
by effecting the deletion of supernumerous or unwanted cells (Kerr et al., 1972; Oppenheim et
al., 1977; Wyllie, 1992), Whereas these studies show that apoptosis is an integral part of normal
physiology, clearest evidence for the importance of this process probably comes from data
showing that an abnormal occurrence of apoptosis may leed to congenital maiformations and
disease.

! References of this chapter are to be found on pages 83 10 94 of this thesis
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Chapter 1

Apoptosis and congenital malformations

7T Deviations from the physiological presence or absence of
: developmental cell death may result in congenital malformations
of both internal organs and external parts of the body. Examples
of internal organs affected by a surplus of apoptosis are the
reduced numbers of nephrones in mice defective for the cell
eath-inhibitory protein Bcl-2 (Nagata et «l, 1996) and in

patients with polycystic kidney disease (Woo, 1995). Also
r nitrofen induced congenital diaphragmatic hernia seems to be
related to an intensivation of cell death, involving a reduction of
mesodermal cells adjacent to the transverse septum, which
normally would populate the diaphragmatic anlage (Alles ef al.,
1995).

The most commonly known apoptosis related congenital
malformations show at the outer surface of the body (Figure 1).
An example is the cleft lip which seems to be related 10 a
B decrease in cell death of the ectoderm covering the opposing
and/or adhering maxillary and lateral- and medial-nasal swellings
during fusion (Vermeij-Keers et al., 1983). In general, the type of
malformation reflects the time window in which the normally
- occurring apopiosis patterns were disturbed. This is probably
f best illustrated by the various congenital limb malformations that
" can develop after exposure 10 teratogens, or are caused by genetic
aberrations. Embryologically, limbs are extensions of the body
that grow from their distal ends, and in that respect can be
considered as a time line with relatively early generated elements
located proximally and late generated elements distally. This
implies that overexpression of cell death from early to late stages
of development can subsequently result in the absence of (a)
complete limb(s) (Momura et al., 1996), radius agenesis or aplasia (Knudson and Kochar, 1981)
and reduction anomalies of more distal elements such as fingers or phalanges (van der Zee et al.,
1996). In contrast, fack of apoptosis, may result in polydactyly (Knudson and Kochar, 1981;
Bynum, 1991) and interdigital webbing (van der Hoeven et al., 1994; Zaken e al., 1994), While
many of these congenital malformations are compatible with life, it is clearty that they may cause
both functional and psychosocial handicaps.

Figure 1: Examples of congenital
malformations which may result from a
shortage of apoptosis (top, cleft lip;
middie, interdigital webbing [digits 4-5p)
or by an excess of apoptosis (bottom,
oligodactyly).

Apoptosis and disease

A most striking example of the pathological effects of an excess of cell death is the acute insult
after vascular occlusion and subsequent ischemia of brain and heart tissve, leading to a center of
necrotic neurons or cardiomyocytes, which is often bordered by a mixed population of apoptotic
and necrotic cells (Gottlieb e 2l.,, 1994). It has been suggested that apoptosis is not only linked
with acute lesions of the heart, but cardiomyocyte apoptosis is also a frequently observed
phencmenon in the decompensated heart, where it may contribute to the progress of disease
(Olivetti e al., 1997). Similarly, neurodegenerative disorders may be linked with a variety of other
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Chapter 1

factors than low oxygen. This is for instance indicated by studies of Lurcher mice. These mice
suffer from ataxia, which has been shown to be caused by selective apoptosis of cerebellar
Purkinje cells in the first few weeks after birth (Norman ef al., 1995). In addition, neurons have
been observed to die by apoptosis in brains of adult mice with, for example, scrapie (Lucassen et
al., 1995).

In contrast to the previous examples which show that the normal physiology of some tissues is
probably best served by limiting the number of apoptotic cells, other studies, in particular
regarding the immune system and tumor biology, have indicated that the presence of apoptosis
may be crucial to the maintaining of homeostasis. Namely, amoimmune diseases and
inflammatory responses in normally immune privileged tissues like the eye and nervous system
are probably caused by an incomplete deletion of potentially self reactive |ymphocytes in the
thymus and in peripheral tissues (Baixeras et al., 1994; Griffith e al., 1995; Gold er al., 1997).
But also the removal of potentially malignant cells is mediated by apoptosis (Kerr er al., 1994),
Among the many cancer related genes identified sofar, the most extensively studied is p53. This
gene encodes a protein, also known as the guardian of the genome, which activates apoptosis of
potentially malignant cells with damaged and inadequately repaired DNA (Lowe er al., 1993),
Interestingly, by comparing litter sizes and incidence of malignancies between wild type mice and
p33 double knock out mice, Norimura and co-workers have shown that the functionality of
apoptosis in tumor resistance probably already starts prenatally (Norimura er af., 1996). The
resistance to radiation induced apoptosis in p53-/- mice is associated with an increase in
embryonic survival compared to radiation sensitive wild type mice. Though, in later life the p53-/-
population is characterized by a much higher incidence of malignancies, which is probably due to
a limited deletion of damaged and potentially malignant celis shortly after in utero irradiation.

From this limited fist of congenital malformations and diseases related to apoptosis, it is
conceivable that this particular mode of cell death is a crucial component of animal existence. This
notion is even further substantiated by the observation that fruit flies — Drosophila
melanogaster—die early during embryogenesis when almost completely deprived of apoptosis by
mutation or absence of genes in the apoptosis pathway, i.e., hid, grim and reaper (White et al.,
1994; Grether er al., 1995; Chen ef al., 1996). To further test the role of apoptosis in normal
development and physiology on the one hand, and congenital malformations and disease on the
other, it is essential to characterize this process biochemically and genetically (Table 1). Such
knowledge may give rise to additional diagnostic tools regarding apoptosis related diseases, as
well as means to modulate apoptosis as a part of treatment of disease.

Molecular biology of apoptosis

Programmed cell death

In addition to the term physiological cell death, apoptosis is also often referred to as programmed
cell death. Initially this term was derived from the observation that this process occurs during
development following highly reproducible patterns that were specified both in time and location,
i.e. the program. At present, the term programmed is much more linked with the molecular
regulation of this type of cell death, which is radically different from the passive demise of cells
dying the necrotic way (Jacobson ez al., 1997).
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Disease Gene Gene Map Locus OMIM N°
Crouzon Craniofacial Dysostosis CASP? (candidate) 10g25-425.2 601761
Holoprosencephaly CASP2 (candidate) 7935-q36 600639
Agammaglobulinemia BTK Xq21.3-g22 300300
Amyloidosis {Finish Type) GSN 8q34 137350
Beckwith Wiedemann Syndrome COKN1C {candidate) 11p15.5 600856
Bladder Cancer DAPK1 (candidate) 9q34.1 600831
Burkitt Lymphoma MYC 8g24.12-q24.13 1920080
Colorectal Cancer, T Cell Acute Lymphoblastic Leukemia [BAX 19g13.3-013.4 600040
Congenital Dyserythropoietic Anemia Type 1 CDANI1 15q15.1-q15.3 224120
Epilepsy CSTB 21g22.3 601145
Familial Amytrophic Lateral Sclerosis SOD1 21922.1 147450
Fanconi Anemia MX1 21922.3 1471350
Follicular Lymphoma BCLZ2 18g21.3 151430
Huntington Disease HD 4p16.3 143100
Syndactyly Type | Hox4 (candidate) - 185200
Lympho Proliferative Syndrome (ALPS) APT1/FAS 10g24.,1 134637
Neurblastoma TP73 (candidate) 1p36 601990
Paroxysomal Nocturnal Hemoglobinurea PIGA Xp22.1 311770
Familial Arrhythmogenic Right Ventricular Dysplasta 1 {ARVD1 14g23-q24 107970
Spinocerebellar Ataxia 3 MJD 14g24.3-q31 109150
Spinomuscular Atrophy Type SMN1 5912.3-913.3 600354
Stomach Cancer BCL2A1 (candidate) 15g24.3 601056
Systemic Lupus Eruthematosis {SLE} APT1LG1/FASL 123 134638
Various Tumors, e.g. lung, colon and skin carcinoma TP53 17p13.1 191170
Waardenburgh-Shah Syndrome SOX10 22q13 602229

Table 1: Genetic disorders possibly caused by disregulation of apoptasis [Online Mendelian Inheritance in
Man {OMIM™), Center for Medical Genetics, John Hopkins University (Baltimore, MD) and National Center
for Biotechnology information, National Library of Medicine (Bethesda, MD),1957. World Wide Web URL:

http://www.ncbi.nlm.nih.gov/omim/}

Paradoxically, the species having contributed most to the understanding of the molecular biology
of apoptosis is one that develops and survives under laboratory conditions in the absence of
apoptosis without exhibiting gross abnormalities, the nematode Caenorhabditis elegans (Yuan et
al., 1993). By linking mutations in the genome of this nematode to an abrormal or absence of cell
deletion, genes have been identified that are involved in various phases of apoptosis: activation,
execution, phagocytic clearance and intraphagolysosomal degradation (Ellis et al., 1986; Ellis and
Horvitz, 1991b). These genes have been conserved by evolution, indicating the significance of
apoptosis to the development and functioning of muiticellular organisms. The signaling phase
which precedes the activation of apoptosis is highly heterogeneous and is composed of a myriad
of molecules and receptors which interact often in a species and cell type specific manner (for a

recent review see: Vermes et al., 1998).
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The signaling phase of apoptosis

The signaling phase of apoptosis requires receptors at the cell surface to respond to the
environment which may contain pro and anti apoptotic signals in soluble form or present on the
surface of surrounding cells. In addition, it involves "sensor" mechanisms within the cell, to detect
physical stimuli including cold, heat, and irradiation (Fesus, 1993; Akbar er al., 1997). The cell
type specificity of this signaling phase of apoptosis is illustrated by the observation that in C,
elegans mutations that cause a gain of ces/ function, or a loss of ces2 function prevents apoptosis
of specifically two cells in the pharynx (Ellis ef al., 1991a). Although it was not clear from this
study how both genes effect such a cell specific action, it does show that the signaling phase
consists of both apoptosis activating and apoptosis inhibiting cues. Such opposing cues do also
exist in mammalian cell death. Some examples of rescuing signals include the growth hormones
Fibroblast Growth Factor (FGF)-2 and FGF-4 (Macias et al., 1996), Platelet Derived Growth
Factor (Appleton et al., 1993), as well the extracellular matrix protein fibronectin (Scott er al,,
1997). Some extensively studied apoptosis inducing factors include retinoic acid (Rizzo et al.,
1991), Fas ligand and its receptor (Los et al., 1995), and the proto oncogene c-myc (Bisonette er
al., 1992; Fanidi et al., 1992).

If after integrating the pro and anti apoptotic signals the balance shifis toward apoptosis, this
message has to be transduced to the apoptosis activation-genes to initiate an apoptosis specific
cascade of events. How this signal transduction is effected is only limitedly understood. But
during this early phase of apoptosis, intracellular calcium normally rises (Trump ef al., 1995) and
ceramide may be generated from sphingomyelin in the plasma membrane (Hannun e al., 1995).
Transduction of the message from the signaling level towards the level of apoptosis activation
may entail macromolecular synthesis. This was most clearly shown in experiments in Drosophila,
where transcriptional activation of the genes reaper, Aid and grim is essential for cells to become
apoptotic (White et al., 1996). In addition, a recent investigation of a marnmalian colorectal cancer
cell line has indicated that induction of apoptosis by infecting these cells with a replication
defective virus carrying the p53 gene, was mediated by the activation of transcription of a number
of redox related genes (Polyak er al., 1997). However, exceptions to this ule apparently also
exist. This was indicated by an elegant study of Fas induced apoptosis by Schultze-Osthoff and
co-workers who showed that after enucleation, B cells still were able to execute the cell death
program afier being exposed to Fas ligand, as judged by the appearance of the morphological
hallmarks of apoptosis like membrane blebbing and cytoplasmic condensation (Schultze-Osthoff
et al., 1994).

Apoptosis modulating agents which are cell type specific may possibly become part of therapeutic
intervention in heart disease, diseases of the immune system, cancer, and neurodegenerative
disorders. Such therapeutic drugs are most likely to be derived from the signaling level of the
apoptotic cascade. Nevertheless, it should be taken into account that the same factors may act on
different cell types, which is illustrated by the induction of cell death in the prospective neural
crest (Graham et al, 1994) and the interdigital mesoderm (Zou er af, 1996) by Bone
Morphogenetic Protein (BMP) during mouse embryonic development. In addition the same
factor may transmit opposite signals, such as (1) endogenous NGF, which inhibits cell death of
most neurons during development (Davies er al,, 1991; Albers et al., 1994) while it activates cell
death in the early central retina (Frade er al., 1996), and (2) the inflammatory eytokine Tumor
Necrosis Factor-a (TNF-c), which may inhibit apoptosis of B lymphocytes (B cells) in a dose
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dependent manner up to 710 1U/ml (Mangan er al., 1991) whereas it induces apoptosis and
necrosis in, for example, the 1.929 line at a dose of 250 IU/m! (Piredda er al., 1997).

The activation and execution phase of apoptosis

Numerous studies have shown that probably each cell contains all proteins that are required to
activate and execute the apoptosis program, and that these molecules are constitutively expressed
both in embryonic, fetal, neonatal and adult cells (Ishizaki ez al., 1995; Weil er al., 1996). Thus, if
the cell has reached the activation level of apoptosis, the program can no longer be interfered with
by molecules like staurosporine which inhibits many protein kinases (Tamaoki et al., 1990).
However, the process is still active and requires ATP to continue (Richter er al., 1996).

If after the integration of pro and anti apoptotic signals the cell has reached the apoptosis
activation phase, the cell is not yet bound to die. Similar to the signaling level, also at this
subsequent level both pro and anti apoptotic molecules compete for the final decision. Anti
apoptotic molecules include the virus derived proteins p35 (Bump et af., 1995) and CrmA (Tewari
et al., 1995), and members of the Bcl-2 family of proteins (Reed, 1994); the latter are homologous
with C. elegans CED-9 (Hengartner, 1995). Interestingly, the Bcl-2 family includes both anti
apoptotic members—Bcl-2¢, Bel-28 and Bel-X—and pro apoptotic members—Bad, Bag and
Bax—(Davies, 1995; Gonzéles-Garcia ef al., 1995; Motoyama et al., 1995; White er al., 1998).
The balance between hetero and homodimers of these pro and anti apoptotic proteins determines
whether apoptosis is inhibited or activated (Reed, 1997).

Two mechanisms have been proposed by which the Bcl-2 family members may modulate
apoptosis. First, Bcl-2 may inhibit the progress of apoptosis by blocking the telease of molecules
from the mitochondrion which include the apoptosis stimulating mitochondrial cytochrome C
which is equal to Apoptotic Protease Activating Factor (Apaf)-2 (Liu et al., 1996; Kluck er al.,
1997). Alternatively, and not mutually exclusive with the former option, Bel-2 may bind Apafl
which is homologous with C. elegans CED-4 (Vaux, 1997; Zou ef al., 1997). It is hypothesized
that such binding would interfere with complex formation of Apafl, Apaf2 and Apaf 3/caspase-9
(Li et al., 1997) on the one hand, and pro-caspase-3 on the other hand, thus preventing the
conversion of pro-caspase-3 into its active form (Jacobson er al., 1997; Li er al., 1997).

Caspase-3 stands on the border of the execution phase of apoptosis. This zymogen, which is
homologous with the C. elegans CED 3 is also known under the synonym the executioner.
Caspase-3 is a member of the family of caspases which in activated form cleaves substrates after
specific aspartic acids (Barinaga, 1994; Los er al., 1995). Since g:aspasesrarc also able to cleave
each other and thereby convert family members from ,.zymogehs into active enzymes, caspase
_ activation can lead to parallel enzymatic pathways (Négaxa, 1997). Some caspases exert their
function at the level of activating apoptosis, which is upstream of caspase-3. Amongst these
proteins is caspase-9, caspase-11 and caspa.se-l the latter is the archetype caspase, formerly
known as Interleukin” (IL) ip Convcmng Enzynie or ICE. Other caspases act downstream of
caspase-3, at the apoptosis executich level, Combined, these pathways lead to a rapid breakdown
of the cytoskeleton, lamin, organelles, and nuclear DNA. The latter is mediated by a protein
named DFF, which is responsible for cutting the DNA into 300Kbp, 50Kbp and eventually into
180bp fragments (Wyllie, 1980; Oberhammer er al., 1993). In addition, the protein poly{ADP-
ribose)Polymerase (PARP) is cleaved; a protein which is suggested to function in DNA-repair
and surveillance in its intact form (Nicholson ez al., 1995; Tewari ez l., 1995)

12



Chapter 1

Adding to the complexity of the process of apoptosis, activation and execution pathways have
been discovered that run paralie] to the aforementioned molecular cascades, The alternative
activation pathways include ubiquitin activated proteasomes—phylogenetically conserved
malticatal ytic complexes — which effect cellular changes characteristic for the execution phase of
apoptosis, both directly and indirectly via activating members of the caspase family (Grimm ef al.,
1996; Machiels et al., 1996). Furthermore, in some cell types caipain is activated during the
execution phase, which is also able to cleave DNA and PARP similar to caspases (Vanags et al.,
1996; Vilia et al., 1998).

Preparing the cell for efficient removal from tissues without disturbing the environment seems to
be the major task for the execution machinery. To reach this end, digestion of intracellular
components is initiated while the plasma membrane remains intact, whereas the spilling of the
cellular contents to the environment ie in many cell types further avoided by building a scaffold
under the plasma membrane by the activation of tissue transglutaminases (Fesus er al., 1989;
Piredda er al., 1997). In addition, relatively early during the execution phase the cell starts to
expose characteristic molecules at its surface which signal its apoptotic state and lead to its
recognition and removal by local phagocytes or specialized macrophages (Savill er al,, 1993).

The phagocytic clearance of apoptotic cells

Phagocytosis of apoptotic celis is a multistep process, involving recognition of the apoptotic cell
and subsequent cell adhesion, engulfment and intraphagolysomal degradation. The relative
importance of the phagocytic endpoint of apoptosis can probably best be read from studies of the
molecular regulation of apoptosis in C. elegans. In this species, a limited number of genes are
directing the activation {pro apoptotic ced-¢ ; anti apopiotic ced-9) and execution (ced-3) of
apoptosis, and intraphagelysosomal degradation of apoptotic corpses (ruc-1), (Sulston, 1976;
Albertson et al., 1978; Ellis et al., 1991a; Hengartner et al., 1992). In conirast, the removal of
apoptotic cells appears to be under a much more extensive genetic control and is regulated by two
sets of genes, composed of ced-2, ced-5 and ced-10, and ced-1, ced-6, ced-7 and ced-8,
respectively. Only specimens having a defective gene in both sets show loss of phagocytic
capacity (Ellis ef al., 1991a), indicating that probably two independent pathways of phagocytic
clearance of apopiotic cells exist in this species composed of a mere 1090 cells, of which a 131
die until it hatches.

Like many of the factors that mediate the previous phases of apoptosis, studies have shown that
also the process of phagocytosis is partly under control of phylogenetically conserved genes.
Recent data suggest that the extension of the phagocyte-plasma membrane during engulfment of
apoptotic cells is mediated by the C. elegans ced-5 gene which is homologous with Drosophila
Myoblast City protein and human DOCK 180 (Wu et al., 1998). Furthermore, C. elegans Ced-7
is suggested to be homologous with the ATP binding cassette transporier ABC1, which is a
220kDa glycoprotein (Luciani er ai., 1996). Steric blockade of this putatiVe anion transporter,
greatly reduces the capacity of embryonic phagocytes to clear apeptotic cells. Thus ABC1 seems
to be an important modulator of phagocytosis during dcvelop_ment (Becq et ai., 1997). In addition,

evolutionary distant species seem to share elements of the recognition phase of phagocytosis (see
below),

The clean disposal of dying is crucial to the process of apoptosis. One means of effecting this is
by removing dead cells before their plasma membrane integrity has become compromised, and the
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celis begin to leak their potentially harmful contents 1o the environment (Savill er al., 1989b). In
addition to the rapid dynamics of the phagocytic process, the inertness of apoptotic cells with
regard to their surroundings is further promoted by the release of anti-inflammatory substances
and inhibition of the release of proinflammatory cytokines by the phagoeyte after ingesting
apoptotic material (Voll ez al., 1997; Fadok er al., 1998; Savill, 1998). The proinflammatory
cytokines that have been described in mammalian peripheral blood monocytes to be inhibited
include IL- 1, IL-8, TL.-12, granulocyte macrophage colony-stimulating factor (GMCSF), TNF-c,
leukotriene C4 as well as thromboxane B2 (Voll ez al., 1997; Fadok et al., 1998). Probably this
inhibition is mediated via para and autocrine mechanisms involving the production of
transforming growth factor (TGF)-g, prostaglandin (PG)E2, and platelet-activating factor (PAF)
by the macrophage (Fadok et al., 1998). Whereas the studies of Voll f al. (1997) and Fadok et
al. (1998) show mainly overlapping data, they were conflicting with regard to the production of
the anti-inflammatory cytokine IL-10. This may be explained by the different phagocytic triggers
that were used in both studies, showing that IL-10-production may increase in the case of CD36
mediated phagocytosis (Voli er al., 1997) or decrease after ingestion of immunoglobulin (kg)G
opsonized apoptotic cells (Fadok ef al., 1998).

The best characterized part of apoptotic cell removal is the phagocyte recognition of antigens
which are specifically expressed at the surface of apoptatic cells. Most of the phagocyte receptors,
and ligands expressed by the apoptotic cell have been identified in phagocytosts inhibition
experiments using ligand like molecules and antibodies against the phagocyte receptor, or in by
targeted disruption of the genes encoding a putative receptor or ligand. Receptor molecules
exposed at the surface of phagocytes include the 61D3 antigen which is a single chain 75kDa
protein identical to CD14 (Devitt ef al., 1998). Furthermore, scavenger receptors of the A type and
B type appear to be involved in the clearance of apoptotic cells (Platt ef al., 1996). Most studied is
the B type receptor CD36, which is part of a charge sensitive pathway of phagocytosis mediated
by the giycoprotein thrombospondin (Savill ez al., 1989a; Ren and Savill, 1995a). In this pathway,
thrombospondin bridges the dying cell and the phagocyte by binding a putative thrombospondin
receptor and the CD36-vitronectin o, B, complex, respectively (Savill er al., 1990; Ren and Savill,
1995a). Strongest support for a role of CD36 in the clearance of apoptotic cells comes from a
study showing that the normally non-phagocytic COS cells become capable of ingesting
apoptotic cells after transfection with CD36 (Ren er al., 1995b). Data suggest that scavenee-
receptors probably also are important in the removal of apoptotic cells in Drosophila cairyos
(Abrams er al., 1992), which include a member of the CD)36 family cailed croguerworr, i.e. catcher
of death (Franc et a/., 1996). Other phagocytic pathways which have beei: etuiated by inhibition
experiments in mammalian and amphibian systems invelve lectin type interactions with
Lame cArate structures and mannose/fucose sugars exposed at the surface of the dying cell
(Duvall ez .., ""R3; Dini et af., 1992, 1995; Falasca et al., 1996; Little ¢t al., 1996).

Also the distibunivs . "= different classws of phospholiowls ssross the placma membrane
bilayer has been shown 10 nw= aw.._:¥no function during the end of cellular existence. in viakie
cells the choline phospholipids, ie. SpRinguaycii: and ihos, k.. Aoicholing, are mainly residing
in the outer leaflet of the plasma membrane. In contrast, virtually all the aminophospholipid
molecules, i.e. phosphatidylserines (PS) and phosphatidylethanolamines, are hidden in the
cytoplasm facing leaflet of the plasma membrane (Op den Kamp, 1979). This asymmetric

distribution is maintained in an ATP (Seigneuret ez al., 1984; Zachowski er al., 1989) and Mg**
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(Bitbol et al., 1987) dependent manner by so-called translocases. In vitro studies of mainly red
blood celis and platelets, but also of apoptotic cells, have indicated that loss of this asymmetric
distribution of phosphatidylserine may occur after activation of a phospholipid unspecific
scramblase (Verhoven ef al., 1995; Basse et al., 1996; Zhou ef al., 1997), in conjunction with
inhibition of an aminophospholipid specific out-in translocase (Sune er al., 1987; Zachowski et
al., 1987), and possibly by activation of an aminophospholipid specific in-out translocase (Gaffet
et al., 1995).

Two lines of evidence point towards an important role of cell surface exposure of PS in the
triggering of phagocytosis: (1) in vivo clearance of erythrocytes by the reticuloendothelial system
is positively related to the refative amounts of PS exposed at the plasma membrane of the red
blood cell (Schroit er al., 1985; McEvoy er al., 1986; Schlegel e al., 1987; Allen et al., 1988), and
(2) in vitro phagocytosis of leukocytes can be inhibited by adding liposomes to the cultures, onty
if these liposomes are containing PS (Fadok et al., 1992a, 1992b; Flora ¢! al., 1994; Ashman et
al., 1995). There are data available suggesting that similar to other parts of the apoptosis
machinery, also the functionality of PS exposure is conserved among species; insect phagocytes
have been observed to recognize and ingest phospholipid vesicles composed of both
phosphatidylcholine and PS, and not vesicles composed of phosphatidylcholine only (Ratner et
al., 1986). Some studies suggest that phagocyte recognition of PS exposing apoptotic cells may
be mediated by a 94- to 97 kDa oxidized low density lipoprotein-receptor which is identical to
mouse microsialin and homologous to human CD68 (Ottnad et al., 1995; Ramprasad er af., 1995;
Sambrano et al., 1995). In addition, phagocytosis of human apoptotic neutrophils in vitre is
possibly mediated by binding of f2-glycoprotein 1 to the PS exposing cell (Balasubramanian et
al., 1997).

Taken together these studies of the process of removal of apoptotic celis indicate that multiple
apoptosis specific surface antigens exist at the surface of apoptotic cells which are recognized by
various phagocyte receptors and lead to engulfment and processing of the apoptotic cell. In
addition to the listed routes for selective clearance of apoptotic cells, probably parallel apoptosis
related receptor-ligand interactions will be identified in the near future, as is indicated by the
identification of various specific epitopes at the surface of phagocytes and apoptotic cells with the
use of monoclonal antibodies (Rotelio er al., 1994). In addition, adult T lymphocytes (T cells)
show a number functionall changes of the plasma membrane including upregulation of the T-cell
receptor-B/CD3, CD69 and CD25, whereas CD8 and CD4 are down-regulated after these cells
are induced to undergo apoptosis by steroid treatment (Kishomoto ez a/., 1995). As of yet, the
function of these epitopes is stil] enigmatic.

Biochemical markers of apoptosis

The identification of molecular building blocks of apoptosis has led to the understanding that this
organized mode of cell death is probably better characterized by its often phylogenetically
conserved biochemical cascade, than by cell morphology only. In this respect, cells of the
developing lens, healing comea, and skin form good examples. The ceath of lens cells,
keratocytes and keratinocytes is evidently an organized process which clearly differs from
necrosis, but these dying cells do not show the morphological characteristics of apoptosis.
Though, the identification of caspase-3 activity in cells of the lens and healing comea, as well as
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expression of tissue transghutaminases and the cutting of the genome into DNA fragments of 180
base pairs in keratinocytes during "terminal differentiation” has revealed that these cell death
events are probably effected by mechanisms which are comparable to those found in
"morphologically-correct” apoptosis (Polakowska et al., 1994; Wilson e¢ al., 1996; Ishizaki ef al.,
1998). It also sustains the notion that division of cell death into necrosis and apoptosis is still a
valid working hypothesis. Furthermore, the appreciation that many of the biochemical
components of apoptosis are shared between cells derived from all eukaryotes will probably give
rise to new tools to detect apoptotic cells, which will help further deciphering the relation between
apoptosis and normal development and physiology, as weil as disregulation of apoptosis and
congenital malformations and disease. This in turn may facilitate the identification of new factors
in the signaling phase of apoptosis and the downstream effector molecules, leading to new
insights and new markers. One of the downstream processes of the cell death machinery, that has
already fulfilled a function in this respect for many years, is apoptosis associated
internucleosomal DNA-fragmentation (Wyllie, 1980). Staining of gaps in the DNA of apoptotic
cells via terminal deoxynucleotidyl transferrase-mediated incorporation of labeled
deoxynuclectides has become a major tool to detect apoptosis both in vitre (Herrmann et al.,
1994} and in vivo (Gavrieli et al., 1992; Wijsman et al., 1993). Other more recent markers which
have been derived from biochemical studies include antibodies raised against caspase-cleaved
actin (Yang ez al., 1998) and activated caspase-3 (Kouroku er al., 1998),as well as the probing for
exposure of the phospholipid PS at the cell surface of apoptotic cells with the use of the PS
binding protein annexin V (Koopman et al., 1994; Martin et al., 1995; Vermes et al., 1995).

AnnexinV

The protein family of annexins contains more than ten members, which have been isolated from a
variety of eukariotes, including plants, invertebrates, fish, avian and mammals (Raynal et al,, 1994,
Morgan et al., 1957). Members of this phylogenetically old family share a tertiary structure
consisting of fous~-or eight for annexin VI—highly conserved domains which are connected by
linker peptides (Raynal and Pollard, 1994). Annexins are characterized by a high affinity for Ca™
and the phospholipids present in cell membranes, fe. phosphatidylcholine, sphingomyelin,
phosphatidyl-ethanolamine and PS {Hoekstra er al., 1993). The molecular and bicchemical
identity of annexins is determined by their N-terminal region with less than 5% amino acid-
homclogy between the separate members (Morgan and Ferndndez, 1997).

The protein now known as annexin V was first discovered in 1979 (Bohn, 1979). In the
subsequent decade this protein was also isolated by several other groups. The protein was given
various names by different authors, which in chronological order include placental protein 4, 35K
calelectrin, chromobindin 5, anchorin CII, vascular anticoagulant-u, calphobindin I, placental
anticoagulant protein 1, endonexin 11, lipocortin V, and 35y-calcimedin {for details see: van Heerde
etal., 1995). With regard to its phospholipid binding capacity, annexin V stands out from other
annexins by its high affinity for PS (Tait ef al., 1988; Meers et al,, 1993). In addition to binding
PS, annexin V has been shown to bind a number of other molecules, which include cytoskeletal
proteins, collagen, and glycosaminoglycans (Webb et al., 1987; von der Mark et al., 1997,
Ishitsuka ef al,, 1998). Based on these binding properties, annexin V is attributed a variety of
membrane associated functions which include the inhibition of blood coagulation, formation of
calcium channels, stabilizing of phospholipid membranes, exocytosis and endocytosis (Goossens
i6



Chapter !

et al., 1995; Larsson et al., 1995; Kirch ez al., 1997; Rosales et al., 1997), as well as inhibition of
phospholipase A, (PLA,) and protein kinase C (PKC) activity (Buckland er al., 1998; Dubois ef
al., 1998). Complicating the picture even any further, annexin V seems to be able to inhibit PLA,
both dependent and independent of binding PS and Ca®, as has been shown by studies using
model membranes (Speijer e al., 1997) and annexin V derived peptides (Miele et al., 1988).
Despite all its test tube functions, the roles of annexin V in vivo remain to be established.

Annexin V and the immune system

Although the in vivo function of annexin V is still enigmatic, one of the candidate functions of
annexin V is modulation of the immune system. This is indicated by biochemical studies which
have shown that annexin V-derived oligopeptides can exert anti-inflammatory effects in vitro and
in vivo, including PGE2 release from plasma membranes and suppression IL-1B induced pyresis,
respectively (Miele et al., 1988; Perretti et al., 1991; Douglas et al., 1992; Mugridge et al., 1993;
Palmi et al., 1995). In addition, clinical studies have shown the presence of annexin V antibodies
in patients with autoimmune diseases such as systemic lupus erythematosis (SLE) (Kaburaki et
al., 1997) and rheumatoid arthritis (Dubois et al., 1993a; Rodriguez-Garcia 2t al.,, 1996), and in
patienis with recurrent pregnancy loss (Rand et al., 1994; Rand et al., 1997). In the latter, also
frequently the normally present annexin V on the syncytiotrophoblast was reduced (Rand et al.,
1994). Furthermore, in healthy persons annexin V levels have been found to be relatively high in
immune privileged tissues such as the aforementioned allograft-placenta (Krikun et al., 1994}, the
eye (Kobyashi et al., 1990) and brain (Learmonth et al., 1992; Imai et al., 1995). If annexin V
indeed has a role in modulating the immune system, one of its targets is possibly the B cell
population. Cells of this lincage frequently play a role in diseases which seem to be linked with
annexin V, including autoimmune diseases (Berek et al., 1997; Rudolphi et al.,, 1997; Eisenberg,
1998, Erxikson et al., 1998; Ohtsuka et al., 1998), cell degeneration in normally immune privileged
tissues (Sun, 1993; Owens et al., 1998) and allograft rejection (Hutchinson et al., 1995). More
direct evidence of annexin V as an immunomodulatory molecule is, however, yet to be obtained.

Scope of this thesis and introduction to experimental work

The research presented in this thesis can be devided in Viable Apoptotic
two major sections. The first section pertains the
study of exposure of PS by apoptotic cells in vivo. The
tool used for this part of the thesis was the Ca®* and
phospholipid binding protein annexin V (Seaton er
al., 1990; Thiagarajan et af., 1990; van Heerde er al.,
1995). Preceding the research presented in this thesis,
in two studies it was shown that by its specific affinity

for PS,recombinanthumanannexinVconjugated toa Figure 2: Schematic representation of the
fluorochrome was a reliable marker for the detection asymmetrical distribution of PS (small beads) in a
of loss of the PS plasma membrane asymmetry by viable cell. During apoptosis this plasma
apoptotic neutrophils in vitro, i.e. it could discriminate membrane asymmetry is lost, leading to cell
between viable cells hiding PS inside the cell and surface exposure of PS which can be detected

apoptotic cells that exposed their PS molecules with annexin V.
(Figure 2; Koopman er al., 1994, Homburg er al.,
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1995). The first goal (chapter 2} was to test with annexin V, whether in embryos in vivo the
distribution of PS across the two leaflets of the plasma membrane was as strictly regulated as in
blood cells in virro, and also to see if the regulation of PS plasma membrane asymmetry leading
to cell surface exposure during apoptosis was a common phenomenon during mammalian
development. Because PS is generally supposed to be present in all cell membranes, annexin V
had to be introduced to the embryos in such a manner that it could only bind PS exposed at the
outer plasma membrane leaflets. Therefore, annexin V conjugated to the marker-molecule biotin
(annexin V-biotin) was injected imto the circulation of viable mouse embryos from day 11-13 of
development (E11-E13). After perfusing viable embryos for 30 minutes with the protein,
specimens with positive heart activity were fixed, paraffin embedded and serially sectioned.
Following, the spatial and temporal distribution of annexin V-biotin labeled cells was studied in
these embryos at the light microscopical level, in particular with regard to previously documented
regions of developmental cell death (Gliicksmann, 1951), Furthermore, in "dense” regions of cell
death at specific location in developing limb, we studied cellular binding of annexin V-biotin at the
ultrastructural leve].

Many components of the molecular machinery of apoptosis are shared between the various cell
types that become apoptotic within species, and are conserved among species too. A phagocytosis
inhibition study by Rattner and co-workers (Ratner et al., 1986) using liposomes, indicated that
PS exposure may be a membrane alteration utilized by insect hemocytes to clear apoptotic cells,
similar to mammalian neutrophils. Based on this knowledge we tested the hypothesis that PS
exposure by apoptotic cells is phylogenetically conserved (chapter 3). For this purpose Annexin
V-biotin was injected intracardially into viable mouse and chick embryos, and into the hemolymph
of Drosophila melanogaster pupae. The relation between annexin V-biotin abeling and
apoptosis was studied at the spatioternporal level as well as at the cell morphological level in
paraffin and semithin sections.

Markers for apoptosis need to be specific and selective. In chapter 4 the use of annexin V-biotin
to label apoptotic cells was tested in comparison to other apoptosis markers in mouse embryos.
These markers inciuded the vital dye Nile bluc sulfate, which labels superficial regions of
apoptotic cell death in whole unfixed embryos (Saunders Jr er al., 1962). It was also tested in this
study how PS exposure and apoptosis associated DNA fragmentation were temporally related in
vivo. This was done by a double labeling experiment for PS exposure and apoptosis associated
DNA fragmentation on the degenerating interdigital tissue of E13 mice.

In chapter 5, a study is presented of neuronal cell death in early mouse embryos. Most literature
regarding neuronal cell death during development derives from studies using avian embryos. But,
at present the focus of research has started shifting towards genetical studies and mice have got
into the picture. Therefore, apoptosis in the developing central nervous system and peripheral
nervous system of ES9-E14 mouse embryos was explored in a broad manner: the specificity and
sensitivity by which annexin V bound apoptotic cells was evaluated, and histological- and
quantitative- spatiotemnporal cell death patterns were documented. In addition, an electron
microscopical study was conducted, to investigate neuronal cell death at the subcellular level, and
to compare phagocvtosis of apoptotic nenrons in peripheral ganglia with the phagocytic removal
of dying mesodermal cells in the developing limb.
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In contrast to the previous chapters, where human recombinant annexin V was used as a tool to
study the distribution of PS exposing cells in vivo, the objective of the second section of this
thesis was to get insight in putative in vive functions of annexin V, with focus on modulation of
the B cell immune response (chapter 6). The effect of human recombinant annexin V on isotype
production by LPS or anti-CD40 polyclonally stimulated B cells was measured in conjunction
with the effect of annexin V on cell proliferation and cell death. To get insight in the structure-
function relationship of annexin V and its immunomodulatory effect, alsc mutant annexin V
proteins with a decreased affinity for PS were tested.
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Abstract

The distribution of phospholipids acrossthetwo leaflets of the
plasma membrane is important for many cellular processes
including phagocytosis and hemostasls. In the present study
we investigated the in vivo plasma membrane distribution of
the aminophespholipid phosphatidylserine in mouse em-
bryos with a novel technique employing Annexin V, a Ca®*
dependent phosphatidylserine binding protein, conjugated to
tlucrescein isothiocyanate and biotin. Annexin V directly
applied to cryostat sections labeled the plasma membrane of
all cells at the interface. In contrast, Annexin V injected
intracardially into viable mouse embryos labeled almost
exclusively apoptotic cells. These apoplotic cells were visible
in all tissues and derived from all germ layers. Qur
experiments demonstrate that phosphatidylserine is asym-
metrically distributed between the two lzaftets of the plasma
membrane in virtually all cell types in vive and that this
asymmetry is lost early during apoplosis.

Keywords: Annexin V, cell death, mouse embrye, phagocy-
tosis, phospholipids

Abbreviations: AnxV, Annexin V; PM, plasma membrane;
ABC, ATP-binding cassette; PS. phosphatidylserine; Anxv-
FITC, Annexin V conjugatedto flucrescein isothiccyanate; PC,
Post coitum; LM, light microscopical; EM, electron micro-
scopical; PBS, phosphate buffered saline: DAB, 3,3"-diamino-
benzidine fetrahydrochloride

Introduction

in vitro studies mainly of blood cells have shown that the two
major classes of the plasma membrane (PM) phospholipids,
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the choline- and amincphospholipids, are distributed asym-
metrically between the two teaflets of the PM. Sphingomyelin
angd phosphatidylcholine comprise the majority of the outer
leafiet while ethanolamine ang serine phospholipids reside
predominantly in the leaflet {acing the cytosol (Devaux, 1991).

The PM transverse translocation of phespholipids is
mediated by so-called flippases (Higgins, 1994; Diaz and
Schroit, 1996). The first flippase has recently been identified.
This phosphatidylcholine franslocase is the mdr2 p-glyco-
protein gene product (Mdi2) (Swmit et a/, 1993}, which is a
member of the phylogenetically old, ATP-binding cassette
{ABC) transporter superfamily (Higgins, 1992). In an ATP/
Mg?* dependent manner, this transtocase flips phosphati-
dylcholine from the cytoplasm-facing leafiet to the opposite
orientation (Ruetz and Gros, 1994). A similar machinery
seems to regulate the phosphatidylsering (PS) distribution
across the PM {Tang ef a/, 1986). A PS specific energy
dependent out-in translocase activity (Martin and Pagano,
1987; Seigneurst and Devaux, 1984; Zachowski et al, 1989)
was measured in membrares of anucieated (Seigneuret and
Devaux, 1984} and nucleated (Devaux, 1991; Tang et al,
1996) cell types in vitro. For blood platelets it was shown that
the PS franslocase activily ¢an be enhanced under
conditions that give rise <0 the appearance of PS in the
outer leaflet (Tilly et a/, 1390). This regulatory mechanism
provides a steady state with low levels of surface exposed PS
(Diaz and Schroit, 1996).

in vitro studies have atso indicated the existence of
molecular machineries that counteract the above regulation
causing an tncrease of PS in the outer leaflet of the PM
(Diaz and Schroit, 1996). Receptorfiigand activated plate-
lets (Bevers et al, 1983), and ageing erythrocytes (Connor
et al, 1994) as well as apoptotic hematopoietic cell lines
(Fadok et al, 1992a; Martin et al, 1995; Vermes e al, 1995)
express PS at their cell surface while keeping PM integrity
intacl. The surface exposed PS catalyses reactions of the
coagulation system {Bevars ef al, 1982) and mediates
recognition and uptake by phagocytes (Connor et al, 1994;
Fadok et af, 1992a, b). Receptorfligand activated platelets
exhibit a scramblase activity with concomitant inhibition of
the PS translocase and redistribute PS symmetrically over
the two leallets of the PM (Williamson et al, 1995). Both the
translocase and scramblase activity are regulated by
cytosolic Ca®* levels (Williamson ef af, 1995), Nucleated
cells regulate PS asymmetry of the PM similar to platelets.
During apoptosis of lymphocytes i vitro PS translocase is
inhibited and the scrambliase is activated (Verhoven et al,
1995). Recently the scramblase present in erythrocytes has
been isofated and purified {Basse et ai, 1996).

In the present study we have assessed the PS
asymmetry of the PM in vive in whole mouse embryos
utilizing Annexin V. This protein is 2 member of the Annexin
family of structural and functional refated proteins (Van
Heerde et a/, 1995) and engages specifically with PS in a
calcium-dependent manner through a putative binding
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pocket for the serine headgroup (Swairjo et al, 1985). The
presence of PS in cells was monitored by applying Annexin
V conjugated to fluorescein isothiocyanate (AnxV-FITC)
directly to cryostat sections of mouse embryos. The
presence and extent of PS at the outer PM leaflet was
assassed by intracardiac injection of biotinylated Annexin V
{AnxV-biotin) into viable mouse embryos.

Resulis
All cells with exposed interior bind Annexin V

Applying AnxV-FITC to cryostat sections through limbs of day
13 mouse embryos showed that all cells contain Annexin V
binding sites (Figure t). The PM was especially intensely
labeled. To a lesser degree, labeling was also observed at the
nuclear membrane.

Distribution of intracardially administered
Annexin V

AnxV/-biatin was injected intracardizlly in vital mouse embnyos
such that the entire circulatory system was thoroughly
perfused and widespread interstitial distribution was
achieved, AnxV-biotin and heat inactivated AnxV-biotin, {j.e.
AnxV-biotin with a desiroyed phosphotipid binding activity;
Reutelingsperger et al, 1985), were administered to embryes
of 11, 12 and 13 days post coitum (PC). While embrycs
injected with heat inactivated AnxV-biotin did not show any
cell labeling, those that were injected with active AnxV-biotin
showed cell labeling at specific locations in the whole
organism (Figure 2).

Cells derived from all three germ layers were {abeled at
the many siles where cell death appears during morpho-
genesis (Glicksmann, 1951). Depending on embryonic
age, AnxV-biotin binding was present with left-ight
symmetry and cranially in the more differentiated organs
(Poelmann and Vermeij-Keers, 1976), e.g. eye (Figure 2a),
in both the soma and axons of neurons of the central
(Figure 2a, b) and peripheral (Figure 2c) nervous system,
bronchi {Figure 2d), and caudally in primitive organs, e.g.
somites and degenerating taitgut (Figure 2e) (Nievelstein et
al, 1993). In addition, many labeled cells were observed in
the degenerating interdigital tissue (Figure 2f).

Figure 1 Cryoslal seclion through dey 13 mouse embryo limb, showing
Anngxin ¥ binding sites in cells with exposed interior. AnxV-FITG binding was
prasent in all cells, both al the nuctear membrane and PM {arrow),

Apaptotic cells bind Annexin V

The above resuits indicate that Annexin V binding cells are
located in regions where cell death occurs during morphogen-
esls. To verify whether these cells were apoptotic, labeled
cells in the interdigital mesenchymal tissue of day 13 mouse
embryos were investigated for their ultrastructural character-
istics.

AnxV-biotin positive cells showed the ultrastructural
characteristics of apoptosis {(Wyilie et ai, 1980). Through-
out the sections examples were found of AnxV-biotin
labeled cells, undergoing phagocytosis including engulf-
ment by neighboring cells, and more advanced stages of
intraphagolysosomal degradation (Figure 3a and b). Other
positive cells had more condensed chromatin (Figure 3c
and d) and loss of electron density of the cytoplasm which
contained an increased proportion of free ribosomes and
dilated endoplasmatic reticulum while other organelles
appeared unchanged {Figure 3c). The AnxV-biotin binding
cells in fater slages of apoptosis showed advanced
chromatin condensation (Figure 3e), nuclear pyknosis
(Figure 3f), and cell fragmentation.

Exceptions

In all the cases the Annexin V binding cells showed the
momphology of apoptosis. However, two evidently non-
apoptotic cell types also appeared to bind AnxV-biotin at
their PM: (i} myoblasts differeptiating intc myotubes com-
posed of a sarcolamma that closely ensheaths several
aligned nuclei (Figure 4a) and myocardioblasts fomming
cardiac muscle {data not shown), and (ii} megakaryoblast
and megakaryocytes in the liver, recognisable for their large
size, polymorphic nucleus and the many thrombocyte-like
attachments {Figure 4b).

Discussion

This paper demonstrates that regulation of PS topography
and, consequently asymmetric membrane architecture, is a
ubiquitous precess during morphogenesis. Al cell types
confine PS to the cytoplasm-facing leaflets when viable. The
process of apeptotic cell death results In PS exposure at the
outer leaflet of the PM.

Annexin V is a protein that strongly binds to PS-
containing membranes in the presence of Ca®* (Van
Heerde et al, 1995). Wtilizing this capacity, in vitro studies
indicated thal Annexin V specifically marks apoptotic
human aeutrophils {Homburg et al, 1995), germinal B-
lymphocytes (Koopman et al, 1994) and peripheral blood
lymphocytes {Vermes et al, 1995). A study with hemato-
poietic cell lines and Annexin V demonstrated that these
cells expose PS at the cell surface during apoptosis in
culture, from an sarly stage onwards and regardless of the
initiating stimulus {Martin et al, 1995).

We have applied Annexin V to study loss of PM
asymmetry in vive. Mouse embryos were used as a
model, because they carry spontaneous, spatiotemporally
consistent cell death patterns (Glicksmann, 1851). While
all cells possess Annexin V binding sites, as we
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demonstrated by cryostal sections, perfusion of viable
embryos with AnxV-biotin revealed thai only specific cell
populations bear these binding sites at their cell surface.
The interaction of AnxV-biotin with the embryonic cells
relies on its phospholipid binding propery, as was shown
from our control experiment with heal inactivated AnxV-
biotin.

Active AnxV-biotin identifieg cells at locations where cell
death serves morphogenesis; in celis derived from all three
gemmlayers, and both in primitive {Nievelstein et af, 1993;
Vermeij-Keers and Poelmann, 1980) and in more differ-
entiated tissues (Gllcksmann, 1951; Poelmann and
Vemneij-Keers, 1976). The whole cells were labeled, which
was best visualized in dying neurons, with their labeling of
both the soma and axons, At both the light microscopical
(LM) and electron microscopical (EM) level, the AnxV-biotin

labeled cells fitted into the sequence of morphological
stages that apoptotic cells undergo (Poelmann and
Vemeij-Keers, 1976; Wyllie, 1892; Wyllie ef al, 1980},
from the earliest stages, hardly distinguishable from viable
neighboring cells, up 1o intraphagciysosomal degradation.
The censistent presence of PS on the outer layer of the
PM of apoptotic cells and the common absence of PS
exposure by viable cells suggests a tight regulation of PS
PM asymmetry. This predicts an important physialogical
role for this process in vivo. One such a role may exist in
the process of phagocytosis. It is this process that largely
determines the efimination of apopfotic cells without any
inflammatory reaction (Kerr &t af, 1972, Martin et al, 1994;
Savill ef al, 1993). In effecting this, apoptotic cells must be
recognized and ingested rapidly by phagocyles before
membrane integrity is lost and the cells eventually succumb

Figure 2 Examples of AnxV-biotin labeling in day 11 {a, b, &, e), day 12 (c) and day 13 (f) mouse embryos: eve {a: arcw), bolh the soma and axons of neurons ol
the central (s, b: arrowhead) and peripheral {¢: arrow) nervous sysiem. bronchi (d: arrow), somites (e: arrow) and degeneraling tailgul {e: arrowhead). In between

digils alse the cells were marked (f: arrow).

23



Chapter 2

to iysis (Majno and Joris, 1995; Wyllie, 1992). Exposure of
PS after loss of PM asymmetry is one of three general
structural changes in the PM of apoplotic neutrophils and
lymphocytes that have been identified in vitro, together with
formation of thrombospondin birding sites, and expasure of
side chain sugars after loss of sialic acid (Savill et &/,
1883). Like in the latter two, PS exposure may well permit

Figure 3 AnxV-biolin labeled cells {arrows) in day 13 mouse embryo
interdigital mesenchyme in successive stages of apoplosis {EM: a, ¢, e, f; LM:
b, d): ingested by phagocytes {a, b); early apoptelic, showing loss of eleciron
density of the praloplasm, a dilated endoptasmatic reticulum {c: arowhead;
viable cell; asterix) and slarling chramatin condensalion (¢, d); wilh advanced
chromalin condensation {e) pyknalic, c.c. late apoptotic el (f).

recognition by phagocytes, which remove the dying cell by
phagccylosis.

Fram our study it appears that the presence of PS at the
outer PM marks the entire perod of cell progression
through apoptosis from the earliest stages, hardly
distinguishable from viable cells, up to intraphagolysoso-
mal degradation. The involvement of PS in phagocytosis of
apoptotic cells may then explain why in in vitro phagocytic
assays, next to phagocytes containing recognizable
apoptotic cells, phagocytes have also been observed
containing apparently viable cells (Savill et al, 1989).
Moreover, it also expiains the clearance of apoptotic cell
fragments during momphogenesis. These cell fragments too
still bear the surface struclures necessary for recognition
and removal by phagocytes.

In addition to apoptotic cells, two types of viable cells
were cbserved to express Annexin V-binding sites at their
cell surface. This may reflect a PS-dependent pathway for
intercellular recognition shared by apoptolic cells and
invoked by viable cells under specific conditions. The
AnxV-biotin positive myoblast must promote homotypic
recognition to fuse into myotubes and heart muscle
syncytivm. The AnxV-biotin positive megakaryocytes and
megakaryoblasts may inveke the PS-dependent recognition
pathway to keep the enlities of already distinguishable
platelet strecture together until maturation is completed and
platelets are dispersed. Within this concept of intercellular
recognition an independenily regulated but associated
mechanism  of phagocytosis  should be considered.
Whereas the apopiolic ¢ells drve phagocytes to phagocy-
tose them, myoblasts, megakaryocytes and megakaryo-
blasts should be inert in this respect or even discourage
phagecytes to approach and phagocytose. Involvemeant of
PS exposure in attachment of cells to each other without
ending up in phagocytosis may indeed take place in certain
circumnstances, stich as was observed in recent studies on
the scavenger receplor presenl on mouse peritoneal
macrophages. These macrophages bind erythrocytes
exposing PS without subsequent engulfment (Ottnad et
al, 1995; Sambrano and Steinberg, 1985).

in conclusion, our results indicate that confinement of PS
to the inner leafiet of the PM is a ubiquitous process of

Figure 4 Annexin V labeled non-apoptolic cells (arrows) in parafiin
embedded sanafly seclioned mouse embryos. (a) Sactien through a day 12
embryo shawing membrane tabeling of a myotube. {b) Section through a day
13 embryo showing 2 membrane labeled megakaryocyte,
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viable cells in vivo. This PS PM asymmetry changes in
surface exposure of PS early during apoptosis, irespective
from which germ layer the cells are derived. The general
commitment of cells to this concept of regulation of PS PM
topography makes it possible 1o visualize the many sites of
apoptosis that are present during embryogenesis in situ,
both at the topcgraphical and at the ultrasteuctural level.

Materials and Methods

Experimental animals

Eighteen pregnant FVB-mice, from 11--13 days PC {plug=day 0},
were killed by cervical disfocalion after ether anesihesia. The uteri
were dissected out and fram the embryos collected, 116 were used for
this study. From these embryos; nine were direclly processed for
cryostal sectioning and 107 were lemporarily cullured for control
experiments using heal inactivated AnxV-biotin (#=16) and for
detection of loss of PS asymmetry of the PM by micreinjection of
AnxV-biotin (LM, n=54; EM, r=37}.

Binding of FITC conjugated Annexin V to cryostat
sectioned embryos

Day 13 mouse embryo limbs were sectioned on a cryastal (CM3000,
Reicher Jung, Germany) al 10 ym. Direclly thereafier, seclions were
washed with HEPES buffer, incubated for one minule with AnxV-FITC
(APOPTEST™-FITG kit, a product from NeXins Research BV, The
Netherlands), washed again with HEPES buffer and meunted with anti
fading agenl. The sfides were stored al ~4°C until examination.
Sections were examined under a microscope using standard setlings
fer FITC fluorescence-dataction,

Heat inactivated Annexin V-biotin

AnxV-bictin was inactivated by heating it for 10 min at 55°C
(Reutelingsperger et al, 1985). Microinjection and slaining procedures
were idenlical to those used for active Annexin V-biotin. Nen-specific
binding of Annexin V and quenching of endogenous peroxidase
aclivity was tested for in this manner.

Microinjection ot Annexin V-biotin

Embryos were perfused by microinjecticn using a Hamillon-Syringe
pipetting system wilh glass needles (lip diameter ~20 ym). Per
embryo, a volume of approximately 3 pl ArxV-biotin {660 ugiml),
purchased from NeXins Research BV, The Nelherlands, (APOP-
TEST M-biotin kit), was injected through Ihe ventricle of the heart
under a surgical microscope while the emaryo was kepl in HEPES
buffer {20 mM HEPES {pH 7.4), 132 mM NaCl, 2.5 mM CaCi,, 6 mM
KCl, 1 mM MgSOs,, 1.2 mM K;HPO,,, 5.5 mM glucose, 0.5% BSAJ at
37°C. When injected, a tamporary blanching of the umbilical vein could
be seen. Successfully injecled embryos thal showed hearl activity
after 30 min of incubation were fixed overnight in HEPES bufier
containing 4% formalin at 4°C and furlher processed for LM.

Detection of Annexin V binding-biotin, LM

Following fixation embryos were dehydrated, embedded in paraffin
and serially seclioned at 3 ym. Endogenous peroxidase activily was
blocked by incubation in methanal/H205 (9: 1 v/v) for 20 min. Sections
were washed in phosphate bulfered safine {PBS). Bound AnxV-biatin
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was visualized using the avidin-biolin complex method wilh harse-
radish peroxidase conjugaled avidin {ABC Elite kil, Veclor
Laboratories, USA} at room lemperature. Afler washing wilh PBS,
staining was developed with 3,3"-diaminobenzidine tetrahydrochloride
(DAB) {0.05%), and counterstamed with Hematoxylin,

Detection of Annexin V-biotin binding, EM

Day 13 embryos were processed for EM. The embryos were dissecled
oulothe ulerus, micrainjected with Annexin V as described above, and
subsequently intracardially perfused with 0.5 mi 2% glutaraldehyde and
2% paraformaldehyde in 0.1 M cacodylale buffer. The limbs were
removed, postlixed overnight in the same fixative, and cut on a
Vibratome into 50 pm seclions, which were processed to visualize the
biotinylated Annexin V as descrioed for L. After the reaction with DAB,
the sections were postlixed in 1.5% OsO, in a 8% glucese salution,
rinsed in aquadest, stained en blocin 3% uranyl acetale, dehydrated in
dimethoxypropane and embedded in Durcupan (for details of EM
procedures see: De Zeeuw ef &/, 1988, 1989). Semithin and ultrathin
lissue seclions were cut on an Wiraterme {Ullracut S, Reichert Jung,
Germany); semithin and ullralhin sections were counterstained with
Teluidine blue and with lead citrate, respectively. The ultrathin sections
were examined in a Philips electran microscope {CM 10).
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Cell surface exposure of phosphatidylserine during
apoptosis is phylogenetically conserved
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Exposure of the aminophospholipid phosphatidylser-
ine at the outer leaflet of the plasma membrane by
apoptotic cells can trigger phagocytic removal of these
dying cells. This functionality of phosphatidyiserine
exposure in the process of phagocytosis is indicated
by in vitto studies of mammalian and insect phago-
cytes. We have studied the in vivo distribution of cell-
surface exposed phosphatidyiserine by injecting
biotinylated Annexin V, a Ca®*-dependent phosphatidyi-
serine binding protein, into viable mouse and chick
embryos and Drosophila pupae. The apparent binding
of Annexin V to cells with a morphalogy which is char-
acteristic of apoptosis and which was present in
regions of developmental celf death indicates that
phosphatidylserine exposure by apoptotic cells is a
phylogenetically conserved mechanism,

Key words: Chick: development; Drosphila: mouse;
phagocytosis: plasma membrane.

{Received 21 Augrst 1997: accepted 15 September 1997)

Introduction

Apoproric cells are ingested and digested by neigh-
bouring cells or specialized macrophages, while
recainiag their incact plasma membrane {PM} and
withour eliciting any inflammarory response.' It is

Carrespondence to S. M. van den Eiinde, MGC Dept. of Clinical
Genstics, Erasmus University Medical Scheol. PO Box 1738,
3000DR Ratterdam, The Netherlands. Tel: {+31) 10-4087303; Fax:
(+31) 10-4362762; email: vandeneijnde@ikg.igg.eur.nl
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probably rhis silent disappearance which makes
apoprtosis a physiclogical kind of cell deach. In i
vitro studies of adult mammalian apeproric neutro-
phils and lymphocyees, chree kinds of strucrural
changes of the PM have been identified thar lead
to phagocyte recognition: (1) formarion of throm-
bospondin binding sites; (2) exposing side chain
sugars afrer loss of sialic acid and (3} celi surface
exposure of phosphatidylszrine {(PS).? Results from
an in witrs study by Raener e #/.* have indicared
that the involvement of PS exposure in cell removal
may not be limited o mammalian species. Namely,
like mouse peritonez] macrophages, insect phago-
cytes obtained from the moth Heliothis virescens
specifically recognize and ingest phospholipid
vesicles composed of borh phesphacidylcholine and
PS and not vesicles composed of phospharidyl-
choline only. It was this scudy that prompred us to
test whether the phenomenon of PS exposure on
the PM of apoptotic cells :# wive is not restriceed to
mammals,

To test the hypothesis thar the phenomenen of
PS exposure on the PM cf apoproric cells is con-
served among species, we have injected biotinylated
Annexin V (AnxV-biotin) intracardially into mouse
and chick embrves, and into the haemolymph of
Drosopbila pupae. The localization of this Ca*'-de-
pendent PS binding protein, which is indicative of
cell surface exposure of PS was studied ar che cellular
level in semithin sections. The AnxV-biotin spatio-
remporz! binding patterns were evaluated in
paraffin seccioned specimens.
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Materials and methods
AnxV-biotin binding in mouse embryos

Experimental animali. Pregnant FVB-mice, from
10-14 days post coiturn (plug = day 0), were
sacrificed by cervical dislocation after ether anaes-
thesia. The uteri were dissected out, and of the
embryos collected, 60 were used for detection of
celi surface exposed PS by microinjection of AnxV-
biotin according to procedures recently described
by van den Eijnde er «/." Another 16 embryos were
used for control experiments wsing AnxV-biotin
which was inacrivared by hearing it for 10 min at
56°C." Non-specific binding of Annexin V and
quenching of endogencus peroxidase activity was
tested for in this manner.'

Microinjection of AnxV-bietin. Embryos were perfused
by microinjeccion using a Hamilton-Syringe pipet-
ting systern with glass needles (tip diameter ~ 20
pm). Per embryo, & velume of approximately 3 pl
AnxV-biotin (APOPTEST "biotin B-500; NeXins
Research BV, Hoeven, The Necherlands), was
injected chrough the ventricle of the hearr under a
prepararion microscope while che embryo was kept
in HEPES baffer (20 mM Hepes (pH 7.4}, 132 mM
NaCl, 2.5 mM CaCly, 6 mM KCI, 1 mM MgS0s,
1.2 mM KLHPO., 5.5 mM glucose, 0.5% BSA) at
37°C. When injected, a temporary blanching of che
umbilical vein could be seen. Successfully injecred
embryos that showed heare acrivity after 30 min of
incubation were fixed and further processed for
light microscopy (LM).

Derection of AnxVebiotin binding, The morphology of
AnxV-biotin binding cells was studied in semichin
sections chrough day 12 embryos. To obrain these
sections, embryos were microinjected with AnxV.-
biotin as described above. After removing che
placenta, the embryos were subsequently incra-
cardially perfused wich 0.3 ml 2% gluraraldehyde
and 29 paraformaldehyde in 0.1 M cacodylate buff-
er. The limbs were remaoved, postfixed overnight in
the same fixarive, and cut on 2 Vibratome into 50
pm secrions. Endogenous peroxidase acrivicy was
blocked by incubating the sections in mecha-
nol/H >0 (9:1 v/v} for 20 min. Seccions were washed
in phosphate buffered saline (PBS). Bound AnxV-
blotin was visualized using the avidin-biotin

complex method wich horseradish peroxidase con-
jugared avidin (ABC Elite kit, Vector Laborarories,
USA} at room temperature. After washing with
PBS, staining was developed with 3,3'-diamino-
benzidine trerrahydrochloride (DAB) (0.05%). Afrer
the reaction with DAB. che sections were postfixed
in 1.5% Os0. in a 8% glucose solution, rinsed in
aquadest, stained en bloc in 3% uranyl acetace,
dehydrazed in dimethoxypropane and embedded in
Durcupan. Semichin tissue seccions were cut on an
ulcratome (Ulcracue 5, Reichert Jung, Germany)
and counterstained with Toluidine blue,

Day 10-14 mouse embryos were used for the
study of AnxV-biorin binding parteras. These
embryos were fixed overnight in HEPES buffer
conmaining 4% formalin at 4°C, dehydrated and
embedded in paraffin and serially secrioned at 3
um. The sections were processed to visualize the
biotinylated Annexin V as described for the
semithin sections and were councerstained wich
Hematoxylin,

AnxV-biotin binding in chick embryos

Eggs from white leghorn chickens, obrained from
Drost, Loosdrecht, The Netherlands, were incu-
bated ar 37°C, B0% retative humidity. The eggs
were removed from the incubarer when the embryos
were expecred ro have reached the Hamburger
Hamilton (HH) stage 18." After windowing the
eggs, the embryos were staged. Embryos at HH
stage 17--19 were intracardially injected with
AnxV-biotin (=10} or hear inactivated AnxV-bio-
vin {n=4) and incubared for 30 min, at 37°C. After
incubating, the embryos were removed from the
egg, and processed for AnxV-biodin visualizazion in
paratfin secrions as described above.

AnxV-biotin binding in Drosophifa pupae

Dirpiuphilz relanogaster larvae were collected when
they had reached the prepupal stage.” After 30 h of
incubation at 22°C, che pupae at stage P3-P7 were
removed from the cuticle under a preparation
microscope. Al Toom CEMperature, pupae were
microinjected wich I pl AnxVebiotin {1 mg/ml)
{z=20) or heat inactivated AnxV-biotin (#=6) into
the haemolymph. After 2 h of incubation at room
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temperature, the pupae wege rinsed wich HEPES
buffer and subsequently processed for AnxV-biotin
visuzlization. The procedures were similar to those
used for the mouse embryos excepe for exchanging
a 100% ethanol for pencane/100% ethanoi (1:1 viv)
as the last step of dehydrating the specimens.

Results

While the mouse and chick embryos and Drosephita
pupae that were injected with heat inactivaced
AnxV-bjotin (ie, AnxV-biorin with 2 desrroyed
phospholipid binding acciviey™') did not show any
cell labelling, those that were injected with acrive
AnxV-biotin showed cell labelling at specific
locations.

AnxV-biotin binding in mouse embryos

Semithin sections. In semithin sections theough day
12 mouse embryos, AnxV-biotin was observed to
bind specifically to the PM of cells that were show-
ing the fearures of apoptosis. Compared to the
surrounding viable cells, che labelled apoprozic cells
were more rounded-off and also had a more con-
densed chromarin structure (Figure 1A) reaching
up 1o clear pyknosis (Figure 1B). Ir addition, such
early and late apoprotic cells that were AnxV-biotin
positive had been ingested by phagocyces. Figure
1C shows an example of a labeiled phagocyrosed
cell that appears ro be in the early phase of apoprosis,
exhibiting only the firsc signs of chromatin con-
densation.

Paraffin sections. In the paraffin embedded and
serially sectioned mouse embryos, AnxV-biotin
labelling was observed ac specific locations through-
out the embryos. Examples of such spatial and
ternporal specific cell death patcerns® visnalized
with AnxV-biotin staining are given in Figure 2.
In day 10 embryos cell death is shown in the
developing lens vesicle (Figure 2A) and in the
fusing maxiliary and nasal prominences (Figures
2B1-B2). In Figure 2C examples are presenced from
day 11 mouse embryos. AnxV-biotin labelling is
shown in Rathke’s pouch, ie. the presumptive
pharyngeal pituitary, as wetl as in the ectoderm of
the stomodeum directly underneath Rathke's
pouch, and in the adjacent neuro-epithelium of the

-infundibulum. Endoderm-derived apoprotic cells

were present in the thymus anlagen (Figures 2D1
D2). In day 13 meeanephros (Figure 2E) apoptosis
is located in areas of epirhelial mesenchymal
interaction and in the developing nephrones. In
Figures 2F1-F2 labelled celis are shown in the day
14 thymus.

AnxV-biotin binding in chick embryos

In accordance wich our findings in mouse embryos,
the AnxV-biotin binding cells in the chick were
locared in regions where apapeotic cell deach serves
developmental processes. Exampies are shown stain-
ing in the fusion area of the maxillary and
mandibular prominences in ao HH17 embryo
(Figures 3B1-B2) and in rhe aortic valve leafler of
an HH19 embryo (Figures B1-B2).

Figure 1. Semithin sections through day 12 mouse embryo showing early (A; arrow) and late (B; arrow) apoptotic cells that are
AnxV-biotin positive at the PM, amidst uniabelled viable cells. Also, labelled cells were phagocytosed {C: arrow).
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AnxV-biotin binding in Drosophila pupae labelling of cells in a stage P7 Drosophiia eye. The
timing of this is consiscent wicth previously

Examples of AnxV-biotin stained cells in areas  described developmencally regulated cell deach in

where apoptotic cells are present during Drosophila  the eye”

pupariation are depicted in Figure 4. Labelled

pyknortic cells (compare wich Figure 1B) are shown

in the proboscis of a PS5 pupe (Figures 4A1-A2).  Discussion

Similar to our {indings in mouse embryos {see

Figure 1C) labelled apoptotic cells were found  Afrer receiving the signal to die, or after loss of the

ingested by phagocytes/haemocytes in Drosophile  stimulus to survive, an energy consuming death

(PG: Figure 4B). Figures 4C1-C2 show an intense  machinery is iniciated in che cell that leads to apop-

Figure 2, Parafiin sections through day 10 {4, B1~B2}, day 11 (C, E1-D2), day 13 (E) and day 14 (F1-F2) mouse embryos. Examples |
are shown of AnxV-biotin binding cells in the lens vesicle (A}, both in the epithelium of the daveloping lens {arrow), and ir its lumen
(arrowhead), the ovarlaying sctoderm is marked with an asterix. At arother iocation in the same day 10 embryo {B1; overview), i
AnxV-bictin has stained cells (B2, arrow) at the fusion site of the maxillary (B2; max) and nasal preminences (B2; np). In a ene-day-older :
embryo, AnxV-bictin binding cells are shown in the developing pituitary {C; t = talencephalon, d = disncephalon); cells were stained in
the epithelium of the pharyngeal pituitary {C; arrow), in the underlying ectoderm af the stomodeum (C; asterix) and in the future posterior .
pituitary {C; arrowhead). Directly above the hear{ in anolher day 11 embryo (D1, p = pericardial cavily) celis were tabelled in the
develpping thymus (D2; arrow). Note the labelled cells in the myocardizl wall of the atrium {D1; arrowhead), indicating the site of injection
of AnxVebictin, In day 13 melanephros, cells were stained in the developing glomeruli (E; arrow) and at the epilhelial-mesenchymal]
interface (E; arrowhead). Figure 2F shows cells in a day 14 thymus {F1; overview, p = pericardial cavity), at & higher magnification
pyknotic labsited celis could be recegnized (F2; arrow),
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Figure 3, Examples from chick, showing labslled cells in the head region of an HHi8 embryo (A1; overview, nt = neural tube) where
apoplasis functions in the fusion of the maxiiary (A2; max) and mandibuwlar prominences (A2; man, ph = pharynx, am = amniolic
cavity). Figure 3B shows cell death in an acrta valva laaflet of a stage HH18 embryo (B1; overview). Al a higher magnification the

labelled c2lls were seen to be pyknotic {(B2; arrow).

tosis'™" This machinery entails biochemical and
morphological changes in che nucleus™ ™ and the
cytosol.""® The PM also plays an acrive role in the
process of apoprosis by expressing specific epiropes'
that may trigger the phagocytic removal of the cell
by phagocyres.® One such an epitope is the PS
molecule,'™"

Phospholipids are rot equally distribured across
the two leaflets of the PM. In viable cells, amino-
phospholipids like PS are maialy locaced in che PM
leaflet that faces the cytosal. This PS asymmetry of
the PM is achieved by the acrion of so-called Aip-
pases,™* which translocate PS from the cuter PM
leaflet to the inner layer in an ATP and Mg™ de-
pendent manner.” Under specific conditions, the
PS out-in translocase(s} are inhibited and a P§
scramblase is activated, leading to a symmetrical
distribucion of P§ across the two leaflers of the PM,

3]
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effecting cell surface exposure of PS,

In in witro assays, PS exposure at che outer PM
leaflet has been described to occur in recepror/
ligand activated plarelets,” ageing erythrocyres, ™
and during apoptasis in a variety of cell cypes, ie.,
smooth muscle cells,” spermatogenic cells' and
blood ceils.*** Recently we have escablished chat
PS—PM asymmetry is also tightly regulated in che
developing day 11-13 roouse embryo iz vive.
Through intracardial injections using AnxV-biotin
as a probe™*' we have shown that binding of this
Ca* dependent PS binding protein was mostly
restricted to apoptetic cells. Apoprotic cells
throughout the embryo appeared te carry PS in their
cuter PM leaflet, irrespective of the cell's lineage.
In line with the in witeo studies,™ the cells binding
AnxV-biotin were in the pracess of apoptosis, from
early stages when the apaprotic cells were only
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Figure 4, Examples irom insect showing labelled apoptotic cells in the probascis of a stage P5 Drosophila melanogaster pupa {A1;
overview), at a figher magnification these AnxV-biotin cells were observed to be pyknotic (A2; arrow), A haemocyte in a P8 pupa that
has ingested a labelled and presumably apoptolic cell (B; arrow} is depicted in figure B. In a transverse section through a P7 pupa
{C1; overview) cells are intersely labelled in the eye. This is shown al a higher magnification in Figure C2.

distinguishable frem viable cells ac the electron
microscopical level, until after fragmentation into
apoptoric bodies.! Fucrhermare, this PM alteration
appeared to precede apoptosis associated DINA-
fragmentacion as decected with the TUNEL
procedure.*

In the presenc study we have examined P8 expo-
sure in day 10-14 mouse embryos, but of grearer
importance, we have also decermined whether apop-
totic cells from aviap and from non-vertebrace
species expose PS, like cheir mammalian counter-
pares. The presence and extent of PS at the outer
PM leafler was assessed by intracardial injections
of biotinylated AnxV-bictin in mouse and chick
embryos, and i injection into the haemolymph in
Drosopbila pupae. This study was conducted in
developing animals bacause of their repreducible,
stricely spatio-temporzlly regulated apoprosis
patterns, which facilicate the evaluarion of che
Annexin V binding patterns. The inreraction of
AnxV-biotin with the embryonic/pupal cells relies

on its phospholipid binding property, as was shown
from absence of labelling in the species that had
been injected wirh hear-tnactivated AnxV-biotin,
e, Annexin V with a deseroyed phospholipid bind-
ing capacicy."?

In mouse embryos, in accordance with previous
observations,** AnxV-biotin appeared to bind to
apoprotic cells in early and lare apoprocic stages, as
well as to cells thar were ir: the process of becoming
phagocytosed. In addirion to the study of cell
morphology in semichin sections, we also studied
the Annexin V binding pacterns in paraffin embed-
ded serially sectioned mouse embryos. Specific
patterns of AnxV-biotin labelling were observed in
tissue areas where cell death serves developmental
processes, throughout che embryos. This labelling
appeared o be independent of the cell’s lineage,
i.e., ectoderm, endoderm and mesoderm. AnxV-
biatin positive cells were also observed among a
subpopulation of circulating cells (data nor shown).
We consider chese large embryonic red blood cells
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with a pyknortic and ofeen fragmented nucleus as
early erythroblases derived from the yolk sac. This
cell cype is destined o be removed in embryos thac
are in the transitional phase from a nucleated to an
anucleared red blood cell pepulation.™ The embryos
under study were in chis transitional period. Both
the adherence of chese cells to endochelial cells as
well as the presence of many cell fragments in
endocardial cells and endochelial cells throughour
the embryos suggest that these embryonic red bleod
cells expose PSsimilar to adulrageing erythrocytes”
thar are cleared from che circulation. However, the
exclusive clearance of adulc aged red blood cells by
specialized endochelial cells of the reciculoen-
dothelial system™-* probably dees not hold for che
embryonic counterparts.

In chick embryos and Drosophila pupae, we
observed specific binding of AnxV-biotin to cells
in regions where apoprosis plays a developmental
role, similar to our findings in mouse embryos. The
morphology of AnxV-biotin binding cells could be
evaluared in the paraffin sections to some extent.
Often AnxV-biotin appeared to have bound to cells
thar were pyknoric or fragmented. We consider this
as a further evidence of the binding of AnxV-biotin
to apoprosic cells in chese species, in addition 10
the observed AnxV-biotin binding patrerns during
development.

On the basis of Annexin V's specific in vz bind-
ing to apoprotic cells 77 »iww during mouse, chick
and Drosopbila development, we conciude that the
regulation of PS asymmetry is shared by mammals,
avians and insects and appears to be a phylogeneri-
cally primitive mechanism of cellular existence. The
general commirment of cells to expose their PS
motlecules to the oucer layer of the PM when chey
become apoprotic leads to the assumprion thar it
is an imporeant factor in phagocyric rernoval in che
developing mammal, avian and insect. However,
conclusive evidence for such a role, as has beea given
for adult mammatian cells™* has yer to be
established.
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In Situ Detection of Apoptosis During Embryogenesis
With Annexin V: From Whole Mount to Ultrastructure
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Apoptosis is of paramount importance during
embryonic development. This insight stems from
early stadies which correlated cell death to normal
developmental processes and now has been con-
firmed by linking aberrant cell death patterns to
aberrant development. Linking apoptosis to the phe-
notype of a developing organism requires spatial
information on the localization of the dying cells,
making in sita detection essential. This prerequisite
limits the tools available for such studies (1) to vital
dyes, which can be detected at the whole mount level
only; (2) to detection based upon apoptotic morphol-
ogy by routine Jight microscopy and electron micros-
copy; and (3) to staining for apoptosis associated
DNA fragmentation via, e.g., the TUNEL procedure,
which marks cells in a relative late phase of apopto-
sis. New apoptosis markers need to be specific and
should preferebly detect cells early during this pro-

cess. In the present study we show that the recently
discovered in vitro marker of apoptosis, Annexio V
meets these requirements for in vivo detection.
Through intracardiac injections of biotin labeled
Annexin V, a Ca** dependent phosphatidylserine
binding protein, we were able to visualize apoptotic
cells derived from each germm layer in the developing
mouse embryo from the whole smouat level up to the
uitrastructaral level. Donble-labeling on paraffin sec-
tions for both this method and TUNEL revealed that
cells become Annexin V-biotin labeled early during
the process of apoptosis. Cytometry 29:313-320, 1997,
© 1997 Wiley-Liss, Iac.

Key terms: cell death; morphogenesis; mouse em-
bryo; phagocytosis; phosphatidylserine; phospholip-
ids; TUNEL

Cell death as a part of kife was first recognized in studies
of embryonic development from over a 150 years ago (5).
In a thorough review on this subject, Gliicksmann listed
many of the spatiotemporally changing and species
specific celt death parterns that are present during develop-
ment (13). In addition, he described the changes in cell
morphology accompanying this type of cell death, which
consists of nuclear and cytoplasmatic condensation, and
fragmentation, into membrane bound vesicles, sometimes
conuaining dense nuclear material, Similar morphological
changes, which were observed in a model of atrophy of
adulc liver, formed the basis for the definition of apoptosis
(17). This specific morphology not only enabled micro-
scopical detection of apoptotic cells but also allowed their
distinction from necrotic cells, which are characterized by
loss of staining of the pucleus and early degencrative
changes of the mitochondria (50).

35

A functional difference herween necrotic and apoptotic
cells is that the lateer ar: removed by phagocytes and
degraded in phagolysosomes, without eliciting an inflam-
matory response (6,35,50}. To be removed, the apoptotic
cell has to signal its death o the environment. Phagocytes
Ppick up this signal and respond by engulfing the apoptotic
cell before it loses the integrity of its plasma membrane
(35,50). Recent in vitro studies have indicated that the
aminophospholipid phosphatidylserine (P8), which nor-
mally resides in the cytoplasm facing leaflet of the plasma
membrane (9), serves as such a signal when it becomes
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expressed on the outer surface of the apoprotic celi
(2,10,11,37).

The PS exposed by the plasma membrane of apopiotic
celis can be detected by using Annexin V. This 35 kDa
protein is a member of the Annexin family (31,33) and has
a high affinity for PS containing membranes after binding
Ca**-jons (1,36,39,43). Probing for apoprotic cells with
Annexin V in vitro has shown that the cell surface
exposure of PS is an early event preceding nuclezar changes
(4,23), occurring while the integrity of the plasma mem-
brane is still uncompromised (16,20,47). Furthermore, P§
exposure appears 10 be ubiquitous among hematopoietic
lineages, occurring irrespective of the apoplosis initiating
stimulus (23). Recently it has been demonstrated that
apoptotic adherem cell types in culture (3,42) and tissue
embedded cells (40) also expose PS at their cell surface.

Reliable means to detect apoptosis are necessary to
study the (patho)physiology of this process during develop-
ment. Appropriate in situ markers should facilitate both
the identification of the spatial patterns and the cytological/
histological characteristics of the apoptotic cells in a
selective and sensitive manner. In the present study we
have rested the feasibility of Annexin V as an apoptosis
marker in embryonic tissues both at the whole mount level
and in paraffin and uitrathin sections. Using biotinylated
Annexin 'V (AnxV-bictin} apopiesis was measured in the
imzct living mouse embryo. Day 11-13 mouse embryos
were the model of choice, since these carry spontaneous,
highly consistent spatiotemporal apoptosis pattems that
have been docemented extensively, especially for the
limbs (18,19,24,26,41,51).

MATERIALS AMD METHODS
Embivos

Pregnant FVB-mice, from 11-13 days PC (piug = day 0,
were sacrificed by cervical dislocation after ether anesthe-
sia. The uterus was taken out and embryos were collected
and temporary cultured for detection of apoptoesis using
Nile blue sulfate {n = 35) or for detection of cell surface
exposed PS using AnxV-biotin [whole mount, n = 32; light
microscopy (M), n = 95; clectron microscopy (EM),
n = 37}, Eight of the AnxV-bionin injected paraffin-
sectioned embryos were nsed for double labeling experi-
ments, consisting of in situ visualization of both AnxV-
biotin binding and apoptosis associated DINA fragmentation
via the TUNEL assay for 3-hydroxyl DNA ends (12).
Embryos injected with heat inactivated AnxV-biotin
(n = 16) served as controls.

Nile Biue Sulfate

After removal of the extm embryonic membranes,
embryos were stained in toto for 30 minutes at 37°Cina
Nile blue sulfzre solution ¢1:20000 w/v) (34). After incuba-
tion, the specimens were rinsed twice with phosphate
buffered saline (PBS), put on ice, and immediately photo-
graphed under a microscope equipped with a video
camera connected to a computer (Leica DM-RB, Hitachi
HV-C20, PowerMacintash 8100/80).

AnxV-biotin
AnxV-biotin (APOPTEST-BIOTIN®, product BS00) was
obrained from NeXins Research B.V. (Hoeven, The Nether-
lands). For control experiments the phospholipid binding
property of AnxV-biotin was irreversibly destroyed by
heating the protein for 10 minutes at 56°C (32).

Microinjection AnxV-biotin
Embryos were injected inte the ventricle of the heart
using a Hamilton-Syringe based pipette system using glass
pipertes with a tip diameter of 15-25 pm. A volume of
approximately 3 pl of the AnxV-biotin solurion was in-

jecred under a surgical microscope while the embryo was |

kept in HEPES buffer of 37°C. When successfully injected,
a temporary blanching of the umbilical vein could be seen.
After 30 minutes of incubation, the embryos were exam-

ined for heart activity. Successfully injected embryos with

positive heart activity were fixed and processed for
visualization of bound AnxV-biotin.

AnxV-biotin; Whole Mounts

After overnight fixation in 4% Formalin/HEPES bufier at
4°C, embryos were washed in PBS and in 0.3% Triten X
100 in PBS, followed by digestion with 0.01% proteinase K
(Bochinger-Mannheim, Mannheim, Germany) for 1¢ min-
utes. Endogencus peroxidase activity was blocked by
incubation in 1% H,O, in Tris/EDTA for 60 minutes. After
<washing with PBS, bound AnxV-biotin was visualized in
the embryos at room temperature using the avidin-biotin
complex method with horseradish peroxidase conjugated
avidin (Vector ABC Elire kit, Brunschwig, Germany), with
3,3"-Diaminobenzidin terrahydrochlorid (DAB) (0.05%) as
a substrate, Specimens were stored in Tris/EDTA at 4°C
until examination under a microscope.

AnxV-bioting LM

Following overnight fixation in 4% Formalin/HEPES
buffer at 4°C, embryos were dehydrated, embedded in
paraffin, and sedally sectioned at 3 pm. Endogenous
peroxidase was blocked by incubation in methanol/H.O-
(9:1 v/v) for 20 minutes. Sections were washed in PBS and
bound AaxV-biotin was visualized as described above,
Secrions were counterstained with Hematoxylin,

AnxV-biotin; EM

Day 13 embryos were microinjected with AnxV-biotin
as described above and subsequently perfused intracardi-
ally with 0.5 ml 2% glutaraldehyde and 2% paraformaide-
hyde in 0.1 M cacodylate buffer. The litnbs were removed,
postfixed overpight in the same fixative, and cut on a
Vibratome into 50 pm sections, which were processed 1o
visualize the biotinylated Annexin V as described for LM.
After the DAB reaction, the sections were subsequently
postfixed in 1.5% OsQ; in a 8% ghlucose solution, rinsed in
destiled water, stained en bloc in 3% uranyl acetate,
dehydrated in dimethoxypropane, and embedded in Dur-
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cupan (3). Ulirathin sections were cul on an wiiratome
(Reichert Ultracut §, Leica, Germany), stained with leadci-
trate, and examined under a Philips eleciron microscope
(CM100).

Double Labeling With AnxV-biotin and TUNEL

Major DNA fragmentation as detected by in sitn end-
iabelling procedures (27,49) has been described as a
relatively late event in the process of apoptosis and is a
marked feature of DNA conuining phagocytosed apop-
totic bodies (7). To evaluate whether cells with apopzotic
moerphology and fragmented DNA indeed showed AnxV
Ppositivity, sections stained for AmdV-biotin as described
above were subjected to a terminal deoxynucleotidyl
transfenise-mediated JUTP nick end-labeling (TUNEL) pro-
cedure. Based on previous experience (21) we optimized
the procedure in terms of signal<nhancement and tissue
preservation: best results were obtained by preheating the
specimens in 10 mM citrate buffer (pH 6,0) for 10 minutes
at 55°C, followed by a slow cooling down to room
temperature, Subsequenty the sections were weated with
20 pg/ml DNase free proteinase X (Gibco, BRL Life
Sciences, Merelbeke, Belgium) for 45 minutes at 37°C and
washed 3 tmes for 5 mimates in Tris buffered saline (TBS).
The labeling reacrion was performed by incubating the
sections under coverslides for one hour at 37°C with the
following reaction mixrure: 0.016 nmol/pl digoxygenin-11-
2'-deoxyuridine-5"-tri-phosphate  (DIG-11-dUTP, Boeh-
finger Mannheis, Mannheim, Germany) and 0,135 U/l
calve-thymus terminal deoxynucleotidy! transferrase (TdT,
Boehringer Mannheim) in a buffer containing 0.2 M
cacodylate, 0,025 M Tris/HCL, 0,24 ng/ml bovine serum
atbumine, and 1 mM CoClL; (pH 6,6). After 2 preincubation
step with block buffer (Boehringer Mannheim), specimens
werg incubated with alkaline phosphatase-conjugared Fab
frapments from sheep raised against DIG (Bochringer
Mannheim) for 1 hour. The reaction was developed with
nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-
indolyl phosphate (NBT-PCIP) in Tris buffer (oH 9.5) for 5
minutes, giving a dark blue reaction product. After the
staining for DNA fragmentation, the sections were mounted
with agueous mountant, without counterstaining.

RESULTS
Distribution of Intracardially Administered
AnxV-biotin ia the Viable Embryo

In vivo detection of cell surface exposed PS using
AnxV-biotin requires the protein 1o be administered to the
imact and living embryo by intracardiac injection. Annexin
V is thus distributed by the specimen's own circulatory
system and the protein can reach only the outer cell
surface (Fig. 1). To verify whether the suaining reflected
specific binding that was dependent on the PS binding
property of Annexin V, control embryos were injected
with heat inactivated AnxV-biotin (32). This AnxV-biotin
with a destroyed phospholipid birding activity did not
bind to embryonic celis (Fig. 2); hence the observed
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Fi6. 1. A schematical represeniation of AnxV-biotin present in the
interstitial compartment of viable mousc embryos after intrscardial
administration of the prowin. In viable cclls, the PS molecules arc
predominantly facing the cyioplasm and cannol be reached by Anxv-
biotin. The surface exposure of PS by apaptatic eells provides binding
sites far the AnxV-biotin meleculis.

staining with intact protein indicates specific interaction
of AnxV-bictin with the plasma membranes.

Annexin V Binding Cells Asre Located in Regions of
Developm:nal Cell Death

An accurate spatiotemporal correlation was found be.
tween AnxV-biotin bindirg patterns in the Jimbs and the
2pOPpIOsis patterns known from literatuce and with those
observed using the vital dye Nile blue sulphate
(18,19.24,26,41,51) (Fig. %). Despite the differences in
morphology of the fore and hind limbs in day 11-13
etmbryos, the cell death patterns present were essentially
similar. On 11 days of gestation, cells were labeled both in
the apical ectodermal rdge (AER) and preaxially and
postaxially in the underlying mesoderm (Fig. 3A1-A4). At
day 12, Iabeled cells were still present in the AER, but their
numbers were decreased compared to day 11 (Fig. 3B4).
Intense labeling was present in the narrow band of
mesodermal cells in berween the AER and the marginal
sinus. In this so-called progress zone, labeling was ob-
served at the pre- and postaxial margins of the autopod in
early day 12 embryos (Fig. 3B1 and 3B3-3B4), whereas in
late day 1Z embryos labeling was most prominencdly
present in the distal parts of the interdigital areas (382)
(18). Finally, at day 13, labeled cells were virtually absent
from the AER, but presert in large numbers preaxially,
postaxially, and berween the digies 1 and 5 (Fig. 3C1-3C4).
Also at sites of joint fommation in the stylopod, and in
between the zengopod and auwtopod, AnxV-biotin marked
cells were present (Fig. 3C3 and 3C4).

Also at other sites where cel death is known to be
present during embryogenesis (13), cefls were AnxV-
biotin labeled. Staining was distributed left-right symmetri-
cally in the embryos and was present in cells derived from
each germ layer, Examples are shown of ectaderm derived
cells in the facial processes. (Fig. 4A1-A2) and ganglia (Fig.
4B), of endoderm derived cells in the developing lung (Fig
4C), and of cells from mesodermal origin, L., somitic cefl:
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(Fig. 3A1-A2 and Fig. 4D) and cells of the wolffian (Fig. 4E)
and miillerian ducts (Fig. 4F).

Ccecasionally, pyknotic cells were observed that were
unlabeled for AnxV-biotin (see Fig. 4E). At the EM lcvel,
such unlabeled cells proved to be located within phago-
cytes. Since phagocytes containing AnxV-biotin positive
cells were also present in the material {sec below). the
unlabeled cells presumably were phagocytosed before
perfusion of the specimens with AnxV-biotin.

Early and Late Apoptotic Celis Bind Annexin V

For the EM study on the morphology of AnxV-biotin
binding cells, we used sections through the interdigiral
mesodermal tissue from day 13 embryos. Some of the
AnxV-biotin binding ¢ells showed only subtle morphologi-
cal differences with vital non-lubeled cells, These labeled
cels. which supposedly represent the eardy stages of
apoptosis, showed signs of chromatin and cyvioplasmatic
condensation (Fig. 3A). An AnxV-biotin labeled cell with a
rounded-off appearance, and more profound chromatin
and ¢ytoplasmatic condensation, is shown in Figure 5B;
this cell is located in a phagocyte. The AnxV-biotin binding

Fig. 2. Purattin secticn through limb tissuc of a heat inacivategd-Anx V-
biotin injected day 13 mouse embryo showing an absence of DAD staining
in the interdigital degenerating tssue (Fig. Al; compare 10 Fig. 3C3-3C4),
Figure A2 depicis a higher magaiication of the boxed areiin Al showing
apoptetic/prinotic ¢ells that are unlabeled for AnxV-biotin (Arows). Also,
the embryonic erythroblasts were untabeled (Fig. Al and A3, arrowheads).
Scale bars equal 200 pm {ATY or 25 um (A2, A3).

FiG. 3. Apoptosis patterns in limbs from day 12 {A3, day 12 (B). and day
13 (C) mousc embryos, visualized in whaole limbs using Nile blue sulfare as
a marker €A1-C1}, and in whele mounts (A2-C2) and parafin sections
(A3-C3 and A4-Cd) using Annexin V. Within onc age group, hoxed arcas
represent simifae regions in Nile blue sulfase treated embryos and in
Annexin ¥ treated embovos. In A4-C4d higher magnifications are shown of
the areas boxed in A1-C1, A2-CZ. and A3-C3. At day 11, cells were
marked in the limbs in both the AER {A3-Ad: arrowhead) and pre- and
postaxizlly in the underlying mesederm (Ad: arrow). Nosice the Nile bluc
sulface 2nd AnxV-biotin staincd somites (A1-AZ: ammow). At day 12,
Tabeling was observed in the nacrow band of mesodermal cells in becween
the marginal sinus (B4: MS) and the AER, ic., the progress zone (Bu-
arrow). This labeling was present at the pres and OStNiL) margins of the
autopeds of early day 12 embrvos (B1 and 83-B4), whereas it has shified
to the distal interdigital regions in fate day 12 embiryes (B2), Alsa, marked
cells were still present in the AER but in Jecreased nombers with respect
to day 11 (B4: arrawheud), In day 13 mouse cmbryos. labzled cells were
virtually absent in the AER (C4: arrowhead), but present in large aumbers
pre- and postaxially and in bersveen the digits 1-5 ¢C1-C3; boxed arcis.
and C-i: arrow). Also. ot sites of jaint formation in the styloped. Annexin ¥
positive cells were found (C4: asterixg, Scate bars equal 20 pm (A4, B4,
100 pm (C-4), or 300 pm (AL-Ct, A2+C2, and A3-C3),

FiG. 4. General prescnce of Anncxin V iabeling in paraffin embeddded
serially scerioned day L (ACGI), day 12 (B) and day 13 (EF) mouse
cmbryos. In Al sagitial sectivn showing fusion of the lateral nasal and
maxiliary progesses. 1n A2, a higher magaification is shown of the boxed
area in Al. depicting AnxV-biotin labeled cells (arrow) in the center of
fusion of the ficial processes. (B) Scetion through the trigeminal ganglion
showing labeled cells with 2 pyknotic and often also fragmented nucleus
(arrow). (C) Labeled cells in the endoderm derived branchial epithelium
(terows). In tmnsverse sections theough the il region cells were
observed labeled in the degencrating rilput and in the Somites ac site of
the presumptive somitocoe] (D, arrow). Annexin V 1abeled cedls were also
abundzntly preseat in the urogenital system, Examples are shown of the
wolffian (€} and mullerian ducts {F). in the region where tie ducts are
bound 1o orifice into the urogenial sinus Gsterix). Scale bars equal 10 pm
(B,D), 25 pm (A2, C. E.and F}, or 10O um (A1),
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cells at kater seages of apoptosis were clearfy recognizable
by their advanced chromatin condensation or by nuclear
pyknosis (Fig. 5C). The surrounding viable cells did not
show labelling at the plasira membrane.

The labeling for AnxV-biotin and TUNEL was revealed at
the light microscopical level as a staining at the plasma
membrane and nuclews, respectively. Cells in earlier stages
of apoptosis were only AnxV-biotin positive (Fig. 6A1-AZ),
whereas cells showing both features were all in later stages
of apoptosis, i.e., with profound chromarin condensation
(Fig. GA2~B). The pyknotic cell fragments were ofien only
TUNEL-labeled (Fig. 6A1-A2).

DISCUSSION

The study of apoptotic cell death during embryogenesis
not only assists in the understanding of normal develep-
ment {13,25,26,28,44,45,48), but also aids in understand-
ing of a variety of congenital malformations (14,15,18,
19,24,29.46.51), At present, apoptotic cells are detected
mostly in the (serially sectioned) specimens on the basis of
cell morphology, through the microscope, as it was done
150 years ago (5.13). Though widely appiicable, this
methed is very time consuming, and a1 the LM level it
permits the detection of only the condensed chromatin
structure of late apoptotic cells. Alternatively, one may use
vital dyes, like Nile blue sulfate (18.19,24,26,41,51), but
the use of such dyes is restricted to visualization of cell
death in whole mounts. In addition, biochemical markers
for apoptosis like TUNEL (12) and ISEL are available (49).
These markers detect apoptotic cells at the LM (25,49) and
EM (30) level, but they can not be applied 10 whole
MOunts.

Studies of developmenral cel! death may benefit from
carly detection methods that are selective and can be
applied to sections and whole mounts. The method for the
in situ detection of apopiotic cell death that is presented in
this study is based upon the injection of AnxV-biotin
intracardially into viable mouse embryos. The apoptosis
patterns in the limbs as visualized in whole specimens
using ¢the vital dye Nile blue sulphate (this smudy and
18,19,24,26,41, and 51} closely match with the AnxV-
bictin staining in whole specimens and tissue sections. In
subsequent stages of development, cell labeling was ob-
served at various locations, e.g., in the AER, pre- and
postxially, where apopiosis serves the shaping of the
hand/footplate: intecdigieally, where it is required to sepi-
rate the digits from each other; and in the presumptive
joint-areas, where it is involved in cavity formation (26).
AnxV-biotin labeling of apoptotic cells was not restricted
to limb tissue, but was also present at other sites in the
embryos. Staining was observed at sites in the embrvo (1)
where cell death serves fusion, e.g., in the facial processes
(44,46); (2) where it occurs as degeneration of individual
cells, e.g., neurons (22.38) and somitic cells {13); or ¢3)
where it affects whole cell regions, e.g.. wolfian duct and
miilleriant duct (13). In addition, it was observed at sites
where the function of apoptosis s still enigmatic, c.g., the
fung (13).
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Figure 6

F1G. 5. Electron micrographs, showing AnxV-biotin libeled cells located
in the interdigital region of a day 13 mouse embrye. Cells were found
labeled at early stages of apoprosis. when showing first signs of chronatin
condensation (A), ingested by a phagecyte (B, and up (¢ the latgr stiges
of apoprasis when cleary pyknotic (€). Viable cells were unlabeled
{usterix). Scale bar equals 2 pm.

Fic. 6. Paraffin scctions through day 13 limbs of AnxV-biotin injected
mouse cmbryos that have been stainedd both for PS exposure atthe plasma
membrane vin AnxV-biotin and for DNA fragmentation via the TUNEL
method; no counterstaining, wis applied. In figure A2 a higher magnitica-

AnxV-biotin can also be used to detect apoptotic cells at
the ultrastructueal level. These cells were characterized by
their typical morphology (50); their appearance ranged
from early stages of apoptosis, where the cells show the
first signs of cyroplasmatic and nuclear changes to the later
stages, with advanced cytoplasmatic and chromatin con-
densation and vitimate pyknosis. Additional evidence for
the association between apoptosis and PS exposure at the
outer layer of the plisma membrane came from doubie
labeling experiments, appiyving the TUNEL protocol for
detection of apoptosis associated internucleosomal DNA
fragmentation {12,21) sebsequent to the Annexin V pro-
tocol. The double labeled cells were all in the late,
pyknotic phase of apoptosis. In contrast, the apoptotic
cells in relatively carly stages of apoptosis svere only
AmxV-biotin labeled 2t the plasma membrane. The pres-
ence of these AnxV-biotin-positive and TUNEL negative

tion is shown of the Boxed areu in figure AL, showing in one field the three
oypes of labeled cells that svere ohserved: () cells that shewed AnxV-biotin-
labeling 3t the plasma membrane oaly (arrows), (i) pyknotie cells thae
were double labeled For AnxV-biotin and TUNEL (arrowhead), and (i)
prknatic celis and cell fragments that appeared only TUNEL-positive
(open urrowhead). In B four AnxV+/TUNEL+ cells are depicied in
subsequent slages of apoprosis. Such cells were having chromatin
margination (upper left and upper right) or nuelear fragmentation (lower
lefr), or were clearly pyknotic (lower right). Scale bar equals 30 pm(Al) or
19 pm (A2) or 5 pm (B).

cells suggests that loss of PS plasma membrane asymmetry
precedes the stages when DNA fragmentation can be
detected by TUNEL. A similar sequence of events was
observed for hematopoictic cells entering apoptosis in
vitro (4,235). The double labelling experiments also showed
that some of the pyknortic cells and cell fragments were
only TUNEL positive. At the EM level, the pyknotic cells
without AnxV-biotin labeling at the plasma membrane
were showa to be lacited within phagocytes. We hypoth-
esize that these apoptotic cells were already ingested by
phagocytes before the embryos were injected with the
AnxV-biotin, and therefore could not be reached by the
circuiating protein,

In conclusion, we demonstrated the feasibility of An-
nexin Vin vivo labeling of apoptotic cells in whole mounts
and tissue sections of mouse embryos at the light- and
wlrrastructural level.
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Abstract

Apoptosis is a critical cellular event during several stages of neuronal davelopment. Recently, we have shown that biotinylated
annexin V detects apoptosis #7 vive in various cell lineages of a wide range of species by binding to phosphatidylserines that are
exposed at the outer leaflet of the plasma membrane. In the present study, we tested the specificity by which annexin V binds
apoptotic neurons, and subsequently investigated developmental cell death in the central and peripheral nervous system of early
mouse embryos at both the cellufar and hislological level, and compared the phagocylic clearance of apoptotic neurons with that
of apoptotic mesodermal cells. Our data indicate: {i) that biotinylated annexin V can be used as =z sensitive marker that detects
apoptotic neurons, including their extensions at an eary stage during development; (il} that apoplosis plays an important part
during early morphogenesis of the ceniral nervous system, and during early quantitative matching of brain-derived neurotrophic
factor and neurotrophic faclor 3 responsive pastmitotic large clear neurons in the peripheral ganglia with their projection areas;

and {iil} that apoptotic neurens are removed by a process that ditfers from classical phagocytosis of non-nguronal fissues.

Introduction

Apoplasis is abundant in the developing central (CNSY and peripheral
(PNS) nervous system (Qpperheim, 1991; Blaschie ef al., 1995), and
may account for up to 50-70% of the loss of neurons (Cowan e! of.,
1984; Clarke. 1985). The number of surviving neurens appears to be
controlled by their afferent input and by the presence of traphic
factors in peripheral target areas (Davies, 1987 Barde, 1989; Linden,
1994). When such survival factors are lacking during critical times
in development, the apoptosis programme is initiated and the neuronal
cell bodies and neurites start to disintegrase {Martin cr al,, 1988;
Schwartz et al., 1993; Estus e7 al., 1994; Jackobson ef af., 1994: Reed,
1594; Mesner ef al., 1995). Typical merphological characteristics of
the apeptotic cells are chromatin condensation and pyknosis. volume
reduction, freeing of ribosemes from polyribosomes, altered electran
density of the cytaplasm, membrane blebbing and fragmentation into
apaplotic bodies (Kerr o1 al.. 1972; Wyllie er al,, 1988).

In bath neuronal and non-nesronal tissues, the removal of apoplotic
cells by adjacent cells or macrophages takes place in & relatively
short period without invoking an inflammatory response from the
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surrounding tissue as occurs during necrosis (Wyllic of af., 1980;
Fewrer et al., 1990; Fadok eral., [998; Savill, 1998). This removal
Tequires specific surface elements 1o be present on the dying celis,
enabling binding to and engutfment by phagocytes. While specific
epitopes have been described to cxist on apoplotic celis during
development (Ellis eral,, 1991; Rotello et al., 1994}, the only func-
tionality af such factors in the proess of phagocytic clearance has
been revealed in in vitro cxperiments of 'adult’ cells in cullure
(Savill eral,, 1993; Ren e al., 1995). One of these factors is the
aminophospholipid phosphatidylserine (PS) (Fadok efal., 1992b;
Fadok er al., 1993),

In viable cells PSs predominantly reside in the inner leaflet of the
plasma membrane bilayer through the activity of an energy consuming
aminophospholipid iranslocase (Diaz & Schroit, 1996; Zwaal &
Schroir, 1997). During apoplosis, the PS molecules become exposed
at the outer plasma membrane leafler after inhibition of the wranslocase
and activation of a scramblase (Higgins, 1994; Verhoven of af., 1995).
Annexin V, which binds PS in a Ca?* -dependent manner {Tait er al.,
1989; Andree et al., £950), has been found to be a reliable marker
for apoptosis bath n vitre and in vive (Koopman ef al., 1994; Martin
ef al., 1995; van den Eijnde er al., 19970 1998).

In the present study we show that annexir V linked to a Auorescent
label or bielin specifically binds cell bedies and exiensions of early
(nen-pyknotic) and late (pyknetic) apoptotic neurons both r vitro
and i vivo, Tespectively. Using this marker. we explored apoptosis
in the CNS and PNS in early mouse embryos [embryanic day {E)
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FiG. |. Anx¥-QG labels apoprotic DRG neurons iz vitro following NGF
withdrawal. {A-F) Show cullured DRG ncurons after 6 b of NGF deprivation
with Ibe use of phase conurast microscopy (4), Iucrescent annexin ¥ labelling,
nuclear Hoechst 33342 swining, ond P! staining. (A-D} Show an early
apopletic neuron, which as revealed by the annexin V labelling, exposes its
phosphatidylserines at bolh the sema (B: urowhead) and neuriles (B: arow}.
The cell’s pyknotic nucleus is stained with Hoechst 33342 (C: mrowhead),
whereas the lack of Pl swining indicates that the plasma membrane integrity
is intact (D: arrowhead). Some amnexin V posilive and propidium negative
cells were characicrized by a rnore iniense staining of lhe sucleus with
Hoechst 33342 staining, and were probably in later phases of apoplosis (E
and F; teiple siaining). G {phase contrast) and F (iriplc fluoreseent s1aining
with annexin V. Hoechst 33342, and P1) show Lhe absence of apoptosis of a
DRG newron cullured {sema: arrowhead; neurile: arow) in the presence and
absence of NGF and anti-NGF, zespeciively, Scale bar equals 25 pm, exeept
for figure F, where scale bar equists 10 pm.

9_14}. Instead of providing un in-depth overview of an isolated aspect
of neuronal cell death, we present this issue from a wide range of
perspectives, varying from monitering cell death at the cellular level
to evaluating the general. spatiotemporal distribution and phagocytosis
of neuronal apoplosis. Our results indicate that apoptosis in the CNS
is linked with morphogenetic events, whereas in the PNS, the
spatictempornl cell death patiems direct towards a process of early
motching of the phenatypically characteristic large clear neurons in
Ihe peripherai ganglia with their afferent and efferent targel areas. In
addition, we show hat phagocylosis in newronal Gssue differs from
phagocylosis in nan-neuronal tissues,

Materials and methods

Annexin V labelling of nerve growth factor-deprived apoptolic
dorsal root ganglion cells in vilro

Neonatal Wistar rats aged P04 (i.e, postnatal days 0-4) were
anaesthetized by cooling at 4°C for 20 min, and subsequently
decapituted and ringed in T0% ethanol and sterile saline. The dorsal
part of the vertebral column was cul open in the caudorostral direction
and the dorsal roat ganglia {DRGs) with attached nerve sumps and
spinal roots were removed aseptically. The DRG cells were dissociated
mechanically, and-processed and maintained on poly-p-lysing-couted
cover slips in chemically defined medium (R12}, which was chonged
three times 2 week (Romijn er af., 1984; van Dorp ef al., 1950). On
days 4-7 NGF-2.58 (Sigma. Bombhem, Belgium) wus added to the
DRG cuitures at u final concentration of t pg/mL.

After 7-10days the weurons had formed swble connections
(Fig. 1A) und NGF was removed from the dissociuted DRG cultures
(n = 35) by adding medium with anti-NGF-2.55 (Sigmu, Bomhem,
Belgium) at a final concentration of 1: 500 (Marin 2 al., 1988).
Afier 627 h of incubation with anti-NGF the supernatant was
removed, the cells were rinsed with HEPES buffer [20 mm HEPES
(pB 7.4), 132 mp NaCl, 2.5 my CaCla, 6 mm KCl, | mm MgSO,,
1.2 mm K,HPQy, 5.5 mM glucose, 0.5% bovine serum albumin], and
resuspended in chemical defined medium (R12: Romijn et al., 1984)
containing 250 ng/mL. ef annexin V conjugated 10 Oregon Green
(AnxV-0OG: Apoptesl- Annexin V-OregonGreen, G-700, NeXins
Research BY, Hoeven, The Netherlands). Alse, to esch culiure
bisbenzimide (Hoechst 33342; final concentration 10 ug/mL) (Sigma,
Borphem, Belgium) and propidiom iodide {PI; finat concentration
3 pg/ml) were added for evaluation of nuclear morphalogy and
membrane integrity, respectively (Lizard ef of., 1995). The cells were
maintained for 20 min at 4 °C and subsequently fixed for another
20 min in 4% formalin in HEPES buffer, rinsed in HEPES buffer
and mounted with UV inert aqueous mountant {Gurr, High Wycombe,
Bucks, UK). Controls (n = 5) were cultured for 7-10 days in NGF-
containing medium without the addition of ami-NGE. Light micro-
scopic anaiysis of the cultured newrons was performed with a
fluorescent microscope (Leica DM-RB, Werzlar, Germany) with
standard filters for Oregon Green (A Ex 488 nm; A Em 520 om),
Hoechst 33342 (A Ex 346 any; A Em 460 nm) and PI (A Ex 540 nm;
A Em 625 nm). The morphological characteristics of the cell bodies
and their neurites were assessed with phase-contrast microscopy.

Annexin V iabelling during embryogenesis

Electron microscopy

El2 {n = 6) and E13 {n = 6} FVB mouse embryos (E0 = moming
on which vaginal plug was found) were processed for detection of
biotin conjugated annexin V {AnxV-biotin; APOPTEST-biotin, B-500,
NeXins Ressarch BY) at the eleciron microscopic level according to



Fig, 2, Electron microscopic distribution of apoptotic neurons and their exiensions in lumbal DRGs ot E13. A shows the locatization af an apaplelic neuron in
a 50 pm-thick Vibratome section. Nete the prominent AnxV-biotin labelling in both the soma and proximal parts of the cxtensions presenicd (asterix: spinal
column). The ulirastruciual, serial seclion analysis of this mnexin V' labelled apaplatic pseudo-unipolar neuron of the lanzedclear proup shows that the ctire
plasma membrane of the cell is intact and labelled {B-D: closed arrowheads). ‘The apoptotie morplolegy of the newren can be recopnized by the comlensition
of its chromatin (ch) and the fragmentation of its soma (open arrowheads). Note that the nucleus of the cell is not condenscd and delincaled by a dissolving
nuclear membrane: the nucleolus (n) is still visible. The ¢entrad projection of the nauran is located in the lower laft gquadrazt (arrow). Scctions are 400 nm apan.

Scale bar indicaies A, 17 pm: B-D. 2.3 um.

procedures previously described {van den Eijnde e1 ai., 1997a,b). The
embryos were dissected out of the uterus, and a volume of 3 gL of
AnxV-biotin was injected through a glass micsopipette (tip diameter
=20 pm) into the ventricle of their heart. During this perfusion the
embryo was kept in HEPES buffer ot 37 °C. Successfully injected
embryos that were alive afier 30 min, were irtracardially perfused
with 0.5 mL 2% glutaraldehyde and 2% paraformaldehyde in &.1 m
cacadylate buffer. Embryos were postfixed overnight in the same
fixative, and cut on 2 Vibratome (TPI Technical Products Int. Inc.,
$t Louis, MO, USA) into 50 pm sections. Endogencus peroxidase
activity was blocked by incubating the sections with 1% Hy0, in
methanol for 20 min. After washing the sections with phosphate-
buffered saline (PBS), bound AnxV-biotin was visualized using the
avidin-biotin complex method with horseradish peroxidase conjugated
avidin (ABC Elite ki1, Yector Laboratories Inc., Burlingame, CA,
USA). Staining was developed with 3,3'-diaminobenziding tetrahydra-
chloride {DAB) (0.05% w/v) and 0.1% Ha(); in PBS; to intensify the
staining 0.02% CoCl; was added to the DAB solution. Afier the
reaction with DAB-Co, the sectiens were posifixed in 1.5% 0s0, in
a 8% glucose solution, rinsed in aquadest, stained en bioe in 3%
uranyl acetate, dehydrated in dimethoxypropane and embedded in
Durcapan (for details of EM procedures see: De Zeeow e al., 1988,
1989). Semithin and ulirathin tissue sections were cut on an ultratome

45

{Ulsracut S, Reichert Jung, Rijswijli, The Netherlands) and covn-
terstained with Toluidine blue, and uranyl acetate and lead citrate,
respectively. The wttrathin sections were examined under a Philips
electran microscope (CM 100, Eindhoven, the Netherlands), For
control, two E12 and (woe E13 FVB mouse embryos were processed
as described above. except that they seceived an injection with HEPES
buller instead of biotinylated annexin V,

Light microscopy

AnxV-biotin was injected into the hearl of E9-{3 mouse embryos,
andfor the sinus sigmoideus in the head of E13-14 embryos. At least
six embryos from each developmental age, derived from 1wo or more
dams, were injected with the protsin. After 30 min of survival,
the embryos were fixed in icc-cold HEPES buffer containing 4%
formaldehyde, dehydrated in a graded series of ethanof, incubated
with toluol, toluol/paraffin (1:1 w'v), embedded in paraffin and
serially sectioned at 3 pm in a sagittal or wansverse plang. The
procedures for visualization of bound AnxV-biolin were as described
for electron microscopy, except that the DAB reaction was not
intensified with CoCly, The sections were rinsed with water,
counterstained with Gills Haematoxylin (GHS-2, Sigma, Bornhem,
Belgium} and mounted. To test for non-specific binding of annexin
V. embryos were injected with AnxV-biatin that was heat inactivated
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FiG. 3. Ulieastructure of annexin V' lobelled peripherai axons from lumbal
DRG newrans at EL3. A (amowe) and B show thot the tabeiled axons can
occur in chusters. {C) Shows that the AnxV-biotin labelling is not restricied

16 e membranes of the apoptetic axen iiself (closed arrowheads), but that it
cxterds to the t of the neigh ing axons {open armowheads).
Seale bars in A, B and C indicate 4.7 um, 0.6 ym, and 0.4 pum, respectively.

for 10 min at 56 °C (n = 16; van den Eijnde er af., 1997a); in none
of these control embryos AnxV-biotin labelling was observed.

Quantification

In serial sagiual paraffin-sections through E1[-13 embryos (r = 8)
AnxV-biotin labelled neurons were counted bilaterally in all DRGs
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present along the rostrocaudal axis as well as in the trigemninal
ganglia. The first DRG was determined by its relative orientalion to
the anlagen of the oceipital and the atlas bones. AnxV-biotin positive
neurons with 2 clear nuclear profile (maximum diameter = 9 um)
were counted only in each third section, thus limiting double counting
of neurons. OF each of these sections, the percentage of labelled celts
per total cell number was determined (Thomaidou efel., 1997). In
additicn, we determined the percentage of unlabelied pyknotic cells
in the DRGs at Ievels Th6—8 and in the trigeminal ganglia. The
numbers were averaged and the sundard erors of the mean
(SEM) were calculated for the different ganglia and embryonic
stages. Statistical analysis of thesc data was performed with Student’s
t-test using Sigma Stat software (Jandel Sciemific, Chicago, IL,
USA).

Results
Annexin V binds apoplotic neuronal cell bodies and neurites

Neuroral apeptasis induced in vitro

NGF deprivation is a well established method 1o induce neuronal cell
death {(Mastin ef al., 1988, Barde, 1989; Mesner et al., 1995). Here,
we induced apeglosis in dissociated neonatal DRG neurons by
withdrawing NGF, and we detecled PS exposure of these apoptotic
cells by incubating them with AnxV-0G. Six houss after NGF
withdrawal, the first apoptotic peurons and their neurites bound
annexin V. Ten to 15h following NGF withdrawal, the plasma
membrane of both the soma and neurites became intensely annexin
V positive (Fig. IBEP. Such cells routinely exhibited limited
(Fig. 1C) to extensive (Fig. 1E,F) nuclear pyknosis and intact plasma
membranes as revealed by positive Hoechst 33342 staining and an
absence of PI labelling (Fig. 1D-F), respectively. In contwo) experi-
ments (Fig, LG H), in which celis were kept continucusly in NGF-
containicg medium, little or no labelling with annexin V or P1 was
present, and virtually all nuclei bed an uncondensed *vital' morphology
(Fig. 1H). Whereas annexin V unlabelled pyknotic cells were genernlly
not observed, in all cultures both with and without anti-NGF a few
neurons were usuatly labelled with both annexin V and PI, indicating
a compromised integrity of the plasma membrane, These cells showed
a discontinuouns plasma membrane-labelling with AnxV-OG in both
the perikaryon and the disrupted neurites, and were probably post-
apoptotic- or secondary necrotic, as suggested by the pyknotic and
often fraginented nucleus (Darzynkiewicz et wi., 1997). Thus, amexin
V binds specifically both the soma and neurites of apoptolic neurons
when the plasma membrane integrity is preserved, but if one sludies
a preparation with abundant neuronal necrosis, assessment of the
integrity of the plasma membrane with PI is eritical to diseciminate
both forms of cell death.

Ultrastructural characterization of neuronal apoptosis in vive

fo find out whether annexin ¥V also labtls apaptelic nourons in vive,
we investigated Jumbar DRGs and trigeminal ganglion neurons of
E12 and E13 embryos at the ultrastructural level following intracardial
injection of AnxV-biotin. Many positively labelled nevrons exhibited
the morphological characieristics that are rypical of late apoptosis
such as a pykpotic nucleus with condensed chromatin and cell
fragmentatton. Other labetled cells showed morphological features
that are not typical of late apoptosis, but still compatible with this
process or with earlier forms of it, These included a dissolving
nuclear membrane, a dilated endoplasmatic reticulam, membrane
blebbing, and an increased number of free ribosomes and a reduced
vlectron density of the cytoplasm (Fig. 2). In contrast to the usual
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Fig, 4, Low power micrographs of paraffin sections showing AnxV-bictin labelling of catls and extensions in the CNS (A-C) and PNS (D-F). With respect 10
the CNS, examples of clusters of labelled neurons {arowheads) are illustrated for the lnterorostral barder of the cerebellum {A: E12), the oplic stalk and fissum
(B: El¥), and Rathke's pouch (C; E11). With Tespect 10 the PNS, examples of clusiers of labelled cxtensions (arrows) are iltustraied for the irigeminal ganglben
and its maxillar branch (D; E11), spinai nerves emeqging between the venchrae (asierisks) (E; E11). and fibres from the canda equira {F; E12). Noic in A that
the area with ¢lusters of labelied neurons of the cerebellar anlage is restsicted to the thin edge of the wall of the rhombencephalon strrounding the fourth
ventricle (v); the directly adjacent eylindrical epithelivm of the rhombencephaton is merely devoid of apoptatic cells. L and 1 in B and C indicate lens vesicle
and tumen of Rathke's pouch, respectively, The dark asowheads in D znd E indicate isolated annexin V labelied neurcns, while the open arrowhead in F
indicalcs an embryonic red blood cell. The double-headed amow in F is orentatad along the rostrocaudal axis. Scale bars in A-F indicate 19 s, 100 pm,
25 4. 33 jm, 25 pm and 28 pm, respectively,

appearance of the mitochondria in necrotic cells, those in labelled not restricicd to their cell bodies. but alse extended into their
apoptatic neurons were often clusiered and undilated. Interestingly, cormesponding axons. The labelled axons in the peripheral nerves
the cascade of apoptotic events in the cytoplasm did not always occur tended to be grouped in clusters (Fig. 3A,B). In these clusters, sonic
in paralle] with those in the nuclei; frequently, wa observed neurons axons of presumptive viable cells were labelled at the plasma
with pykrotic nuclei characteristic of late apoplasis in conjunclion membrane direetly adjacent to the apepiotic nenrites that were labelied
with cytoplasmic changes characteristic of early forms of apoposis across their entire perimeter. whercas the other paris of the axon were
and vice versa. The annexin V labelling in the apopiotic neurons was not labelled (Fig. 3C). A similar phenomenor was observed for the
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lbellet somatn in the ganglin. These uitrastructural data indicale;
(i) thuL annexin V labels the membraies of apoptotic nevronal somaa
andl axons during different sizges ucross their full perimeter; and
tii} that the membranes of viable cells can be labeled at the part tha
iy directly adjucem 10 apoptotic neurons.

Light microscopic distiibution of apoplotic neurons in the
developing ceniral and peripheral nervous system

Crtolagy

The ulirastructusal characteristics of the eytologizal featores of annexin
V labelled neurons in the lumbar DRGs described above wene
vxwensively confirmed in our light microscopic exomiration of many
dilfesent areas in the brains of E9-14 embryos (see Fig. 4). Many of
the annexin V labeiled neurons showed chromatin condensation, and
depending on the exlent of this feature these newrons could be
characterized as early (Fig. 54~C) or late (Fig. 5D) apoptotic. Fre-
quently, both the neuronal soma and extensions of the cells were
lubelled, and often, it was possible to idenlify the regular shape of
the apoptetic neuron. For example, the early apoptotic neurons from
Ine thalamus and vemral hom of the spinal cord illustrated in
Fig, SA.B can be idemified av bipolar and multipalar, respectively.
in some ¢ases, jt was even possible to follow the peripheral 2xon to
ihe sama of the apoptotic neuror in a single section (Fig. 3D). In the
PNS both the early and late lubzlled apoptotic neurons belonged to
he viutegory of Jarge clear cells, which are characterized by a large
pile nucleus and cell body with a diameter of 19 pm (Lawson &
Biscue, 197%). Smal! dark cells (on avesage 12 um in diameter),
which may be predominznily derived from the neural crest (Davies
& Lindsay, 1984), were never found to be labelled. In contrast to the
apoplotic neurons in the CNS and PNS, embryonic sed blood cells,
which also show a condensed nuclews and resemble thereby late
apoptotic cells with a pyknotic nucleus, did not bind annexin V to
Ineir plasma membrne {Figs 4F and 5D). Thus, the cyological
observations at the light microscopic level in vivo agree with the
findings of the in virre experiments and electron microscopic study
in 1ha1 the use of biotinylated annexin V allows the identification of
both early and late apoptetic nzurons, and that it Jabels not only their
cell bodies but also their dendrites and axons.

Central nervous system

In the CNS, apoptotic neurcns were either grouped in clusters or
dispersed throughout the nevrocpithelium, In general, the clusters of
apoptotic cells were prominemly present during Ell and E12, bul
vinwally absent at E9 and El4. They occurred at several anatomical
landmarks associaled with morphogenetic ransformations of the
newral tube. The four most proncunced sites in this respect included
the laterorostral border of the thin wall of the cemebellar anlage in
the rhombencephalon {Fig. 44), the optic stk including the epic
fissure {Fig. 4B), the anlage of the posterior pituitary gland overlaying
Rathke’s pouch, i.e. the infundibuium of the diencephaton (Fig. 4C),
and the velum transversum and plexus cheroideus anlage in the wall
of the third venwicle (Fig. 6). Chronelogical analyses of neuronal
apoplosis in each of these sites indicated that most of the apoplosis
occurs at specific sites of the curvalures in the neuroepithelium during
a particular lime frame. In the velum transversum for example, the
concave parts of the lawral curvature appeared 1o be a constant site
of apoptosis from E14 1o EL2 (for chronological series from E10 to
£14, see Fig. 6). In contrast to the specific sputictemporal patterns of
apoptatic clusiers, the disperszd celi death accurred rather randomly
throughout the neural tbe (Fig. $A). The major exception was formed
by the rostrml parts of the L:lencephalic hemispheres, at which a
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relntively high level of this form of cell death was observed (data
not shown). Different from the clusiered cell death, the dispersed cell
death persisted up to E14,

Peripheral nervous system

As cbserved in the CNS, neuronal apoptosis in the PNS was most
abundanily present from EE] 10 E13. At El4, annexin V labelling
was stiil observed in some of the crznial panglia such as the ganglion
of the trigeminal nerve, but the DRGs were almost completely devoid
of apaptetic neurcas. In contrast to the spatial labeiling pattems in
the CNS, apopiotic neurons in the PNS were nol grouped in clusters
bul always dispersed throughout the neuropil. This labelling pattern
held true for the gangliz of both the cranial nerves and spinal nerves.
The labetling of the axons in the PMNS was much more prominent
than that in the CNS, Figuces 4D-F illusirate, for example, the dense
annexin ¥ labetling in the second {maxillar) branch of the trigeminal
nerve, spinai nerves and cauda equina, respectively. Interestingly, the
onset of labetling of the uxons was similar to that of the somata, but
the labelling persisted up w | day longer in the axons than in
the somala. .

Quansificalion of the percemage of apopiotic cell bodies in the
differenz DRGs from Ell o E13 revealed wwo features (Fig. 7A).
Firse, the highest density of dying cells shifted from cranial to candal
DRGs during E11-13, At E11, the average percentage {0.95% * 0.17
(SEM)] of anpexin V labelled acucons in the roswral DRGs (C1--Th8)
was significamly higher (£ < 0.001; r-test) than that (0.27% * 0,13)
in the candal DRGs {Th9-34). At E12 and E13, however, the average
percentages (0,39 = 0.03 wr E12 and 0.23 £ 0.03 at E13) of annexin
V labelied neurons in the rostral DRGs were significantly lower
(P < 0.0F; rtesr) than those (.58 * .05 at E12 and §.36 % 0.07 at
E13} in the caudat DRCs. Second, the average percentage of anbexin
V labelled cel? bodies of all DRGs decreased significantly over time
from 0.58% [ 0:15 (SEM)] at EIi to 0.43% (* 0,04} and 0.27%
(% 0.05) at E12 and E13, respectively (P < 0.001 for both E11 vs.
212 apd E12 vs. EL3; ttest). Thus, cell death in the PNS occurs in
a particular spaticternporal patiern along the rostrocaudal axis.

Relation benween annexin V labelling and pyknosis

To assess the relalive proportions of early vs. late apoplotic neurans
in the nervous system, and to estimale the relative sensitivity of the
annexin V labelling method for detecting apoptotic neurons, we
determined the proportions of three different populations of apoptotic
nevrons in DRGs at levels Thé—8 as well as in trigeminal ganglia
frem El1 10 E13 (Fig. 7B,C). These populations included: (i) annexin
Y-labelled, early apopiotic neurons with an uncondensed nocleus; (i)
annexin V-labelled, late apoprotic neurons with a pyknotic nucteus;
and (i3i) unlabelled neurons with a pyknotic nucleus.

In lipe with the time shift of the number of annexin V labelled
neurons of all DRGs described above {Fig. 7A), the total number
of apoplotic cells {i.e. the total of the three populations) in DRGs
Th6-8 decreased over time from E1 1 1o E13 (Fig. 7B). The proportions
of the three pogulations remained relatively unchanged during this
period. Al E1l, E12, as weli as E13 =~ 10% of the apoptatic cells in
DRGs Th6-8 were annexin positive and carly apoprotic, 40% of the
cells were inbelled and late apopiotic, and about half of the total
apoplotic population showed advanced chromatin condensation but
was unlabelled with annexin V. In the trigeminal ganglion, similar
proportions were observed at these 3 days, but the highest level of
apoptosis cccurred at E12 instead of E11 (Fig. 7C). We can conclude
that probably about haif of all apoptotic neurons can be deiected with
biotinylated annexin ¥, and that, as far as the early apoptotic cells
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FiG. 5. High power micropraphs demensteating the cytology of apoplotic
nevrons {arrowheads) and their neurites (arrows) = various arezs of the CNS
and PNS of EI2-13 mice. (A} Shows an carly apapiolic neuron from
prethalamic tissue along the third vemricie at E12. (B) Nlustrates o mullipolar
neuron in the ventral spinal cord at Eid. (C) Demonstrates a farga/clear
bipolar ncuren from the wigeminal ganglion at E13; the neuron contains a
relatively large nueleus with condensed chromatin chsmps (the ultmsiructaral
h istics of a similar apoptotic large/clcar <ell is-shown i Fig, 2). (D)
Shows two labelled axons conlinuous with the two lzbelled celi bodies From
which they are derived; the cells, which are Jocaled in a cervical dersal root
ganglion {E3), contain both pyknotic nuclei. Notc the AnxV-biotin negalive
embryonic erythroblasts {oper arrowhead). Micrographs A, B, and D are
. taken from paraffin sections, while C is 1aken from a semithin section. Scale
bars in A-C and E indicate 19 pum. 25 um, 18 um and 28 pm, respectively.
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can be detected by biotinytated annexin V, a relatively smat] proporticn
of the total of apoplotic neurons belongs 1o the category of early
#pOpPLoLic NEUrons.

Phagocytosis of apepiolic neurons

The quantitative data presented above demonstrate that biotinylated
annexin V does not bind 10 all apoptotic neueons, but the results do
nol show whether this pariial lack of labelling is due to a limited
binding capacity of annexin V andfor 10 a covering of the PSs at the
oulside of the apoptotic neuron. The most conceivable cause of a
covering of the P8s en the cuter jeaflel of the plasma membrane is
phagocytosis. Therefore, we investigated this pracess in the trigeminal
ganglia of EI2 and Ei3 mice following intracardial injection of
AnxV-biotin. Ulirastructural analysis revealed that unlabelled apop-
lotic neurons were frequently located inside phagosomes, whereas
annexin V labelled neurons were not. Even labelled late apoptotic
cell debris with a disrupted plasma membrane and swollen mitochon-
dria was not observed imside phagocytes. Instead, the annexin ¥
stained apopletic nevrons were frequently surrounded by viable cells
that were selectively labelied ot the pant of their plasma membrane
that was directly adjacent to the dying cells (Fig. BA). In this
configuration, direct contact between the labelled membranes of the
dying nevrons and the surmourding cells was sporadic. In contrast,
analysis of E12 progression zone and E13 degenerating interdigital
tissue of mouse embryo limbs, which were studied for comparison,
showed that annexin V does ot hinder phagocytosis in vive per se.
Namely, labelled zpoptotic cells were located in phagosomes in the
limb mesoderm and the direct contact between the labelled membranes
of the dying and the swrrounding cells was much more exiensive
(Fig. 8B). These differences supgest that the partial lack of anrexin
V labelling of apeptotic neveons is due 10 a covering of their PSs by
phagocytes, and that different mechanisms may be utilized in neuranal
tssue and limb mesoderms to remove apoptolic cells from the
environment,

Discussion

Classical experiments on avian embryos such as grafiing (Hollyday
& Hamburger, 1976) and removat (Hamburger, 1934) of chick embryo
limb tissue, which can hardly be achieved in mammalian systems,
have yielded invaluable information about the matching of the number
of neurons to the penpheral target size and about the role of
nevrotrophic Factors in neuronal development. Although valuable
knowledge aboul neusonal vell death and development will probably
continue to come from research on chick embryos, recemly Scientific
input regarding nearonal development has started to derive from
studies in mutant mice (Albers er al., 1994; Klein, 1994; Memy eral,,
1904: L ef al., 1995; Foruta ef af.. 1997). These studies have focused
mainly on cell death from E15 10 PL{. Therefore, in the present
swdy, we utilized the sensitive marker biotinylated annexin ¥ and
we investignted the occurrence of programmed cell death during early
development of the mouse nervous system (E9-14).

Fi6. 6. Time series of transverse stctions through the ielenzephalon from E10
1o El4. Nole the prominent apoptosis in the velum wansversum in the higher
magnilicalions in the right colums (B, D, F and H: arowheads) with peak
levels at E1l and E12. In addition, note the phagocytes comaining unstained
pyknotic cells and debris (D, F and H: open arrowheads). Scale bars in A and
B indicate 1.1 mm and 0.1l mm, 1cspectively.
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Annexin V binds to apoplotic neurons: technical
considerations

In the present study, we demonstrated uneguivocally that annexin V
linked 1o a marker such as biotin or OG can label apoptotic neurons
and their extensions. The possibilities and limitations of this technique
were invesligated both in vitro and in vivo, both at the light
microscopic and electron microscepic level, and bath qualitatively
and quantitatively. In the in vitre experiments, apoplosis was induced
by NGF withdrawal, which is 2 well established method to evoke
neurenal apoptosis (Barde et al., 1980; Barde, 1989; Rimon eral.,
1997). We showed thal annexin V binds both somata and extensions
of cultured DRG neurons starting 6 h after NGF deprivation, and
reackes high levels after 10-135 h of growth factor withdrawal. The
fact that the nuclear chromatin of the Jabelled neurons was heavily
labetled by Hoechst 33342 while their plasma membrane was intaet,
confirmed that the annexin ¥ labeled neurons were indeed apoptotic.
Electron microscopic analysis, which still stands as one of the most
important methods. for the identification of apoplosis, demonsirated
thal arnexin V can also bind 10 both the cell bidly and the dendritic
and axonal extensions of apoptetic neurcns ir vivo, maay annexin
V-stained neurons in the DRGs and wigeminal ganglia showed the
typical morphological charaeieristics of apoptosis including chromatin
condensation and cell fragmentation. It is worthwhile 1o notice that
the presently explored annexin V labelling technigue is the fisst 1o
allow the identification of apoptotic neuronat extensions, and that, in
this respect, it stands out against known nuclear apoptosis markers
such as the TUNEL method (Gavrieli eral, 1992). In addition, it
was demonstrated that the method is sufficientty sensitive to detect
early newronal apoptosis both with respect to the cellular process
iself and 1o the course of CNS and PNS development. In fact, with
the use of nuclear neuronal siaining methods, such as Bisbenzimide,
internucleosomat degradation of DNA, a biochemical hallmark of
apoptosis (Wyllie, 1980), dees not stant earlier than 18 h after NGF
deprivation in the in viree assay (Deckwerth & Johnson, 1993),
indicating thar annexin V is mueh more sensitive for detecting cary
acuronal apoptosis. Morsover, using annexin V in the in vivg
preparation, we were abie 10 detect apopiotic neurons in lumbal
DXGs as zarly as E11, wheeeas with the use of the TUNEL method
neurcnal apeptosis can e delected not earlier than E12 (White
et al., F9Y8).

None the less, several limitstions of the method have to be
addressed. First, the method is not specific for apoptosis under all
circumstances, Some of the cultured DRG neusons that were positively
labelled with apnexin V were also positively stained with the use of
P1. As the plasmn membrane of both the perikaryon and neurites of
these annexin V labelled cells were not intact, it seems likely that
these nearns were ol Apoprotic, but necrotic. Albeit probably of
the postapoplalic- of secondary necrotic type, as the nuclei of these
cells were showing the characteristics apoplosis, i.e. pyknosis and
fragmeniation {Darzynkiewicz etal, 1997). Similarly, anmexin V¥
has alse been demonsirated to labe! necrotic, non-neuronal tissues
(Kocpman eral., 1994). Thus, annexin V markers may be used in
beain preparations as in the present in vivo experiments in which
necrosis hardly occurs, but control expeoiments such as clectron
miicrascopic analysis may stll be needed for confirmation. Ancther
restriction of the annexin V delection method of apaptosis pertains
to its sensitivity. By comparing the number of pyknotic neurons that
were and were not labelled for annexin ¥ in the DRGs Th6—8 and
the trigeminal gangtia from E11 10 E13, we were able to demonstrate
that annexin ¥ markers cannot label more than half of the celi bodies
of all latz apoptotic mesrons. Because our electron rmicroscopic
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analysis indicated that unlabetled neurens with a pyknotic nucleus
were usually located inside phagesomes, it appears likely that this
partial [ack of labelling is due to a covering of the PSs on the outer
leaflet of the apoptotic neuron. Apparently, the annexin V molecules
with a weight of 35kDa arc not able to penetmte throngh the
membranes of the phagocytes of neurons. Simitarly, we have been
unable to detect dying Purkinje cells in the third postnatal week of
lurcher mice following intracardial injection of biotinylated annexin
V (De Zecuw eral. unpublished observations), even (hough their
Purkinje cells die during this peried due 1o apoptosis (Notmar e al,,
1995). As we do get Iabelling of apopiatic Purkinje cells in the
lurcher when we inject the annexin V marker directly into the brain,
we assume that the annexin V molecules cannot pass through the
bload~brain barrier. Thus, intracasdial perfusion of annexin V markers
can be conveniently used for the detection of apoplotic neurons that
are not engulfed by phagocytes during prenatal and ecarly postnatal
development, but not for the detection of neuronal apoptosis after the
process of phagocytosis has begun or after the blood-beain barrier
formation has been compleicd (i.c. for mice P7-14; Bret er al., 1995).

Neuronal apoptosis during early development; 1. CNS

In the CNS cell death generally peaked at EI2 during carly develop-
ment, During this stage, programmed cell death in the CNS was
characlerized by the occurrence of clusters of apoptotic neurons and
a relative lack or absence of apoptotic axons, The occurrence of the
clusters was particularly prominent in brain areas that undergo a
dramatic morphogenetic change. For example, in the cergbellum, the
Purkinje ceils start to migrate from the rhombencephalic walls along
the fourth ventricle t the arca that will become the cerebellar cottex
(present study: Altman & Bayer, 985), and in the conncction area
between the eye and the brain, the oplic nerve is trailing the
degenerating optic stalk (present study; Silver & Hughes, 1973).
Thus, it appears that in the CNS the clustered distribution of apoptosis
plays especially an important part in arcas of morphogenesis. Recently,
evidence is gathering that the process of morphogencsis of the CNS
is being centrolled by the wansient expression of particular gencs.
Furuta er al. (1997} demansirated for example that cell death in the
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DRG Th 6-8

FiG. 7. Quantificason of apoprotic neurons in
the DRGs (A and B) and trigeminal ganglion
{C} at E11, E12 and E13. {A) Demonstrates a
spatiotemporal shift in the occurrence of
apepiasis .n the DRG; at E11 the most
prominent labetling occurs in (he cervical and
shoracal dersal root ganglia. wherzas at E12
and EL3 the lumbal and sacral levels conain
more apopiotic neurons. The numbers in A
indicale averages and standard errors of the
mean of apoptotic DRG neurons as detecled by
AnxV-bigtin labelling. (B,C) Show the

© Annexin Y+/Pykmoris -
© Annexin VHPyimoris
= Anngxin V- /Pyimosis +

= [}

£ 11 daps 12 dayx 13 days percentages of apeptotic neurons for DRG

=l ThE-8 and the Irigeminal ganglion for E11,

© Trigeminal ganglio EI2 and E13; for this quantification the dying
C 16 & ganglion neurens hive been differeniiated into those that

are labelled with annexin ¥ but not pyknotic
{i.e. carly apoptotic). those that are labelted
and pyknotic (i.c. latc apoptotic), and those
that arc pyknolic bul no! labelled {i.c. lale
apopiotic and presvinably phagocytosed}. Note
that in general abowt half of the apoplolic
nearens are ot [abelled with annexin V; as
deduced [som our leciron microscopic
analysis (s2¢ Feg. B) this absence of labelling
E presumably rasulis rom the fact that these
== apoptotic ¢¢l] (remnants) arc Jocated instde

2days phagosemes.

13 days

velum transversum is most likely under control of simultancously
expressed members of the BMP gene family and Msx-J.

Apart from clustered cell death, we also frequently observed
dispersed ccll death in the CNS. This form of apoptasis was especiatly
prominent in the mpidly expanding rostral parts of the telencephalic
hemispheres, raising the possibility thal this distribution pattern of
cell death is spatiotemporatly linked with neuronal proliferation.
Blaschke ef al. (1996; 1998) also associated apoptosis in the develop-
ing cormex with neuronal proliferttion, and suggested that these
apoptotic cvents are linked with phenotype selection of clonally
expanding neurons and the initiation of postmitotic neuron generation.
An altemative or additional explanation for dispersed cell death i
the developing reocoriex may be thal it serves 10 delete cells carrying
mutations, which are likely to be generated in highly proliferative
regions, and/or that it helps to regulate cell numbers (Thomaidou
et al, 1997). The fatter hypothesis is supported by a recent study
of Keane and cowarkers (1997), which showed that targeted deletion
of caspase-3 in mice vesults in a deficiency in apoplosis of profiferating
cells and hypertrophy of the brain,

En sum, based upon the present data, we conclude that it appears
a likely working hypothesis that clustered and dispersed cell death
in the CNS may be particularly associated with morphogenesis and
neuronal proliferatian, respectively,

Neuronal apoplosis during early deveiopment; il, PNS

Whereas in the CNS apoptosis during early development may
be most relevant for the controf of morphogenesis and neuronal
peoliferation, the dispersed cell death we have documented in the
PNS may play a crucial part in quantitative matching of phenotypically
distinet cells with their afferent and efferent projection arcas {Buchman
& Davies, 1993; Coggeshall eral., 1994), This hypothesis predicts
that during specific postmitotic time windows ncuronal cell types
with distinct morphologies and functionalities compete for limited
amounts of neurctrophic factors 1o survive {Davies, 1994; White
etal, 1996). The presently observed spatiotemporal distribution
pattern of apoptosis during early development of the PNS is compatible
with this hypothesis. Our results obtained from both ultrathtn and
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FIG. 8, Phagoeylosis of

L und | ronal lissues. (A) lllusirates AnxV-biotin-labelled apepotic erigeminal ganglion neurons (arrows) with largely intact
and often elusicred mitochondria {in), diminished electren density of their eyiopk many free nb 2 dilated endopl ic reticulumn, and blebbing of
their plasma membrane. Note that unlabelled neuronal debris (asterix), but rot AnxV-biotin-fabelled aeuronal components, occor inside phogolysosomes. All
annexin ¥ labelled neurons are swirounded by an annexin V labelled plasma membmne of a viable ¢:il (epen heads), Black heads indicate stained
apopiotic bodies with o distupled plasma membrane and swollen milochondria suggesting the presénce of dary is. (B) Il the process of
phagecylosis in the progression zone in EI2 limb tissue. In 1his mesodermal tissue both unstzined debris {asterix) and AnxV-biotin-labelled cell fragments
(black arrow) are located in phagozytes. As observed in ncwronal tissue, the lobelled plasma membrane of apeptosic cells is often surrounded by AnxV-biotin
positive membranes of viable cclls (epen amowhead), However, 1t should be noted that the {otal of gaps in between ihe membranes of the apoprotic celt and

the phagocyte is much smaller than in neuronal tissee, Seale bars in A and B indicate 1,9 pm and 2.9 j2m, respectively.

semithin sections indicated thit all apoptotic neurons during early
development of the PNS are past of the large ¢lear group of neurons,
and our quanmitative fight microscopic analysis indicated that the
rostral (C1-Th8) and caudal (Th9-S4) DRGs show their peak
level of apoptosis at E1t and E12-13, respectively, As Lawson &
Biscoe, 1979} demonsirated that these neurons at these rostracaudal
levels have just reached their postmitotic phase during these periods,
it appears more likely that they became apoplolic due to neurotrophic-
based selection than o processes that accompanies mospho-
genesis, which often involves proliferating ceils. This notion is further
supported by the fact that small dark cells, which are also present in
the peripheral ganglia during this period, but in a proliferative phase
(Lawson & Biscoe, 1579), were never Jabelled with annexin ¥V and
did not show any sign of apop:osis.

The mechanism by which this early quantitative matching may
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come about presumably anvelves several growth faciors, fn vitro
experiments have shown that neurcns of the large clear group
are responsive to brain-derived neurowophic facior (BDNF) and
newrolrophic facior 3 (NT-3) (Davies eral., 1986} As NT-3 and/or
BDNF are expeessed in the projection areas of the trigeminal ganglion
and DRGs during the appropriaie time periods (Maisonpiere er al.,
1990; Davies et al., 1991; Coggeshall er al., 1994), apoptosis in the
peripheral ganglia may indeed be mediated by these wophic factors,
NGF on the other hand probably does not play a prominent part in
the control of apaptosis during early development, because trigeminal
ganglion neurons ase nat responsive 1o NGF until E14 (Buchman &
Davies, i993), which is 2 days after they show their peak of apoptosis
(present stidy), Moreover, neurons of the large clear group in vitro
are not responsive to NGFE cither (Davies ef al., 1986).

Thus, the spatiotemporal distribution of apoptosis during eacly
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development of the PNS as abserved in the present study is [ully
compatible with an early selection of neurons of the large clear
phenotype, and possibly Tinked with the competition of these cells
for limited amounts of NT-3 and/or BDNF in their projection areas,

Phagocytolic clearance of apoplotic neurons

The present ultrastructural data indicsted that annexin V iabclled
neurons were never located inside phagasomes. This observation
raises (he questions as te whether neurons are being processed within
phagosomes too quickly to be detected and/or whether annexin V
blocks the process of phagocylosis. We assume that the pracess of
nreuronal intraphagolysosomal degradation is sufficiently slow to be
detected following intcacardial injection of bictinylated annexin V,
because numerous non-labelled neuronal companents were abserved
inside phagosomes in all our elcciron microscopic slucdies (sce aiso
Innocenti et al., 1983; Ferrer et al., 1990). Considering the amounts
of neurons that can be semoved within a singie day, as observed in
our quantifications of apoplotic neurcns in the DRGs and trigeminal
ganglia, it can be expected that the phagocytotic remaval time of
apeptotic neurons does net differ subsiantially from that of non-
neuronal tissues (cf. van den Eijnde er ai., 19972). Both ir vitro and
in vivo studies of non-neuronal tissues suggest that the time NECESSary
for phagoeytotic ingestion varies from 135 to 30 min (Falasca er al.,
1996; van den Eijnde eraf., 1997a,b). The second explanation, ie.
the passibility that the binding of annexin V to PSs itself inhibits the
phagocytosis of neurons, appears more likely. Such an inhibition has
already been shown for non-neuronal tissues. Fadok and celleagues
(1992b) originally demonstrated that exposute of PS on the surface
of apoptotic lymphocytes can trigger specific recognition and removal
by macrophages, and more recent in vitre studies demonstrated that
annexin V can inhibit phagocytosis of muscle cells and blood cells
by interfering with the PS dependent death signalling mechanism
(Bennet er at,, 1955; Bratosin e at., 1997). As we sometimes observed
uningested labelied materinl with a postapoplotic-necrotic appearance
in the peripheral ganglia of animals that were intracardially perfused
wilh annexin V. but not in our controls that were perused with HEPES
buffer (data not shown), it appears indeed possible that annexin V
interferes with the process of neusonal phagocytosis. In fact, it may
even be possible that this interference is stronger for neurons than
for other tissues, because we frequently observed labeled apopietic
cellular companents inside phagosomes in the limb buds of mouse
embryos. This difference may indicate that phagecytosis of a1 least
some non-neuronal tissues, in casu limb mesederm, is not as dependent
on the exposure of PSs as that of nevronal tissuc. For example. it
may be possible, as demonstrated by Fadok and colicagues (1992a)
for macrophages of blood cells, that some non-neuronal cell Lypes
use vitronectin receptors instead of or in addition to PS receptors for
the jnitiation of phagocytosis. Another obscrvation also suppons the
possibility thal the mechanisms of phagocytosis in the nervous system
differ from those in other tissues, We observed in both the periphera)
ganglia and the limbs thal the plasma membranes of vizhie cells @.c.
potential phagocytes) were annexin V positive at the surface apposed
to the labelted apoptotic cells. However, whereas the labalied plasma
membranes of the viable cells were always directly adjacem o meost
of the membrane of the apaptotic cells in the limbs, in the nervous
system both plasma membranes were consistently separated by a
wide extracellular gap almost surrounding the entire apoptotic neuron.
Ags the pattern of annexin V labelling in both adjocent membranes
points towards a possible plasma membrane exchange, which can be
one of the initial events in the process of phagecytosis {Foa er at.,
1985), it may indeed be possible that the phagoeytotic removal of
neurons differs from that of other cell types,
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Conclusions

In short, in the present siedy we show by probing for PS exposure
with annexin V that during carly mouse embryogenesis apoplolic
neurons expose PS at their outer plasma membrane leaflet, ircespective
of the spalictemporal localization or the differentiation status of the
cell. Apoptotic neurons were observed 10 be organized in clusters in
the central nervous syster or apparently randomly present, mainly
in the DRGs and trigeminal ganglion. These modes of cell death may
be linked with morphogenetic events in the CNS, and in the PNS
with, presumably NT-3 and BDNF-mediated, matching of numbers
of postmitotic neurans of the farge clear group with their projection
areas. The presence of annexin V positive cells in phagacytes in limb
lissue and the absence of such labelled ingested cells in neuranal
lissue seggest a possible important function for PSs in the phagocytotic
clearance of apoplotic neurans during development.
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Summary

Annexin V is a protein mainly known from its
Ca* and phospholipid binding capacity, its
anticoagulant effect, and its PKC and PLA,
inhibitory activity. In this study we have
investigated the immunomodulatory action of
annexin V on LPS or anti~CD40 activated murine
B cells by measuring isotype production, cell
proliferation and cell death. The structure
function relationship of annexin V-immuno-
modulation was assessed by comparing wild type
protein with mutant proteins with a decreased or
absent ability to bind phosphatidylserine. Our
data indicate that annexin V inhibits IgG,, IgE
and IgM production by LPS and anti-CD40
stimulated B cells in a dose dependent manner.
This inhibitory effect is possibly due to limiting
the numbers of isotype producing cells since in
the annexin V treated samples cell proliferation
was inhibited and the percentage of dying cells
was increased. The aunexin V mutant proteins
showed an immunosuppressive activity that was
equal to the wild type protein. In conclusion, the
isotype inhibitory effect of annexin V is based
on a novel phosphatidylserine binding indepen-
dent mechanism, mediating cell proliferation and
cell death.

1 Introduction

Of all annexins identified so far [1], annexin V is
the member with the highest affinity for
phosphatidylserine (P5) [2-4]. The physiologic
function of annexin V is especially sought in
inhibition of coagulation and inflammation {5,
6]. During pregnancy these properties may co-
exist. Namely, high levels of anti annexin V
antibodies in patienis with the autoimmune
disease systemic lupus erythematosis (SLE) {7,
and reduction of annexin V on placental villi {8]
have been reported to be associated with
thrombotic events in the placenta and loss of the
allograft conceptus. Furthermore, a putative
immunomodulatory role of annexin V is indicated

by the high levels of antibodies against this protein
that are present in patients with rheumatoid arthritis
[9]. Other support for an immunomodulatory role
of annexin V in vivo comes from studies which
have shown that in addition to placental villi [10],
this protein also localizes in immune privileged
tissues like the brain [11], spinal cord [12] and
eye [13]. We hypothesize that a possible link
between (1) auto-antibodies against annexin V
under pathological conditions, and (2) the
expression of annexin V ir certain tissues under
physiological conditions may be found in an
inhibitory effect of the protein on the B cell
immune response.

Various investigations have shown that B cell
activation plays an important role in allografi
rejection {14], autoimmune diseases [15-19],
degenerative events in normally immune
privileged tissues [20, 21], and in infertility {22],
Purpose of this study was to investigate the effects
of annexin V on immunoglobulin production by
activated murine B cells. To this end, B cells were
stimulated polyclonally by LPS or by anti-CD40,
and the effect of annexin V on isotype production
was measured in relation to cell proliferation and
cell death. To study the structure-function
relationship of annexin V, we tested wild type
PS binding-annexin V and mutant proteins with
areduced or absent P'S binding capacity. Our data
indicate that annexin V inhibits isotype pro-
duction by polyclonally stimulated murine B cells
through limiting the numbers of isotype pro-
ducing cells. This decrease in activated B cell
popuiation is most likely effected by inhibiting
cell proliferation and by inducing cell death,
through a PS independent interaction with the

lymphocyte .

2 Maiterials and methods

2.1 Mice

Female BALB/c athymic nude (nu/nu) mice were
purchased from Harlan Netherlands B.V,, Horst.,
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and were maintained at the Department of
Immunology. All mice were at an age of 8-12
weeks at the start of the experiments. The
experiments were approved by the Animal
Experiments Committee of the Erasmus Univer-
sity Rotterdam.

2.2 Cell preparation

Preparation of spleen cell suspensions was
described previously [23]. Nucleated cells were
separated by a Histopaque-1119 gradient (Sigma,
St. Louis, MO). Erythrocytes were further
depieted by NH,C lysis {Gey’s solution). Total
number of aucleated cells were counted with a
Coulter Counter, Model ZM. Routinely, the
percentages of contaminating T cells appeared
to be less than 2 percent when employing CD3
staining in combination with flow cytometric
analysis. Heparinized bleod was collected from
healthy donors; the samples were Histopaque
treated to purify the lenkocytes. NB4 and U937
cell lines were maintained on RPMI-1640
medium containing 20% Fetal Bovine Serum
(FBS), penicillin (100 U/ml) and streptomycin
(100 pg/mi).

2.3 B cell activation

B cells were activated with 50 pg/ml E. coli
lipopolysaccharide (LPS, 026:B6, Difco Detroit,
Mich.) or 10 pg/ml anti-CD40 (FGK-45.5, kindly
provided by Dr. D. Gray). Cells were cultured in
0.2 ml DMEM media supplemented with
glutamine (4 mM), sodium pyruvate (G.1 M),
penicillin (100 U/ml), streptomycin (100 pg/ml),
2-mercaptoethanol (5 x 10 M), HEPES (25 mM)
and FBS with low endogenous mitogenic activity
(20%). Cells were cultured for 6 or 7 days in a
37°C, 5% CO; humidified incubator in 96-well
flat bottom tissue culture plates (NUNCLON
167008, NUNC Brand Products, Denmark) at a
concentration of 2.5 x 10%/ml.

2.4 Reagents

Wild type and mutant human Annexin V were
obtained by using a prokaryote expression
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system, as described elsewhere [24, 25]. Annexin
Binding Buffer (ABB) consisted of Phosphate
Buffered Saline (PBS) supplemented with 25 mM
HEPES and 2% heat inactivated FBS.

2.5 Isotype-specific ELISA

Total supernatant IgM, 1gG, and IgE levels were
measured by isotype-specific ELISA as described
previously [26, 27]. GAM-IgM and -1gG,
(Southern Biotechnology, Birmingham, AL) were
used at 1 pg/ml as coat and biotinylated GAM-
IgM and -IgG, both at 0.5 g/ml as second step.
RaAM-IgE (EM95) and biotinylated RaAM-IgE
(Pharmingen, San Diego, CA) were used in 2 g/
ml and 1 pg/mi, respectively. Detection limits for
the IgM, IgG, and IgE ELISA were 0.2 ng/mi,
0.2 ng/ml and 0.5 ng/ml, respectively,

2.6 Flow cytometric analysis

Cultured cells were washed twice in Ca®* free
buffer (PBS + 2% FBS) to wash out the excess
annexin V and resuspended in ABB at a
concentration of 1 x 10%mi. To measure cell
death, to 100 p! of cells 10 pl annexin V-Oregon
Green (annexin V-OG; 1 pg/ml; Apoptest™-
Oregon Green, NeXins Research, Hoeven, The
Netherlands) was added and/or 10 pt Propidium
Todide (PI; 5 pg/mi). Cells were incubated for 15
minutes at room temperature and 100 pl ABB
was added just before analyzing by flow
cytometry on a Becton Dickinson FACScan
interfaced to a Macintosh computer running the
CellQuest software (Becton Dickinson, Sunny-
vale, CA). Data was collected on 5000 cells.

2.7 Confocal laser scanning microscopy

B cells were cultured in the presence of annexin
V-0G (1 pg/ml) and PI (5 pg/ml) for 24 hours
with or without LPS. Afier this culture period the
cells were washed, fixed, and placed in between
a slide and coverslip. The coverslip was sealed
with wax, and stored at -20°C. The samples were
examined using the MR(C600 confocal scanning
laser microscope (Biorad, Hemel Hempstead,
United Kingdom}, equipped with an air-cooted
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Argon-Krypton mixed-gas laser and mounted
onto an Axiophot microscope (Zeiss, Ober-
kochen, Germany). The laser scan microscope
was used in the dual-parameter setup, according
to manufacturer’s specification, using dual
wavelength excitation at 488 nm and 568 nm.
Emission spectra were separated by the standard
set of dichroic mirrors and barrers. Stacks of
confocal planes at 0.3 pum intervals in z-distance
were recorded in Kalman filtering mode, using a
40X objective,

2.8 Statistical analysis

Statistical significance was tested for with the
Student’s T-test {Microsoft Excel, Microsoft
Corporation}. P-values below 0.05 were con-
sidered as significant.

3 Results

3.1 Annexin V inhibits dose dependently
isotype production by activated B cells

The effect of addition of annexin V on isotype
production by polyclonally activated B cells was
determined in cultures of freshly isolated BALB/
¢ nude whole spleen cells (approximately 80%
B cells and less than 2% T cells). Experiments
with purified B cells from BALB/c spleen cells
obtained by complement depletion using
antibodies against GR-1 (granulocytes), and
CD3, CD4 and CDS (data not shown) were
consistent with the experiments performed with
whole spleen cell suspensions from nude mice,
The isotype production by activated B cells was
measured by an ELISA, afier seven days of
culturing. In cultures without polyclonal
stimulation, isotype production was barely above
detection level, irrespective whether the cells
were untreated, treated with a dose of 50 pg/ml
of heat-inactivated annexin V with a destroyed
tertiary structure [28], or with the same dose of
active annexin V (Figure 1), When cells were
stimulated with LPS or anti-CD40, high levels
of IgM were measured in cultures without

2o .
) .

control LPS

anti CD40

Figure 1. 5 x 10* LPS or anti-CD40 activated BALB/c nude
spieen cells were incubated with 50 pg/ml annexin V or
heat inactivated annexin V, Medium was used as control.
IgM isolype production was measured in triplo in the
supernatant after 7 days of culturing. In both LPS (p =
0.0001, asterix) and anti-CD49 (p= 0.003, double asterix)
stimulation, significance was tested by Student T test for
annexin V and heat inactivated asmexin V.

annexin V, and in cultures treated with heat-
inactivated annexin V (Figure 1). However,
addition of wild type annexin V significantly
inhibited isotype production, both by LPS (p =
0.0001) and anti-CD40 (p = 0.003) stimulated
cells (Figure 1).

Further investigation showed that annexin V
inhibited isotype production in a dose-dependent
manner (Figure 2). A decrease in isotype
production by annexin V was clearly present at a
concentration of annexin V in the range of 10-25
pg/mi, whereas first inhibitory effects could be
observed even at lower doses. In contrast, isotype
production was not inhibited when annexin V was
added to the cultures one day after polyclonal
stimulation, even at high doses (Figure 3).

Combined, these data indicate that annexin V
needs its tertiary structure to inhibit isotype
production by B cells. Annexin V exerts its effect
both on whole spleen B cells and purified B ceils
dose dependently by interacting with the
polycionally stimuilated cells on the first day of
culturing. Moreover, annexin V does not
differentially affect the switching capacity of the
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Figure 2. 5 x 10* LPS activated BALB/c nude spleen cells
were incubated with various doses of annexin V. Medium
was used as control. IgM isotype production was measured
in the supernatant after 7 days of culturing. Each point is
the mean + SE of triplicate cultures.

activated B cells (data not shown). Generally, an
evident effect of annexin V was observed with a
dose of 10 pg/ml; IgG,, IgE and IgM produc-
tionwas similarly reduced for both stimulatory
conditions,
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Figure 3. On day 0,1 and 2 after LPS activation, 5 x 10
BALB/c nude spleen cells were incubated with various
doses of annexin V., Medium was used as control. IgM
isotype production was measured in the supernatant afier
7 days of culturing. Bach point is the mean  SE of triplicate
cultures.
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3.2 Modulation of B lymphecyte proliferation
and cell death by annexin V

To permit the analysis of selective effects of
annexin V on B cells, the possible contribution
of T cells was omitted by making use of BALB/
¢ nu/nu spleen cells. B cell response upon antigen
stimulation typically involves a profound increase
in cell numbers [29]. Down regulation of B celi
proliferation is therefore a possible mechanism
to explain inhibition of isotype production by
activated B cells. To get insight in the effect of
annexin V on B cell proliferation, *H-Thymidine
incorporation by LPS or anti-CD40 stimulated B
cells was measured threc days after treatment
with annexin V. Indeed, as shown in Figure 4,
annexin V appeared to down regulate cell
proliferation in a dose dependent manner.
Compared to controls, cell proliferation was
markedly decreased, showing a strong effect of
annexin V at a dose of 25 pg/ml.

100
[ no stimutation
80 LPS
antF-GD40
g‘m
Z
fw

25
Annexin V (pgiml)

Figure 4. A dose of 50 pg/ml LPS or 10 ug/ml ant-CDAG
was used to activate 5 x 10* whole spleen cells together
with various concentrations of annexin V (50, 25, 12.5 pef
ml) and medium was used ai control. After 3 days of
culturing cells were pulsed for 15 hours with 1 pCi
*H-Thymidine. Each point is the mean + SE of triplicate
cultures,

The observed inhibition of *H-Thymidine
incorporation can be explained from a specific
interference of annexin V with the mitogenic
signaling. Alternatively, it may effect a decrease
in—proliferating—B cell popuiation-size by
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inducing cell death. In literature, annexin V is
frequently referred to as an apoptosis marker
which detects the exposure of PS at the outer
leaflet of dying cells [30, 25, 31]. Though, the
high doses of unlabeled annexin V we have tested
in the B cell-immunomodulation assay, made it
impractical to use this protein also as an apoptosis
marker. This is illustrated by a competition
experiment where B lymphocytes——after they
were biochemically forced to expose their PS
molecules at their plasma membrane—were
incubated with | pg/ml of annexin V conjugated
to the fluorochrome Oregon Green subsequent
to incubation with unlabeled annexin V. Whereas
labeled annexin V bound 78% of the B cells in
the absence of unlabeled annexin V, in similar
flow cytometry experiments after addition of 3.1
ng/ml or higher concentrations of “cold” annexin
V the labeled annexin V did not bind to more
than 4.6 % of the B cells. Due to this limitation,
in the following assays cell death numbers were
determined by propidium labeling {PI), which
detects—secondary or postapoptotic—necrotic
cells with a compromised plasma membrane
integrity [32, 33].

To determine whether annexin V induces B
lymphocyte cell death, the percentages of PI
labeled cells were measured 24 hours after the
cells had been treated with LPS and increasing
doses of annexin V. One day after antigen
treatment, approximately 25 percent of the cells
were PI positive and dead, irrespective the
concentration of annexin V (0-25 pg/mi) (Table
1). Determining the number of dead cells two
days after LPS and annexin V treatment revealed
that annexin V does have the potency to trigger
cell death. After a dose of 25 pg/ml or more, the
cells showed a decreased forward- and sideward
scatter profile, and compared to annexin V
untreated controls, the numbers of P positive
cells increased, reaching levels of up to 75% PI
positive cells at a dose of 25-50 pg/ml (Table 1
and Figure 5).

Figure 5 Flowcytometric analysis 2 days after LP§
activation of BALB/c nude spleen cells, which were
incubated with 25 pg/mi annexin V (fower graphs) or
medium (upper graphs). Reduced scatter profile (lower left)
which is already present afier 12-24 hours of incubation
with annexin V, isa typical feature for apoptotic cells (lower
right, 71%), where in the contro! cells {upper right) the
percentage Pl-positive remains low (15%).
Apparently, B cells are more sensitive to
induction of apoptosis by annexin V than other
cell types. For instance, virtually all human
peripheral Blood cells survived the exposure for
24 hours to annexin V at doses ranging from 0-
50 pg/ml. At each annexin V concentration tested,
only about 2% of the cells showed a compromised
integrity of the plasma membrane and stained
positive for PI (Table 1).

Combined, these results support the hypothesis
that annexin V may inhibit isotype production
by activated B cells through limiting the numbers
of isotype producing cells, effected by decreasing
cell proliferation and induction of cell death.
Splenic B cells appeared to be relatively
susceptible to annexin V’s death inducing
capacity compared to human lenkocytes, pointing
towards a specific interaction of annexin V with
B Iymphocytes.
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Cell type annexin ¥V incubation (Hr) dose (xg/ml) LPS Pl+ (%)

B lymphocyte ctrl 24 00 + 23
B lymphocyte wi 24 63 + 25
B lymphocyte wi 24 125 + 23
B lymphocyte wt 24 250 + 25
B lymphocyle wt 24 500 + 67
B lymphocyte ctrl 43 00 + 25
B lymphocyte Wt 48 250 + 75
B lymphocyie M1 24 63 + 2%
B lymphocyte Ml 24 125 «+ 24
B lymphocyte Ml 24 250 + 33
B lymphocyte Mt 24 300 + T3
B lymphocyte M1234 24 63 + 33
B lymphocyte M1234 24 125 + 24
B lymphocyte M1234 24 250 4+ 23
B lymphocyte M1234 24 50.0 4+ 66
Petipheral Blood etrl 24 00 - ~2
Peripheral Blood wt 24 63 - ~2
Peripheral Blood wL 24 125 - ~2
Peripheral Blood wt 24 250 - ~2
Peripheral Blood wi 24 500 - ~1
NB4 ctrl 24 a0 - 4

NB4 Mi1234 24 500 - 5

NB4 Mi1234 24 1000 - 3

uo37 ctrl 24 500 - 1

Ue37 M1234 24 500 - 1

The percentage of propidium iodide permeable (PI+) dead B cells was assessed
via FACS analysis (5000 events) 24 or 48 hours after incubation with
different doses of {(mmant) annexin V in the presence or absence of LPS.

Table 1. Percentage of dead B lymphocytes, peripherat blood cells, and NB4 and 1937 cells after culturing in the
presence of different doses of wild type annexin V (wi), or mutant annexin V (M1 and M1234),

3.3 Uptake of annexin V

To get insight in the manner by which annexin V
might effect its immunomodulatory effect on B
lymphocytes, the celtutar distribution of annexin
V in B cells was assessed with the confocal laser
scanning microscope after incubating the cells
with annexin V conjugated to the fluorescent
probe Oregon Green {annexin V-0G) and PI to
assess plasma membrane integrity. Similar
staining was observed in LPS treated and
untreated (Figure 6) B lymphocytes. In the
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samples, cells could be categorized into four
major groups based on the staining for both
probes. Cells from the first group were unlabeled
for both annexin-OG and PI, indicating that these
cells were not apoptotic nor postapoptotic or
secondary-necrotic, and neither had internalized
annexin V (data not shown). The second group
resembled classical apoptosis [30, 25], i.e.,
staining for cell surface exposed PS, while the
plasma membrane is intact and able to exclude
PI (Figure 6A). The third group of cells showed
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Figure 6. Representative, rnid-sagiital, optical sections of
B cells obtained via confocal laser scanning micrascopy
24 hours after incubation with annexin V-OG at 2 dose of
1 pg/ml (green), and PI (red). A typical example of an
apoptotic cell is shown in figure A, j.e. a strong staining
with annexin V for PS exposed at the plasma membrane,
whereas the absence of PI labeling indicates that the plasma
membrane is intact. Figure B shows a cell highly permeable
for P1, and strongly stained with annexin V in the cytosol
and plasma membrane. Figure C and D show cells
containing annexin V in the cytosel. We hypothesize that
this annexin V has actively entered the cells, because the
cells were having an uncompromised plasma membrane
integrity, as indicated by the absence of PI labeling.

both an intense staining at the nucleus for P1, and
labeling with annexin V-OG in the cytosol and
at the plasma membrane. These cells may be
considered as postapoptotic or secondary necrotic
(Figure 6B). Cells of group four did neither show
a clear labeling for annexin V-OG at the plasma
membrane like apoptotic cells, nor a compromised
plasma membrane integrity, as indicated by the
absence of PI labeling But these cells showed an
intense staining for annexin V in their cytosol,
indicating that they actively had internalized
annexin 'V (Figure 6C and D).

3.4 The effect of annexin ¥ on activated B cells
is PS-independent

To study the structure-function relationship of
annexin V’s immunomeodulatory effect on
stimulated B cells, we determined dose response
curves for two mutant annexin V-proteins with a
decreased affinity for PS. One of these proteins,
M1, contains 2 mutation in the endonexin loop
of the first domain, resvlting in a 50 % decrease
in PS binding capacity compared to wild type
annexin V protein; M1234, has mutations in all
four endonexin loops, resuiting in a complete loss
of PS binding capacity [34].

Clearly, all three proteins were equally potent in
inhibiting TeM production by the LPS activated
B cells. The first effects were measurable at 10
ng/ml of protein, while hardly any B cell isotype
production was left at a concentration of 25 pg/
ml (Figure 7). Interestingly, the effect of M1 and
M1234 on cell survival was also similar to the
effect of wild type protein; one day afier being

12500
M1

10000

7500-

Igh {ng/rml)

M2

£ 25 13 [ 3
Annexin V or mutanis {pgimi)

ool

Figure 7. 5 % 10 LPS activated BALB/c nude spleen cells
were simultaneously incubated with various doses of wild
type annexin V or annexin V mutants. M1, has a mutatien
ire the Ca” binding sitc in domain one, resuiting in 50%
decrease in PS binding capacity compared to wild type
annexin V protein. The other mutant used, M1234, has
mitations in its Ca** binding sites of all four domains,
resulting in a corplete loss of PS binding capacity. Medium
was used as control. 1gM isotype production was measured
in the supernatant after 7 days of incubation. Each point is
the mean +/- SE of triplicae cultures.
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exposed to a dose of up 10 25 pg/ml of mutant
protein, cell survival was similar to annexin V-
untreated controls, whereas at a dose of 50 g/
ml cell death levels were greatly increased (Table 1).
Non B cells appeared to be inert with respect to
the death inducing capacity of mutant annexin V
up to concentrations of 100 yg/m! (Table 1), In
summary, the overlapping immunomodulatory
effects of wild type annexin V and the mutant
proteins indicate that annexin V exerts its
immunomeodulatory effect on B cells in a PS
independent manner.

4 Discussion

In this study we show that human recombinant
annexin V dose dependently inhibits isotype
production by LPS and anti-CD40 activated
murine B cells in vitro by down regulating cell
proliferation and by inducing cell death. This
immunomodulatory activity of annexin V
depends on its intact tertiairy structure and not
on its phospholipid binding property, as was
shown by heat-inactivated and mutant annexin
V, respectively. As such this biological activity
of annexin V fundamentally differs from its
anticoagulant activity.

4.1 Annexin V inhibits isotype production by
B cells dose dependently

In contrast to heat-inactivated annexin V, ie.
annexin V with a destroyed tertiary structure [28],
active annexin V dose-dependently inhibited
IgG,, IgE and TgM production by both LPS and
anti-CD40 stimulated B cells. Adding the cell-
rescuing cytokine IL-4 in combination with
annexin V did not influence isotype production,
only the beneficial switching capacity could be
confirmed by the increased production of IgG,
and IgE [35]. When annexin V was added in
combination with LPS or anti-CD40 at the start
of culturing, dose-response curves showed a steep
decline in isotype production from an apparently
inactive dose to the first higher dose of annexin V.
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Typical thresholds for annexin V’s immuno-
medulatory action were observed in the range of
10-25 pg/ml of annexin V. B cells that were
incubated with annexin V after being cultured 24
hours in the presence of LPS or anti-CD40 did
not show any response to the protein, and were
potent isotype producers similar to B cells
cuttured in the absence of annexin V. Thus it
seems that B cells are sensitive to annexin V
modulation only in a limited time window around
the event of stimulation,

4.2 Anuexin V inhibits cell proliferation and
induces cell death

Although the amount of isotype production per
polyclonally stimulated E: cell may vary, isotype
production per assay is strongly related to cell
numbers. Hence, the inhibition of the immuno-
suppressive effect of annesxin V may be linked with
the inhibition of cell proliferation. Measuring *H-
incorporation by LPS and anti-CD40 activated
cells showed that inhibition of cell proliferation
is indeed one of the mechanisms by which
annexin V may modulate isotype production.
Namely, at the immunosuppressive-dose of 25
pg/ml, the proliferative index as measured by *H-
incorporation was clearly reduced in the mitogen
stimulated cultures.

Anmnexin V could bring about a reduction of
proliferation by exhibiting a direct cytotoxic
effect on the B cells ar by inducing B cell
apoptosis. Especially in highly proliferative
tissues the induction of apoptosis may have a
prefound effect on the generation of new cells,
We hypothesize that induction of cell death by
annexin V does probably involve this organized
mode of cell death. This ntotion derives from the
observed delay in onset of loss of plasma
membrane integrity as indicated by the uptake
of PI, caused by annexin V up to the isotype
inhibiting dose of 25 pg/ml. Annexin V was
having no effect on the first day of incubation,
but numbers of PI positive cells were reaching
high levels on the second day. This late induction
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of cell death indicates that the protein probably
does not induce necrosis directly, which may be
expected to occur within the first few hours of
incubation with a toxic compound [36], but
instead induces apoptosis. This organized mode
of cell death is normally detectabie approximately
one day after triggering the process [36], and
culminates into pestapoptotic or secondary
necrosis if these cells are not ingested rapidly by
phagocytes, such as often is observed in in vifro
assays {33, 371.

Other lines of evidence supporting a non
cytotoxic action of annexin V on B cells are: (1}
in the presence of 50-100 pg/ml annexin V some
B cells did survive, proliferate and differentiate,
and were able to produce immunoglobulines
(AvO and SvdE,; unpublished results); (2}
incubating peripheral blood with different
concentrations of annexin V showed that these
cell were resistant to the proteins pro-apoptotic
activity, after one day of incubation in the
presence of annexin V concentrations ranging
from 0-50 pg/ml, 98 % of these cells were able
to exclude PI and were apparently still viable;
and (3) NB 4 and U937 cell lines showed to be
inert to mutant annexin V with respect to the
induction of cell death up to doses of 100 pg/ml,
In sum, these daia indicate that annexin V
probably mediates B cell-isotype production by
reducing cell numbers. This cell reduction may
be mediated by inhibition of cell proliferation
and/or by the induction of cell death. The latter
effect of annexin V seems cell type dependent,
affecting B lymphooytes shortly after their
activation.

4.3 The interaciion ¢f annexin V with B cells

Inhibition of proliferation and induction of cell
death are important mechanisms to control the
immune system [29, 36]. Recent studies have
shown that cell death may even act as a double
edged sword in regulating the immune system
by both reducing the number of potentially
immunoreactive cells [38-40] and by inducing

the release of anti-inflammatory agents by
phagocytes after the scavenging of apoptotic cells
[41-43]. Although our study does not provide
direct insight in how annexin V reverses the
proliferative effects of LPS and anti-CD40
leading to a decrease in lymphocyte proliferation
and activation of apoptotic pathways, it is
tempting to speculate about how the protein could
interfere with the polyclonal-induced B cell
immune response.

An explanation for the immunesuppressive effect
of annexin V on B cells could be the inhibition
of intracellular protein kinase C (PK.C), which is
activated in LPS stimulated B cells and which
modulates proliferation, differentiation and signal
transduction {44]. Namely, annexin V is considered
to be a potent inhibitor of PKC activity, and
intracellular annexin V levels have been shown
to be inversely related with the growth state of
cells [45-47]. Moreover, Dubois and co-workers
[48] have recently shown that phosphorylation
of annexin Il in the activation pathway of T cells
is regulated by annexin V, potentially through
inhibiting PKC activity. Although Dubois and co-
workers [24] have shown that annexin V mediates
PKC activity by binding PS in a Ca®* dependent
manner, it may be hypothesized that this protein
can also inhibit PKC activity in a PS independent
manner by its C terminal tail which shares
homology with endogenous inhibitors of PKC,
the 14-3-3 proteins {34]. Such mechanism would
corroborate with our findings that destruction of
the phospholipid binding property of Annexin V
by site-directed mutagenesis does not result in a
destruction of its ability to inhibit the B-cell
immune response. The latter observation may
also be explained by the studies using annexin V
oligopeptides (residues 204-212) [49]. This
peptide is not involved in phospholipid binding
and vet exhibits immunomodulatory activities
like the reduction of PGE, release from human
fibroblasts and rat macrophages and inhibition
of carrageenin-induced edema [50], inhibition of
smooth muscle contraction and platelet aggregation
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[51], and inhibition of neutrophil chemotaxis [52]
and pyresis [53]. These activities all could be
attributed to inhibiting PL A, activity, but mainly
of the secretory, exctracellular, type of PLA,.
Studies have shown that also wild type protein
can inhibit PLA, activity in a PS independent
manner [54], including the cytosolic PLA, [55,
56). Suppression of cytosolic PLA, may result
in the inhibition of the release PGE, and
arachidonic acid from the plasma membrane, and
is likely to modulate cell proliferation and
differentiation [54]. Another possibility is that
annexin V activates directly death pathways in
the cell.

If annexin V can inhibit the B cell immune
response via inhibition of PKC or cytosolic PLA,,
a prerequisite for such a mechanism would be
that the soluble protein relocates to the intracellular
compartment. The confocal laser scanning
experiment of B cells incubated for 24 hours with
fluorescent annexin V, indeed indicates that
annexin V may enter B cells in an active manner.
This was shown by the strong intracellular
staining for annexin V in cells not yet apoptotic,
as revealed by the absence of membrane labeling
with annexin V; neither were these cells
(postapoptotic or secondary-) necrotic, as shown
by the absence of staining for the membrane
impermeable dye, P1, A putative mechanism for
this internalization of annexin V may be found
in the antigen processing capacity of B cells, since
pathways have been shown to exist by which the
contents of endocytosed particles leaks into the
cytosol, possibly through an overload of the
phagocytic compartment [57]. A prerequisite for
internalization js that annexin V interacts with
the B cell plasma membrane. Preliminary studies
are in favor of a low affinity receptor for annexin
V at the surface of B cells, since a 50-fold increase
in cell density does not alter the incidence of cell
death in each 0-50 pg/ml annexin V treated
cultures (AvO, unpublished results),

Further insight of annexin V°s immunomodulatory
capacities and the mechanisms underlying it, may
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derive from the studies on annexin V transgenic
mice that are underway. Such knowledge may help
to unravel the role of annexin V in auto-immune
disease and immune privileged tissues, and will
help to further appreciate and extend the recent
finding that coating of artificial intraocular lenses
with annexin V inhibits the inflammatory response
from the surrounding tissue [58].
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General discussion

In this thesis, annexin V plays a dual role. In the first studies, this phospholipid and calcium
binding protein was used to get insight in the in vivo distribution of PS across the cytoplasmatic
and outer leaflet of plasma membranes, and it was applied as a marker for apoptosis (chapters 2-
5). In later studies, annexin V itself was subject of interest, and its putative role in the immune
system was tested in vitro, with focus on the B cell immune response (chapter 6). The results of
these two lines of research are discussed in this chapter in relation to unpublished data and recent
literature.

I. Exposure of phosphatidyiserine by apoptotic cells in vivo

a. Cell surface exposure of phosphatidylserine during embryonic development

Since each cell contains PS in its plasma membrane, annexin V applied to cryostat sections
through mouse embryos was found to label all cells, imespective the distribution of PS across
both plasma membtane leaflets (chapter 2). Therefore, annexin V was injected into the blood
stream of viable embryos, so that the protein would become distributed throughout the specimens
via their own functioning circulation and it would only bind to cell surface exposed PS. To
control for a nonspecific interaction of annexin V with mouse embryonic cells, embryos were also
injected with heat inactivated annexin V-biotin (chapter 2). By heating annexin V-bictin for 10
minutes at 56°C, the tertiary structure of the protein is disturbed, and the ability to bind PS is lost
(Reutelingsperger et al., 1985). In later experiments, biotin conjugated annexin V with mutations
in all the four calcium binding domains, named M1234-biotin, served as another more specific
negative conirol protein (C. P. M. Reutelingsperger and 8. M. van den Eijnde, unpublished data);
the mutations in M1234-biotin result in a compiete toss of affinity for PS molecules (Mira ef al.,
1997). In both control situations, i.e. using heat inactivated annexin V-biotin and M1234-biotin,
labeling was not observed in the embryos, suggesting that the staining found in embryos that were
injected with intact annexin V-biotin is due to 2 specific interaction of annexin V with cell surface
exposed PS.

Ex urero survival of mouse embryos for 30 minutes after injection with annexin V-biotin showed
to be sufficient to label cells. Although most cells were unlabeled with the protein, a strong
annexin V-biotin staining at the plasma membrane was observed throughout the embryos of
individual cefls that belonged to the ectoderm, mesoderm, and endoderm lineages. Generally, the
spatiotemporal distribution of annexin V-bictin labeled cells mirrored the apoptosis patterns that
were known from literature (Gliicksmann, 1951), and also the left-right symmetry of the labeling
patterns that was observed, pointed towards a specific interaction of annexin V-biotin with
apoptotic cels in vivo. At the light microscopical level, many of the labeled czlls were recognizable
as apoptotic by their condensed nuclear chromatin (chapters 2-4). More proof for the specificity
by which annexin V-biotin bound apoptotic cells came from the ultrastructural investigation of
annexin V-biotin labeled cells. In ultrathin sections through embryonic limb mesoderm, cells
labeled at their whole circumference were rtecognizable as apoptotic by morphological
characteristics such as crystalline areas of ribosomes, a dilated endoplasmatic reticulum,
chromatin condensation and nuclear pyknosis (chapters 2 and 4). Subsequent electron
microscopical studies indicated that also annexin V-biotin labeled neurons of the ectoderm cell
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lineage were showing the ultrastructural characteristics of apoptosis (chapter 5). Thus, these data
from annexin V injected mouse embryos are strongly supportive of a tight regulation of PS
distribution across both leaflets of the plasma membrane leading to PS exposure by apoptotic
cells in regions of developmental cell death.

b. Cell surface exposed phosphatidylserine and phagocytosis of apoptotic cells

The link between apoptosis and PS exposure in vivo corroborates various in vitro experiments,
which have shown that this phospholipid is an important mediator of phagocytosis of apopiotic
cells (Fadok et al., 1992a; Fadok et al., 1992b; Bratosin et al., 1997). In addition, shielding cell
surface exposed PS by adding annexin V to culture media has recently been shown to inhibit
phagocytosis of blood cells by “professional” macrophages (Bratosin et al., 1997). In similar
experiments, annexin V was found to inhibit phagocytosis of apoptotic smooth muscle cells and
spermatogenetic cells by viable smooth muscle cells and Sertoli cells, respectively (Palmi er al.,
1995; Shiratsuchi et ¢f., 1997), which may be considered as "amateur" phagocytes (Savill, 1995).
Hence, it was expected that also in vivo shielding of cell surface exposed PS by exogenous
annexin V-biotin would lead to attenuation of the normally occuring in situ phagocytosis by
professional macrophages and/or surrounding phagocytes (Ballard and Holt 1968; Godin et al.,
1995).

The ultrastructural studies of annexin V-biotin labeled neuronal cell death indeed was supportive
for an in vive funciion of PS exposure in phagocytic clearance of apoptotic cells. In neuronal
ganglia from rice injected with annexin V-biotin, postapoptotic-necrotic material with a disrupted
plasma membrane and swollen mitochondria was frequently observed outside phagocytes,
whereas in control specimens such degraded materal was only found in phagolysosomes.
Furthermore, in these ganglia, labeled apoptotic neurons always seemed to be located in the
interstitial compariment and were not observed in phagolysosomes {(chapter 5). In conirast, in
limb tissue, annexin V-biotin binding to the plasma membrane of apopiotic cells apparently did
not interfere with the process of phagocytosis, because interdigital apoptotic mesodermal cells
were frequently observed to be labeled, ingested and partially degraded after the same 30 minutes
of in vivo incubation with annexin V-biotin (chapters 2 and 5). It has to be noted that the presence
of membrane labeled cell material in phagolysosomes in lirnb mesoderm does not necessarily
oppose the functionatity of PS in the clearance of apoptotic cells in vivo in this tissue since in
vitre studies have shown that depending on phagocyte lineage or activation status different
receptors may be used to recognize the various apoptotic epitopes exposed at the dying cell
(Fadok et al., 1992a; Pradhan et al., 1997). Combined, these results suggest that phagocyte
recognition of apoptotic neuronal cells in vive probably depends on surface exposed PS, whereas
the recognition of apoptotic limb mesoderm is possibly also mediated by other surface epitopes.

Although the investigation of annexin V-labeled neuronal and limb tissue suggests that
phagocytes in these tissues probably respond differently to covering PS at the surface of the
apoptotic cell, electron microscopical data point towards some interaction between the membranes
of apoptotic cells and the surrounding viable cells or phagocytes in both tissues {chapter 5). This
is indicated by the annexin V-biotin staining at the plasma membrane of these viable cells only
directly opposite the annexin V labeled plasma membranes of apoptotic neurons and Iimb
mesodermal cells.
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At present, two theories may explain this labeling of the adjacent membranes. In the first theory,
this labeling is thought to reflect an exchange of PS exposing membrane of the apoptotic cells
with the surrounding cell. Such an exchange of membrane has been observed in a model of
cellular recogrition of lymphocytes and their target cells (Foa et al., 1985). A second theory is
that in addition to the apoptotic cell—which exposes PS across the whole perimeter—also the
surrounding cell may expose PS, specifically at that membrane surface involved in endocytosis of
the apoptotic cell. This cell local surface exposure of PS may function in increasing the
concentration of secretory phospholipase A, (sPLA,) activity in this area (Hack ef al., 1997),
which may be a prerequisite for membrane-clongation during the process of engulfment
(Lennartz et al., 1997). To test these theories, PS exposing cells may be locally injected into, for
example, limb tissue. Subsequently, it can be determined immunohistochemically whether surface
molecules of these injected cells have become located at the surface of embryonic phagocytes,
which may point towards the presence of membrane exchange. Alternatively, in annexin V-biotin
perfused embryos material may be injected which does not bind this marker, such as apoptotic
cells covered with unlabeled annexin V or latex beads. If this material becomes ingested, and the
phagocyte is locally labeled with annexin V-biotin this is strongly suggestive for local disturbance
of PS plasma membrane asymmeitry duting phagocytic activity.

In addition to apoptotic cells, in the serially sectioned annexin V-biotin injected embryos also
non-apoptotic cells belonging to two lineages were found to be labeled across the full perimeter of
the plasma membrane. These cells were myoblasts and myocardioblasts, and megakaryoblasts
riping into megakaryocytes. By their clearly non-apoptotic morphology, these cells probably will
not interfere with the use of annexin V-biotin as a marker of apoptosis (see below). However,
these data may be of interest with regard to studies of PS exposure and phagocytosis. It is
suggested that these viable cells and apoptotic cells share a need for close contact of plasma
membranes to fuse into myoblasts, to form intercalated disks, keep platelets together, or 1o
become ingested by phagocytes, respectively (chapter 2). A possible functicnality of PS exposure
by viable cells was also observed in the gut of Drosophila pupae. During the P4-P8 stage
(Bainbridge and Bownes, 1981) the embryonic gut degenerates through apoptosis and the adult
gut is generated and forms a syncytium around these degenerating cells. At this stage of
development a peculiar staining pattern is seen of degenerating embryonic gut surrounded by
stained fusing adult gut cells with in between an unstained basement membrane {S. van den
Eijnde, C. Reutelingsperger and E. Bachrecke, unpublished resuits). These examples from
mammal and insect suggest that PS may function as a sort of phylogenetically conserved
molecular glue for plasma membranes.

Evidently, the non-apoptotic PS exposing cells also differ from apoptotic cells in the sense that
only the latter should be cleared by phagocytes. This implies that factors exist which regulate the
difference in fate between viable and apoptotic PS exposing cells. An explanation is that surface
molecules additional to PS mediate phagocyte adherence and ingestion of apoptotic cells. In this
context these auxiliary epitopes are likely to be absent at the surface of the viable cells that expose
PS (Pradhan et al., 1997). Another explanation may come from the observation that in areas of
developmental cell death (Ballard and Holt, 1968) as well as during pathological apoptosis (Savill,
1995), there is often an accumulation of specialized macrophages in time. This may indicate that
in addition to short distance signaling, apoptotic cells probably are also capable to attract
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phagocytes via signalling over longer distances. By lacking such sigpals, viable cells may remain
unnoticed by the phagocytes during their PS exposing-phases of differentiation.

More insight in putative ir vive functions of PS may derive from future electron microscopical
studies of annexin V-biotin labeled cells at different gestational ages and after longer incubation
times with annexin V-biotin. More specifically with regard to the validation of the role of PS in
phagocytosis in vive, quantitative data is required, which may include the comparing of numbers
of phagosomes between annexin V-biotin injected specimens and non-injected controls in for
example limb mesoderm and neuronal tissue. Definitive proof for the involvement of PS in the
process of phagocyiosis, however, will possibly only derive from experiments in animals lacking
PS receptors or having a deficiency in the ability to regulate the distribution of PS across both
leaflets of the plasma membrane. Such studies are awaiting the identification and cloning of PS

receptors as well as further characterization of the mechanisms governing the plasma membrane
topography of PS.

c. Cell surface exposure phosphatidylserine: a hallmark of apoptosis

The annexin V-biotin distribution studies in viable mouse embryos strongly suggest that the
presence of PS in the outer layer of the plasma membrane is a common feature of apoptosis
(chapter 2). This corroborates with in vitro studies, that show the ubiquity of the phenomenon of
PS exposure during apoptosis (Martin et al., 1995). The insight that annexin V-binding was not
restricted to cells of a particular lineage, combined with data from literature which showed that
also insect hemocytes respond to PS by phagocytosis (Ratner et al., 1986) lead to the hypothesis
that the redistribution of this phospholipid during apoptosis could be considered as a hallmark of
the phylogenetically conserved process of apoptosis. If this were correct, the regulation of PS
plasma membrane asymmetry, leading to PS exposure during apoptosis would probably be
shared between evolutionary distant species. We tested this hypothesis by injecting annexin V-
biotin into the circulation of chick embryos, and into the hemolymph of Drosophila pupae. The
results obtained from both species were in line with previous observations in mouse embryos
{chapter 2). In avian and insect almost all labeled cells were morphologically recognizable as
apoptotic based on the pyknotic nucleus, and were located in regions of developmental cell death
(chapter 3; van den Eijnde et al., 1998a). Subsequent /r vivo studies have shown that also in adult
mice physiological apoptosis was labeled during for example follicular maturation (van Engeland
et al., in press). Furthermore, using annexin V as a marker, apoptosis has been monitored in
lymphosarcoma after in sitn gamma-irradiation or chemotherapeutic treatment (S. van den Eijnde
and N. de Both, in prep). In addition, with this protein pathological cell death was detected in
transplanted hearts, and in the liver and lymphomas after FAS ligation and wtreatment with
cyclophosphamide, respectively (Blankenberg er al., 1998). These results, plus the finding that
also plant cells expose PS during apoptosis (O'Brien et al., 1997}, are strongly supportive for
denominating PS exposure as a halimark of apoptosis.

The insight that apoptotic cells commonly expose PS during apoptosis is of interest with regard
to studies of signaling between apoptotic cells and their surrounding; but also the combined
hallmark nature of this phenomenon plus existence of a specific probe for its detection may
provide a new method for the detection of apoptotic cells in vivo.

After more than a century, the method of reference to determine whether a cell is apoptotic, is stll
studying the presence of morphological hallmarks. Another classical method, which is often used
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in studies by developmental biologists is the staining of regions of superficial apoptosis in whole
unfixed developing insect and vertebrate specimens using vital dyes (Saunders Jr er al., 1962).
These dyes, such as neutral red, acridine orange and Nile blue sulfate probably labels apoptotic
cells indirectly by staining phagolysosomes (Steller et al., 1994; White et al., 1994; Mori et al.,
1995). A breakthrough in apoptosis research was the development of a rnarker based on the
detection of a biochemical alteration of cells during execution of the death program, i.e.
internucleosomal DNA fragmentation (Wyllie, 1980). Using a terminal deoxynucleotidyl
transferase, deoxy-nucleotides conjugated to marker molecules such as biolin, FITC or alkaline
phosphatases can be incorporated in the DNA gaps, yielding it possible to stain apoptotic cells in
paraffin, cryostat and ultrathin sections (Gavrieli et al., 1992; Wijsman ez al., 1993; Pellier et al.,
1954).

In comparison to the established methods of in situ staining of apoptotic cells, labeling apoptotic
cells by perfusing living embryos with annexin V-biotin differs in the sense that via this method
apoptotic cells can be stained in whole embryos, as well as in paraffin and ultrathin sections
(chapter 4; Table 1). With regard to vital dyes, apoptotic patterns that were visualized in whole
embryos with Nile blue sulfate overlapped with those staired with annexin V-biotin. Technically,
the main advantage of annexin V-biotin over the use of vital dyes is that annexin V-biotin stained
specimens can be fixed and preserved for later study, while the vital dye staining in unfixed
specimens needs to be evaluated directly. Due to their simplicity and avidity, however, vital dyes
may still be preferred in some experimental studies, especially if only patterns of superficial cell
death need to be evaluated. Comparing the staining for PS exposure with the detection of
apoptosis associated DNA. fragmentation in a double labeling experiment using the annexin V-
biotin labeling method and the TUNEL assay, only partially overlapping staining was observed in
the interdigital degenerating tissue (chapter 5). Three groups of labeling could be discerned:
annexin V+TUNEL-, annexin V-+/TUNEL+, and annexin V- /TUNEL+. Pyknotic late apoptotic
cells were found to be both annexin V+ and TUNEL+, or only TUNEL+. It is supposed that the
latter were located in phagocytes during perfusion with annexin V-biotin, This is based on
investigations of annexin V-biotin stained material in ultrathin, semithin and to a lesser extent also
paraffin sections, which showed that unlabeled apoptotic material was normally located in
phagolysosomes {chapters 2, 4 and 5). In addition, it seems that with the TUNEL method
especially this ingested material is labeled, maybe because of an advanced DNA fragmentation of
apoptotic cells within the phagolysosome, possibly due to lysosomal enzymes (Collins er al.,
1997). In contrast, early apoptotic cells were normally not observed labeled for DNA
fragmentation, whereas such cells with a rounded-off appearance and first signs of chromatin
condensation were labeled with annexin V-biotin (chapter 4), This suggests that in vivo, PS
exposure precedes DNA fragmentation as detected via the TUNEL method. Fhis temporal pattern
of apoptotic events corroborates iz vitro studies which have shown that PS exposure is a relatively
early event, preceding nuclear pyknosis and DNA fragmentation (Ashman et al., 1995; Martin er
al,, 1995; Verhoven et al., 1995; Castedo et al., 1996; Rimon et al., 1997, Stuart et al., 1998).

The choice of apoptosis marker needs to be determined by the scientific question to be addressed,
The main advantages of the in vivo labeling method with annexin V-biotin is the detection of
apoptotic cells throughout the developing specimens which can be achieved via a relatively simple
injection technique, and can be evaluated at the light microscopical and electron microscopical
level. This feature may especially be valuable in studies where it is suspecied that apoptosis is
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abnormally regulated, but the spatictemporal coordinates or cell types affected are unknown,
which for example may be the case in mutant animals with a disturbed cell signaling or patterning,

Also studies of neuronal cell death, in particular with regard to the projection areas of apoptotic
cells, may benefit from labeling with annexin V-biotin, since via this labeling method the whole
perimeter of apoptotic cells is labeled, including the neurites {chapter 5). If, however, research
periains the study of apoptosis in archived material, perfusion with annexin V is no option, and
staining for DNA fragmentation is probably then the method of choice.

Routine Vital Dyes, eg Detection of DNA Detection of cell
Histology Nile Blue Sulfate  fragmentation, e.g surface exposure of
TUNEL method PS with annexin V

Whaole Mounts - + - +
Light Microscopy + - + +
Electron Microscopy | + - T +
Archived material + - + -

Primarily detects: Pyknotic cells Phagolysosomes Pyknotic cells Early apoptotic and

also pyknotic cells,

before phagocytosis

Table 1: An overview of frequently used apoptosis detection methods, and some of their functional
characteristics.

In most ir vive studies of apoptosis, obtaining qualitative data is sufficient. Though, if quantitation
of apoptotic cells is required, it has to be considered that exogenous annexin V does not label
cells that were already located in phagocytes during perfusion with the proiein. In a study of
neuronal apoptosis in early mouse embryos, it was shown that approximately half of the cells
were annexin V-biotin labeled early and late apoptotic, while the other haif of the apoptotic cells
were unlabeled late apoptotic and presumably located in phagocytes (chapter 5). Although these
proportions were rather constant in nervous ganglia between inbred embryos that were matched
for deveicpmental age and location, preliminary data from the study of other spatiotemporal
locations indicate that the ratio of annexin V-biotin labeled vs. unlabeled phagocytosed cells is
certainly not a constant value in all tissues (S. van den Eijnde, unpublished data). This may not
come unexpected, since this ratio relates to the dynamics of phagocytic clearance and degradation
of apoptotic cells, which are likely to be influenced by phagocyte lineage, number of phagocytes
and load of apoptotic cells. Thus, as long as the dynamics of removal of apoptotic cells can be
summarized as being a rapid process, it will be difficult to obtain accurate quantitative data of the
occurrence of apoplosis, irrespective the marker used.

Il. Putative in vivo functions of annexin V

a. Annexin Vexpression in mouse embryos

Since previous studies had shown that annexin V was endogencusly present during development

of both early fish embryos (Farber er al., 1997) and post E13 mouse embryos (Rabman et al.,

1997), it became of interest to investigate the spatial expression of endogenous annexin V during

the developmental stages in which exogenous armexin V-biotin was previously found to label

apopiotic cells. The expression pattern of annexin V mRNA visualized by in sizu hybridization
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indeed showed overap with the annexin V-biotin staining, suggesting that annexin V is
transcribed in regions of developmental cell death (van den Eijnde, et al., 1998b; S. van den Eijnde
and H. Heus, unpublished resuits). For example, staining for annexin V mRNA was observed in
Ell, EI2 and E13 limb mesoderm, located pre- and postaxially in the progress zone and
interdigitally, respectively. In E10 and E11 embryos, also a strong staining was observed in the
developing cerebellum at borders of the thombencephalon, in the facial swellings shortly before
and during fusion, and in the lens vesicle during detachment from the ectoderm. Furthermore, in
E9 and E10 embryos, an intense staining was observed in the otic vesicle.

Although in the negative-control experiments, using a sense probe for annexin V mRNA, labeling
was absent, these experiments stil should be considered as preliminary until other annexin V
probes have also been tested and have been shown to overlap with the presently obtained staining
pattemns. This is especially of importance because the different annexins share a strong sequence
homology, and during development more members of the family may simultaneously be
expressed (Ivanenkov ef al., 1994). Nonetheless, a specific staining for annexin V expression in
these experiments is indicated by the staining of the otic vesicle in mice, which corroborates the
findings with regard to amnexin V expression in zebrafish (Farber and Halpern, 1997).
Furthermore, staining for annexin V mRNA was observed in mineralizing phalanges in El4
limbs, which is in line with immunocytochemical findings previously reported by Rahman and co-
workers (Rahman ez al., 1997). Moreover, in similar immunocytochemical experiments, using a
polyclonal antibody raised against human recombinant annexin V, which cross reacts with the
murine protein, we were also able to detect the endogenous protein in paraffin sections through
El4 limbs (van den Eijnde et al., 1998b). In addition, in E13 mouse embryos staining was
observed of apoptotic cells at several locations, including limb tissue and dorsal root ganglia.
Although only cells were found labeled which showed advanced chromatin condensation, most
apoptotic cells were unlabeled with the antibody (S. van den Eijnde, unpublished results).
Whether the high specificity but limited sensitivity of the antibody to bind apoptotic celis
accurately mirrors the protein distribution of annexin V during embryogenesis remains an open
question which may be answered by using anti-murine annexin V antibodies or antigen retrieval
techniques. Nonetheless, the combined data of the in sire hybridization and immunocytochemical
studies are strongly suggestive for the expression of annexin V in areas of developmental cell
death, which makes it tempting to speculate about roles of this protein in these areas.

b. Speculating about the in vivo function(s) of annexin V

With regard to putative functions of endogenous annexin V during development, two localization
patterns have to be considered: the expression of annexin V in bone anlagen, and in areas of
developmental cell death (see above). The former may be related to the formation of apetite
crystals and chondrocyte mineralization, which has been suggested to be refated to a calcium
channel activity and maybe also to the capacity of annexin V to bind collagen type II, an
extracellular matrix molecule (King et al., 1997; Kirch et al., 1997, Rahman er al.,, 1997). In
contrast, the spatiotemporally matching of the staining of exogenous human recombinant annexin
V and expression of endogenous annexin V in several areas of developmental cell death are
difficult to relate to the formation of apetite crystals. Possibly, the function of annexin V in these
regions can be found in the common denominators in these regions: cell differentiation and
regulation of cell numbers (chapter 5). Such a role of annexin V in these regions is substantiated
by observations from in vitro studies which showed that an increase in intracellular annexin V
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concentration is related to differentiation, and the entering of the G,-phase by neuronal cells
{Schleapfer er al., 1990), and to inhibition of tumor cell proliferation (Shibata er al., 1997).
Possibly these functions are mediated by annexin V's PLA, and PKC inhibitory activities; these
two molecules are thought to mediate cellular differentiation and cell proliferation. In addition,
through its PKC inhibitory activity, annexin V may also mediate the occurrence of apoptosis,
since it has been shown that B cells that were stimulated to proliferate activate the cell death
program if PK.C is inhibited (Knox et al., 1995).

Similar to areas of apoptosis in developing specimens, also in the irmmune system the modulation
of cell differentiation, proliferation, and apoptosis is paramount {Wride ef af., 1995; Seledtsov et
al., 1996; Mehler et al, 1997). Interfering with these processes may also explain the
immunosuppressive effect of annexin V on polyclonally (L.PS and anti-CD40) activated B cells in
vitro (chapter 6). This was indicated by *H-thymidine incorporation experiments which showed
that annexin V strongly impaired B cell proliferation. In addition, flowcytometric analysis with the
membrane impermeable dye propidium iodide showed that the percentage of viable cells markedly
decreased in the presence of annexin V. The result of both effects of annexin V is probably a net
reduction of the B cell-population size, leading 1o a profound inhibition (~-90%) of 1gG,, IgE and
IgM production. No definitive answer is yet obtained with regard to the question whether annexin
V inhibits isotype production through binding a receptor at the B cell, or via an intracellular
activity. However, results from confocal laser scanning experiments of B cells incubated for 24
hours with annexin ¥ conjugated to the fluorescent marker Oregon Green, did reveat that annexin
V may indeed enter the B cell (chapter 6). Interestingly, both wild type annexin V and mutant
annexin V with a reduced capacity to bind Ca™ and PS, i.e. M1 and M1234, were equally capable
to inhibit isotype production. This indicates that annexin V interacted with the activated B cells in
a calcium and phospholipid independent manner. When entering the cell, the immunomodulatory
activity of M 1234 is probably best explained by an inhibition of PKC activity, causing inhibition
of B cell proliferation and leading to apoptosis {Knox and Gordon, 1995}, albeit M1234 is a less
potent PKC inhibitor than wild type annexin V (Mim ef al., 1997).

It is noteworthy, that in addition to inhibition of B cell proliferation, similar doses of annexin V
inhibited T cell proliferation (K. Radosevic, P. J. Leenen, S. M. van den Eijnde, unpublished data),
which may also be mediated by the inhibition of intracellular PK.C (Dubois et af., 1995b).
Variocus studies have indicated that the immunomodulatory activities of annexin V are possibly
even more extensive; annexin V is suggested to suppress neutrophil chemotaxis, and the release
of eicosanoids and arachidonic acid (Perretti ef al., 1991; Becherucci et al., 1993). In addition to
these in vitre results, annexin V has been shown to inhibit interleukin 1-beta induced pyresis in
rabbit too, probably by inhibiting the rise of cerebrospinal fluid levels of PGE, (Palmi et al,
1995). These anti-inflammatory activities of annexin V  were atiibuted to
inhibiting —extracellular— sPLA, activity. This activity may be due to both a PS dependent and a
PS independent interaction of annexin V with plasma membranes, as was indicated by studies
using wild type annexin V (Becherucci et af., 1993) or using oligopeptides derived from regions
of highest similarity between annexin V, annexin I and uteroglobin (Perretti et al., 1991; Palmi et
al., 1994; Palmi er al, 1995). It may be hypothesized that annexin V, by regulating cell
differentiation, cell numbers and sPLA, activity, is an important factor in maintaining
homeostasis. This notion may even be further substantiated by investigations which have shown
that annexin V may act as a potent anticoagutant by binding PS molecules exposed at the surface
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of activated platelets and thus inhibiting the PS catalyzed conversion of prothrombin into
thrombin (Andree ez al., 1992; vant Heerde, 1994).

Future direction

To date, the roles of annexin V in vive still remain to be elucidated, Instead of narrowin g down the
number of putative functions of annexin V, the data presented in this thesis argue for addition of
the modulation of apoptosis to the list of putative functions of annexin V. Clarifying the in vivo
functions of annexin V is a challenging field with many obstacles to be taken. Some of the
obstacles may be found in the differential regulation of annexin V expression which in rat is
under contol of a household-gene promoter and a glucocorticoid inducible promoter (Learmonth
etal., 1992). Moreover, it needs to be considered that endogenous annexin V possibly does not
only have a function inside the cells, but that it also may play a role outside the cells, since this
protein, though lacking a signal peptide (Christmas ef al., 1991), was found at high concentrations
in prostate fluid (approximately 60 ug/ml) and more diluted in seminal plasma (Christmas ef al.,
1991}). During pregnancy, high levels of annexin V were measured in maternal blood (up to 225
ng/mi) and in the amniotic fluid (highest level 180 ng/ml) (S. van den Eijnde, H. Brandenburg,
unpublished results). The results from the latter study indicate that endogenous annexin V
probably also exists in the extracellular compartment of human embryos. Interestingly, the
distinct decrease in annexin V levels in the amniotic fluid after 32 weeks of gestation that were
observed in the same study (highest level 70 ng/ml} may reflect the development of the
glomerulus, in particular with respect to the negatively charged glomerular basement membrane
(Braunwald er al., 1987).

Further deciphering the roles of annexin V in normal physiology and disease is probably only
possible in combined efforts. These may encompass in virro studies using annexin V mutant
proteins to elucidate the structure function relationship of annexin V, whereas the generation of
annexin V genetic mutant mice will probably aid the insight in the in vivo functions of annexin V.
If annexin V is a key protein in normal development and adult homeostzsis, it is likely that
animals defective for the protein will not be viable. Though, if studies can be conducted to obtain
offspring which is devoid of annexin V during selective phases of existence, informative
phenotypical changes may be observed in mouse embryos in areas of apoptosis and bone
differentiation, and during placentation; in adult mice, the phenotype may possibly reflect a
disturbance of tissue homeostasts. Furthermore, producing animals (over)expressing annexin V
can help to elucidate the question raised in the first part of this thesis research: "what is the role of
PS exposure by apoptotic cells and viable cells at specific phases of existence." In this scenario,
transgenic Drosophila flies are probably the model of choice, because insects have no
inflammatory cells, which in vertebrate systems by interacting with annexin V might markedly
complicate the picture.
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Summary

Chapter 1

In chapter 1, a literature survey is presented with regard to the process of apoptosis, ¢.q.
physiological- or programmed cell death, At the light microscopical level, the most profound
characteristic of apoptosis is cell shrinkage; thereby these cells, which die in an organized manner,
can clearly be discriminated from “ballooning™ necrotic cells which die by accident as a part of
pathology. The presence of apoptosis in developing and adult tissues is discussed in this chapter,
as well as the consequences of too much or too few apoptotic cells for normat development and
tissue homeostasis. For example, derailment of the normal presence or absence of apoptosis may
result in a variety of congenital malformations, neurodegenerative disorders, cancer, and heart and
autoimmune disease.

Most research of apoptosis presently focuses on the molecular control of apoptosis, which
includes a cell type and species specific signaling phase, and subsequent phylogenetically
conserved phases of apoptosis activation and execution, and phagocytosis. One of the mediatiors
of phagocytosis is the exposure of the phospholipid phosphatidylserine (PS) at the membrane
surface of the dying cells, as has recently been shown by ir vifro studies. Finally, in this chapter
the scope of the thesis is delineated, which is twofold. Firstly, it pertains the study of PS exposure
by apoptotic cells in vivo in developing specimens, using human recombinant Annexin V,a Ca™
binding protein with a high affinity for PS, as a tool (chapters 2-5). Secondly, to get insight in
putative in vive functions of annexin V, human protein recombinant was investigated for its
immunomodulatory capacity in an in virro B cell-immunomodulation assay (chapter 6}, and
spatiotemporal expression patterns of endogenous annexin V were documented in mouse
embryos (chapter 7).

Chapter 2

By applying fluorescent annexin V to cryostat sections through mouse embryonic tissue, it is
shown that all cells contain PS molecules, which can be detected if the cell is cut open. In contrast,
this protein only binds specific sets of cells if presented to the cells in such a manner that it can
only detect PS present in the outer plasma membrane leaflet, as occurred afier intracardial
injection of annexin V conjugated to biotin (annexin V-biotin). The study of the spatioternporal
distribution of annexin V-biotin in mouse embryos revealed that annexin V binding cells mainly
located in regions of developmental cell death. Further evidence that these cells were apoptotic
came from an ultrastructural study of annexin V-biotin labeled cells in mouse-limb tissue,
showing that these cells were having the morphological characieristics of apoptosis. In addition to
apoptotic cells, two cell types were observed annexin V labeled, but clearly viable, i.e., fusing
muscle cells, and megakaryocytes/megakaryoblasts. In the light of these resuits, the role of cell
surface exposure of PS is discussed with regard to heterotypic cell recognition during
phagocytosis of apoptotic cells, and homotypic cell recognition during myoblast and
megakaryocyte differentiation.
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Chapter 3

Many of the components of the molecular program of apoptosis have been shown to be
conserved in evolution. By injecting annexin V-biotin into the circulation of mouse and chick
embryos, and into the hemolymph of Drosophila pupae, it is shown in chapter 3 at the light
microscopical level that nammalian, avian and insect cells are all capable to bind annexin V at the
plasma membrane when apoptotic. In contrast, these cells were negative for annexin V when in the
viable phase of existence. These data indicate that cell surface exposure of PS during apoptosis is
probably a phylogenetically conserved component of apoptosis.

Chapter 4

The study of apoptosis requires specific and sensitive markers to detect the dying cells. In this
chapter, annexin V-biotin labeling of apoptosis in mouse embryos in vivo is studied in whole
mount embryos, and in paraffin and utrathin sections. In addition, annexin V labeling was
compared with labeling of apoptotic cells in {1) whole mounts using Nile blue sulfate, and (2) in
paraffin sections, after staining for apoptosis associated DNA fragmentation using the TUNEL
method. The results from this study indicate that annexin V-biotin is a versatile marker for the
detection of apoptotic cells in vivo, enabling the detection of apoptotic cells at the whole mount- to
ultrastructural level. Furthermore, in comparison to the TUNEL method which mainly labels late-
apoptotic/pyknotic cells, annexin V showed to be a relatively early marker of apoptosis detecting
apoptotic cells preceding the pyknotic phase .

Chapter 5

Using annexin V-biotin as a marker of apoptotic cells, in chapter 5 neuronal cell death was
studied (1) in vitro in NGF deprived neonatal rat neurons derived from dorsal root ganglia, and
(2) in vivo in the central (CNS) and peripheral (PNS) nervous system of early mouse embryos.
Both in vitre and in vivo, annexin V-biotin showed to specifically label apoptotic neurons. Of
special interest is that these neurons were labeled across the whole perimeter, including somata
and extensions. The labeling of apoptotic cells in the PNS was concentrated in areas of
morphogenesis of the early brain, but also scattered cell death was observed, probably associated
with neuronal proliferation and differentiation. In the PNS, it was shown that neurons from the
large clear group were especially prone to become apoptotic during E10-13, probably mediated by
the expression of limited amounts of neurotrophic factors BDNF and/or NT3 in their projection
areas. Furthermore, quantification of apoptotic cells showed that approximately half of the
apoptotic cells in the PNS were labeled with annexin V-biotin, whereas the other half of the
apoptotic cells, recognizable by their pyknotic nuclei, were unlabeled. In line with previous
observations in embryonic limbs (chapters 2 and 4), also the ultrastructural study of nervous
tissue showed that unlabeled apoptotic cells were located in phagocytes. Presumably, these cells
were annexin V negative because they were already present in phagocytes during perfusion with
annexin V-biotin. However, in contrast to limb mesoderm which contained both unlabeled and
labeled phacytosed apoptotic cells, in the nervous tissue all labeled apoptotic cells were located
outside phagocytes. This suggests that phagocytic clearance of apoptotic cells differs between
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nervous tissue and limb mesoderm, possibly with respect to the surface epitopes mediating
phagocyte recognition of apoptotic cells.

Chapter 6

In chapters 2-5, human recombinant annexin V was used to probe for surface exposure of PS by
apoptotic ceils, and utilized as a marker 1o detect apoptotic cells. However, expression patterns of
endogenous annexin V in adult tissues, and the presence of anti-annexin V antibodies in adult
blood, suggest a function of endogenous annexin V in inhibition of blood coagulation and in
modulating the (B cell) immune response. In chapter 6, it was tested whether annexin V was able
to suppress immunoglobulins (Ig)G,, -E and -M production by LPS and anti-CD40 stimulated B
cells. The data indicate that annexin V inhibits production of these isotypes dose dependently.
This Ig-production inhibiting effect of annexin V is probably mediated by the capacity of this
protein to downregulate B cell proliferation and to increase B cell death, Confocal faser scanmng
studies suggest that annexin V is probably actively internalized by B cells. In addition, studies
using mutant annexin V with a reduced or absent capacity to bind PS, and using heat inactivated
annexin V, suggest that annexin V interacts with B cells in a PS independent manner, and needs
an intact tertiary structure for its immunomodulatory action. Combined, the internalization
experiments and structure-function studies suggest that annexin V may suppress the B cell
immune response by inhibiting PKC activity.

Chapter 7

The first part of chapter 7 focuses on the use of annexin V as a tool to study cell surface exposure
of PS. The commitment of apoptotic cells to expose PS during the process of apoptosis is
discussed in combination with the role of this plasma membrane alteration in phagocytic clearance
of apoptotic cells. Furthermore, the hallmark-nature of cell surface exposed PS by apoptotic cells,
and the use of annexin V as a marker is analyzed in further detail.

In the second part of this chapter, the putative i vivo functions of annexin V are discussed. For
annexins in general a variety of in virro functions have been described, but the physiclogical
functions of the different family members are still enigmatic. Data from expression studies of
annexin V in mouse embryos, presented in this chapter, suggest a role of emogenous annexin V
in areas of apoptosis and bone development during embryogenesis. Key events in these regions
are differentiation, proliferation and cell death (see chapter 5), whereas similar events are
paramount in the regulation of the immune system (see chapter 6). Based on these data, it is
hypothesized that annexin V may have a function in maintaining homeostasis.
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Samenvatting

Hoofdstuk 1

In hoofdstuk 1 wordt een literatuuronderzoek gepresenteerd met betrekking tot het proces van
apoptose, ¢.g. fysiologische- of geprogrammeerde celdood. Op lichtmicroscopisch niveau is het
condenseren van de cellen, pyknose gemoemd, de meest kenmerkende celmorfologische
eigenschap van apoptose; hierdoor kunnen deze cellen die georganiseerd dood gaan duidelijk
onderscheiden worden van opzwellende necrotische cellen, die ongeorganiseerd dood gaan als
onderdeel van een pathologisch proces. Het aanwezig zijn van apoptose in zich ontwikkelende en
volwassen weefsels wordt bediscussieerd in dit hoofdstuk, tezamen met de gevolgen van een
teveel of tekort aan apoptose voor de normale ontwikkeling en de weefselhomeostase.
Bijvoorbeeld, disregulatie van apoptose kan leiden tot verschillende aangeboren afwijkingen,
neurodegeneratieve aandoeningen, kanker, hartziekten en autoimmuunziekten. Heden ten dage is
het meeste apoptose-onderzoek gewijd aan de moleculaire regulatie van dit type celdood. Uit
verschillende studies is gebleken dat apoptose een meerstaps proces is, opgebouwd uit een
celtype-specificke signaalfase, en fylogenetisch geconserveerde fasen van apoptose-activatie, -
executie, en -fagocytose, De laatste fase omvat ook het tot expressic brengen van het
phospholipide phosphatidylserine (PS) aan het membraan opperviak van stervende cellen, zoals
recentelijk in vitro is aangetoond,

Tot stot wordt in dit hoofdstuk de tweeledige doelstelling van dit proefschrifi omschreven. In de
eerste plaats behelst het de studie van het exposeren van PS door apoptotische cellen in vivo in
zich ontwikkelende dieren door humaan recombinant annexine V, een Ca** bindend eiwit met
hoge affiniteit voor PS, te gebruiken als een gereedschap (hoofdstukken 2-5). Als tweede
doelstelling heeft dit proefschrift het verkrijgen van inzicht in mogelijke in vivo functies van
amnexine V. Hiertoe werd de B cell-immuunrespons modulerende werking van humaan
recombinant annexin V in vitro onderzocht (hoofdstuk 6), en werden de spatiotemporele
€Xxpressie patronen van endogeen annexine V in kaart gebracht in muizenembryo’s (hoofdstuk 7).

Hoofdstuk 2

Door het aanbrengen van fluorescerend annexine V op vriescoupes door muizenembryo’s, wordt
in dit hoofdstuk aangetoond dat alle cellen PS bevatten, wat gedetecteerd kan worden als de cel
geopend is. Als annexine V echier zodanig aan de cellen wordt aangeboden dat het alleen PS aan
de buitenkant van cellen kan bereiken, bindt het alleen aan specifieke subsets. Dit laatste kan
worden aangetoond door het inspuiten van annexine V geconjugeerd aan biotine (annexine V-
biotine) in het hart van levende embryo’s. De studie van de spatiotemporele distributie van
annexine V-biotine in muizenembryo's maakte duidelijk dat annexine V bindende cellen zich
voomamelijk bevinden in gebieden waar apoptose aanwezig is tijdens de embryonale
ontwikkeling. Aanvullend bewijs dat deze cellen apoptotisch waren, kwam van een
electronenmicroscopische studie van weefsel van muizenextremiteiten, waarin de gelabelde cellen
de morfologische kenmerken van apoptose vertoonden. Naast apoptotische cellen werden ook
twee typen annexine V-gelabelde cellen aangetroffen die duidelijk vitaal waren, namelijk fuserende
spiercellen, en megakaryoblasten/megakaryocyten. In het licht van deze resultaten wordt de rol
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van PS expositie besproken ten aanzien van de heterotypische herkenning tijdens de fagocytose
van apoptotische cellen en de homotypische herkenning tijdens de spiercel-differentiatie en de
rijping van megakaryocyten.

Hoofdstuk 3

Veel componenten van het moleculaire programma van apoptose blijken fylogenetisch
geconserveerd te zijn. Middels het inspuiten van annexine V-biotine in de circulatie van muizen-en
kippenembryo’s, en in de hemolymfe van Drosophila poppen wordt in hoofdstuk 3 op
lichtmicroscopisch niveau aangetoond dat apoptotische cellen van een zoogdier, vogel en insekt in
staat zijn om annexine V te binden, terwijl deze cellen geen annexine V binden tijdens de vitale
fase van hun bestaan. Deze gegevens laten zien dat het exposeren van PS door apoptotische cellen
een fylogenetisch geconserveerd onderdeel is van het apoptoseproces.

Hoofdstuk 4

Voor apoptose-onderzoek zijn markers gewenst die specifiek en gevoelig zijn. In dit hoofdstuk is
de annexine V-biotine labeling van apoptotische cellen in vivo in muizenembryo’s bestudeerd,
zowel in hele embryo’s, als in paraffine en ultradunne coupes. De annexine V labeling van
apoptotische cellen werd vergeleken met de labeling van apoptotische cellen in (1) hele embryo’s
met behulp van een Nijl blauw sulfaat kleuring, en (2) in paraffine coupes na kleuring voor
apoptose geassocieerde DNA fragmentatie middels de TUNEL methode. De resultaten van deze
studie geven aan dat annexine V een veelzijdige marker is waammee apoptotische cellen
aangetoond kunnen worden zowel in hele embryo’s als op elektronen microscopisch niveau.
Bovendien is annexine V-biotine een vroege marker van apoptose die cellen detecteert al voor deze
de pyknotische fase bereikt hebben. Dit in tegenstelling tot de TUNEL methode waarmee
voornamelijk pyknotische apoptotische cellen gelabeld worden.

Hoofdstuk 5

Door gebruik te maken van annexine V-biotine als marker, is in hoofdstuk 5 neuronale celdood
bestudeerd (1) in vitre in ganglioncellen van de achterhoorn waaraan NGF onthouden was, en (2)
in het centrale (CZS) en perifere (PZS) zenuwstelsel van vroege muizenembryo’s. Zowel in vitro
als in vive bleek dat annexine V-biotine specifiek apoptotische neuronen aankleurt. Van bijzonder
belang is dat deze kleuring aanwezig was aan de gehele buitenkant van de cel, inclusief het
cellichaam en de uitlopers. De labeling van apoptotische cellen in het CZS concentreerde zich in
gebieden van morfogenese van de embryonale hersenen. Ook verspreide celdood werd
aangetroffen. Deze is mogelijk gerelateerd aan neuronale celproliferatie en celdifferentiatie. In het
PNS werd aangetoond dat specifiek cellen van de grote-heldere groep sterven op dag 10-13 van
de embryonale ontwikkeling. Deze celdood wordt mogelijk gemediegerd door de aanwezigheid
van beperkte hoeveelheden van de neurotrofe factoren BDNF en NT3 in de projectiegebieden van
deze neuronen. Door de apoptotische cellen in het PZS kwantificeren, bleek dat ongeveer de helft
van de apoptotische cellen gelabeld wordt met annexin V-biotine, terwijl de andere helft van de
apoptotische cellen, herkenbaar aan de pyknotische kem, ongelabeld bleek te zijn. In
overeenstemming rnet waarnemingen in de extremiteiten van muizenembryo’s (hoofdstukken 2 en
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4) toonde ook electronenmicroscopisch onderzoek van neuronaal weefsel aan dat ongelabeide
cellen in fagolysosomen aanwezig waren. Waarschijnlijk waren deze cellen reeds gefagocyteerd
voordat annexine V was toegediend. Fen verschil tussen het pootknop-weefsel en neuronale
weefsel was echter dat in het eerste weefsel naast ongelabelde apoptotische cellen ook frequent
gefagocyteerde gelabelde cellen werden aangetroffen, terwijl in het neuronale weefsel alle
gelabelde cellen zich buiten de fagocyten bevonden, Dit suggereert dat het verwijderen van
apoptotische cellen verschilt tussen pootknop-mesoderm en neuronaal weefsel. Dit is mogelijk
gerelateerd aan de oppervlakte epitopen die dit proces reguleren.

Hoofdstuk 6

In de hoofdstukken 2-5 werd humaan recombinant annexine V gebruikt om de expressie van P§
aan het opperviak van apoptotische ceflen aan te tonen, en werd het toegepast als apoptose marker.
Echter, het expressie-patroon van endogeen annexine V in volwassen weefsels, en de
aanwezigheid van antistoffen tegen annexine V in het bloed van volwassenen suggereert een
functie van endogeen annexine V in de remming van de bloedstolling en de modulatie van de (B
cel} immuunresponse. In dit hoofdstuk is getest of annexine V de produktie van de
immunoglobulinen (1g)G,, -E en -M door LPS en anti-CD40 gestimuleerde B cellen kan
remmen. De resultaten tonen dat annexine V dosis afhankelijk de produktie van de verschillende
Ig-isotypen kan remmen. Dit effect van annexine V is waarschijnlijk het gevolg van het vermogen
van dit eiwit om de B-cel proliferatie te remmen, en B-celdood te stimuleren. Anmnexine V
internalisatie studies met de confocale laser scanner in combinatie met structuur-functie studies
met mutant en hitte geinactiveerd annexine V suggereren dat annexine V de B-cel immuunrespons
mogelijk moduleert door inhibitie van PKC activiteit.

Hoofdstuk 7

Het eerste deel van hoofdstuk 7 is gericht op het gebruik van annexine V als een gereedschap om
de expositie van PS aan het celopperviak te bestuderen, met name van apoptotische cellen. De
plasmamembraanverandering die plaatsvindt tijdens apoptose wordt bediscussieerd in relatie tot
het proces van fagocytose. Tevens wordt in dit hoofdstuk besproken in welke mate PS expositie
het predikaat “algemeen kenmerk van apoptose” mag dragen, en komt de bruikbaarheid van
annexine V als apoptosemarker aan de orde,

In het tweede deel van dit hoofdsiuk worden mogelijke in vive functies van annexine V
besproken. Een varigteit van in vitro functies is in de loop van de tijd tosgeschreven aan annexine
V, maar de fysiologische functies zijn nog niet opgehelderd. Gegevens afkomstig van expressie-
studies van annexine V in muizenembryo’s die in dit hoofdstuk worden beschreven, suggereren
een rol van het endogene eiwit in gebieden van apoptose en botdifferentiatie. Sleutelprocessen in
deze gebieden zijn differentiatie, proliferatic en celdood (zie hoofdstuk 5), terwijl dezelfde
processen ook van groot belang zijn voor de regulatie van het immuunsysteeimn (zie hoofdstuk 6),
Op grond van deze gegevens is de hypothese opgesteld dat annexine V mogelijk een functie
vervult in het behoud van de homeostase. Tot slot worden suggesties gedaan voor verdere

experimenten met betrekking tot het in kaart brengen van de fysiologische functie(s} van
annexine V.
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