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1.1 Preface

The studies presented in this thesis describe the cellular morphological changes in
association with topological membrane phospholipid reorganisations. In order to
understand the background of membrane phospholipid asymmetry and the loss of this
phospholipid asymmetry the subject is introduced below. The basic concept of
membrane architecture and the mechanisms involved in the generation and regulation
of phospholipid distributions across the membrane bilayer are reviewed in relation to
the studies presented here.

1.2 Cell membrane architecture

The cell membranes of all eukaryotic cells have a common architecture. The inside of
the cell is separated from the outside by two apposed monolayers of lipids each of a
different composition. These monolayers are joined by hydrophobic interactions to
form a bilayer. Proteins are attached to or embedded in the bilayer (fluid mosaic model,
as proposed by Singer and Nicolson 1972) and together they form the cell membrane.
The membrane serves as a selective barrier between the inside and the outside of the
cell. Valuable building blocks and nutrients are admitted to the cell whereas waste
products are expelled through the plasma membrane. The lipid part of the membrane is
mainly composed of phospholipids and cholesterol. Phospholipids are molecules based
on a glycerol phosphate or a ceramide phosphate with a hydrophilic head group and
two hydrophobic hydrocarbon tails. When brought in water the phospholipids
spontaneocusly form bilayers, because the hydrophobic tails tend towards each other
(hydrophobic interaction), whereas the hydrophilic head groups are exposed to water.
There are several different classes of phospholipids based on different head groups.
The choline phospholipids phosphatidylcholine (PC) and sphingomyelin both have a
choline head group, whereas the aminophospholipids phosphatidylethanolamine (PE)
and phosphatidylserine {(PS) have a head group containing a free amine. The polar head
groups of these phospholipids are charged but neutral, with the exception of PS which
carries a net negative charge (Fig 1.1). Apart from these major phospholipid classes
there are other lipids (e.g. inositol phospholipids, glycolipids) which are of functional
importance but are present in relatively small quantities. The hydrophobic tails of the
phospholipids are between 14-24 carbon atoms long and one of the tails usually
contains one or more double bounds (= unsaturated lipids). In addition to the
phospholipids, cholesterol is an important constituent of the bilayer membrane and can
be present in variable amounts up to one molecule for every phospholipid molecule.
Cholesterol is oriented in the bilayer membrane with its hydroxyl group close to the
polar head of the phospholipids and its steroid ring interacting with the hydrocarbon
tails of the phospholipids.

The different phospholipid classes are not randomly distributed over the plasma
membrane but are asymmetrically allocated in the two apposed monolayers. This

10



Introduction

CH, CH,
CH;~ N* CH, NH,* NH® CH,- N CH,
CH, CH, H-C~C00° CH,
CH, CH, CH, CH,
0 0 0 0 OH
0-p-0° 0-P-0° 0-P-0° 0-P 0°
o 0 o 0 S o,
CH;y CH-CH,  CH, CH-CH, CH - NH ‘
@ 0 o 90 HCOH c-0 ©CHy op,
c-0 c=0 C=0 C=0 CH [ o
i L e i CH,
Il i o CH,
ﬁ CH,
g CH
5 CcH, CH,
pPC Cholesterol

Figure 1.1 The structure of the main phospholipid classes and cholesterol. Phosphatidylcholine (PC),
phosphatidylserine (PS) and phosphatidylethanolamine (PE) are based on a glycerol backbone with two
fatty acid chains and a phosphate with different head groups esterified to the glycerol. Sphingomyelin
(Sph) is based on ceramide phosphate.

asymmetry was first suggested to exist in erythrocytes by Bretscher (1972), and
confirmed and extended by others (Werkleij et al. 1973, Gordesky and Marinetti 1973,
Gordesky et al. 1975). The choline phospholipids are predominantly located in the
outer membrane leaflet, whereas phosphatidylethanolamine is essentially and
phosphatidylserine exclusively located in the leaflet facing the cytosol (Op den Kamp
1979). A wide variety of cell types, from various species, has been investigated since,
using several techniques. The traditional techniques used are chemical labelling of
phospholipids in the outer membrane leaflet with non penetrating agents (Gordesky et
al. 1975) and selective degradation of phospholipids present in the outer- or inner
mono layer with exogenous phospholipases (Verkleij et al. 1973, Zwaal et al. 1975).
Other techniques measuring accessibility of phospholipids for phospholipid transfer
proteins (van Meer et al. 1980), or detecting the membrane lipid distribution of spin-
labelled (Seigneuret and Devaux 1984) or fluorescently labelled lipid probes (Connor
and Schroit 1987}, have yielded virtually identical results. It is now fairly well
established that plasma membranes of all eukaryotic cells exhibit this asymmetrical
distribution of the major phospholipid classes (table 1.1}, (for a review see Devaux
1992, Zachowski 1993).

The possibility that phospholipids move between the two bilayer halves has been
investigated even before the asymmetric distribution of the lipids in the cell membrane
was discovered. Using spin-labelled PC, Kornberg and McConnell (1971)
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demonstrated that in artificial vesicles the exchange of phospholipids from one
monolayer to the other (transverse diffusion or flip-flop) iz a very slow process with a
typical half time of several hours, which is in contrast to the very rapid phospholipid
movetent in the plane of the membrane (lateral diffusion{Devaux and McConell
1972). The synthesis of the various phospholipid species and their transport to the
plasma membrane leads to an asymmetrical distribution over the plasma membrane
(for a review see Hjelmstad and Bell 1991). Together with the slow flip-flop, this
asymmetric synthesis could only partly explain the distinct difference in phospholipid
composition of the two monolayers as found for many cell types.

Cell type PC S8ph PE PSS Reference

erythracyte (human) 77 80 20 <4  Butikofer et al. 1990, Gascard et al.
1991, Gordesky et al. 1972, 1975, van
Meer et al. 1981, Verkleij et al. 1973

erythrocyte (mouse) 50 8 20 O Rawyler et al. 1985
erythrocyte (rat) 62 100 20 Renooij et al. 1976
63 100 0 Crain and Zilversmit, 1980

=

ervthrocyte (monkey) 67 82 13 0 van der Schaft et al. 1987
platelet (human) 45 93 20 9 Perret et al. 1979

platelet (pig) 40 91 34 6 Chayp et al. 1977

cardiac sarcolemma (rat) 43 93 25 0 Post et al. 1988
erythroleukaemic cell (mouse) 45 80 50 15 Rawyleretal 1985

LM cell 48 24

synaptosome (mouse) 10-15320  Fontaine et al. 1980

intestinal brush border (rabbit) 32 63 34 44 Lipkaetal 1991

intestinal brush border (trout)

middle 46 32 Pelletier et al. 1987
posterior 36 31
kidney brush border (rabbit) 35 80 23 15  Venien and Grimellec, 1988

hepatocyte (rat) bile canalicular 85 65 350 0O Higgins and Evans, 1978
surface

hepatocyte (rat) contiguous surface 80 0 20 Higgins and Evans, 1978
hepatocyte (rat) sinusoidal surface 85 63 55 0 Higgins and Evans, 1978
fibroblast (chick embryo) 35 20  Session and Horwitz, 1983
myoblast (chick embryo) 65 45  Session and Horwitz, 1983
myoblast (Quail embryo) 73 44 Session and Horwitz, 1983

A mechanism which translocates amino phospholipids (by active transport) from the
outer to the inner membrane leaflet seems to be a plausible explanation for the

generation of asymmetric membranes. This so called aminophospholipid translocase
was first identified in erythrocytes by Seigneuret and Devaux (1984) and found to be
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present in many other cell types. To establish the presence of this translocase in several
cell systems various PS analogues were used (see table 1.2 for an overview). This
transiocase was described as a Mg-ATP dependent protein of 110 kDa thai
accumulates amino-phospholipids on the cytosolic side of the membrane (Morrot et al.
1990, Zimmerman and Daleke 1993). The transport rate of translocase is higher for PS
than for PE, whereas there is hardly any affinity for PC and sphingomyelin {Zachowski
et al. 1986). Translocation activity could only be observed in the presence of
hydrolysable Mg-ATP indicating that translocation requires energy. Translocase
activity can be blocked by high cytosolic Ca™ levels, vanadate and N-ethyl-maleimide
(Seigneuret and Devaux, 1984, Zachowski et al. 1986), indicative for the protein nature
of the translocase. Active translocation of phospholipids, from the inner to the outer
monolayer, has been demonstrated, but occurs at much slower rates (Bitbol and
Devaux 1988, Tilly et al. 1990, Connor et al. 1992). An imbalance between the inside
and outside may result from non equal rates of transport. Cholesterol has a fast lateral
diffusion over the two monolayers like other small uncharged hydrophobic molecules.
The cholesterol distribution over the membrane is therefore difficult to measure.

The near absence of PS and PE in the outer membrane leaflet is maintained during
normal cell function, including membrane fusion processes such as involved in
vesicular transport (endocytosis, exocytosis). Nevertheless the plasma membrane of
cells is a highly dynamic bilayer subjected to numerous processes and a constant tuwrn
over of lipids {and proteins).

Cell P8 analogue tin Reference
erythrocyte spin-label < 5 min Bitbol & Devaux, 1988, Calvez et al,
(human) 1988, Morrot et al. 1989

long-chain, diacyl  8-10 min Daleke & Huestis, 1985, Tilley etal. 1986
fluorescent (NBD)  10-30 min  Colleau et al. 1991, Connor & Schroit,

1987, 1989

lyso-derivates 3hb Bergmann et al, 1984
K 562 erythroblast  spin-label <2 min Cribbier et al. 1993
erythroleukaemic long-chain, diacyl <15 min Middelkoop et al. 1989
cells
platelets endogenous P§ 3-5 min Comfurius et al. 1990

spin-label 7 min Sune et al. 1987

fluorescent (NBD)  4-8 min Tilly et al. 1990
lymphocytes spin-label 7 min Sune et al. 1988, Zachowski et al, 1987
macrophage spin-label <3 min
spermatozoa spin-label 10 min
nerve endings spin-label 30-40 min  Zachowski & Gaudry Talarmin, 1990
fibroblast fluorescent (NBD}  5-15 min El-Hage Chahine et al. 1993, Martin &

~(hamster) Pagano 1987
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1.3 Loss of membrane phospholipid asymmetry

The asymmetric distribution of the phospholipids over the plasma membrane can be
partially or completely abolished when cells are stimulated. This stimulation leads to a
state in which phosphatidylserine and phosphatidylethanolamine are exposed at the
outer membrane leaflet. Such an exposure may give rise to cell recognition (e. g. by
scavenger cells, or neighbowring cells), and the area with exposed PS/PE may provide
a catalytic surface for certain enzymatic reactions. The development of a catalytic
surface is reflected by the generation of procoagulant activity during activation of
blood platelets. The rapid collapse of phospholipid asymmetry in the platelet cell
membrane has been reviewed by Schroit and Zwaal (1991). Since lipid bilayer
membranes that expose anionic phospholipids are procoagulant, interaction of various
coagulation factors with the activated platelet surface leads to a dramatic enhancement
in thrombin formation. Other examples of loss of membrane asymmetry are:

- aging of erythrocytes (Diaz and Schroit 1996)

- stimulation of erythrocytes (Comfurius et al. 1990)

- sickle cell anaemia (Frank et al. 1985, Tait and Gibson 1994)

- cells executing the apoptotic program (Fadok et al. 1992a,b; Martin et al. 1995)

- cardiomyocytes which lose their membrane asymmetry upon ischemic or

metabolic stress (Musters et al. 1993, Post et al. 1993)

- sperm cells which lose their membrane asymmetry to favour fusion (Nolan et

al. 1995).
In the apoptotic process PS exposition leads to recognition and removal of the
apoptotic cell by macrophages. Figure 1.2 depicts the PS-dependent reactions which
take place at both sides of the membrane surface.
Over the years several hypotheses about the mechanism of PS translocation from the
inner to the outer membrane leaflet have been postulated. As first demonstrated for
erythrocytes, simple inhibition of amino-phospholipid translocase does not cause
collapse of phospholipid asymmetry (Comfurius et al. 1990). Initially the binding of
aminophospholipids to the cytoskeleton was proposed as a mechanism to preserve the
asymmetric distribution of phospholipids because of the interaction between
phosphatidylserine and the cytoskeletal proteins spectrin and band 4.1. Furthermore,
cytoskeleton degradation by calpain frequently accompanies Joss of membrane
asymmetry (Verhallen et al. 1987, Fox et al. 1991, Squier et al. 1994). However, an
important role for a compromised interaction between PS and cytoskeletal proteins in
the loss of membrane lipid asymmetry was rejected, because asymmetry is maintained
in cytoskeleton free vesicles derived from cells (Calvez et al. 1988, Kuypers et al.
1993, for a review see Schroit and Zwaal 1991).
Loss of membrane phospholipid asymmetry seems to be mediated by high cytosolic
calcium levels (Bevers et al. 1990, Williamson et al. 1992) and is usually accompanied
by membrane blebbing and shedding of vesicles (Sims et al. 1989). Redistribution of
phospholipids during this process (“scrambling™) is irrespective of the different
phospholipid classes as was demonstrated using various fluorescent lipid analogues
(Williamson et al. 1995, Smeets et al. 1994, Verhoven et al. 1995). The mechanism by

14
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which the asymmetric distribution is lost is not fully understood and several
possibilities have been proposed. In addition to high intra-cellular calcium and
membrane blebbing, the loss of lipid asymmetry is usnally accompanied by increased
calpain activity (Fox et al. 1991) and the formation of phosphatidylinositol 4,5-
bisphosphate (PIP2)- calcium complexes (Sulpice et al. 1994). However, neither
cytoskeleton degradation (Basse et al. 1993), nor aminophospholipid translocase
inhibition (Bevers et al. 1989, Bitbol et al. 1987) or formation of Ca-PIP2 complexes
{(Bevers et al.1995) can account for the randomization of membrane phospholipids
observed during different cellular activations. Therefore, other mechanisms must be
involved in the loss of membrane phospholipid asymmetry.

Extracellular side

Cytoplasmic side

Figure 1.2 schematic representation of some aminophospholipid-dependent reactions occuring at the
extracellular and cytoplasmic surface of the plasma membrane (redrawn after Zachowski, 1993).

Strong evidence was produced by several groups that a membrane protein might be
responsible for phospholipid scrambling (and membrane blebbing) upon an increase of
intra-cellular calcium concentration (Zwaal et al. 1993, for a review see Diaz and
Schroit 1996}, in which membrane blebbing is likely the consequence of phospholipid
scrambling. There are, however, a few reports of phospholipid scrambling without (or
reduced) membrane vesicle formation (Dachary-Prigent et al. 1995, Williamson et al.
1992, Pasquet et al. 1996) under specific conditions. Reconstitution experiments with
partially purified membrane protein fractions suggest that indeed a specific protein or
proteins are responsible for the phospholipid reorganisation (Comfurius et al. 1996).
Recently, Bassé et al. (1996) purified a 37 kDa membrane protein from erythrocytes,
which upon reconstitution into phospholipid vesicles, is capable of scrambling
phospholipids in the presence of calcium as monitored with NBD labelled

15
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phospholipids.

The protein was inactivated by trypsin and showed half maximal activity at 20-60 pM
calcium. Based on a partial amino-acid sequence, eDNA encoding for this protein was
cloned (Zhou et al. 1997). The scramblase is a proline rich membrane protein with a
single transmembrane segment. Northern blotiing with scramblase ¢cDNA revealed
transcripts in various cell types suggesting that this protein functions in all cells.
Scrambling of phospholipids does not lead to irreversible damage in the form of a
leaky bilayer membrane. During various types of cell activation leading to loss of
membrane asymmetry neither release of intra-cellular enzymes (such as LDH) nor the
uptake of vital dyes (e.g. propidium iodide} could be detected. This indicates
furthermore that the loss of membrane asymmetry is under careful control and not the
result of an uncontrolled breakdown of the plasma membrane.

1.4 Morphological aspects of the loss of membrane phospholipid
asymmetry

As summarized in paragraph 1.2, much biochemical work has been done in relation to
the asymmetric distribution of phospholipids over the two bilayer halves of the plasma
membrane and the loss of this lipid asymmetry. However, little is known about the
ultra-structural changes related to disturbances in membrane phospholipid asymmetry.
It was also not clear at the beginning of our study where loss of lipid asymmetry is
localised, i.e. is it an overall loss or is it restricted to certain areas? In our studies we
have tried to supplement biochemical data with relevant morphological information.
With this approach a more precise and therefore a better understanding of the loss of
membrane phospholipid asymmetry can be achieved on a (sub)cellular level. Cell
stimulation followed by a massive (lipid) reorganisation of the membrane is likely to
have implications for the (ultra)structure. A bilayer membrane is presently conceived
as a dynamic steady state of an active amino-phospholipid influx and a slow transfer
diffusion of choline-lipids over the bilayer. In this steady state the amount of
phospholipids in each mono-layer must be in a balance. When this balance is disturbed
the membrane can accommodate slight differences by bending. For example in small
vesicles with high curvature
the difference between the

40
arnount of phospholipid in each % !
separate monolayer becomes g
significant. A vesicle with a 820
diameter of 500 nm has a 1% H
difference between inner and gior
outer surface, whereas in a g o [

sonicated vesicle of 30 nm the 200 400 600 800 1000

¢
. fi i i
outer monolayer contains tpasome ametsr (v}
nearly twice as much lipid Figure.1.3 Difference between phospholipid surface from the
molecules as the inner inner and outer layer of the bilayer membrane as a function of

the vesicle diameter.
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monolayer (see fig 1.3). With small unilamellar vesicles {20-100 nm) of
dipalmitoylphosphatidyl-choline a size dependent shift in transition temperature (7))
was demonstrated. This indicates that strongly curved bilayers of phospholipids behave
different from none or hardly curved bilayers (Lichtenberg et al. 1981). It has been
demonstrated in very large unilamellar vesicles that a 1% difference in the amount of
phospholipids between the two monolayers already leads to blebbing of the membrane
in order to compensate this imbalance (Farge and Devaux 1992).
When medium chain choline phospholipids (e. g. DMPC, Daleke and Huestis 1985)
are added to erythrocytes, they spontaneously incorporate into the outer membrane
leaflet. This area surplus is compensated by bulging of the membrane (echinocyte).
When the added lipid is an aminophospholipid it will be transported to the inner leaflet
resulting in a surplus of lipid at the inside of the membrane which will be
accommodated by invaginations (stomatocyte) (Daleke and Huestis 1985, Seigneuret
and Devaux 1984). Thus, not only the cytoskeleton determines the shape of a cell, but
the distribution and surface ratio of phospholipids over the two membrane halves is a
{local) shape determining factor as well.
In this thesis we investigated three different models of cell stimulation, in order to
correlate morphological changes (e.g. blebbing) to the loss of membrane phospholipid
asymmetry.
These models are: - the activation of blood platelets (chapter 4)

- induction of apoptosis in thymocytes (chapter 5)

- simulated ischemia of neonatal cardiomyocytes {chapter 6).
For all three models loss of membrane phospholipid asymmetry has been described
(Schroit and Zwaal 1991, Fadok et al 1992 a,b, Post et al. 1993), accompanied by an
increase in intracellular calcium levels and a relatively low energy state of the cell. In
all model systems studied, the cell membranes were (largely) intact (non leaky for
intracellular enzymes and or vital dyes) under the experimental conditions. The aim of
these studies was to investigate early (ultra)structural membrane alterations and to
localize (with an immunocytochemical and structural approach) where and when the
loss of membrane phospholipid asymmetry takes place. The hypothesis is that blebbing
of the cell membrane is a local and early event in the loss of membrane phospholipid
asymunetry. A similar association between blebbing and the loss of the membrane
asymmetry is expected in the biological models investigated: platelet activation,
apoptosis of thymocytes and ischemia of neonatal cardiomyocytes.

1.5 Experimental approach

For the fixation and detection of ultrastructural changes in the plasma membrane upon
cell stimulation and the subsequent localisation of PS exposition on the membrane, the
use of cryo-techniques is essential. Small ultrastructural changes, especially membrane
blebs, are very difficult to preserve with classical electron microscopical techniques,
which dissolve rather than conserve these structures. Furthermore, these classic
techniques preclude the subsequent localisation of PS on the plasma membrane. We
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therefore used cryo-electron microscopy (Frederik et al. 1989) (chapter 2) and freeze-
substitution techniques (Humbel et al. 1991)(chapter 4-6) to overcome these problems.
The ultrastructural localisation of lipids in the cell is still an unexplored field, whereas
the ultrastructural localisations of proteins made a great progress with the development
of antibodies and suitable cryo-techniques (Tokuyasu 1973, Slot and Geuze 1981,
Geuze et al. 1981). Several different approaches have been used to detect lipids at an
ultrastructural level (see table 1.3 for an overview) . Radio-labelled phospholipids,
cholesterol and steroids have been used for autoradiographic localisation at an
ultrastructural level (for a review see Stein and Stein 1971). Localisation studies using
autoradiography at the ultrastructural level are, however, not always as reliable as one
would hope for because fixation of lipids can be a problem. This, combined with a
rather limited spatial resolution (150-200 nm) of the autoradiographic process, makes it
inappropriate for the detection of asymmetry loss. Gold-conjugated phospholipases
have been used to localize phospholipids at an ultra-structural level (introduced by
Coulombe et al. 1988) but this technique did not receive much attention. “Anti-
phospholipid antibodies” have also been used to localize phospholipids although the
real nature of these antibodies remains unclear. The anti-phospholipid antibodies
probably bind via a protein cofactor (Galli, 1993). Phospholipid-binding proteins can
serve as suitable probes for the detection of phospholipids on the outer mono-layer of
the cell membrane. They can either be used directly labelled or secondary labelled with
a specific antibody. In chapter two we directly labelled the procoagulant surface of
stimulated blood platelets with coagulation factor Va coupled to gold particles
followed by cryo-electron microscopy. Factor Va has a high specificity for
phospholipid membranes exposing phosphatidylserine (for a review see Mann et al.
1988). For the localisation of membrane areas with disturbed phospholipid asymmetry
we mainly used annexin V. Annexin V is a calcium dependent phospholipid binding
protein with a very high affinity for PS (Andree et al. 1990 ,Meers and Mealy, 1993,
1994). Annexin V belongs to the family of annexins which share the structural
homology of a conserved core with a 4-fold internal repeat of 65-70 amino acids and a
variable N-terminal domain (Geisow et al. 1986, Geisow, 1986). Besides the very
strong affinity for PS, the availability and stability of annexin V were important for
these studies. For the interpretation of data obtained with the use of annexin V under
physiological conditions and at low PS concentration, it was considered essential to
have more information on the binding characteristics of annexin V under these
conditions. Therefore, we developed a system of model membranes of various lipid
composition adsorbed to glass beads. Binding of annexin V to these model membranes
could be investigated as described in chapter three using fluorescent annexin V and a
flow cytometer. Annexin V was used as a sensitive probe for the detection of
phosphatidylserine exposure on the outside of stimulated cells, as described in chapters
four to six. Cells were stimulated and, in the presence of annexin V and calcium,
vitrified by jetting the cell suspension into liquid ethane. After freeze-substitution and
embedding, ultra-thin sections were obtained. Annexin V localized on the surface of
these sections was allowed to react with a specific antibody which was subsequently
visualized by a protein A coated gold particle. The activation of blood platelets
followed by the localisation of PS exposure is described in chapter four. In chapter five

18
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the loss of membrane asymmetry was described during the apoptotic process and in
chapter six the loss of membrane asymmetry after simulated ischemia of neonatal
cardiomyocytes is reported. In all the cellular systems investigated, we have atterpted
to trace back the earliest events in PS exposition and thus in the loss of lipid
asymmetry of the cell membranes. The shedding of (micro) vesicles with PS exposed
on the outer bilayer leaflet appeared to be the earliest event that could be detected on
the ultrastructural level. The implications of this observation will be discussed in the

final chapter (chapter 7).

technique use Reference
autoradiography various lipids Stein and Stein 1971
autoradiography phospholipid metabolism Gould & Armstrong 1989
autoradiography saturated phospholipids in Poste et al. 1978

cells.
autoradiography alveolar type II pneumocyte Collet 1979

lamellar bodies
autoradiography lung surfactant Winter et al. 1991
filipin cholesterol Severs 1982, Forge, 1985

filipin and tomatine

gold-iabelled phospholipase
gold-labelled phospholipase
gold-labelled phospholipase

gold-labelled phospholipase
gold-labelled phospholipase

ferritin RCA 60
PS antibody

gold-labelled Va
annexin V

annexin V

sterols, cholesterol

phospholipidosis

lung surfactant
Intranuclear localization of
phospholipids

interphase chromatin in rat
hepatocytes.

localization of nuclear
phospholipids
glycosphingolipid asialo-GM
lipid antigen coated on
polystyrene

PS on blood platelets

PS on blood platelets

PS on thymocytes

Skepper, 1989, Severs &
Simons 1986

Coulombe & Bendayan 1989
Coulombe et al. 1588
Maraldi et al. 1992

Fraschini et al. 1992
Maraldi et al. 1992

Tillack et al. 1982
Compére et al. 1995

Stuart et al. 1992
Stuart et al, 1993
Stuart et arll. 1998
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