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1. Introduction

1.1. Programmed cell death in the animal kingdom

Programmed cell death became one of the hottest topics in biological studies

during the last decade. It was gradually recognized that cellular death in many

aspects is indispensable for the life itself. Thus, it is no surprise that multicellular

animals developed a specialized molecular machinery to put the death under

control.

1.1.1 Cell death machinery

1.1.1.1 Morphological features of apoptotic cells

Programmed cell death was first observed during amphibian metamorphosis

(Vogt, 1842) and later found to occur in many other animals during development

and adult life (reviewed in Glucksmann, 1951). The term programmed cell death

was initially used to emphasize that the death was somehow programmed into

the developmental plan of an organism (Lockshin and Williams, 1964).

The meaning was slightly changed after Currie and colleagues studied

morphology of  cells undergoing programmed cell death and proposed to

distinguish this type of cell death from the pathological cell death occurring

accidentally at the centre of acute lesions, known as necrosis (Kerr et al., 1972).

They coined the term apoptosis which derives from the Greek word meaning

„falling off“ of petals from flowers or leaves from trees to describe this type of cell

death. The same morphological features of apoptotic cells were repeatedly

observed in several tissues and proposed that they might be the result of an

underlying „common, conserved, endogenous cell death programme“ (Wyllie et

al., 1980).

According to Kerr et al. (1972) structural changes in apoptosis occur in two

discrete stages: the first comprises the formation of apoptotic bodies, the second

their phagocytosis and degradation by other cells. The formation of apoptotic

bodies involves marked condensation of both nucleus and cytoplasm, nuclear

fragmentation, and separation of many membrane-bounded, compact, but
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otherwise well-preserved cell remnants of greatly varying size. Apoptotic bodies

are rapidly phagocytosed by other cells and undergo a process within

phagosomes that is ultrastructurally similar to in vitro autolysis of whole cells.

Apoptosis as an active and „programmed“ form of cell death is opposed to

necrosis, which can be evoked by non-physiological disturbances and is thought

to be a passive disintegration of a cell. Morphological features distinctive for each

of these forms are summarized in Table 1.

Apoptosis Necrosis

Nuclear fragmentation + -

Chromatin condensation + -

Apoptotic bodies + -

Loss of membrane integrity - +

Cytoplasmic vacuolation - +

Mitochondrial swelling -/+ +

Table 1. Comparison of apoptosis and necrosis by morphological criteria

1.1.1.2  Biochemistry of apoptosis

It took nearly 30 years to reveal the molecular machinery of the cellular suicide

programme. It turned out that a class of proteases having a cysteine residue in

the active site and cleaving substrates after aspartic acid residues play a central

role in apoptosis. Therefore they were named caspases (for cysteine aspases,

see Alnemri et al., 1996). Their distinct substrate specificity is determined by the

four residues amino-terminal to the cleavage site (Thornberry et al., 1997).

Caspases seem dedicated specifically to apoptosis as eliminating caspase

activity will slow down or even prevent apoptosis (Earnshaw et al., 1999). A

biochemical definition of apoptosis emerges as a cell death with caspase

activation (Blagosklonny, 2000).

Caspases bring about  most of the typical morphological changes of apoptotic

cells. They activate a DNase by cleaving its inhibitor, which then cuts genomic
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DNA between nucleosomes, to generate DNA fragments with length

corresponding to multiples of 180 - 200 base pairs (Wyllie, 1980; Nagata, 2000).

Cleavage of the lamins and some other nuclear proteins by caspases is required

for nuclear shrinking and budding (Rao et al., 1996; Buendia et al., 1999). Loss of

overall cell shape is probably caused by the cleavage of cytoskeletal proteins

such as fodrin and gelsolin (Kothakota et al., 1997). Caspase-mediated cleavage

of PAK2, a member of the p21-activated kinase family, seems to mediate the

active blebbing observed in apoptotic cells (Rudel and Bokoch, 1997). Cleavage

of other substrates mediates disabled DNA repair, general block of cell cycle and

transcriptional activity in a condemned cell (Earnshaw et al., 1999).

Caspases are constitutively expressed in all nucleated animal cells as inactive

proenzymes (Weil et al., 1996). They can activate each other autocatalytically.

Initiator, or upstream, caspases can be activated due to intrinsic low-level

proteolytic activity (Muzio et al., 1998) when they get associated with activated

„death receptors“ under plasma membrane, or when they associate with Apaf-1

molecule and cytochrome c, released from mitochondria, in a protein complex

called apoptosome (reviewed in Hengartner, 2000)

Caspases are subject to tight regulation by different factors. Mammals and the

fruit fly carry a family of genes that encodes potent caspase inhibitors, known as

the inhibitors-of-apoptosis (IAP) proteins (Deveraux and Reed, 1999). Balance of

pro- and antiapoptotic members of the bcl-2 family proteins control release of

apoptosome components as well as other apoptosis inducing factors (AIFs) such

as Smac/DIABLO from mitochondria. Smac/DIABLO promotes apoptosis through

elimination of IAP inhibition (Du et al., 2000).

1.1.2. Modulators of apoptosis

The suicide programme seems to be in place and ready to run in every animal

cell (Weil et al., 1996). Withdrawal of death suppressing signals or application of

death-activating signals triggers the suicide machinery.
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1.1.2.1. Survival factors

The concept of survival signalling was originally formulated by Martin Raff (1992).

He suggested that most of the animal cells are ready to undergo cell death by

default unless this is prevented by external signals suppressing activation of the

suicide machinery. These signals can be soluble, bound to plasma membrane, or

bound to the extracellular matrix. For most cells a combination of several types of

signalling molecules is required for survival. It was demonstrated that a number

of known growth factors function as survival factors for oligodendrocytes under

cell culture conditions (Barres et al., 1992). Many types of developing neurons in

mammals are thought to compete for limited amount of survival signals provided

by target cells they innervate. Only about half of them get enough signal to

survive while others undergo programmed cell death (reviewed in Barde, 1989).

The principle of induction of apoptosis due to insufficient survival signalling is

illustrated in Figure 1.1.

             Fig. 1.1 Cell death can be triggered by the lack of survival factors

1.1.2.2. Anoikis: form of cell death dependent on cell-matrix adhesion

Interestingly, cell adhesion to the extracellular matrix (ECM) also provides a

survival signal to certain cell types, first of all to epithelial cells (Meredith et al.,

1993). The form of apoptosis caused by loss of adhesion to ECM is termed

anoikis, which is the Greek word for „homelessness“ (Frisch and Francis, 1994).

Importance of the anoikis mechanism is evidenced by the finding that tumour

Gradient of survival factors

insufficient sufficient

cell death
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cells frequently inactivate this pathway while becoming metastatic (Yawata et al.,

1998).

Integrins are the major type of cell surface receptors mediating cell – ECM

adhesion (Elangba et al., 1997). All integrins are composed of an α and β

transmembrane subunits. The combination of 16 α- and 8 β-subunits allows the

assembly of more than 20 different heterodimers in mammals. Depending on the

subunit composition integrins bind with their extracellular domains to different

ECM proteins like fibronectin, laminin and collagen thereby forming an effective

cell-matrix association. A number of different proteins are associated with

intracellular portion of integrins forming a cytoplasmic plaque. Some of them

mediate anchorage of cytoskeleton to cell-matrix adhesion sites. Others mediate

integrin-specific signalling (reviewed in Ruoslahti, 1996).

How integrins bound to ECM confer resistance to apoptosis is still far from being

understood. Nevertheless a few molecules such as the focal adhesion kinase

(FAK), Shc and integrin-linked kinase (ILK) were linked to anoikis (reviewed in

Frisch and Screaton, 2001). These molecules activated by integrin can mediate

enhanced expression of antiapoptotic bcl-2 family members.  FAK was

demonstrated to directly regulate the expression of the IAP family of caspase

inhibitors. All of them might also potentially converge on other known

antiapoptotic signalling pathways (Frisch and Screaton, 2001).

                                       Fig. 1.2 Model of anoikis

Anoikis

detachmentcell death

integrins

ECM
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1.1.2.3. Quality control mediated cell death

Programmed cell death also functions as part of a quality control process,

eliminating cells that are abnormal, misplaced, nonfunctional, or potentially

dangerous to the organism (Jacobson et al., 1997). For instance, in vertebrate

immune system T and B lymphocytes that either fail to produce functional antigen

receptors or bear self-reacting receptors are eliminated by apoptosis via specific

death receptor pathway (reviewed in Krammer, 2000).

Apoptotic programme can be triggered in response to stress factors such as DNA

damage (Lowe et al., 1993). DNA damage, especially double strand breaks, can

cause serious mutations and lead to malignant transformation of a damaged cell

that would be deleterious for the whole organism (Hanahan and Weinberg,

2000). Several mechanisms are immediately activated in such cases to block

progression through the cell cycle and to repair the DNA lesion. When the lesion

turns out to be irreparable, the cell commits suicide for the sake of the entire

organism (reviewed in Rich et al., 2000).

Fig. 1.3  p53-mediated quality control  of cell death after DNA damage (From

Bullock and Fersht, 2001)

ATM DNA-PK

active  p53

p53 degradation G2 arrest
G1 arrest Apoptosis

DNA  repair

DNA damage
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Tumour-suppressor protein p53 plays a crucial role in mediating cell death after

DNA damage. This protein is a transcription factor. Being activated by DNA

damage sensor molecules, p53 can initiate transcription of negative regulators of

cell cycle, proteins promoting apoptosis as well as proteins mediating DNA

repair. Thus, activation of p53 does not necessarily mean that apoptotic cell

death will follow. Whether a damaged cell undergoes apoptosis or survives, is

most probably a question of the balance between pro- and antiapoptotic signals

in it (Rich et al., 2000).

1.1.3. Role of phagocytosis in apoptosis

As Currie and colleagues noticed in their seminal paper (Kerr et al., 1972), free

apoptotic cells are rare to observe in a tissue. Most of them can be found inside

of phagocytic vacuoles of neighbouring cells. They proposed that phagocytosis

and subsequent degradation of apoptotic bodies represent a second stage of the

cellular suicide programme. It is important that phagocytosis of apoptotic bodies

occurs before integrity of their membrane is lost. This prevents leakage of their

contents into surrounding tissues and provoking of inflammatory responses

(Savill et al., 1989). Recognition and engulfment of apoptotic cells appears to

occur very quickly. In the nematode Caenorhabditis elegans, where the cells

sentenced to die are predetermined very early during development, engulfment

can begin even before the completion of the cell division that generates a

doomed cell (Robertson and Thomson, 1982).

For phagocytosis to occur, apoptotic cells have to expose „eat me“ signals on

their surface. In addition, phagocytes must possess appropriate recognition and

signalling instruments to induce formation of cellular protrusions engulfing cell

corpses. Some of these mechanisms have been elucidated during the last

decade. It turned out that in apoptotic cells the ATP-binding cassette transporter

1 (ABC1) becomes activated. This huge protein regulates membrane-lipid

turnover and cholesterol exchange, and leads to exposure of phosphatidylserine,

normally restricted to the inner-membrane leaflet, on the surface of the apoptotic

cell, thus representing an „eat me“ flag (Hamon et al., 2000). Recently a specific
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phosphatidylserine receptor expressed on the surface of macrophages,

fibroblasts and epithelial cells has been identified, thus completing one of the

recognition pathways (Fadok et al., 2000). Other molecules such as specific

lectins, integrins (different from those used in cell-matrix adhesion), and

scavenger receptors as well as trombospondin and C1q component of

complement, functioning as „bridging“ molecules, have also been implicated in

corpse recognition by phagocytes (reviewed in Platt et al., 1998; Savill and

Fadok, 2000). Whatever the receptors are, they activate a signalling complex

comprising adaptor molecules CrkII and DOCK 180, and a small GTPase Rac1,

which confer necessary for engulfment cytosceletal changes in phagocytes.

Recently two groups have simultaneously found that in the nematode C. elegans

engulfment genes cooperate with caspases and thereby promote apoptosis

(Hoeppner et al., 2001; Reddien et al., 2001). Mutual interaction between cells

undergoing apoptosis and phagocytes could also take place in mammals and

other animals, as both processes are very conserved throughout the animal

kingdom.

1.1.4. Evolutionary aspects of apoptosis

1.1.4.1. Mechanisms of apoptosis are evolutionary conserved

The apoptotic machinery is conserved throughout the animal kingdom.

Homologues of essential regulators of apoptosis such as caspases, Apaf-1, pro-

and antiapoptotic bcl-2 family members, and p53 as well as molecules containing

death domain were found in the nematode, fruit fly and mammals (reviewed in

Meier et al., 2000). The strongest evidence of their conservation is the fact that

human Bcl-2 is fully functional in suppressing cell deaths in developing C.

elegans instead of CED-9 (Vaux et al., 1992). Caspases, proteins dedicated to

apoptosis, were recently found even in the cnidarian polyp Hydra (Cikala et al.,

1999). However, the number of apoptotic regulators and their redundancy mirrors

the complexity of the animal organization. Thus, in vertebrates at least 15

caspases were identified, in the fruit fly Drosophila melanogaster 5 identified and

another 2 predicted, in the nematode C. elegans 3 and in the cnidarian Hydra

vulgaris 2 caspases were found (Meier et al., 2000; Cikala et al., 1999).
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No caspases were found, however, outside of the animal kingdom. Nevertheless,

two families of caspase-like proteins, paracaspases (found in metazoans and

slime mold Dictyostelium) and metacaspases (found in plants, fungi, and

protozoa), were identified recently (Uren et al., 2000). Dictyostelium discoideum

and plants were also reported to undergo programmed cell death. Programmed

cell death in plants shows features similar to metazoan apoptosis such as

internucleosomal DNA fragmentation, nuclear fragmentation and even

involvement of caspase-like activity (De Jong et al., 2000; Korthout et al., 2000),

though this does not seem to be the case in Dictyostelium (Olie et al., 1998). A

growing body of evidence suggests the existence of other, caspase-independent,

pathways of programmed cell death in animals morphologically appearing similar

to necrosis (Kitanaka and Kuchino, 1999). It is a matter of debate how similar are

cell death programmes between animals and other living organisms and how

such a complex system could arise during animal evolution.

1.1.4.1. Principles of apoptosis engagement in animals

 Apoptosis plays an important role in animals both during development and in

their adult life (schematically illustrated in Figure 1.4). It is widely exploited to

sculpture tissues and organs, e.g. apoptotic death of interdigit cells during

vertebrate limb development (Montero et al., 2001) or hollowing out solid

structures to create lumina (Coucouvanis and Martin, 1995). Larval structures are

removed by apoptosis during metamorphosis as it happens to the amphibian

tadpole tail (e.g. Sachs et al., 1997). Primordial structures not needed for an adult

organism also can be removed by apoptosis, e.g. Müllerian duct in male and

Wolffian duct in female mammals, respectively. Anoikis provides a simple and

genuine way to build a single-layered epithelium out of an unordered cluster of

cells, whereby only cells having a direct contact to the basement membrane

would survive. Apoptosis mediated by death signals is widely used in immune

system to eliminate dangerous and infected cells. Finally,  cell death is an

ultimate measure against mutated cells getting out of organismal control

(reviewed in Jacobson et al., 1997; Meier et al., 2000).

It appears that the programme controlling cell death arose nearly simultaneously

with multicellular animals. How it happened and what kind of selection pressure
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facilitated its evolution is not clear. Luis Wolpert (personal communication,

evening lecture at the meeting on cnidarian development, Tutzing, Germany,

2001) has speculated that prototypic multicellular organisms might retain

daughter cells after cell divisions and adopt controllable killing of some cells to

provide food to remaining ones under unfavourable environmental conditions.

Soon quick and effective cell death proved useful for many other needs of

metazoa. According to another hypothesis the key advantage of apoptosis over

necrosis is that apoptotic cells when being phagocytosed do not elicit

inflammatory response in contrast to necrotic cells (Savill and Fadock, 2000).

However, this argument is hardly applicable for evolutionary oldest animals,

which have no circulatory system and no specialized immune system.

Fig. 1.4 Some functions of programmed cell death in animal development

(From Jacobson et al., 1997)

To get insight into the early steps of apoptosis evolution, it seems sensible to

study apoptosis in the most basal organisms known to possess components of

the apoptotic machinery.
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1.2. Hydra as a model to study evolution of apoptosis

1.2.1. Systematics and morphology of Hydra

Hydra belongs to one of the most basal eumetazoan phylum Cnidaria, class

Hydrozoa.

Figure 1.5. Systematics of Cnidaria. (A)  Position of Cnidaria among metazoa.

Apomorphic traits are as follows: 1) Oocytes with polar bodies; spermatozoa with a head

and a tail; fibrillar extracellular matrix; 2) Pinacoderm, choanoderm and intervening

mesohyll; 3) Tight junctions, gland cells; 4) Covering layer is differentiated to upper- and

lower sides; the latter is specialized for food uptake; 5) Two germ layers giving rise to

true epithelia, epidermis and gastrodermis, the latter lining up a gastric lumen; body

opening functioning as a mouth and anus; sensory cells and neurons; gap junctions with

connexins; 6) Cnidocycsts in cnidocytes (nematocytes);  asexually propagating polyps;

7?) acrosome with an acrosomal vesicle and a subacrosomal structure beneath; 8) A

pair of tentacles and colloblasts; bilateral symmetry; complex apical vertex with a

statocyst; 9) Triploblastic organization with endomesoderm; bilateral symmetry with

anterioposterior polarity; anterior brain; specialized excretion organs.   (B) Class-level

relationships within the phylum Cnidaria. Apomorphic traits are as follows: 1)

Nematocysts; nematocytes with a flagellum; planula-larvae; polyp stage; 2) octaradial

gastric cavity; bias to bilateral symmetry; 3) Nematocytes with a modified flagellum

(cnidocilium); microbasic euryteles; podocysts; linear mtDNA; 4) polyp tentacles without

endodermal cavity; medusas with rhopalia; 5) most developed cnidom; ectodermal

gonads; 6) medusas formation through metamorphosis of a polyp; medusas with pedalia

and velarium; 7) strobilation. (From Westheide and Rieger, 1996).
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Hydra is a small freshwater polyp about 1.0 cm in length. Its radially symmetric

body with only one axis represents practically a simple tube with two

differentiated structures at both ends (Fig. 1.6). Hypostome with a mouth opening

and a swirl of tentacles terminates its distal (apical) end. Foot with a basal disc

terminates the proximal (basal) end of the body. Hydra is a sedentary animal.

Specialized cells at the basal disc secrete mucous glue to attach the animal to

the substratum (Hoffmeister and Schaller, 1985). Most of the Hydra body column

is occupied by the gastric region as it contains the gastric cavity where digestion

takes place.  In the lower one third of the body column budding region can be

identified where new polyps grow out. Budding is the main mode of propagation

in Hydra. In contrast to most other hydrozoans, Hydra lacks medusoid

generation, which usually bears the function of sexual reproduction. Gonads

occasionally differentiate in Hydra in the ectoderm (see below).

            Figure 1.6. Morphology of a Hydra polyp. (From Holstein, 1995)

The basal phylogenetic position of Hydra among other metazoa is reflected in its

histological organization (Figure 1.7). As characteristic for diploblastic animals,

the body wall of a Hydra polyp is built of only two epithelial layers, ectoderm and

endoderm. Ectodermal and endodermal epithelial cells build true single-layered

epithelia. Adjacent epithelial cells are sealed together by narrow bands of septate
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junctions analogous to tight junctions in vertebrates just beneath their apical

surface (Wood, 1959). Septate junctions divide apical and basolateral surfaces of

epithelial cells, thus, establishing epithelial polarity. They also isolate the inner

milieu of the body from the outer world. Ectodermal epithelial cells secrete

glycocalyx, a carbohydrate coat, at their apical surface. Little is known about its

function in Hydra. At the basal surface epithelial cells of both ectoderm and

endoderm lay out a thin acellular layer of mesoglea, intervening between both

epithelia (Holmes, 1950). Mesoglea composition is similar to that of extracellular

matrix of vertebrate animals (Figure 1.8). The central fibrous zone contains type I

collagen, heparan sulfate proteoglycan and fibronectin-like molecules (Sarras et

al., 1991). Laminin and probably type IV collagen constitute basement membrane

in subepithelial zone of mesoglea (Day and Lenhoff, 1981; Sarras et al., 1994).

Epithelial cells of both layers have two muscular protrusions mediating body

contraction and dilation (Mueller, 1950). Endodermal epithelial cells function

mainly as digestive cells. Extracellular digestion is facilitated by respective

enzymes secreted by gland cells into the gastric cavity.

                          Figure 1.7. Histology of Hydra. (from Tardent, 1978)
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Both epithelia contain nerve cells. Hydra nervous system is considered to be one

of the most simply organized in the whole animal kingdom. It appears as a diffuse

plexus of nerve cells spread over the whole polyp body (Schneider, 1890). Higher

density of the neuronal network can be observed in hypostome and a basal disc.

Sensory, ganglion and motor neurons can be identified (Davis et al., 1968).

Hidden complexity of Hydra neurons was recently revealed as distinct neurons

may secrete different neuropeptides (Hansen et al., 2000).

                        Figure 1.8. Hydra mesoglea. (From Sarras, 2001)

Cnidaria-specific cell types, nematocytes or stinging cells, are located in the

ectoderm. Hydra has four distinct types of nematocytes. They differ by the type of

secretory vacuole, the capsular nematocyst, appearing like an inverted coiled

tube, which can eject its content in a discharge process (Holstein, 1981).

Nematocytes mediate penetration and capture of a pray. They are most

concentrated in tentacles where they are embedded into epithelial cells, here

called battery cell. One battery cell contains about 8-24 nematocytes (Campbell,

1987).

Interstitial cells (i-cells) are located in intercellular spaces of epithelial cells and

comprise up to 75% of all cells in the animal (David et al., 1987). These are cells

with relatively large nucleus and a narrow rim of cytoplasm. They function as

multipotent stem cells able to differentiate into nematocytes, gland cells, neurons

and germ line cells (David and Murphy, 1977; Schmidt and David, 1986; Bosch

and David, 1987).
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1.2.2. Tissue homeostasis and role of epithelial cells in its maintenance

1.2.2.1. Pattern formation

Hydra polyp has a defined body plan or pattern, reproducible from one polyp to

another, which has to be maintained. Hydra is also famous for its enormous

regenerative capacities noticed more than two centuries ago (Trembley, 1744).

When a head or a foot is cut, the polyp builds a missing body part anew by

repatterning of existing tissues without much new growth, a process known as

morphallaxis (Gilbert, 2000). A new polyp can regenerate even from a disordered

clump of cells produced by reaggregation of cells out of a single-cell suspension

(Gierer et al., 1972).

Combined efforts of several labs revealed several of molecules participating in

defining specific structures of a Hydra body such as the foot, hypostome,

tentacles, and the single body axis (Technau and Bode, 1999; Hobmayer et al.,

2000; Gauchat et al., 2000; Lohmann and Bosch, 2000). Surprisingly, albeit

Hydra body plan differs greatly from that of higher animals, some of its key

morphogens are homologous to those in the fruit fly and amphibians (Hobmayer

et al., 2000; Arendt et al., 2001). Mathematical models have been produced

describing the basic principles of patterning in an animal like Hydra (Gierer, 1977;

Meinhardt and Gierer, 2000). Studies are now under way to bring the theory and

praxis together.

Epithelial cells play a crucial role in pattern formation. This is evidenced by the

fact that Hydra magnipapillata sf-1 polyps, harbouring temperature-sensitive i-

cells and lacking all cell types except for epithelial cells after heat treatment (so-

called epithelial Hydra), are able to maintain the body pattern and regenerate

missing structures (Sugiyama and Fujisawa, 1978). This is consistent with

epithelial localization of most of the molecules implemented in pattern formation.

1.2.2.2. Cell proliferation and differentiation

Approximately 105 cells split in only several distinct cell types and comprise a

single adult Hydra polyp (Bode et al., 1973). All the cell types can be assigned to

one of three self-renewing cell populations. While both ectodermal and
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endodermal epithelial cells retain the capacity to occasional cell division,

interstitial stem sells reproduce themselves but eventually undergo terminal

differentiation in one of the four possible directions: nerve cells, nematocytes,

gland cells or germ cells (David et al., 1987). The final decision is influenced by

already present terminally differentiated cells of a certain cell type as well as by

other cell types. For instance, neuron differentiation is negatively influenced by a

short Hym-33H peptide secreted by ectodermal epithelial cells and positively by

Hym-355 peptide produced by a subpopulation of ganglion cells (Bosch and

Fujisawa, 2001). Little is known about regulation of differentiation of other cell

types.

Figure 1.9.  Cell flux in Hydra. Arrows indicate directions in which cells are

displaced after a certain number of days (From Müller, 1995).

Hydra tissues are constantly in flux. Single interstitial cells and nematocytes can

actively migrate using fibronectin of extracellular matrix as a substrate (Stidwill

and Christen, 1998). Epithelia migrate as sheets rather than as single sells and

movement of ectodermal layer may be not very tightly coordinated with that of the

endodermal epithelium, sometimes depending on a species (Campbell, 1974). As

a result of cell proliferation in the gastric region most cells are passively displaced

distally into tentacles and hypostome or proximally into growing buds and foot as

illustrated in figure 1.9. Cell proliferation in Hydra can be modulated by feeding

conditions or morphogenetic processes (Holstein et al., 1991). Thus, it is even
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more surprising that under starvation conditions cell proliferation does not stop in

Hydra. Instead, new cells continue to occur while using own phagocytosed cells

as food supply what results in gradual  decrease in size of the polyp (Bosch and

David, 1984).

1.2.2.3. Cell death

As most other metazoa Hydra possesses a machinery for the programmed cell

death. Two caspases, the key regulators of apoptosis, have been identified

recently in Hydra vulgaris (Cikala et al., 1999). Sequence analysis revealed that

they are most closely related either to effector caspases-3 of vertebrates or to

ced-3 caspase of the nematode C. elegans (see figure 1.10.). The authors also

shown that Hydra caspase-like activity could be readily blocked by caspase-3-

specific and to a lesser extent by caspase-1-specific inhibitors. Other

characteristic features of cells undergoing programmed cell death such as

chromatin condensation, nucleus fragmentation and DNA laddering were

demonstrated (Cikala et al., 1999). Thus Hydra represents the lowest

multicellular animal having apoptotic machinery known to date.

Figure 1.10. Phylogenetic comparison of hydra caspases with caspases

from other animals  (from Cikala et al., 1999).
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In Hydra cell death opposes cell proliferation. While cells proliferate mostly in the

gastric region and get displaced to the both ends of the Hydra body, they die by

apoptosis in the hypostome, tentacles and in the foot (Lyon et al., 1982; Cikala et

al., 1999). Epithelial cells play an important role in Hydra as non-professional

phagocytes by removing dead cells (Campbell, 1976; Lyon et al., 1982).

Phagocytic activity of epithelial cells is probably essential for Hydra as a means

to reutilise dead material like it happens under starvation conditions (Bosch and

David, 1984).

1.2.3. Cell differentiation and possible cell death in Hydra spermatogenesis

Although budding is the primary mode of propagation, all Hydra species have

been observed to go through occasional sexual phases. Onset of egg and sperm

differentiation is triggered by environmental signals. Under laboratory conditions,

sexual differentiation of Hydra is induced by low temperatures or starvation

(Littlefield et al., 1991). There are no pre-formed structures where gonads would

appear. Testes form as conical ectodermal swellings usually in the upper gastric

region while ovaries appear in the lower gastric region in a form of so-called egg

flecks (Figure 1.11. A).

Germ cells in Hydra derive from multipotent interstitial stem cells (Bosch and

David, 1986), which aggregate in the intraepithelial space to form ovaries and

testes (Tardent, 1985). Spermatogenesis is initiated by local accumulations of

interstitial cells within the intercellular spaces of ectodermal epithelial cells. As

these clusters of spermatogonia grow they lift the stratum of the epithelial cells,

which then forms the protruding outer wall of the testis (Tardent, 1974). Between

the mesoglea and the outer epithelial wall, the various cell layers represent the

succession of the various stages of spermatogenesis (Figure 1.11 B; Brien,

1966). Clusters of accumulated interstitial cells synchronously undergo meiotic

divisions and the subsequent process of spermiogenesis (Munck and David,

1985). The mature spermatozoa, which already move in the testis, are released

into the surrounding medium in small portions of 10 to 100 at a time. In a single

testis 3 to 5 such subsequent ejaculations are normally followed by a period of
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rest lasting several hours (Zieler, 1972). A single testis stays active for 7-8 days

followed by resorption (Brien and Reniers-Decoen, 1951).

Figure 1.11. Gametogenesis in Hydra. (A) Morphology and location of male

and female gonads. (B) Spermatogenesis. SG – spermatogonia, SC –

spermatocytes I and II, ST – spermatids, SZ – spermatozoa (sperm), EMC –

epitheliomuscular cell, EC – ectoderm, EN – endoderm (From Holstein, 1995).

While the differentiation pathway as well as the structure of the mature

spermatozoa is very similar in Hydra and higher metazoa, nothing is known about

the temporal and spatial signals controlling spermatogenesis. In higher animals

germ cell proliferation and differentiation is regulated by a complex network of

endocrine and paracrine signals. Programmed cell death is involved in

maintaining homeostasis of each germ cell type during spermatogenesis and

quality control of sperm precursors (reviewed in Print and Loveland, 2000). One

can expect that Hydra also might use such mechanisms to control

spermatogenesis.
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1.2.4. Phagocytosis and potential role of apoptosis in interspecific grafts

Apoptosis plays an important role during development of vertebrate immune

system and in execution of its functions as described in chapter 1.1. Cnidaria

have no specialized immune cells. However, as shown on the colonial hydroid

Hydractinia, they possess a genetically determined system to discriminate

between „self“ and „non-self“ in terms of allorecognition (Mocady and Buss,

1996). Hydra was also suggested to have a similar system (Bosch and David,

1986). This was tested in a model situation of interspecific grafts between polyps

of two easily distinguishable species, H. vulgaris and H. oligactis (see Materials

and Methods). When halves from different species were grafted together as

illustrated in figure 1.12. A, one species apparently eliminated foreign tissues in a

species-specific manner.

Figure 1.12. Epithelial cells recognize and eliminate non-self by

phagocytosis. (A) H. oligactis tissue (stippled) displaces tissues of H. vulgaris

(clear) in interspecific grafts. (B) Number of active phagocytes is increased in the

graft region in interspecific grafts (solid line) when compared to intraspecific

grafts (dotted line) (From Bosch and David, 1986).

Epithelial cells were suggested to perform the recognition function and eliminate

foreign cells by phagocytosis (Bosch and David, 1986) Increased number of
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active phagocytes was found where cells of the two species confronted one

another (Figure 1.12. B). As apoptosis is frequently followed by phagocytosis as

described in chapter 1.1.3, I was interested to test and characterize apoptosis in

such interspecific grafts.

1.3. Aims of the study

Early steps of evolution of apoptosis are poorly understood. The freshwater

cnidarian Hydra is the evolutionary oldest animal where the presence of the

apoptotic machinery was hitherto documented. However little is known about the

processes in Hydra where apoptosis is involved. Engagement of apoptosis in

regulation of spermatogenesis and self / non-self recognition reactions was

anticipated. The aim of my study was to estimate the role of apoptosis and

epithelial cells as „non-professional phagocytes“ in these processes in Hydra.

Specific questions were:

1. Does apoptosis take place during spermatogenesis in Hydra?

2. Which cells undergo apoptosis in testes?

3. Would the dying cells be eliminated and by which cells?

4. Is apoptosis induced at the graft border in interspecific grafts?

5. What could be the cause of apoptosis induction?

6. Do allogeneic tissues induce apoptosis / phagocytosis?
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2. Material

2.1. Animals

Hydra oligactis, strain Munich

Hydra vulgaris, strain Basel

Hydra vulgaris, strain PA2

Hydra vulgaris, strain Ploen

Diagnostic features for H. oligactis  and H. vulgaris:

H. oligactis Pallas

1) yellow-orange pigmentation in the endoderm
2) stalk-like peduncle
3) the tubule of the capsule of holotrichous isorhiza nematocytes is coiled
longitudinally

H. vulgaris Pallas

1) pink-orange pigmentation in the endoderm
2) peduncle is not stalk-like
3) the first 3-6 turns of the tubule of the capsule of holotrichous isorhiza

nematocytes are coiled transversely

Figure 2.1 Modified from Holstein, 1995
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2.2. Media

Artemia medium 31,8 g Seasalt / 1 l ddH2O

Dissociation medium (DM-medium) 3.6 mM KCl, 6 mM CaCl2, 1.2 mM

MgSO4, 6 mM sodium citrate, 6 mM

sodium pyruvate, 6 mM glucose,

12.5 mM TES, 50 mg/l Rifampicin,

pH 6.9

Hydramedium 1 mM CaCl2  ,  1 mM NaCl  ,  0.1

mM  MgSO4  ,  0.1 mM KCl  ,  1 mM

Tris-HCl, pH 7.8

LB medium+ampicillin 20 g LB Broth Base , add. 1 l

ddH2O , autoclave , 1 ml Ampicillin

(50 mg/ml)   [For plates add 15 g

Bactoagar before autoclaving, pour

10 – 15 ml / plate]

SOB-Medium 20 g Bacto-Trypton, 5 g Yeast

extract , 0.58 g NaCl , 0.19 g KCl in

1 l ddH2O

SOC-Medium 10 ml SOB-Medium , 100 µl 2 M

Glucose (sterile) , 100 µl MgCl2 , 10

mM MgSO4

2.3. Buffers and Solutions

Alkaline phosphatase buffer 100 mM Tris (pH 9.5), 50 mM

MgCl2, 100 mM NaCl, 0.1% Tween

20, 5 mM Levamisol
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Ampicillin-stock 50 mg/ml

IPTG Stock solution 200 mg/ml

Lead citrate Dissolve 1.33 g Pb(NO3)2, 1.76 g

Na3(C6H5O7)·2H2O in ddH2O, mix

30 minutes, add 8 ml 1M NaOH and

fill up to 50 ml with ddH2O.

Maceration solution acetic acid : glycerol : water

(1 :1 :13)

PBS : Glycerol PBS : Glycerol (1 :1)

PBS/Triton/BSA 2 mg/ml BSA, 0.1% Triton X-100 in

PBS

PBS : Tween 0.1% Tween-20 in PBS

PCR Puffer (10x) Amersham Pharmacia Biotech

TAE (50x) 2 M Tris-Acetate, 50 mM EDTA, pH

8.0

TBE (2.5x) 225 mM Tris (27.5 g/l),  225 mM

boric acid (13.75 g/l), 5 mM EDTA

(10 ml 0.5 M EDTA (pH 8.0) / l )

TE 10mM Tris/HCl pH 7.5, 1mM EDTA

pH 8.0

X-Gal 20 mg/ml in DMFA
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2.4. Enzymes

• EXCEL II DNA Polymerase Epicentre Technologies

• Proteinase K Sigma

• T4 DNA-Ligase (+ PEG) Promega

• Taq DNA-Polymerase Amersham Pharmacia

Biotech

• Taq DNA-Polymerase Gibco BRL

• Terminal Deoxynucleotidyl Transferase (TdT) Amersham Pharmacia

Biotech

2.5. Kits

• Agar 100 resin Agar Scientific

• High Pure Plasmid Isolation Kit Roche

• Historesin Embedding Kit Leica Instruments

• SequiTherm EXCEL II DNA            Epicentre Technologies

Sequencing Kit-LC

2.6. Chemicals

• Acridine orange

• Agarose Sigma

• Ampicillin Merck

• APS     Roth

• Azur II Merck

• Bactoagar Roth

• Benzol Merck

• Borax Merck

• Boric acid Roth

• Bromphenolblue Fluka

• BSA Merck

• Canada balsam Merck
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• Chloroform Roth

• DEPC (Diethylpyrocarbonate) Roth

• DMFA Roth

• DNA Loading buffer (6x) Fermentas

• DNA-Molecular size marker (100 bp ladder) Fermentas

• dNTP Fermentas

• Eosin Merck

• Ethanol Roth

• Ethidiumbromide Merck

• Euparal Merck

• Formaldehyde (stabilized 37% solution) Roth

• Gelatine Sigma

• Glycerol Roth

• Glytaraldehyde Serva

• HCl Merck

• IPTG Sigma

• LB Broth Base Life Technology

• Lead acetate Merck

• Light green Merck

• Magnesium chloride, 50 mM Gibco

• Methylbezoate Merck

• Methylene blue Merck

• NBT/BCIP concentrate Boehringer Mannheim

• Osmium tetroxide Plana W. Plannet GmbH

• Paraffin (Paraplast-plus) Eydam

• Pioloform Plana

• Potassium pyrosulfite Merck

• Propylenoxide Plana

• Schiff’s reagent Sigma

• Sequagel complete buffer reagent National Diagnostics

• Sequagel XR National Diagnostics

• Sodium cacodylate Fluka

• Sodium citrate Merck
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• TEMED Merck

• Tris base Roth

• Triton X-100 Merck

• Tween-20 Merck

• Uranylacetate Plana

• Urethane Sigma

• X-Gal Sigma

• Xylencyanol Fluka

• Xylol Merck

2.7. Immunochemicals

Anti-digoxigenin Fab-fragment, coupled to AP Boehringer Mannheim

Anti-H. vulgaris polyclonal antiserum A gift from M. Samoilovich

Anti-H. oligactis polyclonal antiserum A gift from M. Samoilovich

Goat-anti-mouse, coupled with 10 nm gold particles Sigma

Sheep-anti-mouse, FITC labelled Boehringer Mannheim

2.8. Vectorplasmids

• pGEM-T Promega

2.9. Bacteria

E.coli XL-1 Blue

2.10. Oligonukleotides

• Sp6 5’-ATT TAG GTG ACA CTA TAG AAT AC 3´

• T7 5’-TAA TAC GAC TCA CTA TAG GG  3´

• Cnox-2_vul_F 5’-GAACCAGGTGAAGGTACCTCTTC-3’

• Cnox-2_vul_R 5’-CTGAATGCTAGTATACGCGGTTCG-3’

• OPA  1 5’-CAGGCCCTTG

• OPA  2 5’-TGCCGAGCTG
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• OPA  3 5’-AGTCAGCCAC

• OPA  4 5’-AATCGGGCTG

• OPA  5 5’-AGGGGTCTTG

• OPA  6 5’-GGTCCCTGAC

• OPA  7 5’-GAAACGGGTG

• OPA  8 5’-GTGACGTAGG

• OPA  9 5’-GGGTAACGCC

• OPA  10 5’-GTGATCGCAG

All the oligonucleotides were ordered in MWG Biotech

2.11. Electrophoresis

• Agarose-Electrophoresis chamber Omni Separation Systems

2.12. Thermocyclers

• Cyclone Gradient Peq-Lab

• Primus 96 plus MWG Biotech

• Primus 25 MWG Biotech

1.13. Centrifuges

• Biofuge 13 Heraeus Instruments

• Eppendorf 5415 D Eppendorf

• Eppendorf 5417 R (cooling centrifuge) Eppendorf

• Minifuge RF Heraeus Sepatech

2.14. Incubators

• Thermoincubator Heraeus Instruments

• Thermoshaker Certomat H B. Braun

2.15. UV-devices

• IMAGO compact imaging system B & L Systems
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• UV-Contactlamp Chroma 43 Vetter GmbH

• UV-Stratalinker 1800 Stratagene

2.16. Devices for histology and microscopy

• Electron microscope CM10 Philips

• Electron microscope EM 208 S Philips

• Digital camera Axiocam Zeiss

• Fluorescence microscope Axioskop 2 Zeiss

• Microtome Jung AG (Heidelberg)

• Ultratome Ultracut E Leica

2.17. Miscellaneous

• Artemia salina cysts

• Bio Photometer Eppendorf

• Chelex-100 resin Sigma

• Chromatographic papier Whatman

• Diamond knife C.Schmied-Labortechnik

• Electroporation cuvets Bio-Rad

• Eppendorf tubes Sarstedt

• Fishing line public shops

• Fluoresbrite plain microspheres, Polysciences

1 µm diameter, FITC labelled

• GenePulser Bio-Rad

• Glass slides Menzel-Gläser

• Grids for electron microscopy Plana

• LI-COR Gene ReadIR 4200 MWG Biotech

• nail-like polypropylene microcentrifuge tubes Roth

• pH-Meter pH 211 Hanna Instruments

• Plastic dishes for hydra culturing Geida

• Plastic sieves (mesh size 0.5 mm) public shops

• Polyethylene tubing Becton Dickinson

(I.D. 0.38 mm; O.D. 1,09 mm)
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• Pulselectroporator BioRad

Sequencing machine

Rubber form for embedding, Flacheinbetung Plana

• Spectrophotometer Mod. 100-40 Hitachi

• Vortex Genie 2 Scientific Industries
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3. Methods

3.1. Handling with animals

3.1.1. Culture condition

Animals were cultured in hydramedium at 18°C with 12 hour light cycle according to

the standard method (Lenhoff and Brown, 1970). Each Hydra strain was kept in a

separate 20 x 20 cm large plastic dish.  Polyps were fed 5 days a week with newly

hatched and rinsed with freshwater nauplia of brine shrimps Artemia salina. Artemia

larvae were hatched from cysts during 24-48 hours of incubation in artemia medium

at 32°C. Food rests were washed away and dishes were cleaned 6 hours after

feeding. All animals were last fed 24 hour prior to be used in experiments.

3.1.2. Grafting procedure

Grafts were produced as described (Rubin and Bode, 1982). Animals to be grafted

were cut transversely in the mid-gastric region, and complementary apical and basal

halves of two polyps were threaded on a fishing line held together by sleeves of

polyethylene tubing to facilitate healing. After 1-2 hours grafts could be taken off the

fishing line and maintained under standard conditions without feeding.

3.1.3. Preparation of heteroaggregates

Polyps were mechanically dissociated into a cell suspension in dissociation medium

and reaggregated essentially as described (Gierer et al., 1972). To prepare

heteroaggregates about 250 polyps of both Hydra vulgaris and Hydra oligactis were

separately dissociated in 20 ml DM-medium. For this animals were gently rubbed

with a finger through a plastic sieve with 0.5 mm mesh size under DM-medium.

Tissue pieces and large cell clusters were allowed to sink for 30 seconds, and nail-

like polypropylene microcentrifuge tubes (Roth) were filled with 400 µl of the

remaining cell suspension and centrifuged at 1200 g for 5 minutes at 18°C. The size

of resulting pellets allowed us to assess and equilibrate cell concentrations in both

preparations. For heteroaggregates equal volumes of Hydra vulgaris and Hydra

oligactis cell suspensions were carefully mixed together, filled in microcentrifuge
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tubes and pelleted as described above. The DM-medium was then diluted with

hydramedium to 75%, 50%, 33%, 25%, 10%, 5% in 6, 8, 20, 24, 32, and 36 hours

after reaggregation, respectively. 44 hours after reaggregation aggregates were

transferred into the pure hydra medium. Homoaggregates were always prepared in

each experiment to control the size and the quality of the preparation.

3.1.4. Preparation of macerates

Maceration of Hydra tissues enabled analysis of distinct cell types. Maceration

preparations were performed according to David (1972). Polyps were transferred into

a 1.5 ml Eppendorf tube, excessive hydramedium was removed and approximately

20 µl of maceration solution per animal was added. The tubes were incubated at

32°C for 15 minutes with occasional gentle shaking. In the course of this incubation

tissues disintegrated to single cells. The cells were then fixed with equal volume of

8% formaldehyde. The resultant cell suspension was distributed over a square space

on a glass slide pre-treated with 1% gelatine solution. To reduce surface tension of

the cell suspension a small drop of 1% Tween-20 detergent was placed on a glass

slide prior to the cell suspension. After the preparations dried they could be stained

by histological methods or analysed with phase contrast microscopy without

additional.

3.1.5. Tissue labelling with fluorescent beads

Fluorescent latex beads labelled with FITC were used to fluorescently label hydra

cells by phagocytosis as described previously (Technau and Holstein, 1992).

Endodermal epithelial cells could be selectively labelled by injecting a 2.5% bead

suspension into the gastric cavity using a glass capillary. For selective labelling of

ectodermal epithelial cells 24-hours starved H. vulgaris polyps were incubated for 15

hours in a 0.025% beads suspension. Surprisingly, ectodermal cells of H. oligactis

could not be labelled by the same procedure. Prior to use all experimental animals

were carefully washed with hydramedium.

3.2. Histological methods



METHODS                                                                                                                   36

3.2.1. Embedding in paraffin and sectioning

At a certain time after reaggregation heteroaggregates were relaxed in urethane for

one minute and then fixed with 4% formaldehyde in hydramedium. Dehydration was

carried out by incubating samples for one hour in each 70%, 80%, 90%, 100%, 100%

EtOH. At the last step a few crystals of eosin have been added to ethanol solution to

facilitate tissue recognition during embedding.  Samples were then incubated in three

changes of methylbenzoate for two hours each. After incubation in two changes of

benzol, each for 10 min, samples were transferred into a 1:1 mixture of benzol and

paraffin (Paraplast-plus, Eydam) for 10 min at 30°C. Thereafter samples were

infiltrated with paraffin by incubating 3 x 2 hours at 56°C. Preparations were

hardened in ice-cold water, blocks were trimmed and set up on a wooden form ready

to be sectioned. 5-7 µm thick sections were prepared with a conventional microtome

(Jung AG, Heidelberg) and spread on a drop of clean water on a glass slide (Menzel-

Gläser), which was pre-treated with egg albumin. Sections were stuck to the glass

slide when water dried out.

3.2.2. Embedding in historesin

 „Historesin Embedding Kit“ was used as an embedding resin. The advantage of the

resin over paraffin is that embedded tissue is clearly visible and histological stainings

can be carried out directly on a section surface without the need to remove an

embedding medium. Resin was prepared according to the manufacturers protocol.

50 ml Basic Resin Liquid was mixed with 0.5 g Activator and stirred overnight at 4°C.

Animals were fixed as described above. Dehydration was carried out by incubating

animals 2 x 20 min in each 30%, 50%, 70%, 80%, 90% and 96% EtOH. Tissues were

infiltrated for 1.5 hours in a mixture of 2 parts 96% EtOH and 1 part Historesin

Solution. Infiltration was then continued for another 1.5 hours in 1:1 mixture of

historesin and 96% EtOH and then additional 1.5 hours in a 2:1 mixture. Then

animals were transferred into a pure historesin solution and incubated overnight.

Polymerisation solution was prepared by mixing 3 ml Historesin and 0.2 ml hardener

and stirred for 5 minutes. Animals were incubated for 1 hour in a new portion of

Historesin and then transferred into polymerisation solution poured in rubber forms.
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After incubating 1 day at 4°C followed by 1 day at 60°C the resin was polymerised. 2-

5 µm sections were prepared as described above.

3.2.3. Electron microscopy

3.2.3.1. Embedding

One-day-old Hydra vulgaris - Hydra oligactis heterografts were relaxed in 2%

urethane for a few minutes, then fixed with 3.5% glutaraldehyde in 0.05 M cacodylate

buffer, pH 7.4, for 18 hours at 4°C.  After washing with 0.075 M cacodylate buffer for

30 minutes animals were postfixed with 1% OsO4 in 0.075 M cacodylate buffer for 2

hours at 4°C. After additional washing for 30 minutes animals were dehydrated. For

that they were consecutively incubated for 15 minutes in each 50%, 60%, 70%, 80%,

90%, 100%, 100% EtOH. After incubating 2 x 30 minutes in 1,2-propylenoxide it was

proceeded with infiltration with Agar 100 resin (Agar Scientific, Ltd., Essex), which is

an equivalent of Epon 12. Components of the embedding resin were mixed according

to the manufacturers protocol for the “hard” version. Animals were infiltrated for 30

minutes in 1:1 mixture of propylenoxide and Agar 100 resin followed by additional

incubation for 30 minutes in 1:3 mixture at room temperature. Incubation in the pure

Agar 100 resin was carried out overnight at 4°C. Finally samples were placed into

rubber forms in a new portion of the resin and polymerised at 60°.

3.2.3.2. Sectioning: semi-thin sections

Blocks with embedded tissues were trimmed with a razor blade and, first, semithin

sections were cut at the Ultracut E ultratom (Leica) to roughly evaluate tissue

morphology. Semithin sections were cut with a glass knife and captured on a glass

slide. They were stained according to Richardson et al. (1960) with a solution

containing 0.5% methylene blue, 0.5% borax, and 0.5% Azur II in ddH2O. Staining

was carried our at 60°C for 1-2 minutes. Here basophilic and osmiophilic structures

were stained blue while metachromatic substances were red-violet.
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3.2.3.3. Sectioning: ultrathin sections

Ultrathin sections were prepared with the same ultratom with a diamond knife.

Sections were captured on round grids previously treated with 1.2% pioloform

dissolved in chloroform.

3.2.3.4. Contrasting

To enhance the contrast of fine structures seen under electron microscope, ultrathin

sections were additionally stained with uranium and lead. For that ultrathin sections

were first treated with 2.5% uranylacetate solution for 5 minutes, rinsed with ddH2O,

and then treated with lead citrate solution (prepared freshly from lead acetate and

sodium citrate) for 2 minutes (Reynolds, 1963).

3.2.3.5. Microscopy

Ultrathin sections were analysed under a transmission electron microscope CM10 or

EM 208 S (Philips).

3.3. Staining procedures

3.3.1. Histochemical procedures

3.3.1.1. Methylene blue / basic fuchsin

5-7 µm thick sections of testes tissue embedded into Historesin were directly stained

without removal of the resin. Thus, staining occurred only on the surface of a section.

First, sections were stained for 1 hour on a heating plate in a solution containing 2%

methylene blue dissolved in 1% aqueous borax. After sections were washed with

ddH2O they were counterstained with 1% aqueous solution of basic fuchsin.

Methylene blue intensively stained nuclei while fuchsin stained cytoplasm.
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3.3.3.2. Feulgen staining

Feulgen staining enables quantitative staining of DNA in the cells. The principle of

the reaction is that under weak acidic condition DNA becomes depurinated thus

making polynucleotide aldehyde groups accessible for further reaction with

fuchsinsulfuric acid (Schiff’s reagent). The resultant product has an intensive red-

violet coloration.

Glass slides with maceration preparations (macerates) were washed in ddH2O for 10

minutes and then acidic hydrolysis was carried out by incubating in 1N HCl at 60°C

for 12 minutes. After rinsing in cold ddH2O nuclei were stained for 1 hour in the

Schiff’s reagent (Sigma). The preparations were then washed twice in SO2 containing

solution (200 ml tap water, 10 ml 1N HCl, 10 ml 10% potassium pyrosulfit K2S2O5).

After additional washing in ddH2O for 10-15 minutes cytoplasm was stained in 1%

light green (Merck) for 2 minutes and preparations were dehydrated in alcohol series:

15 sec in 50% EtOH, 30 sec in 90% EtOH, 2 x 2 min in 100% EtOH. To remove

alcohol rests, preparations were incubated 2 x 2 min in xylol and then embedded in

Canada balsam (Merck).

3.3.2. Immunohistochemical procedures

3.3.2.1. Removal of cross-species reacting antibodies

Species-specific antibodies (mouse polyclonal antisera) raised against membrane

fractions of H. vulgaris or H. oligactis had approximately 40-50% crossreactivity

(Samoilovich et al., 2001). To remove cross-species reacting antibodies from the anti

- H. vulgaris – antiserum it was preincubated with fixed H. oligactis material. For this

20 H. oligactis polyps were dissociated into single cell suspension in 1 ml DM-

medium as described above and fixed by adding 100 µl of 37% formaldehyde. In 2

hours fixed cells were washed 5 times with PBS-Tween by repeated centrifugation

for 3 min at 5000 g and resuspension. After the last centrifugation the pellet was

resuspended in 0.5 ml PBS-Tween, 3-5 µl anti – H. vulgaris were added and
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incubated overnight at 4°C. Before the experiment H. oligactis cell material was

removed from the antibody solution by centrifuging it twice at 8000 g for 5 minutes.

To remove cross-species reacting antibodies from the anti – H. oligactis antiserum it

was preincubated the same way with fixed cells of H. vulgaris.

3.3.2.2. Immunostaining on paraffin sections

To rehydrate paraffin embedded material, glass slides with sections were incubated

twice in xylol for 10 minutes. Then they were transferred into 100% EtOH for 15

minutes followed by 5 minutes incubation first in 90% EtOH and then in ddH2O.

Unspecific protein sticking was blocked by incubating the sections in PBS-Tween

containing 1% BSA. All incubations were carried out in a humid chamber.

Preparations were then covered with 150 µl antiserum solution and incubated

overnight at 4°C. The next day preparations were washed from excessive antibodies

by incubating in four changes of PBS-Tween for 1 hour each at room temperature.

To visualize the primary antibodies, preparations were covered with FITC-labelled

secondary sheep-anti-mouse antibodies (1:50 dilution; Boehringer Mannheim

Biochemica) and incubated overnight at 4°C. The next day they were washed as

previously and counterstained by incubating for 30 minutes in a solution of toluidine

blue (several crystals per ml). Tissues stained with toluidine blue had a red

fluorescence when viewed with FITC-filter set. Thus, tissues specifically stained with

FITC-labelled antibodies appeared green while unlabelled tissues appeared red due

to the background staining with toluidine blue. Stained preparations were embedded

in 1:1 solution of PBS:Glycerol and viewed under fluorescence microscope with FITC

filter set.

3.3.2.3. Immunostaining on ultrathin sections

Cross-species reacting antibodies were removed from a specific antiserum as

described above. All incubations were carried out by placing a grid with ultrathin

sections on the top of appropriate solution drops put on a piece of parafilm. Prior to

contrasting, unspecific binding sites were blocked by incubating the grids in PBS
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containing 0.1% Triton and 3% BSA. (PBS-Triton-BSA) for 30 minutes. Incubation

with the primary antibody diluted as above in PBS-Triton-BSA was carried out at

37°C for 1 hour. Preparations were then washed 4 x 5 minutes with PBS-Triton-BSA

and incubated with the secondary goat-anti-mouse antibodies (Sigma) coupled with

10 nm large gold particles (1:20 dilution in PBS-Triton-BSA) for 40 minutes at 37°C.

Preparations were then washed 4 x 5 minutes in PBS-Triton-BSA followed by

washing 4 x 1 minute with ddH2O. Then the preparations were contrasted with

uranylacetate and lead citrate as described.

3.3.2.4. Whole mount staining with antibodies

One-day-old heterografts were relaxed for 1 minute in 2% urethane and fixed with

4% formaldehyde for at least 4 hours at 4°C. Then they were washed with PBS. The

following staining procedure was exactly as it was described for paraffin sections,

except for that the counterstaining with toluidine blue was not necessary. Stained

animals were mounted on glass slides in 1:1 solution of PBS:Glycerol and viewed

under fluorescence microscope with FITC filter set.

3.4. Apoptosis assays

3.4.1. Acridine orange staining

Acridine orange is a cationic acidophilic dye, which specifically stains apoptotic cells

within phagocytic vacuoles with low pH value (Schwarz and Wittekind, 1982; Clerc

and Barenholz, 1998). Living Hydra polyps were incubated in 0.1µM solution of

acridine orange in hydramedium for 15 minutes. Then the animals were washed with

hydramedium 4 times and mounted on a glass slide in a drop of 2% urethane

solution. Living animals were then viewed under fluorescence microscope with a

FITC filter set.

3.4.2. TUNEL staining



METHODS                                                                                                                   42

DNA fragmentation is a hallmark of apoptosis and can be revealed by biochemically

labelling free DNA termini by the TUNEL (terminal deoxynucleotidyl transferase–

mediated dUTP nick end-labelling) method (Gavrieli et al., 1992).

Hydra polyps were relaxed in 2% urethane and fixed with 4% formaldehyde for 2

hours at room temperature. After initial washing in PBS for 5 minutes animals were

permeabilized by incubating 2 x 15 minutes in PBS containing 1% Triton X-100. The

solution was then replaced by PBS-Tween and animals were incubated 2 x 15

minutes. Additional incubation with PBS was carried out twice for 15 minutes. Before

the end-labelling reaction, animals were incubated for 1 hr in 200 µl 1 x TdT buffer

(Roche) at room temperature. The solution was replaced with 100 µl TdT buffer

containing 0.5 µM digoxigenin-labelled dUTP and 150 U/ml TdT-enzyme. The

reaction was allowed to continue for 2 hours at 37°C and then stopped by incubating

2 x 1 hour in PBS/EDTA solution, at 65°C.  Animals were then washed  4 x 1 hour

with PBS at room temperature and then in PBS/Triton/BSA for 15 min. To block

unspecific antibody binding sites, animals were incubated in the blocking buffer (25%

inactivated sheep serum in PBS-Tween) for 1 hour at room temperature. The solution

was then replaced with the blocking buffer containing a 1:5000 dilution of anti-

digoxigenin antibody coupled to alkaline phosphatase. Incubation was carried out

overnight at 4°C. The next day animals were washed 6 x 1 hour with PBS-Triton-

BSA. Then animals were incubated 2 x 5 minutes in the alkaline phosphatase buffer

and transferred into a well of a 24 well plate. Solution was replaced with 1 ml alkaline

phosphatase buffer containing NBT/BCIP diluted1:50. After the colour reaction

developed, it was stopped by replacing the solution with 96% EtOH. Finally the

animals were embedded in Euparal (Merck) and analysed under the microscope.

TUNEL staining on macerates was carried out according to the same procedure.

3.5. Molecular techniques

To estimate precisely the degree of phylogenetic divergence between the three

strains of H. vulgaris, molecular techniques were applied.

3.5.1. Extraction of genomic DNA for PCR
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Genomic DNA was extracted from one tentacle of a single polyp using chelating resin

Chelex-100 (Walsh et al., 1991). This method of genomic DNA isolation was

preferred over conventional ones because it was simple and enabled analysis of

individual variability between the animals.

One tentacle of each polyp was cut and transferred into a 200 µl PCR-tube. All

hydramedium was removed and 25 µl of 10 mM Tris-HCl buffer, pH 11, containing

20% (w/v) Chelex-100 resin (Sigma) were added. The mixture was boiled for two

hours in a PCR-machine with a hot-top (Primus 96 plus, MWG Biotech). During this

time the tube was occasionally shaken to facilitate tissue rupture.

The resultant crude extract of genomic DNA could be directly used as a template for

a PCR reaction. Alternatively, it could be stored shortly at 4°C or longer at –20°C.

3.5.2. PCR-based methods

3.5.2.1. RAPD analysis

RAPD (Rapid Amplification of Polymorphic DNA) analysis represents a low-

stringency PCR-based method to randomly amplify a number of genomic fragments

in a single reaction. Subsequent analysis of the pattern of amplified products allows

to quantitatively estimate differences between samples (Williams et al., 1990).

I used RAPD method to estimate gross genomic differences between polyps of the

three different strains of H. vulgaris. Crude extracts of genomic DNA were prepared

from at least 5 polyps of each strain as described above, and used as a template for

PCR amplification. PCR reaction was prepared as delineated in the table below:

Component Volume (µl) Final concentration

10 x PCR Buffer (Amersham) 1 1 x

Template DNA 0.5 ----

Primer (10 µM)* 0.2 0.2 µM

MgCl2 (50 mM) 0.1 2 mM **

dNTPs (1 mM each) 1 100 µM

Taq Polymerase (5U/µl)(Amersham) 0.1 0.05 U/µl

ddH2O 7.1 -----

Total 10
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(*) – decamer primers with a randomly chosen sequence were used (OPA-1 through

OPA-10)

(**) – The 1 x PCR Buffer (Amersham) contained 1.5 mM MgCl2

Amplification was carried out in a „Primus 96 plus“ (MWG Biotech) PCR-machine

with the maximum ramping time according to the following programme:

1) Denaturation   3   min 95°C

2)  45 cycles:

 Denaturation 40 sec  95°C

 Annealing                  1  min  36°C

 Elongation                   1   min  72°C

 3)  Elongation                2   min  72°C

After the reaction was completed, 2 µl 6 x DNA loading buffer was added and

amplification products were separated in 1% agarose gel containing 0.03% ethidium

bromide and viewed under UV-illumination.

Fig. 3.1  Variable and stable RAPD patterns from 5 individual H. vulgaris Ploen

polyps with two different primers. 1-5 - different individuals. OPA-2 and OPA-3 –

primers used for amplification.
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Several primers have been tested in RAPD analysis. Some of them such as OPA-2

revealed individual differences between polyps within one strain, while others such

as OPA-3 produced a stable pattern for each strain (Figure 3.1).

3.5.2.2. Amplification with sequence-specific primers

As an alternative to the RAPD method, quantitative estimation of genomic differences

between the H. vulgaris strains could be achieved by direct sequencing of a

comparable genomic segment from all three strains. An intron recently recognized in

the Cnox-2 gene of H. vulgaris was chosen as a reference. As an intron and thus a

non-coding region, it might contain nucleotide substitutions even in very close

populations. Two sequence-specific primers were designed based on the published

sequence of the Cnox-2 homeobox gene from H. vulgaris (GenBank accession

number AJ277388):

forward primer    Cnox-2_vul_F          5’-GAACCAGGTGAAGGTACCTCTTC-3’

reverse primer    Cnox-2_vul_R          5’-CTGAATGCTAGTATACGCGGTTCG-3’

Component Volume (µl) Final concentration

10 x PCR Buffer (Gibco) 2 1 x

Template DNA 1 ----

Forward primer (10 µM) 2 1 µM

Reverse primer (10 µM) 2 1 µM

MgCl2 (50 mM) 0.8 2 mM

dNTPs (25 mM) 0.2 250 µM

Taq Polymerase (5U/µl) (Gibco) 0.2 0.05 U/µl

ddH2O 12 -----

Total 20

Amplification was carried out in the Primus 96 plus (MWG Biotech) thermocycler

according to the following programme:
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1) Denaturation   2   min 95°C

2)  35 cycles

 Denaturation       45 sec  95°C

 Annealing                    45 sec  63°C

 Elongation                   45 sec  72°C

 3)  Elongation                   2   min  72°C

After the reaction was completed 10 µl of the resultant mixture were mixed with 2 µl

DNA loading buffer and analysed in an agarose gel. If a single clear band of

approximately expected size was seen, an aliquot from the remaining PCR reaction

mixture was used to directly ligate the fragment into pGEM-T vector.

3.5.3. Agarose gel-electrophoresis

PCR fragments, depending on the expected size, were separated in agarose gels

containing between 1% and 1.5% agarose. To visualize DNA-bands ethidiumbromide

was included into the gels (0.03%). 1 x TAE was used as a running buffer. After

DNA-loading buffer was added to the samples, DNA fragments were separated

electrophoretically usually at 70-90 V. The size of DNA fragments was estimated

under UV-illumination according to the comigrating DNA-size standards such as 100

base pair ladder.

3.5.4. Cloning

3.5.4.1. Ligation into pGEM-T vector

T/A-cloning is based on the ability of a Taq-polymerase to add an additional adenine

to the 3‘-end of a double-stranded DNA fragment. PCR fragments with A-overhangs

can be easily cloned  into linearized vectors with T-overhangs at the 5‘-ends, such as

pGEM-T.

Ligation into pGEM-T vector was carried out according to the manufacturers

(Promega) protocol. 3 µl PCR product were added to 5 µl Ligation Buffer, 1 µl vector,

and 1 µl T4-Ligase. Reaction was carried out at 4°C for more than 16 hours.
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3.5.4.2. Competent cells

Electrocompetent cells of E. coli XL-1 Blue strain were used for transformation. To

prepare them, a single colony of this strain was grown overnight at 37°C in 3 ml

SOB-Medium containing 12 µg/ml tetracyclin. 2 ml of the overnight culture were

transferred into 50 ml SOB-Medium and incubated at 37°C for further 3-4 hours until

they reach logarithmic phase (OD600=0.5-0.6). After centrifugation 10 minutes at 3000

g bacterial pellet was washed with 50 ml cold ddH2O. Then bacteria were centrifuged

once more and washed first with 25 ml cold ddH2O and then with 2 ml of cold 10%

glycerol. After the last pelleting (10 minutes, 3000g) bacteria were resuspended in

200 µl 10% glycerol,  divided into 40 µl-aliquots and frozen at –80°C.

3.5.4.3. Transformation

For electroporation of bacteria, electroporation cuvets (Bio-Rad, distance between

electrodes 1 mm ) were taken out of the storage solution (70% EtOH), washed

several times with ddH2O and irradiated in UV-crosslinker to destroy the remaining

DNA. The cuvets were cooled on ice before usage and SOC-Medium was warmed to

37°C. 40 µl – aliquots of electrocompetent cells were thawed on ice. 1 µl ligation

product was added to the cells, mixed thoroughly and immediately transferred into a

cooled electroporation cuvet. The electroporation parameters were set at 1.7 kV, 25

µF and 200 Ohm. Optimal impulse time reached 4.0 – 5.0 msec. After electric pulsing

bacteria were immediately mixed with 1 ml warm SOC-Medium and shaken at 37°C

for one hour. 200 µl of the cell suspension were then plated out onto LB-Ampicillin

plates and incubated overnight at 37°C. For white / blue selection of bacterial clones

containing vector with an insert, 50 µl X-Gal (50 mg/ml) and 100 µl IPTG (100 mM)

were plated on a plate before transformation.

3.5.4.4. Insert-check
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To prove whether white colonies contained the correct insert, the length of the

fragment was checked by PCR reaction with vector-specific primers (Sp6 and T7).

A single overnight grown colony was picked from an agar-plate and transferred into a

200 µl –PCR tube containing the following components:

Component Volume (µl) Final concentration

10 x PCR Buffer (Pharmacia) 1 1 x

T7      primer (10 µM) 0.5 0.5 µM

Sp6   primer (10 µM) 0.5 0.5 µM

MgCl2 (50 mM) 0 1.5 mM

dNTPs (10 mM) 0.1 100 µM

Taq Polymerase (5U/µl) 0.1 0.05 U/µl

ddH2O 7.8 -----

Total 10

Amplification was carried out in the Primus 96 plus (MWG Biotech) thermocycler

according to the following programme:

1) Denaturation   2   min 95°C

2)  40 cycles

 Denaturation                45 sec  95°C

 Annealing                     45 sec  52°C

 Elongation                    45 sec  72°C

 3)  Elongation                    2   min  72°C

After the reaction was completed, 2 µl DNA loading buffer were added to the

resultant mixture and analysed in an agarose gel as described above.

10 positive clones for each cloned PCR product were then sequenced.

3.5.5. DNA sequencing and sequence analysis
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3.5.5.1. Plasmid purification

To isolate plasmids from bacteria the „High Pure Plasmid Isolation Kit“ (Roche) was

used. Plasmid purification was carried out from 4 ml overnight bacterial culture

according to the manufacturers protocol. First, bacterial cells were lysed in alkaline

conditions. At this step bacterial RNA is digested due to the presence of RNase A. In

the presence of chaotropic salt guanidiniumhydrochlorid the plasmid-DNA binds

specifically to glassfibers on „High Pure Filters“. The bound DNA is cleaned from

bacterial substances via repeated quick wash- and centrifugation steps. Finally DNA

is eluted from glassfibers with  100 µl  low-salt buffer.

3.5.5.2. DNA sequencing

DNA sequencing was carried out using the SequiTherm EXCEL II DNA Sequencing

Kit-LC (Epicentre Technologies). This technique is based on the Sanger dideoxi-

mediated chain-termination method (Sanger et al., 1977). Fragments were amplified

in a thermocycler with a T7 or Sp6 primer labelled with fluorescent dye IRD-800 at

the 5‘-end (MWG Biotech) to enable band detection in the automated sequencer.

Reactions were set up according to the manufacturers protocol. Sequencing reaction

products were separated and detected in a LI-COR Gene ReadIR 4200 (MWG

Biotech) automated sequencing machine and analysed with the manufacturers

software.

3.5.5.3. Sequence analysis

Sequences of at least 3 clones from each of 3 individuals of each H. vulgaris strain

were compared with one another and the published sequence of H. vulgaris Cnox-2

gene (GenBank accession number AJ277388). Sequences were aligned using

ClustalW multiple sequence analysis software, version 1.8 (Thompson  et al., 1994)

available at the ClustalW internet server of the Baylor College of Medicine under

URL: http://dot.imgen.bcm.tmc.edu:9331/multi-align/Options/clustalw.html.

Intron sequence was recognized as a piece absent in the published mRNA

sequence. Surprisingly, the second last base before the intron was different in

fragments isolated here from that in the published sequence: T(514) and C(514),

respectively.
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4. Results

4.1. Role of epithelial cells and apoptosis in Hydra

spermatogenesis

4.1.1. Morphological features of Hydra spermatogenesis

Prior to conduct apoptosis assays, testes morphology was re-examined for the H.

vulgaris PA2 strain. As shown in figure 4.1 A, a male „gonad“ appears as a protrusion

in the ectoderm. Covered by the ectodermal epithelial cells, germ cells are organized

into layers of differentiating sperm precursors so that precursors of each stage

comprise a distinct layer (Figure 4.1 B and C). Spermatogonia comprise the most

basal layer of germ line cells adjacent to mesoglea. These are large cells with

interphase nuclei which frequently have two nucleoli suggesting high metabolic

activity. Primary and smaller secondary spermatocytes are located distally to

spermatogonia. These cells undergo meiotic divisions so that condensed

chromosomes can be frequently  observed in them. Spermatocytes comprise the

proximal half of the testis as seen in figure 4.1 B. Distally from spermatocyte layer

postmeiotic spermatids begin to differentiate into spermatozoa. Their nuclei assume

first the oval shape of the spermatozoan head then the cells form tails thereby

becoming mature spermatozoa. Spermatozoa leave testes being ejaculated through

a nipple-like structure at the top of the testis.

Ectodermal epithelial cells form not only the envelope of the testis in which

spermatogenesis occurs, but are also found between the developing sperm

precursors (Figure 4.1 B – D). Epithelial protrusions seem to divide the gonad into

peripheral chambers containing mainly spermatogonia and spermatocytes and

central chambers mainly occupied by differentiating spermatids and spermatozoa

(Figure 4.1 C and D). Due to the long epithelial protrusions, which stretch from the

surface towards the mesoglea, interstitial sperm precursor cells appear to be in close

contact to epithelial cells all along their differentiation pathway.
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Fig. 4.1 The anatomy of the testis in Hydra vulgaris. (A) Testis viewed under
phase-contrast illumination; (B) Methylene blue / basic fuchsin / borax stained section
of mature testes. Abbreviations: E - ectoderm; EN - endoderm; M - mesoglea; (C)
higher magnification �1000x) of the testis shown in (B). (D) Schematic diagram
illustrating the close relationship between epitheliomuscular cells and male germ cells
of all developmental stages. Abbreviations: SG - spermatogonia; SC -
spermatocytes; SD - spermatids; SZ - spermatozoa; E - ectodermal
epitheliomuscular cell.

4.1.2. Apoptosis in Hydra testes

In male polyps taken from the stock culture before the onset of sexual differentiation,

little or no signs of apoptotic cell death were found in the body column, when stained

with the vital dye acridine orange (Figure 4.2 A). In the foot, head and tentacle tissue

a slight increase in the number of acridine orange positive cells was observed, which

is consistent with previous observations (Cikala et al., 1999) and the fact that hydra

cells are dying at the extremities. However in sexually mature male polyps large

number of acridine orange positive cells was found within each testis (Figure 4.2 C

and E). The cells were not restricted to a certain region of the testis suggesting that

cells at various stages of spermatogenesis undergo programmed cell death.
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Figure 4.2 Acridine orange specifically stains Hydra testes. (A) Control polyp of
Hydra vulgaris. (B) Dark field microscopic view of a sexually mature male Hydra
vulgaris polyp. (C) the same polyp as shown in (B) stained with acridine orange.
Signs of massive cell death (green staining) appear in all the testes. Arrow
exemplifies one testis. (D and E) higher magnification of one of the testes shown in
(B and C), respectively. Signs of massive cell death are detectable throughout the
whole testes.

Acridine orange is a cationic (acidophilic) dye that stains vesicles with low pH value in

living cells (Schwarz and Wittekind, 1982; Clerc and Barenholz, 1998). Thus

phagocytosed apoptotic cells are acridine orange positive. However, the opposite is

not necessarily true, i.e.  we cannot assume that all acridine orange positive cells are

apoptotic. Therefore TUNEL assay enabling detection of the nuclei with fragmented

DNA, a hallmark of apoptosis, was adopted for Hydra (see Materials and Methods).

Hydra testes stained by TUNEL method are shown in figure 4.3.

Numerous nuclei undergoing DNA fragmentation have been found in Hydra testes. In

contrast to the acridine orange staining, TUNEL positive cells are located mostly at

the periphery of the testes and therefore most likely represent rather early stages of

spermatogenesis.

Hydra testes grow in size as the number of sperm precursors within the testis

increases. After the mature sperm appears, a nipple if formed by epithelial cells at the
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Figure 4.3 Whole-mount detection of DNA fragmentation in male Hydra vulgaris
by the TUNEL method (A). (B) Higher magnification of the polyp shown in (A)
demonstrating numerous TUNEL positive nuclei at the periphery of each testis.

top of the testis allowing the sperm to be ejaculated. Eventually each testis ceases

functioning and undergoes involution after 7-8 days (Brien and Reniers-Decoen,

1951). An involuting testis has a narrower basement part than the middle one.

Factors regulating growth of one testis and involution of the other simultaneously on

the same polyp are unknown. Interestingly, few, if any, TUNEL positive cells have

been observed in young testes that did not form a nipple yet (Figure 4.4 A).

Conversely, mature testes and testes undergoing involution revealed remarkably

many TUNEL positive nuclei, most of which were localized to the proximal layers of

the testes (Figure 4.4. B and C).

This suggests that apoptosis is not involved in early steps of spermatogenesis, but is

necessary when all types of sperm precursors are well established and later when

the whole structure has to be eliminated.
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Figure 4.4. Apoptosis at different stages of testes development. (A) Young
testis. (B) Mature testis. (C) Involuting testis. White arrows indicate TUNEL positive
cells. Black arrow shows a nipple.

4.1.3. Cell types undergoing programmed cell death

To identify the cell types undergoing apoptosis during spermatogenesis, maceration

preparations of sexually mature male polyps were subjected to the TUNEL assay. As

shown in figure 4.5, TUNEL positive cells can be found either as single cells (Figure

4.5 D) or in vacuoles within epithelial cells (Figure 4.5 A – C). Single cells comprised

7% of all TUNEL positive cells counted (17 out of 236; Figure 4.5 D). The remaining

93% of the TUNEL positive cells were found to be enclosed in phagocytic vacuoles

within epithelial cells with average density of about 2 phagocytosed cells per one

epithelial cells. It is more difficult to identify the type of the cells being enclosed in

phagocytic vacuole (Figure 4.5 B and C). According to the size and nuclear

morphology, however, at least some of the phagocytosed nuclei (54 out of the 219)

appear to belong to spermatozoa (Figure 4.5 A). Up to 10 spermatozoa could found

enclosed in one epithelial cell. The observation, that spermatozoa are phagocytosed

during spermatogenesis was confirmed by Feulgen staining (see below, Figure 4.6

D). Thus the remaining 75 % of the TUNEL positive cells must represent earlier

stages of spermatogenesis.
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Fig. 4.5 Sperm precursors undergo apoptosis at various stages of
spermatogenesis. (A–E) TUNEL stained maceration preparation of sexually mature
Hydra vulgaris male. (A) TUNEL positive spermatozoa (arrows) enclosed in
phagocytic vacuoles of an epithelial cell. SZ, spermatozoa; n, nucleus of the epithelial
cell. Arrowheads indicate TUNEL negative spermatozoa. (B) Apoptotic nuclei in long
protrusions of ectodermal epithelial cells (epi). (C) Epithelial cell containing
phagocytosed sperm precursors other than spermatozoa; arrows indicate apoptotic
bodies; n, nucleus of the epithelial cell. (D) Apoptotic spermatocytes prior to
engulfment. SG, spermatogonia; SC I, primary spermatocytes; SC II, secondary
spermatocytes; SZ, spermatozoa.. Scale bar corresponds to 2 µm.

4.1.4. Epithelial cells act as phagocytes and remove apoptotic sperm

precursors

Identification of apoptotic sperm precursor cells revealed that these cells are engulfed

and eliminated by ectodermal epithelial cells. Figure 4.5 demonstrates TUNEL

positive nuclei within phagocytic vacuoles of epithelial cells. While most of the

engulfed nuclei are located in the central part of the epithelial cell close to the

epithelial nucleus (Figure 4.5 A and C), TUNEL stained nuclei occasionally could also

be found in the long epithelial protrusions (Figure 4.5 B). This is surprising as the

long protrusions of epithelial cells were thought to form just physically supporting

pillars for a protruding testes (see figure 4.1 B and C).
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Fig. 4.6. Ectodermal epitheliomuscular cells function as phagocytes and
eliminate apoptotic sperm precursor cells. (A) Epithelial cell after pronase
treatment viewed under phase contrast; (B) The cell shown in (A) stained with
acridine orange. (C) Feulgen stained epithelial cell containing several apoptotic
bodies (arrows); n, nucleus of the epithelial cell. (D) Feulgen stained epithelial cell
containing spermatozoa (arrows); n, nucleus of the epithelial cell. Scale bar
corresponds to 3 µm.

To support the apoptosis data obtained by the TUNEL assay, male polyps were also

examined by staining cell preparations with acridine orange and Feulgen method.

When testes were dissociated by pronase treatment and stained with acridine

orange, about 5% of the ectodermal epitheliomuscular cells contained large numbers

of acridine positive vacuoles (Figure 4.6 A and B). In some cases the form and size

of the acridine orange positive material enclosed into such vacuoles was somewhat

reminiscent of those of spermatozoan heads (Figure 4.6 B). Analysis of Feulgen

stained preparations (Figure 4.6 C – D) provides additional evidence that Hydra

ectodermal epitheliomuscular cells serve as phagocytes to eliminate apoptotic sperm

precursors.
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4.2. Role of apoptosis in interspecific grafts in Hydra

4.2.1. Apoptosis is induced in interspecific grafts

Increased incidence of phagocytosis in the graft area was reported previously for H.

vulgaris – H. oligactis heterografts  and proposed to be a mechanism for epithelial

cells to eliminate non-self cells (Bosch and David, 1986). In order to examine whether

phagocytosis is preceded by induction of apoptosis in such heterografts, grafts

between H. oligactis and H. vulgaris Basel strain were prepared, and subjected to

apoptosis detection assays 24 hours after grafting.

Fig. 4.7 Apoptosis is induced at the graft border in heterografts. (A and B) – 24-
hours-old heterografts vitally stained with acridine orange. (C) - a 24-hours-old
heterograft stained by TUNEL method. (D – F) graft sites indicated by frames in (A –
C), respectively, under higher magnification. (o) –H. oligactis tissue; (v) – H. vulgaris
tissue. Dotted line indicates the graft border. Arrows show acridine orange- or
TUNEL-positive cells undergoing apoptosis. Note that most of them are apparently
restricted to the H. vulgaris tissue adjacent to the graft border.
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Rare apoptotic cells were found scattered throughout the entire body of polyps in

heterografts and homografts, and some more of them were usually detected in

tentacles and in the foot region, where cell deaths normally occur (Figure 4.7 A, B

and Figure 4.8). Interestingly, H. oligactis polyps appeared to contain generally fewer

apoptotic cells when compared to H. vulgaris, suggesting that cell susceptibility to

death signals may be different in these two species.

Fig. 4.8 Apoptosis is not induced in control homografts. 24-hours-old homografts
of H. oligactis – H. oligactis (A) and H. vulgaris – H. vulgaris (B) vitally stained with
acridine orange. Arrows indicate the grafting site recognizable as a constriction line in
the mid-gastric region.

Both vital staining with acridine orange and TUNEL assay revealed increased

number of apoptotic cells at the graft site in heterografts when compared to control

homografts (Figure 4.7 and 4.8). In heterografts apoptotic cells were found restricted

to  the H. vulgaris portion adjacent to the graft border irrespective of the species

orientation in the grafts, i.e. whether one species was placed distally or proximally

relative to the other (Figure 4.7 D – F). This indicated that an active process resulting

in induction of programmed cell death was initiated when tissues of these two

species came in close contact.

In order to get insight into the processes, which cause induction of apoptosis in

heterografts, their behaviour and morphology of the grafting site was investigated.

4.2.2. Stability of interspecific grafts
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Grafts between different Hydra species were long considered as a model for the

ancestral form of transplantation immunity (Kolenkine, 1958; Kanaev, 1969). It was

shown that depending on species combination grafted pieces either separated after a

certain time or stayed indefinitely as a chimera. Though phylogenetically diverged

species usually separated when grafted, different outcomes were reported for

interspecific grafts between H. vulgaris and H. oligactis (Campbell and Bibb, 1970;

Bosch and David, 1986). Therefore stability of heterografts used in this study was

assessed.

Fig. 4.9  Stability of H. vulgaris – H. oligactis heterografts after grafting. (A , B
and C) – H. vulgaris (apical) – H. oligactis (basal) heterograft 1 day, 3 days, and 7
days after grafting, respectively. Inlet in (B) is the graft region of the chimera shown in
(B) under higher magnification. (D) – Graf showing decrease in stability of
heterografts. Values are means + S.D. The solid line is the polynomial trend line
through the data points.

H. vulgaris – H. oligacis heterografts were found to be not permanently stable.

Transplanted halves of H. vulgaris and H. oligactis polyps fused 1-2 hours after

grafting and appeared best healed 1 day after the procedure (Figure 4.9 A).

However, the graft border could be still identified by a small furrow in the mid-gastric

region and a slight constriction. Surprisingly, a clump of tissue became clearly visible

in the gastric cavity at the level of the graft border a few days later (Figure 4.9 B). In

the course of the next days a constriction advanced at the position of a heterotypic

junction in the ectoderm (Figure 4.9 C) eventually resulting in pinching apart of the

grafted halves. The dynamics of separation of the heterografts is shown in figure 4.9

D. All of the 179 H. vulgaris – H. oligactis grafts in 5 independent experiments

eventually fell apart within the period of 3 weeks. The average time of parabiosis was

5.5 days. Control H. vulgaris – H. vulgaris and H. oligactis – H. oligactis homografts
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never separated. Graft junction perfectly healed a few hours after grafting and was

hard to be identified in the next days.

The separation rate between H. vulgaris (apical) – H. oligactis (basal) heterografts

did not differ significantly from the vice versa oriented grafts. Separation dynamics of

84 H. vulgaris – H. oligactis heterografts and 95 H. oligactis – H. vulgaris heterografts

was compared by pairwise two-side Student’s t-test. The probability that they are

different had a value of 0.03425, thus below the 5% confidence interval. However, as

seen in the graph (Figure 4.9 D), the variability of the values for the period between 2

– 7 days after grafting was relatively high. This seemed to be dependent on the

quality of the grafting performance so that the better the grafting was done, the

longer both species stayed together.

4.2.3. Morphology of the heterotypic junction in the ectoderm

Richard Campbell proposed (Bibb and Campbell, 1973a), that stability of Hydra

heterografts was caused by poor adhesion between foreign ectodermal epithelial

cells rather than by a dedicated histocompatibility system. In order to test whether

poor adhesion undermined graft stability in our case, septate junctions between

foreign cells in the ectoderm were investigated at electron microscopic level.

Fig. 4.10 Species-specific antibodies recognize glycocalyx antigens. (A) –
Uncontrasted ultrathin section through the H. vulgaris – H. oligactis graft site.
Antibodies coupled with  10 nm large gold particles stain mainly glycocalyx of H.
vulgaris. (B) – The same preparation as in the figure 2.14 stained with gold-coupled
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antibodies. Arrows indicate the heterotypic intercellular contact. Scale bar
corresponds to 0.5 µm.

Fig. 4.11  Ultrastructure of homotypic and heterotypic septate junctions in the
ectoderm of a 24-hours-old heterograft (A) – The left and the right white arrow
heads show homotypic junctions between two cells of H. oligactis (o), enlarged
in (B), and two cells of H. vulgaris  (v), enlarged in (D), respectively. Note regular
septae and spaces between cell membranes. (C) – enlargement of the
heterotypic junction indicated by the black arrowhead in (A). White arrows in
(A) show the course of the heterotypic contact  with a few irregular septae and
spaces between cell membranes shown in (C). (g) -  glycocalyx. Note its
species-specific differences. Scale bars correspond to 0.5 µm.

24-hours-old H. vulgaris – H. oligactis heterografts were prepared for electron

microscopy. To precisely identify the position of the heterologous cell junction, cells

of one species were labelled with species-specific antiserum (Samoilovich et al.,

2001). This antiserum was raised by immunizing a mouse with membrane fraction of

H. vulgaris. It proved to strongly label glycocalyx of H. vulgaris on unltrathin sections

(Figure 4.10). The heterotypic junction could then also be recognized as a cell

junction at the transition from one cell with a thick glycocalyx characteristic for H.

oligactis ectodermal epithelial cells to a cell with a thinner glycocalyx characteristic for

H. vulgaris ectodermal epithelial cells (Figure 4.10 B and Figure 4.11 A and C).

Heterotypic contacts usually appeared as a few scattered septae-like elements in the

places of desmosomes. Spaces between cell membranes of the two foreign cells
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were highly irregular (Figure 4.11 C). On the contrary, the same cells demonstrated

normal morphology of septate desmosomes at the opposite to the heterotypic contact

sides where they contacted another cell of the same species (Figure 4.11 B and D).

Here the junctions were well extended, with regular septae and spaces between cell

membranes as previously described (Wood, 1959).

Thus our data are in line with previous observations on septate junctions in

interspecific grafts and suggest that poor adhesion between foreign cells in the

endoderm is the true reason of instability of the H. vulgaris – H. oligactis heterografts.

4.2.4. Differential epithelial movement at the graft site

As mentioned in chapter 4.2.2., a clump of tissue became clearly visible in the gastric

cavity at the level of the graft border  as soon as 24 hours after grafting and

progressed in the course of the next days of parabiosis. No similar observations were

found in the literature available to date. We investigated this phenomenon

histologically as it might be relevant to induction of apoptosis in this region.

The dark clump could be observed inside at the level slightly shifted into the H.

vulgaris portion from the grafting site (Figure 4.12 A). The region between the grafting

site and the place where the tissue clump apparently touched endoderm of H.

vulgaris was a little swollen. Longitudinal histological sections through the

heterografts revealed that this clump corresponded to the endodermal tissue of H.

vulgaris detached from the mesoglea and hanging into the gastric cavity (Figure 4.12

B). Thus it seemed that the H. oligactis endoderm has moved upwards and displaced

the endoderm of H. vulgaris.

To test whether H. oligactis endoderm in fact moved faster than the ectoderm and

partially replaced H. vulgaris endoderm in heterografts, the following experiment was

performed. First, endoderm of H. oligactis polyps was labelled with fluorescent latex

beads (see Materials and Methods). Then such H. oligactis polyps were grafted with

unlabelled H. vulgaris polyps in reciprocal combinations. They were fixed 2 or 24

hours after grafting and stained with H. vulgaris – specific polyclonal antibodies.

These grafts were then examined under fluorescence microscope (Figure 4.13).

Here, antibodies clearly stained ectodermal layer of H. vulgaris, while fluorescent

beads stained endodermal layer of H. oligactis. This allowed us to identify borders
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between the two species both in ectoderm and in endoderm simultaneously to

assess their movements relative to each other.

Fig. 4.12 Appearance of the graft site in heterografts. (A) – 1-day-old heterograft
with H. vulgaris half placed distally and H. oligactis proximally. Inlet – the grafting site
under higher magnification. (B) – longitudinal section through a heterograft similar to
that in (A). Note a clump of H. vulgaris endodermal tissue hanging into the gastric
cavity. Solid arrowhead – heterologous contact in the ectoderm. Open arrowhead –
endoderm detachment site. Arrows – movement direction of H. oligactis endoderm.

In H. oligactis (distal) – H. vulgaris (proximal) heterografts contacts between the

species both in ectoderm and in endoderm were at the same level 2 hours after

grafting (Figure 4.13 B and G). However, 22 hours later a region could be identified

where antibody labelled ectoderm (H. vulgaris) and fluorescent beads-labelled

endoderm (H. oligactis) overlapped (Figure 4.13 C and H) suggesting that H. vulgaris

endoderm was displaced by the endoderm of H. oligactis moving downwards.

Similarly, in heterografts with the opposite species orientation no overlapping was

found early after grafting (Figure 4.13 D and I), while, again, labelled ectoderm

partially overlapped beads-labelled endoderm 24 hours after grafting (Figure 4.13 E

and J). Here H. oligactis endoderm appeared to move upwards. This confirms the

observations described previously (Figure 4.12).
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Fig. 4.13 Differential movement of H. oligactis endoderm and ectoderm in
heterografts. (A and F)  - control 24-hours-old H. vulgaris homografts. Ectoderm of
the upper half and endoderm of the lower half is labelled with fluorescence latex
beads. No overlapping or divergence  of labelled ectoderm and endoderm = no
differential epithelial movement. (B and C) H. oligactis – H. vulgaris heterografts 2
and 24 hours after grafting, respectively. (D and E) H. vulgaris – H. oligactis
heterografts 2 and 24 hours after grafting, respectively. (G – J) – graft region of the
heterografts shown in (B – E) under higher magnification. In (B – E and G – J): H.
oligactis endoderm is labelled with fluorescence latex beads. H. vulgaris ectoderm is
labelled with species-specific antibodies. Open arrowheads indicate border between
the species in ectoderm. Solid arrowheads – border between the species in
endoderm due to differential epithelial movement. Arrows indicate the direction of the
movement of H. oligactis endoderm.

The extent to which H. oligactis endoderm moved beneath H. vulgaris ectoderm was

different from one individual graft to another. In a few cases H. oligactis endoderm

reached nearly the hypostome region of H. vulgaris half. Nevertheless, usually H.

oligactis endoderm shifted to only about 1-2 millimetre. The distance for which H.

oligactis endoderm moved seem to have been correlated positively with the quality of
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the grafting performance and was less evident when H. oligactis half was grafted

apically to H. vulgaris.

In control H. vulgaris homografts ectoderm of the one half and endoderm of the other

half were labelled with fluorescence latex beads. No overlapping or divergence  of

labelled ectoderm and endoderm was observed 24 hour after grafting, suggesting the

absence of significant differential movement of the epithelia (Figure 4.13 A and F).

Equivalent control homografts for H. oligactis were not investigated because

ectodermal cells of H. oligactis, surprisingly, did not uptake the latex bead from the

medium and, therefore, could not be labelled. However, one may assume that tissue

dynamics in H. oligactis does not differ too much from that in H. vulgaris.

This is the first time when formation of a chimeric region in such heterografts was

described, in which ectoderm of one species (H. vulgaris) and endoderm of another

species (H. oligactis) overlapped. As induction of apoptosis in heterografts was

restricted to this region, one could speculate that ecto- / endodermal chimerism is

involved in this process.

4.2.5. The mesoglea in the chimeric region

Ultrastructural investigation of the chimeric region in 24-hours-old heterografts

revealed morphologically abnormal mesoglea separating H. vulgaris ectoderm from

H. oligactis endoderm (Figure 4.14). Under electron microscope the border between

ectodermal cells of the two species (heterotypic ectodermal junction) was identified

as described above. The border between the species in the endoderm was identified

as a place where H. vulgaris endoderm detached from the mesoglea (Figure 4.14 A

and B). Outside the chimeric region mesogleal layer had relatively even thickness

(mo – normal mesoglea in H. oligactis in figure 4.14 C;  mv – normal mesoglea of H.

vulgaris in figure 4.14 G). However, in the chimeric region mesoglea appeared highly

irregular. It was enormously thick in some places (Figure 4.14 C, D) or even

branching (Figure 4.14 F) while in other places it was nearly elusive (Figure 4.14 E)

or even broken (Figure 4.14 C).

As mesoglea was shown to play essential role in cell proliferation, cell migration,

morphogenesis and cell survival (Sarras et al., 1993; Schmid et al., 1999), its

abnormal morphology suggests that some of its functions might be affected.

Mesoglea abnormalities in the chimeric region might be the cause of induced

apoptosis (see Discussion).
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Fig. 4.14 Ultrastructure of the mesoglea in the chimeric region of a 24-hours-
old heterograft. (A) – overview of the graft site and (B) – its schematic
representation. (o.c.) – H. oligactis ectoderm; (v.c.) – H. vulgaris ectoderm; (o.n.) – H.
oligactis endoderm; (v.n.) – H. vulgaris endoderm; (m) – chimeric mesoglea. Frames
labelled as (c – g) show sites whose enlargements are depicted in (C – G),
respectively. Five-pointed and four-pointed starlets mark heterotypic junction sites in
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the ectoderm and in the endoderm, correspondingly, thus limiting the chimeric region.
Notice how normally medium-thick mesoglea of H. oligactis (mo) appears thicker and
discontinuous at the heterotypic junction site in ectoderm (C), then alternately thick or
elusive in the chimeric region (C and D), thick and branching at the heterotypic
junction site in the endoderm (F), and  then normally medium-thick (mv) in the H.
vulgaris tissue (G). Scale bars correspond to 10 µm in (A and G), 5 µm in (C, D, and
F) and 1 µm in (E).

4.2.6. Development of heteroaggregates

The contact area between foreign cells is very limited in heterografts. To investigate

antagonistic interactions between the cells without such spatial constraints, polyps of

both species were dissociated into single-cell suspension, randomly mixed and

aggregated together by centrifugation (Gierer et al., 1972). Development of such

heteroaggregates was then followed until aggregates transformed to single polyps.

Fig. 4.15 Heteroaggregates slowly develop to ecto-/ endodermal chimeric
polyps. (A – E) H. vulgaris – H. oligactis heteroaggregates 10 hrs, 24 hrs, 7 days, 21
days, and 28 days after reaggregation, respectively. H. vulgaris cells are stained with
species-specific antiserum visualized with FITC-labelled secondary antibody (green).
Unlabelled cells of H. oligactis are counterstained with toluidine blue appearing red.
(F) – histogram indicating number of head structures per aggregate (numbers in
columns) on day 7 after reaggregation. (o/o and v/v) correspond to control
homoaggregates from H. oligactis or H. vulgaris alone, respectively. (v/o)
corresponds to heteroaggregates.

To monitor behaviour of cells and tissues of both species in such heteroaggregates,

aggregates at different stages of development were fixed, embedded in paraffin and

sectioned. Sections were then stained with species-specific antibodies.
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In H. vulgaris – H. oligactis heteroaggregates as well as in control homoaggregates,

cells of both species quickly sorted according to ectodermal and endodermal layers

(Figure 4.15 A – E). In heteroaggregates epithelial cells of each species additionally

sorted according to species identity so that as soon as 24 hours after reaggregation

clusters of cells of each species were clearly observed (Figure 4.15 B – D). This

suggested that cells of the two species have different adhesive properties.

Only a few H. vulgaris cells could be found in the endoderm of heteroaggregates 24

hours after reaggregation. Clusters of ectodermal cells of both species grew in size

during the development of heteroaggregates (Figure 4.15 B - D). Resultant polyps

had an external appearance of H. oligactis. However, histological investigation has

shown that they were in fact chimeric being comprised of H. oligactis endoderm and

H. vulgaris ectoderm. Only one of the five aggregates examined 28 days after

reaggregation proved to be built completely by epithelial cells of the one species, H.

oligactis. Species identity of epithelial cells in each heteroaggregate was confirmed

by staining with species-specific antibody against each species.

Thus cells of these species quickly developed chimeric state with different species in

the ectoderm and in the endoderm, similar to heterografts,  when being allowed to

interact freely.

However, a large portion of holotrihous isorhiza nematocytes characteristic for H.

oligactis were detected in  their tentacles along with those characteristic for H.

vulgaris. This indicates that interstitial cell lineage of H. oligactis, in contrast to

epithelial cells, was not affected in ectoderm of the heteroaggregates.

Heteroaggregates appeared more sensitive to the aggregation procedure than

control homoaggregates made from the same cell suspensions. They lost more cells

during each step of medium dilution. Heteroaggregates showed clear signs of

retarded development to polyps. When mature head structures were counted on day

7 after reaggregation, heteroaggregates had four times less of them per aggregate

as compared to control homoaggregates (Figure 4.15 F). Eventually all

heteroaggregates transformed to polyps, though usually one heteroaggregate gave

rise to only one polyp as opposed to 2-3 polyps arising from control homoaggregates.

It also took longer for heteroaggregates to digest food. This  suggests that

heteroaggregates, most of which are chimeric, have serious physiological

constraints. One can speculate that physiological constraints in developing
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heteroaggregates have the same nature as morphological abnormalities registered

for mesoglea in the chimeric region of heterografts.

4.2.7. Role of histocompatibility system in induction of apoptosis

Histocompatibility in terms of allorecognition was previously documented for Cnidaria

(Humphreys and Reinherz, 1994; Mokady and Buss, 1996).  Colonial hydrozoan

Hydractinia undergoes natural transplantations in the field and has a genetically

determined allorecognition system developed to prevent germ cell parasitism (Buss,

1982; Mokady and Buss, 1996).

Fig. 4.16 H. oligactis nematocytes are not eliminated from H. vulgaris tissue.
(A) – 1-day-old H. vulgaris – H. oligactis heterograft stained with species-specific
antibodies against H. oligactis (green). (B) – enlarged view of a tentacle enclosed in
a frame in (A); antibody – positive nematocytes may be seen. (C) – merge of the
fluorescence image shown in (B) with a phase contrast view. Arrow indicates an
antibody-negative nematocyte of H. vulgaris.

Though a histocompatibility system was proposed to operate in Hydra heterografts

(Bosch and David, 1986), it was surprising because Hydra as a solitary animal never

undergoes natural transplantation and has no threat of germ cell parasitism. Another



 RESULTS                                                                                                                 70

argument raising doubts about the existence of an active histocompatibility system in

Hydra comes from several observations showing that cells of interstitial cell lineage

from one species do not get eliminated in tissues of another Hydra species (Lee and

Campbell, 1979; Bosch and David, 1986).

Our data confirm this for H. vulgaris – H. oligactis heterografts. When H. vulgaris  - H.

oligactis heterografts were stained with H. oligactis – specific antiserum, multiple

nematocytes were stained in the tentacles (Figure 4.16). These nematocytes must

have been immigrated from the lower H. oligactis tissue into the tissue of a foreign

species. Surprisingly, they were not eliminated as one would expect in the presence

of functional histocompatibility system. Instead, they were embedded into H. vulgaris

battery cells together with H. vulgaris own nematocytes and seemed healthy and

ready to operate (Figure 4.16 C).

 A highly developed histocompatibility system is able to recognize not only major

interspecific differences between tissues but also minor differences between distinct

individuals within one species (Rinkevich, 1995). We tested the ability of H. vulgaris

polyps to induce apoptosis and phagocytosis in response to allogeneic tissues. Along

with polyps of the Basel strain of H. vulgaris, H. vulgaris PA2 strain and a local strain

from a lake in Ploen (North Germany) were taken for grafting.

H. vulgaris Ploen strain, though hardly distinguishable from the H. vulgaris Basel by

morphological criteria, proved most distantly related to the Basel strain by molecular

criteria (Figure 4.17). First, polyclonal antiserum primarily generated against

membrane fraction of H. vulgaris Basel could still produce differential staining of the

corresponding portion in H. vulgaris Basel – H. vulgaris Ploen allografts (Figure 4.17

A). This indicates that the two strains are to a certain extent different on the protein

level. Genomic differences between the three H. vulgaris strains and H. oligactis

were analysed by the RAPD analysis (see Material and Methods). Figure 4.17 B

demonstrates that the banding pattern produced in PCR amplification with OPA-4

decamer primer is nearly identical for the Basel and PA2 strains of H. vulgaris.

However, the pattern produced on the template of genomic DNA from H. vulgaris

Ploen has little in common with other H. vulgaris strains as well as with H. oligactis.

This implies that the Ploen strain is more distantly related to the Basel strain than the

PA2 strain is.
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Fig. 4.17 Estimation of allogeneic differences between three strains of H.
vulgaris. (A) – H. vulgaris Ploen – H. vulgaris Basel allograft stained with antibodies
generated against the Basel strain (green). (B) – RAPD analysis of genomic DNA
from Hydra strains indicated above the picture. Molecular size in base pairs is
indicated at the left side of the figure. (C) – Schematic representation of the cDNA of
Cnox-2 gene from H. vulgaris. UTR, - untranslated regions; CR, - protein coding
region; numbers below the scheme indicate positions of nucleotides along the
sequence; the analysed intron was placed after the guanine 515. (D) – Multiple
alignment of the Cnox-2 intron sequences from the three strains of H. vulgaris. Dots
indicate bases identical to that in the Basel strain; dashes indicate gaps inserted by
the alignment programme.

To estimate the phylogenetic distance between these strains quantitatively, a piece

of a noncoding sequence was isolated for all H. vulgaris strains by PCR. As no

    H.v. (Basel)  1    GTAAGCTTAATTTTT TTTTTTATTCATAAA AAGTTTTTGTTTTAA CTTTACAACTTTATT ATTTGTGAAAAAAAT AGGTAGTTAAACGTA    90
    H.v. (PA2)    1    ··············· ··············· ··············· ··············· ··············· ···············    90
    H.v. (Ploen)  1    ·······C··C···· A·····---······ ··AA·········T· A···G·······G·· ··············- -·T············    85

    H.v. (Basel)  91   TGTATAGAATAAAAA AACAAATAAAATTGC TTTGTTAGTAAATTC GGCATTTTAGTGTAT AAAGTTCTAACTAAA AGTTTAAAAACTGTT   180
    H.v. (PA2)    91   ··············· ··············· ··············· ··············· ··············· ···············   180
    H.v. (Ploen)  86   ····CG·····C··· ··T········C··· ··············· ·············G· ·········G····· ···············   175

    H.v. (Basel)  181  CACAAGTTCGGCATA AATCGCGCACTTTTT TTATCACTAAATTTG AGCGCCCTTTTGCAC TAATGGTCGCGTCTA TTTAAGCGGTGTATA   270
    H.v. (PA2)    181  ··············· ··············· ··············· ··············· ··············· ···············   270
    H.v. (Ploen)  176  ··············· ··············· ··············· ··············· ··············· ··········A····   265

    H.v. (Basel)  271  ATGTCCTGAATGACA TAAGATGGCCCTAGA TGAAACTCTACTAAA TATATTAACAACTTA ATTTTTTCATTTAG   344
    H.v. (PA2)    271  ··········C···· ·······A······· ··············· ··············· ···C··········   344
    H.v. (Ploen)  266  ··············· ·······A·····A· ······G········ ·T····TTT······ T·············   339

1 53 817 1031515 (G)

UTR CR UTR

5‘ 3‘

intron
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C
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histocompatibility alleles are known for Cnidaria so far which would be the most

appropriate for such comparison,  an intron sequence from a randomly chosen gene,

a homeobox gene Cnox-2, was taken for analysis. Figure 4.17 C graphically

demonstrates the position of the intron positioned after guanine 515 and thymine 516

according to the published cDNA sequence of the Cnox-2 gene of H. vulgaris

(Gauchat et al., 2000). The intron sequence of H. vulgaris strain comprised 344

bases, the same as H. vulgaris PA2. H. vulgaris Ploen intron sequence comprised

339 bases and contained 9% nucleotide substitutions when compared to the H.

vulgaris Basel strain (Figure 4.17 D). Only 1% nucleotide differences were estimated

for the Basel and PA2 strains. No product could be amplified from H. oligactis with

the same primers. This suggests even greater differences in the nucleotide sequence

of the Cnox-2 gene between H. vulgaris and H. oligactis.

Fig. 4.18 No evidence for the presence of allorecognition in Hydra. (A) – a
representative cell referred to as an active phagocyte. ph, - phagocytic vacuole
containing nucleated cellular material; n, - the nucleus proper of the epithelial cell. (B)
– histogram showing the number of active phagocytes in the head (H), graft (G) and
foot (F) regions of graft combinations indicated above each group. Numbers in per
cent and the arrow are to emphasize that only when strain differences exceed
beyond 9% on nucleotide level increase in the level of phagocytosis was registered.

Allogeneic grafts between H. vulgaris Basel polyps and polyps of two other strains

were prepared. The next day these grafts were cut into three parts - head, graft

region and the foot – and at least ten pieces of each segment were macerated

together. Maceration preparations were stained by Feulgen method. Epithelial cells

containing nucleated cell material in a phagocytic vacuole were considered as active
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phagocytes (Figure 4.18 A). Number of active phagocytes was estimated as a

percentage from 600 – 1000 epithelial cells counted in total for each slide. Results

are shown in Figure 4.18 B.

While in H. vulgaris – H. oligactis interspecific grafts the number of active phagocytes

was twice as high in the graft region than in the head and in the foot, no such

increase in phagocytosis was found for allogeneic grafts despite significant allelic

differences between the Ploen and two other H. vulgaris strains. The number of

active phagocytes in all three segments in H. vulgaris Basel – H. vulgaris PA2

allografts was higher than in the other allogeneic combination. This is probably to be

explained by the fact that polyps of the PA2 strain are generally more prone to

production of testes, and, as shown previously, many sperm precursors undergo

apoptosis and phagocytosis. In one experiment 10 Basel (apical) – PA2 (basal) and

10 PA2 (apical) – Basel (basal) allografts were followed for one month period after

transplantation. No polyps carried testes at the moment of grafting. Interestingly, 6 of

10 polyps developed testes in the Basel portion of Basel – PA2 allografts at day 11

after grafting and all 10 at 23rd day after grafting. In allografts with the opposite

species orientation only 4 of 10 polyps developed testes at day 23 after grafting. It is

tempting to speculate that tissue of the PA2 strain induced testes formation in

adjacent tissue of the Basel strain. Alternatively, interstitial sperm precursors of PA2

strain might immigrate into tissues of the Basel strain and induce testes formation.

Unfortunately, it is difficult to assess strain identity of sperm precursors in those

testes. However, it was the only noticeable interaction between allogeneic tissues in

allografts registered thus far. No evidence of allorecognition and induction of

apoptosis and phagocytosis have been found in Hydra allografts. This implies that

histocompatibility system in Hydra, when present, is rather poorly developed and

some non-immune mechanisms cause induction of apoptosis in the chimeric graft

region in interspecific grafts.
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5. Discussion

5.1. Role of epithelial cells and apoptosis in Hydra
spermatogenesis

In mammalian spermatogenesis, germ cell death is used to remove defective

sperm precursor cells (Yin et al., 1998) and to maintain a critical cell number ratio

in the testis (Rodriguez et al., 1997). This work presents evidence that this

function of apoptosis appears to be conserved across the animal phyla by

showing that apoptosis also occurs during spermatogenesis in Hydra, a member

of the most basal eumetazoan animal phylum Cnidaria.

5.1.1. Detection of cell death during spermatogenesis

By Feulgen and acridine orange staining large numbers of sperm precursor cells

could be observed which apparently undergo apoptosis in testes. Apoptosis in

testes was confirmed by using a TUNEL assay, which identified nuclei with clear

signs of DNA fragmentation, a hallmark of apoptosis. Interestingly, the use of the

three independent methods to detect apoptotic sperm precursors revealed

significant differences. TUNEL staining revealed fewer apoptotic sperm

precursors than acridine orange staining (compare figure 4.2 C and E with figure

4.3). This could indicate that in Hydra acridine orange identifies all cells and cell

fragments which are contained in phagocytic vacuoles while only the TUNEL

assay specifically labels cells that are undergoing apoptosis, independent of

whether the cells are in vacuoles or not. Alternatively, consistent with the idea

that DNA fragmentation is a rapid process, this difference in the staining pattern

could indicate that the acridine orange positive phase of apoptosis is longer than

the TUNEL positive phase. Another explanation would be that acridine orange

positive vacuoles inside epithelial cells represent so-called „residual bodies“,

cytoplasmic remainders after spermatozoa are completely formed out of

spermatids. In rat testes such cytoplasmic remainders contain apoptotic markers

and are subject to phagocytosis by adjacent Sertoli cells (Blanco-Rodriguez and
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Martinez-Garcia, 1999). Obviously, such apoptotic bodies would be TUNEL

negative.

5.1.2. Function of programmed cell death during spermatogenesis in
Hydra

In contrast to oogenesis, cell death and phagocytotic activity has never before

been observed in Hydra spermatogenesis. What is the function of programmed

cell death during spermatogenesis in Hydra? Sperm precursors in contrast to

growing oocytes do not feed on adjacent cells to reach their final size. Since the

function seems not to be related to nutrition, there are two major roles for cell

death during spermatogenesis. First, apoptosis of sperm precursors and their

removal by epithelial cells may be used as “quality control” to eliminate defective

sperm. Second, programmed cell death may also be used to achieve the precise

homeostasis of each germ cell type in the mature Hydra testis. Apoptosis may

contribute to maintain a critical cell number ratio between differentiating

spermatogonia and epitheliomuscular cells as well as between sperm precursors

at different stages of spermatogenesis (Print and Loveland, 2000). Our

observation that very few or no apoptotic cells could be found in early testes

before the nipple is formed (Figure 4.4) supports the latter point of view.  This

could mean that, as long as only a few fully differentiated spermatozoa are

present in a testis, no signal is sent to spermatogonial cells to suppress their

proliferation. But as soon as the distal part of the testis becomes filled with

mature sperm, apoptosis is induced in sperm precursors at earlier stages to

reduce overall sperm production. In line with this hypothesis is the fact that these

are sperm precursors at earlier stages of spermatogenesis that comprise the

majority of TUNEL positive cells in Hydra testes (Figure 4.5). On the other hand,

spermatocytes are the cells undergoing meiosis and are most vulnerable to

recombination defects what could result in induction of apoptosis in particular at

this stage as a quality control mechanism (Odorisio et al., 1998).

An additional argument favouring the role of apoptosis as a mechanism

regulating cell number ratio rather than quality control comes from studies on

spermatogenesis in the nematode C. elegans. In contrast to many other animals,

in C. elegans sperm production (but not oogenesis) does not necessarily involve

apoptotic death of sperm precursors (Gumienny et al., 1999), although
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occasionally damaged cells still can be eliminated by apoptosis (Gartner et al.,

2000).  One can speculate, that cell proliferation and differentiation in C. elegans

is as precisely orchestrated during spermatogenesis as it is during the embryonic

development. Therefore in Hydra, in contrast to C. elegans, apoptosis may have

to be necessary to adjust cell number ratio of sperm precursors. Further massive

apoptosis found in degrading testes (Figure 4.4 C) suggests that apoptosis

functions here to remove a no-more necessary structure.

Experimental evidence for the precise function of apoptosis during

spermatogenesis in Hydra could now be obtained by silencing of genes

(Lohmann et al., 1999), which are critical for the execution of apoptosis.

5.1.3. Epithelial cells play an active role in Hydra spermatogenesis

Hydra as a member of the basal eumetazoan phylum Cnidaria has a limited

number of different cell types. Ectodermal epithelial cells are multifunctional cells

and as “epitheliomuscular cells” are responsible for motility. In addition, epithelial

cells also appear to control morphogenesis (Bosch, 1998) as well as the

phagocytic removal of “excess” cells (Bosch and David, 1984; Fujisawa and

David, 1984; Bosch and David, 1986). Until now there was no evidence that

epithelial cells were also actively involved in spermatogenesis, which was

thought to be an autonomous function of interstitial stem cell differentiation. The

role of ectodermal epitheliomuscular cells in spermatogenesis was confined to

forming the outer wall of the testes (Tardent, 1985). In contrast to that view, our

data clearly show that ectodermal epithelial cells play an active role during

spermatogenesis as phagocytes.

Recent evidence from genetically modified mice indicates that control of male

germ cell survival is mediated by signals derived from the Sertoli cells such as

growth factors, paracrine factors, nutrients, and physical contact (reviewed in

Griswold, 1998; Print and Loveland, 2000). Sertoli cells also remove apoptotic

germ line cells per phagocytosis. Based on our observations it is tempting to

speculate that in Hydra testes the epitheliomuscular cells, which are closely

adjacent to the developing spermatozoa (Figure 2.1), function like Sertoli cells by

controlling the microenvironment of the developing interstitial sperm precursor
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cells and sequestering the sperm precursor populations into environmentally

distinct compartments. The view that epithelial cells in Hydra, in addition to their

role as phagocytes, produce specific factors, which are necessary for interstitial

cell differentiation, is supported by the recent observation (Takahashi et al.,

2000) that Hydra epithelial cells directly influence the nerve cell differentiation

pathway by secreting PW peptides.

The scheme summarizing presumable functions of epithelial cells in Hydra

spermatogenesis in comparison with Sertoli cells in mammalian spermatogenesis

is presented in Figure 5.1.

Fig. 5.1 Structural relationship between somatic and germ line cells during
spermatogenesis in mammals (A) and Hydra (B). In mammals Sertoli cells
(Se), being interconnected through tight junctions (TJ), sequester spermatogonial
cells (SG) to the basal compartment and cells at the following spermatogenic
stages to the adluminal compartment. Residual bodies (RB) remaining from the
early spermatids (ES) are phagocytosed by Sertoli cells. In Hydra sperm
precursors are similarly segregated within compartments built by ectodermal
epithelial cells (Epi) sealed by septate junctions (SJ). Long epithelial protrusions
are in close contact with sperm precursors and can phagocytose cells
undergoing apoptosis (Ph). Other abbreviations: Sc I, - primary spermatocytes;
Sc II, - secondary spermatocytes; LS, - late spermatids; SZ, - spermatozoa; M, -
mesoglea; BM, - basement membrane
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5.2. Apoptosis in interspecific grafts of Hydra

Defective interaction between different cells and extracellular matrix can cause

induction of apoptosis (Barres et al., 1993; Frisch and Francis, 1994). Our data

suggest that this feature of multicellular animals is well conserved down to the

simple diploblastic animal Hydra.

5.2.1. Evidence for apoptosis in interspecific grafts

The presence of apoptotic cells in H. vulgaris – H. oligactis interspecific grafts

was clearly shown by using vital acridine orange staining and TUNEL assay

(Figure 4.7). As during spermatogenesis, fewer cells were positively stained by

TUNEL method than with acridine orange in heterografts, probably because the

TUNEL positive phase is shorter than the acridine orange positive one. Cells with

fragmented DNA (TUNEL assay) and phagocytosed cells with low pH (acridine

orange positive cells) were all restricted to H. vulgaris portion of the grafts close

to the grafting site irrespective of species orientation along the body axis. This is

consistent with the previous finding (Bosch and David, 1986), also confirmed in

this study, that there is increase in phagocytosis in the graft region in heterografts

as revealed by Feulgen staining on macerates. Phagocytosis is tightly linked to

apoptosis and usually follows it (see Introduction). In addition some

phagocytosed cells in such preparations demonstrate highly condensed

chromatin structure as characteristic for apoptotic cells (Figure 4.18 A). This

suggests that acridine orange and TUNEL positive cells revealed in whole mount

stainings visualize cell death found previously on maceration preparations.

5.2.2. Structural incompatibility as the likeliest cause of apoptosis

What caused induction of apoptosis in heterografts? Increased level of apoptosis

at the graft border occurred only when tissue portions of quite different species,

H. vulgaris and H. oligactis, were brought in physical contact by grafting. Two

alternative mechanisms can be suggested to be able to induce apoptosis in this

situation. First, death of cells of either species can be caused by active cytotoxic
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reaction as defence against non-self. This possibility will be discussed later in

chapter 5.2.3. Second, cell death at the species border can occur due to inability

of cells of one species to respond in a proper way to survival signals provided by

cells of another species. Our data favour the latter idea. Argumentation follows.

It turned out that the area in heterografts, where apoptotic cells were found, is in

fact chimeric in a way that here ectoderm of one species, H. vulgaris, is underlied

by endoderm of another species, H. oligactis (compare Figures 4.7 A, D with

Figure 4.13 C, H and Figure 4.7 B, E with Figure 4.13 E, J). This must have

resulted from differential movement of one epithelial layer relative to the other.

During this process endoderm of H. vulgaris is detached from the mesoglea and

substituted by H. oligactis endoderm (Figure 4.12). It cannot be excluded that H.

vulgaris ectoderm to a certain extent also contributes to creating chimeric area by

moving in the opposite direction. The phenomenon of differential movement of

epithelia was previously described for H. viridis and H. vulgaris (Campbell, 1974;

Wanek and Campbell, 1982). However, in the latter study epithelial shift of only

0.5 mm in average length could be best achieved when polyps were grafted in

the upper gastric region. Besides, the ectodermal layer moved quicker distally

than the endodermal layer. In case of H. vulgaris – H. oligactis heterografts the

direction of epithelial movement appeared independent of position of the grafting

site relative to the body axis. Instead, it depended solely on that in which position,

apical or basal, H. vulgaris portion was placed in a graft. This rather means that

some intrinsic differences exist between epithelial cells of the two species, which

reproducibly lead to substitution of H. vulgaris endoderm by that of H. oligactis.

Observations on developing heteroaggregates provide evidence that formation of

interspecific ecto- / endodermal chimeric regions is a general phenomenon

inherent for this species pair. Initially randomly mixed, cells of both species

sorted out according to the outer  or inner epithelial layers and according to

species identity (Figure 4.15). However, cells of both species demonstrated quite

distinct behaviour as aggregates developed. First, most of the H. vulgaris cells

disappeared from the endodermal layer early during aggregate development

(Figure 4.15 B). Second, cells of each species clustered separately from each

other in the ectoderm, but at the end only H. vulgaris epithelial cells remained

(Figure 4.15 E). Thus, though starting conditions were quite different in
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heterografts and in heteroaggregates, the resultant chimeric combination was

strikingly similar.

Such cell sorting in heteroaggregates can be partly explained by the theory of

differential cell adhesiveness (Towns and Holtfreter, 1955; Steinberg, 1970). This

theory predicts that two cell types with different strength of homotypic intercellular

adhesion and intermediate strength of  heterotypic adhesiveness would build a

bilayered sphere, with inner layer comprised by cells with highest affinity.

Implementation of this theory to cell sorting in Hydra aggregates is justified by

experimental measurement of adhesive forces between Hydra vulgaris

endodermal and ectodermal cells being estimated as 50 pN and 30 pN,

respectively (Sato-Maeda et al., 1994). Thus, in heteroaggregates H. vulgaris

endodermal cells could sort to the inner cell mass and be expelled from the

aggregate tissue, if their adhesion is stronger than that between H. oligactis cells.

On the other hand, Kishimoto and colleagues (1996) argued that a substantial

signalling exchange between ectodermal and endodermal cells has to be

involved to form bilayered body wall in Hydra, in addition to differential cell

adhesion. In heteroaggregates, H. oligactis endoderm might outcompete H.

vulgaris endoderm due to more effective interaction with the ectodermal layer

even when ectoderm is comprised by H. vulgaris epithelial cells. By analogy, H.

vulgaris ectoderm could gradually outcompete H. oligactis ectoderm. Whether or

not the same mechanisms govern formation of chimeric region in heterografts

and in heteroaggregates is not known, but the result is nevertheless comparable.

Ultrastructural study of the chimeric region in heterografts revealed

morphologically abnormal mesoglea separating H. vulgaris ectoderm and H.

oligactis endoderm (Figure 4.14). Mesoglea, normally a 0.5 – 2.0 µm thick layer

of extracellular matrix, was alternately unusually thick (Figure 4.14 F) or nearly

absent (Figure 4.14 E) at several places in the chimeric region but not in adjacent

normal tissues. Mesoglea is comprised by several types of macromolecules such

as laminins, collagens, heparan sulfate proteoglycans and fibronectin-like

molecules (Sarras et al., 1991). These molecules play essential role in cell

proliferation, cell migration and morphogenesis in Hydra (reviewed in Sarras and

Deutzmann, 2001). Morphologically abnormal condition of mesoglea in the

chimeric region implies that at least some of its functions might be also affected.

Consistent with the idea of functional disability of the mesoglea, chimeric
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aggregates revealed remarkable retardation of development (Figure 4.15 F)

similar to what happens when biosynthesis of mesogleal proteins is perturbed

(Sarras et al., 1993). It is tempting to speculate that some cells in the chimeric

region determined to proliferate, or migrate, or to perform a morphogenetic

function would undergo apoptosis due to the lack of permitting signal from

mesoglea. The fact that mesoglea is not completely destroyed in the chimeric

region of heterografts may explain why not all cells undergo apoptosis in this

region. On the other hand, not every cell‘s survival may be strictly dependent on

mesoglea.

Epithelial cell survival is frequently dependent on anchorage via integrins to

extracellular matrix molecules such as laminin, fibronectin and collagen in higher

animals (Frisch and Screaton, 2001). Cell death resulted from the loss of integrin

anchorage is termed anoikis (see Introduction). No anoikis mediated cell death

was reported for Cnidaria so far. However, this mechanism is likely to exist as

survival of many cnidarian cells in culture was found to be dependent on

attachment to extracellular matrix substrates (Schmid et al., 1999). In Hydra,

laminin participates in formation of basement membranes of both epithelial layers

but is secreted exclusively by the endoderm (Sarras et al., 1994). Conversely,

collagen-I comprises fibrillar matrix of the mesoglea and arises form the

ectoderm (Deutzmann et al., 2000). Production of collagen-I by ectodermal

epithelial cells is preceded by and dependent on the production of laminin by

endodermal epithelial cells (Sarras and Deutzmann, 2001). One can speculate

that these components of extracellular matrix may be structurally different

between distantly related species such as H. vulgaris and H. oligactis, and this

difference could be great enough to prevent their appropriate recognition by the

cells of the counterpart species and provoke cell death via anoikis. Alternatively,

incompatible species-specific differences between certain ECM molecules could

lead to substantial collapse of the mesoglea structure and induction of apoptosis

in cells whose survival depends on it as discussed above. Species-specific

differences in signalling molecules other than extracellular matrix could also

result in  apoptosis of certain cells in the chimeric zone. Unfortunately, functional

significance of species-specific differences in neither but one Hydra molecules

was studied so far (Brennecke et al., 1998). It would be interesting to test this

hypothesis when appropriate tools become available.
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5.2.3. Potential role of direct non-self recognition in induction of
apoptosis

Direct non-self recognition followed by cytotoxic reaction was previously

proposed to be the cause of increased level of phagocytosis at the graft border in

Hydra heterografts (Bosch and David, 1986).  Non-self recognition in terms of

xeno- and allorecognition was extensively studied in vertebrate and in some

invertebrate animals (Abbas et al., 1994; Humphreys and Reinherz, 1994). Many

animals were shown to mount considerable cytotoxic reactions against cells and

tissues having minimal genetic differences to the host cells (Abbas et al., 1994).

Studies on vertebrates’ immune system revealed that histocompatibility is

determined mainly by only a few genes such as MHC antigens and T cell

receptor molecules. No such genes were found in invertebrates so far. However,

genetic studies on protochordate Botryllus (Scofield et al., 1982) and hydrozoan

cnidarian Hydractinia (Mokady and Buss, 1996) have estimated that only one

genetic locus is responsible for allorecognition reactions in these species. These

genes harbour hundreds of alleles and such a high polymorphism is the basis for

high discriminative capacity of these animals (Takahata et al., 1992).

High polymorphism in MHC loci in vertebrates is essential for the recognition of a

broad spectrum of pathogens and is strongly supported by a form of balancing

selection (Hughes and Yeager, 1998). Many invertebrates harbouring highly

discriminative allorecognition system are colonial and prone to frequent

allogeneic confrontation naturally in the field. Chimerism between unrelated

colonies was experimentally shown to be disadvantageous for one of both

partners (Rinkevich, 1995; Stoner and Weissmann, 1996). Leo Buss proposed

that highly discriminative allorecognition system could evolve in such animals to

prevent somatic and germ cell parasitism occurring when respective cells migrate

from one colony into another after colony fusion (Buss, 1982).

Hydra is a solitary freshwater polyp and has no means to directly confront

allogeneic or xenogeneic tissues naturally in the field. This implies that selection

pressure supporting allorecognition system in colonial cnidarians would be much

reduced in Hydra. Apparently, Hydra also does not use its stinging cells to fight

for the living space like solitary sea anemones do (Lubbock, 1980). Thus, one

should expect that Hydra would be unable to mount significant cytotoxic
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responses against genetically distinct cells. Nevertheless, it cannot be completely

excluded that to some extent Hydra did retain this capacity.

We tested allorecognition potential of Hydra by surgically grafting polyps of

genetically distinct H. vulgaris strains. Genetic differences were estimated on

protein and genomic levels as well as on nucleotide sequence level (Figure 4.17).

As no „histocompatibility genes“ are known for invertebrates so far, we took a

noncoding piece of a random gene, cnox-2 homeobox gene, as a reference. H.

vulgaris PA2 and H. vulgaris Ploen strains were taken for grafting experiments as

strains, respectively, the least and the most diverged ones from the standard H.

vulgaris Basel strain. No rejection or increased incidence of phagocytosis could

be observed in neither of the allografts (Figure 4.18). This suggests that Hydra

has in fact highly reduced capacity for allorecognition.

H. vulgaris and H. oligactis are phylogenetically very diverged species (Percell et

al., 2001) and their cells, therefore, might react against each other in

heterogeneic grafts. However, induction of apoptosis and phagocytosis in the

graft region observed in such grafts does not seem to result due to non-self

recognition reaction because of the following reasons. Hydra epithelial cells can

migrate only together with the whole epithelial sheet (Campbell, 1974). Thus

apoptotic cells should be restricted only to the border line of the graft where

epithelial cells of two species confront each other, what was not the case (Figure

4.7). The only freely migrating cells in Hydra able to enter foreign epithelium are

cells of interstitial lineage. We show that these cells do immigrate into the foreign

tissue, but do not get eliminated there as would be expected (Figure 4.16). One

could speculate that H. oligactis tissue exerted a long-distance influence on

adjacent tissue of H. vulgaris by secreting some toxic substances. However, no

evidence for such interactions was found in Hydra to date.

Instability of Hydra interspecific grafts was sometimes considered as

demonstration of immune rejection (Du Pasquier, 1974). Opposing view was that

such instability is determined by poor cell adhesion between foreign cells leading

to inability to preserve the integrity of the epithelial body wall (Campbell, 1973).

Consistent with the latter idea, our ultrastructural studies of the heterotypic

junctions in the epidermis revealed highly irregular septate desmosomes, which

could impossibly fulfil their function to isolate underlying tissues from
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hypoosmotic surroundings (Figure 4.11) and would be the most likely cause of

heterograft instability.

Taken together, this suggests that histocompatibility system, when present at all,

plays a minor role in induction of apoptosis in Hydra heterografts.
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6. Summary

The freshwater cnidarian polyp hydra is the simplest organism hitherto known to

possess components of the apoptotic machinery. However, little is known about

the functions of apoptosis in hydra.

Here I present evidence for the role of apoptosis in hydra spermatogenesis and

histocompatibility. Cells undergoing programmed cell death were detected by

vital acridine orange staining and TUNEL assay.

Sperm precursors were shown to undergo apoptosis mostly at early stages of

spermatogenesis. Role of apoptosis as a mechanism to adjust the number of

sperm precursors at different stages of spermatogenesis is discussed.

Surprisingly, epithelial cells, previously thought to function merely as physical

support of the testes, were found to play an active role during spermatogenesis

as phagocytes. Similar to Sertoli cells in mammals they may provide signals to

differentiating sperm.

Apoptosis was also found to be induced at the graft border in hydra interspecies

grafts. Though self / non-self recognition was proposed previously to play a

crucial role in such heterografts, no evidence for existence of allorecognition

system was found. Hydra seems to have lost this system secondarily during

evolution. Ultrastructural studies of the graft site revealed morphologically

disturbed mesoglea separating H. vulgaris ectoderm and H. oligactis endoderm.

Apoptosis is proposed to result due to incompatibility between tissues of these

two species. Role of incompatibility mechanisms such as anoikis or inability to

properly recognize survival signals from a different species is discussed.
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6. Zusammenfassung

Der Süßwasserpolyp Hydra ist der einfachste Organismus der über

Komponenten der Apoptosemaschinerie verfügt. Jedoch ist wenig über die

Funktion des programmierten Zelltodes in Hydra bekannt.

In dieser Arbeit präsentiere ich Hinweise für die Rolle der Apoptose in der

Spermatogenese und der Gewebekompatibilität. Die Zellen, die den

programmierten Zelltod durchlaufen, wurden mit Hilfe der

Acridinorangefärbung und dem TUNEL - Assay detektiert.

Es konnte gezeigt werden, dass Spermienvorläuferzellen hauptsächlich in den

frühen Phasen der Spermatogenese Apoptose durchlaufen. In diesem

Zusammenhang wird die Rolle der Apoptose zur Kontrolle der Anzahl von

Spermienvorläuferzellen zu verschiedenen Spermatogenesestadien diskutiert.

Überraschenderweise konnte gezeigt werden, das die Epithelzellen eine

aktive Rolle während der Spermatogenese als Phagozyten spielen.  Darüber

hinaus könnten sie, wie die Sertoli Zellen bei den Säugetieren, über

Signalinteraktionen die Differenzierung der Spermien beeinflussen.

Apoptose konnte auch an der Transplantationsgrenze in Transplantaten

zwischen zwei Hydraarten nachgewiesen werden. In früheren Experimenten

wurde diese Beobachtung mit dem Umstand der Selbst/Nichtselbsterkennung

zu erklären versucht. In der vorliegender Arbeit konnten keine Beweise für das

Vorhandensein eines Selbsterkennungssystems in Hydra gefunden werden.

Es scheint, als ob Hydra während ihrer Evolution dieses System sekundär

verloren hat. Ultrastrukturelle Untersuchungen des Transplantationsbereiches

deckten eine morphologisch veränderte bzw. gestörte Mesoglea auf, welche

das H. vulgaris Ektoderm vom H. oligactis Entoderm trennt. Der beobachtete

programmierte Zelltod in dieser Region könnte ein Ergebnis von

Gewebeinkompatibilitäten zwischen beiden Spezies sein. Gegenstand der

Diskussion sind in dem Zusammenhang Mechanismen die zu Inkompatibilität

zwischen Geweben führen können, wie z.B. Anoikis oder die Unfähigkeit

„Überlebensfaktoren“ der anderen Spezies zu erkennen.
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8. Appendix

8.1. Abbreviations

µM micromolar

cm centimeter

DEPC diethylpyrocarbonate

DMFA dimethylformamide

dNTP deoxinucleotidetriphosphate

dUTP deoxyuridinetriphosphate

EtOH   ethanol

I.D. inner diameter

min minutes

O.D. outer diameter

PEG polyethyleneglycole

S.D. standard deviation

sec seconds

TdT terminal deoxynucleotidyl transferase

TEMED N,N,N´,N´-tetraethylmethyldiamine

Tris Trihydroxymethylamonimethan
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