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Abgtract

The membrane attack complex C5b-9 (MAC) induces
cell permeabilization accompanied by shedding of
“microparticles’ fromtheplasmaemma. Weused cryofixation
and examination of serial sections to demonstrate the
ultrastructural detailsof the complement mediated alterations.
The complement system was activated by incubation of
citrated platelet rich plasmawith the antibody IgM FN 52 to
CD9. Theexperiment was monitored with an aggregomete,
and arrested by rapid freezing during (1) shapechangeand (2)
increasing light transmission. Phase 1 was characterized by
filopodia formation, degranulation, and irregularities of the
plasmaemma. Sequestration of cytoplasmic fragments was
detected infrequently. Inphase2, the cytosol becameelectron
lucent. Sequestration of cytoplasmic fragments from the
platelet body appeared frequently. Membrane-attached
electron dense depositsand distinct particleswith adimension
similar tothat of the M A C wererecognized on the membranes.
In the neck region of sequestered fragments, stretched
membrane-likelinesinserted angularly intothemembranewere
found. Fromtheir structural and dimensional characteristics,
it was concluded that they represent an end to (membrane)
site position of the MAC during sequestration. The findings
suggested that membrane aterations were induced in early
phases by permeabilizing precursors, and later by the
incorporation of thecomplex into themembrane. Thisledtoa
decrease in cytosol density, which agreed with increasing
light transmission in the aggregometer.
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Introduction

The complement membrane attack complex C5b-9
(MAC), which is known to be essential in host defence
mechanisms, efficiently induces membrane permesbilization.
After complement activation, the MAC is formed by the
molecular fusion of thefiveterminal complement proteins, C5,
C6, C7, C8 and C9 (reviewed in Esser, 1994). Theresulting
complex convertsinto acircular structurethat looksidentical
to aring of oligomerized C9, poly (C9), when imaged in the
electron microscope (Podack and Tschopp, 1984; Mueller-
Eberhard, 1985; Tschopp et al., 1986). The MAC isableto
insert into the cell membrane with its hydrophobic faces
(Mudller-Eberhard, 1985; Peitsch et al., 1990; Esser, 1994).
During membrane interaction of the MAC, the shedding of
so-caled microparticlesfrom theplasma emmacf plateletswas
described (Smset al., 1988, 198%,b: Wiedmer et al., 1990;
Wiedmer and Sims, 1991; Holme et al., 1993; Solum et al..,
1994) and other cells (Podack and Tschopp, 1984; Mueller-
Eberhard, 1985; Morgan et al., 1987; Boom et al., 1989;
Kerjaschki et al., 1989; Mdinski and Nel sestuen, 1989; Hamilton
etal., 1990; Youngand Young, 1990; Hamiltonand Sims, 1991,
Halperin et al., 1993). Up until now, a direct electron
microscopi ¢ demonstration of the permeabilization processis
lacking. In this study on platelets, complement activation
wasinduced by addition of amonoclonal IgM class antibody
(FN 52) against CD9. This was done in an aggregometer,
which offers the advantage that the permeabilization can be
observed as highly reproducible curves representing
variationsin light transmission. Seria sections of platelets
wereexamined in order to obtain direct information about the
ultrastructural details of MAC insertion into the membrane
and of the shedding process during the various phases of
membrane permesbilization. Chemica fixationwith a dehydes
provokesmembranevesiculationitself (Morgenstern, 1991).
Therefore, we wanted to capture the action of the
permesbilizing MAC on platelets with rapid freezing with a
timearrest of <1 milliseconds.

Materialsand M ethods

Platelet-rich plasma (PRP) was obtained by
centrifugation of citrated blood (0.013 M trisodium citrate) at
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Figure 1. Aggregometer curve (for details, see text in the
section Aggregometer curve).

320gfor 15 minutes. The complement system was activated
by addition of amonoclona IgM classantibody (FN 52; Solum
et al., 1994) directed towards the membrane antigen CD9 to
the platelet suspension at 37°C. The platelet response was
monitored as aggregometer curves which were highly
reproducible, as long as the same PRP and concentration of
the antibody were used.

Theaggregometer (Chrono-Log Dual Channel Model
440, Chrono-L og Corporation, Havertown, PA) wascdlibrated
in such away that the difference in signal between PRP (3 x
108 platel ets/pl) and platel et-free plasma corresponded to 80
recorder chart divisions.

Complement activation wasinduced by addition of 25
I of a1/50dilution of FN 52 ascitesin Tris-buffered saline, pH
7.4,t0475pl PRPintheaggregometer during magnetic stirring
at 37°C (for further details, see Solumet al., 1994). For electron
microscopy, samples of 20 pl were withdrawn directly from
the aggregometer cuvette in three consecutive runs with the
time intervals from addition of FN 52 indicated on the
aggregometer curvein Figure 1.

To obtain a more concentrated platelet suspension,
oneexperiment was performed with platel etsfrom athree day-
old acid-citrate-dextrose platel et concentrate (Red Cross Blood
Center, Rikshospitalet, Odo) with the platelets sedimented
and resuspended in citrated plasmato aplatel et density of 1 x
10° platelets/ul. Otherwisethe experimental procedurewasas
described abovefor the platel et-rich plasma.

The platelet reaction was arrested by rapid freezing
without prior fixation with themetal-mirror attachment MM 80
tothe K80 cryofixation unit (Reichert-Jung/ Vienna, Austria)
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as described in Morgenstern and Edelmann, 1989). The
samples were then freeze-substituted in acetone containing
4% (w/v) osmium tetroxide and 0.25% urany! acetate aswell
as, to enhancethe staining of cytoskeletal elements (Ornberg
and Reese, 1981), 0.1% hafnium chloride (Ventron Alpha
Produkte, Karlsruhe, FRG) for 48 hoursat 193 K withtheAFS
auto cryosubstitution unit (Reichert-Jung). The specimens
wereembedded inArdditeafter revarming. Ultrathin section
series were prepared with an Ultracut E (Reichert-Jung)
ultramicrotome. Ultrathin serial sections were stained with
uranyl acetate and lead citrate.

Computer-assisted 3-dimensiona reconstructionfrom
seria sections was carried out using a Kurta ISADB input
system (Phoenix, AZ) and an Apple Macintosh Quadra 840
persona computer. The applied software was described in
detail in Bogusch and Dierichs (1995).

Results
Aggregometer curve

Asdemonstrated in Figure 1, addition of the antibody
to PRP results in an aggregometer curve that can be divided
into different phases. In the following, we usethe term light
transmission to describe intensity of thelight emerging from
the platelet suspensions. On the ordinate, this is stated as
light transmission corresponding to the number of platelets
obtained whentheoriginal PRPisdiluted with thehomologues
platelet free plasma. Starting from the left of the curve, alag
phase shows the regular oscillations observed with disc-
shaped platelets. Then, the oscill ations disappear concomitant
with adecreasein light transmission.

The peak indicates a change in shape from discs to
spheres. This is followed by an increase in the light
transmission giving an ascending curve with practically no
oscillations. This effect was attributed (1) to the induced
degranulation and (2) to the membrane permeabilization
induced by activation of the complement system and
associated with a leakage of components of the platelet
cytoplasm. With the concentration of the complement
activating antibody used, the formation of aggregates could
not be observed (Solum et al., 1994).

Ultrastructural observations

The following descriptions, as well as the presented
micrographs and reconstructions arerelated to plateletsfrom
citrated PRP. The findings on the platelets obtained from a
platelet concentrate (control aswell as60 seconds, 2.5and 10
minutes after FN 52-addition) resemble the described
observations, but are not shown.

The untreated control platelets show the section
profiles of discocytes, the margina bundle of microtubules,
the surface connected system and the dense tubular system,
aswell asregular cell organelles (a-granules, dense granules
and mitochondria). InFigures2a-2c, theregular aspect of the
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of the complement system concern (a) platelet activation
(shape changewith formation of filopodiaand degranul ation),
(b) plasmalemmal irregularities, (c) the sequestration of

Figure2 (a-c). Threeserid sectionsfromacontrol platel et show the smooth and continuousregular structure of the plasmaemma.
A system of surface connected membraneswithitsopeningsto the plasmalemmaisindicated in Figure 2a (SCS). The secretory

organelles (dpha-granules) areindicated in Figure2b (G).
platelet plasma emmaisdemonstrated to alow acomparison

withthe FN 52-treated cells.

Theobserved ultrastructura aterationsafter activation
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rounded off but issurrounded by aremarkable number of circular cytoplasmic profiles(arrowsinFig. 3a). Only small remnantsof
the surface connected system (SCS) are present and swollen a pha-granules during exocytosis (SG) are seenin Figure 3a. The
serial sectionsin Figur es3b-3e(seeinset in Fig. 3a) demonstrate that one of the surrounding profiles (asterisks) isconnected with
theplatelet cytoplasm by athin neck (arrow inFig. 3d) only visibleinasingle section. Comparethereconstructionin Figure4 for
interpretation.

cytoplasmic fragments and (d) a decreasing electron density degranulation: After 48 seconds(Figs. 3a-3€), the maximum
of the cytosal. shape change is reached. The channels of the surface

Shape change with formation of filopodia and connected system aredrastically reduced, and the cell sappear
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Figure4. Thethree-dimensiond (3D) reconstructionfrom 12
sections of a platelet in the shape change phase (48 seconds
after addition of FN 52, cf. Fig. 33). The reconstruction
demonstrates long filopodia, and that most of the circular
profiles, seen in the sections, are due to filopodia. Only the
indicated small sequester was clearly found to be separated
from the platel et bodly.

Figure5 (a-€ at right). Thecontour of theplasmalemmacof a
platelet prior to shape change (24 seconds after addition of
FN 52) isshownin five consecutive sections. InFigures5a,
5cand 5d, arrowsindicate depressionsor discreteinterruptions
of thelipid bilayer. Thearrowheadsin Figures5a, 5cand 5d
indicate irregular electron dense structuresin the membrane
contour.

partly degranulated. The hyaloplasma shows unaltered
electrondensity (cf. Fig. 2 and see Decr ease of density of the
cytoplasm below). The platelets have formed long, thin
pseudopodia(filopodia). Numerouscircular profilesare seen
around the platelets. The 3D-reconstruction (Fig. 4)
demonstrates long filopodia and that most of the circular
profiles, seen in the sections (Fig. 3a), are due to filopodia.
Sequestration of cytoplasmic fragmentsfrom the cell surface
isvery seldom recognizable (Fig. 3d). Thenumber of cellsin
such a state is drastically decreased after longer incubation
periods. Then, the platel ets round off and increasingly show
an electron lucent cytosol, sequestration events and a
decreasing number of pseudopodia { compare Fig. 3a with
Fig. 7a(shownlater)}.

Plasmalemmal irregularities. After 24 sec, the
platelets in our experiments persisted in the discoid state.
However, compared to control platelets, the contour of the
plasmaemmashowsdistinct interruptions of thelipid bilayer
and irregular dense structuresin seria sections (Figs. 5a-5€).
Such plasmalemma irregularitiesarerecognizableon platelets
in the phase of shape change.

Later, in cellswith increasing electron lucency of the

cytosol, pronounced irregul aritiesare recognizable (Figs. 6a
6eand 7a7€).
Electron dense material onthecytoplasmicfaceof the
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Figure6 (a-€). Serid sections of a platelet with an electron lucent cytoplasm (60 seconds after addition of FN 52) shows two
membraneirregularities (arrowsand arrowheadsin sectionsFigs. 6b-6d). Theseremind oneof acoated pit (Fig. 6¢) but doesnot
show itsregular dimension (approximately 30 nm instead of 70-100 nm in diameter). The dense deposits reveal aserrated rim
(arrowheadsin Figs. 6b-6d) and at the site of their insertion the membrane contour appearsto beinterrupted (arrowhead in Fig.

6d).
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with electron lucent cytoplasm. In Figure 7a, the sequestration of two elongated fragments is seen, demonstrated in three
consecutive sections (Figs. 7b-7d). The arrows in Figures 7a-7c¢ indicate membrane irregularities with dense deposits on the
outside of the neck membrane. Three further sections (Figs. 7e-7g) from the separated fragment (indicated in Fig. 7a with an
arrowhead) are shown (arrows). The section in Figure 7e shows a serrated dense particle (30 nm in diameter) that might be
associated with the membrane of the fragment as demonstrated in the sectionsin Figures 7f and 7g. In the consecutive sections
(Figs. 7h-7k), thearrow in Fig. 7i indicatesaserrated density at the site of the sequestration of asmall fragment (arrowhead in Fig.
7K).

Note: Scalebarsareindicatedin Figures7a(for Figs. 7a-7d), 7e(for Figs. 7e-7g), and 7k (for Figs. 7h-7k).
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Figure 8 (a-e). Seria sections of a platelet with an electron lucent cytoplasm (60 seconds after addition of FN 52) show the
sequestration of afragment (asterisksin Figs. 8a-8c). An electron densering-like serrated structure (about 50 nmin diameter) is
associated with the membrane of the fragment and indicated by arrowheadsin 8b and c. The elongated neck of the fragment that
isonly seenin Figure8d isindicated with an arrow. There, the stretched appearing lines of the neck insertinanangular forminto
the membranes. Portions of the fragment membrane are covered with serrated dense deposits. In Figur e 8c, the plasmalemma
shows the deposition of electron dense material (thick arrow) and the plasmalemmal contour isnot regular.

Figure9 (a-cat bottom right). Threeserid sectionsfromaplatelet prepared asin Figure 8 show afurther exampleof sequestration.
The fragment isindicated in Figure 9a (asterisk). The elongated neck of the fragment isonly seen in Figure 9b (arrow). The
stretched appearing lines of the neck insert in an angular form into the membranes.

plasmademmais a frequent and characteristic finding at the cases, the membrane contour may beinterrupted (Fig. 6d).

steof membraneirregularities. Someirregularitiesremind one Dense, serrated deposits that cover the extracellular
of acoated pit (Fig. 6¢) becausethe cytoplasmic densedeposits face of the plasmalemma (shownin Fig. 8c) or themembrane
appear to be serrated. However, these structures of fragments are often observed (Figs. 7g, and 8a and 8b).
(approximately 30 nm in diameter) do not show the regular Serrated densities are also recognizable at the site of the
dimension of coated pits (70-100 nm in diameter). In some sequestration of fragments (Fig. 7). Serrated particles are
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Figure 10 (a-c). Three consecutive sections of aplatelet as shown in Figure 7 (80 seconds after addition of FN 52) demonstrate
theformation of afragment (arrowheadsin Figures10aand 10b). Themembrane-likelinesof the elongated neck of thefragment
are pronounced by higher density compared with themembrane (arrowsin Fig. 10b). Thearrow inFig. 10aindicatesanother site

of the start of a sequestration as recognized in further sections (not shown).

Figure11 (a-c). Thesection seriesof aplatelet (80 seconds after addition of FN 52) showsacell with electron lucent cytoplasm.
The sequestration of two elongated fragments is demonstrated in three subsequent sections. The arrows and arrowheads in
Figures1laand 11b indicate the sitesof formation of elongated neckson thefragments during sequestration. InsectioninFigure
114, thetwo doublearrowsindicate annular structureswithin the membrane contour. Thearrowhead in Figure 11aindicatesthat
an annular membrane structure correspondsto the site of neck seeninFigure 11b. Insectionin Figure1lc, aserrated particleis
associated with the plasmalemma (arrow).

found to be associated with the membrane of fragments as plasmalemma (Fig. 11c, shown later). Moreover, aready
shown in Figures 8a-8c and 9a and 9b, as well as with the sequestered fragments show serrated dense particles
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associated with their surrounding membrane (Fig. 7€). The
dimension of these particlesisin arange of 30-70 nm. The
particle structure indicated in Figures 8b and 8c may be one
elongated particle with a short axis of 40-50 nm. However,
considering a section thickness of about 50 nm, itslong axis
may be longer than 70 nm. On the other hand, the serid
technique does not permit adecision asto whether or not this
structure represents two separate particles, or only one.

Another type of irregularity is the appearance of
circular denseprofileswith aninternal width of 6-10 nmwithin
the plasmalemma(Figs. 8cand 11a).

Sequestr ation of cytoplasmicfragments. Fragments
in the process of separation (Fig. 3c), or aready separated
fromtheplatelet surface (see 3D-reconstructionin Fig. 4), are
rarely detected in early phases of platelet reaction to
complement activation (48-60 seconds). Careful examination
of serial sections (as shown in Figs. 3a-3e) and the
reconstruction (Fig. 4) showed that the sequesters in this
state appear as small spherical fragments with a content
resembling the cytoplasmic matrix. Later, sequestration is
foundto bevery frequent. The sequestersbud, oftenin pairs,
fromtheplasmaemma(Figs. 7a-7d, 8a-8e, 9a-9¢c, 10a-10c, 11a
11candthe 3D-recongtructionin Fig. 12). Theneck region of
budding fragments may be covered with electron dense
deposits (Figs. 7a-7c) as described above.

A characteristic aspect at asite of sequestrationisthe
frequently observed thin elongated neck (Figs. 8d, 9b, 10b
and 11b) withtightly configured, straight-running membrane-
like lines (distance between the neck-forming lines about 12
nm). The contour of these linesis dightly intensified. The
thickened partsof the neck aredelineated in parallel (asinthe
examplesinFigs. 8d and 9b). Furthermore, they insert intothe
plasmalemmaaswell asinto themembranesof fragmentsinan
extraordinary, angular form (Figs. 8d and 9b).

The content of the fragments shows the aspect of the
cytoplasm. In no case are platelet organelles recognizable
within the sequestered fragments.

Decreaseof density of thecytoplasm: Samplesfrom
the ascending part of the aggregometer curve contain an
increasing number of plateletswith ahyaloplasmathat isless
electron dense than the blood plasma (Figs. 7a-7d, 10a-10c
and 11a-11c). After 10 minutes, only platel et ghostsare seen.

Discussion

The cryofixation technique used demonstrates that
theaction of the membrane-permeabilizing complement attack
complex results in sequestration (shedding) of cytoplasmic
fragments which are commonly named microparticles or
microvesicles. The formation of cytoplasmic fragments is
consistent with reports that these particles express surface-
bound procoagulant activity and contain cytoskeletal and
contractileproteins(Simset al., 1989b; Wiedmer et al ., 1990;
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Figure12. The3D-reconstructionfrom of aplateletin astate
with an electron lucent hyaloplasma demonstrates the
sequestration (arrow) of € ongated cytoplasmic fragmentsfrom
theplasmaemma. Thefragmentsseenintheright-hand of the
platelet are found to be aready sequestered in other points of
view (not shown).

Holmeetal., 1993, 1994).

The sequestration events were most frequent after
the cells had passed the shape change phase and showed an
increased light transmission. In the present study, this
corresponded to an incubation time with FN 52 of over 60
seconds. Thecontinued membrane permeabilization leadsto
adecreasein electron density caused by leaching of cytosolic
components or by water influx into the cytosol. This
permeabilization effect agrees with the increasing light
transmissionin the aggregometer and the described liberation
of adenosine triphosphate (ATP) during latelet reaction with
FN 52 (Solumetal., 1994).

This study focuses on the ultrastructurally
recognizable signs of the MAC action. Therefore, the
plasmdemma irregularitiesareof particular interest aspossible
indicationsof the precursory stepsof plasmalemmal injury by
theMAC-forming molecules. Furthermore, thedensemateria
on the cytoplasmic face of the membrane irregularities may
indicate the action of such molecules.

Regarding the MAC formation, it was suggested that
thecomplex of C5b-8 actsasacatayst for C9 polymerization
and that this complex is inserted into the poly(C9) ring
(Tschopp, 1984; Podack, 1992). A poly(C9)-like configuration
is aso probable for the mature MAC. The molecular
configuration of the MAC and its dimensions (28-30 nm in
length) are described as comprising a 5-14 nm-wide tubule
with a18-21 nm-widetorus (annulus) at the top (Podack and
Tschopp, 1984; Mud ler-Eberhard, 1985). Astothemechanism
of ring closurein themembrane, it wasestablished that thisis
not required nor important for MAC-mediated membrane
damage. Threetofour C9 moleculesper C5b-8 arecompletely
sufficient to produce al known effects of the MAC, yet four
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C9moleculesareinsufficient toformapoly(C9) tubule (Esser,
1991, 1994). Other constituents of the C5b-9 complex,
epecidly C8, may becomeincorporatedintothecell membrane
duetotheir amphiphilic character (Podack and Tschopp, 1984;
Sodetz, 1988) and induce membrane permesbilization.

Complement proteinsthat are precursors of the MAC
may act during early phases of FN 52-induced complex
formation (24-48 secondsin thisstudy). Discreteinterruptions
of themembrane contour indi cate the permeabilization effect,
which was postulated by others (see Esser, 1991). The
presence of activated platel ets undergoing shape change and
degranulation and forming abundant filopodiaduring thefirst
minute after addition of FN 52 iscompatiblewith thefindings
of Wiedmer and Sims (1985) that incorporation of a few
complexes in the plasmaemma induces repolarization and
Ca?*-mediated platelet activation. However, the presence of
rare sequestration events suggests that permeabilizing
configurationsof MAC or itsprecursorsare dready acting at
this time. Interestingly, dense deposits on the sites of
plasmalemmal irregularities are not recognizable during this
early period. Theabsence of platel et aggregationindicatesa
serious disturbance of the membrane function. Obvioudly,
the formation of receptor GPIIb/Il1a-ligand (fibrinogen)
complexes is impossible. This suggestion is supported by
observations with the monoclonal antibody PAC-1 that
exclusively recognizes the activated form of the GPIIb/ll1a
complex. Thisantibody bound to platel etsincubated with FN
52 in the shape change phase, but wasunableto bind at alater
sage(Holmeet al., 1995).

After the shape change phaseisover, and the platel ets
show increasing light transmission (> 60 seconds after addition
of FN 52), more pronounced aterations on the plasmalemma
are recognizable. First, membrane irregularities and
sequestration of fragments are accompanied by associated
electron dense deposits on the membrane. On the one hand,
the deposits are observed on the cytoplasmic face of the
plasma emmawhereno sequestration of fragmentstakesplace.
There, the membrane-associated structures cover small
membrane depressions and show a serrated rim resembling
coated pitsbut with adimension different from these. Onthe
other hand, dense depositions are situated on the membrane
surface. Both of these structural peculiarities are never
recognizablein platel ets stimulated by physiological agonists
such as adenosine diphosphate (ADP) and collagen (Ruf and
Morgenstern, unpublished observations) or, e.g., by an
ionophore (Holme et al., unpublished observations). Thus,
the demonstrated deposits on the cytoplasmic face of the
plasmalemma represent in all probability a consequence of
themembrane attack by complement molecules.

A further conspi cuous phenomenon isthe appearance
of serrated particles attached to the plasmalemma or to the
membrane of fragments. Also at the site of sequestration,
membrane-associated electron dense particles occur. They
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are situated in the neck region of the sequestered fragments
and are located on the extracellular face of the membranes.
The occurrence of such particles has never been recognized
on resting platelets, or platelets stimulated by ADP, collagen
(Ruf and Morgenstern, unpublished observations) or an
ionophore (Holme et al., unpublished observations). The
guestion arisesasto whether these structuresrepresent MAC
complexes.

The dimension of particles (> 30 nm in diameter)
caculated frommicrographsof ultrathin sectionsin the present
study islarger than the values for MAC structures obtained
with other methods. Intramembrane particles (20-30 nmin
size) weredemongtrated in freeze-fracturereplicasof ddehyde-
fixed cell membranes after C5b-9 application (Humprey and
Dourmashkin, 1969; K erjaschki et al., 1989). Thedimension
of such particles corresponds to the calculated size of the
MAC, isolated from membranes and determined by negative
staining electron microscopy (Biesecker etal., 1979; Mueller-
Eberhard, 1985; Podack and Tschopp, 1984). There, the
dimensionof theMACis10-21 nmindiameter and upto30nm
in length. All these values were obtained using techniques
that cannot exclude shrinking by aldehydes or alterations by
isolation from membranes and by the negative staining
procedure. Peitsch et al. (1990) have reconstructed the
components of the MAC by molecular modelling. The
estimated dimens onsare compatiblewith the aforementioned
dimensions. However, these methods may generate
miscalculations.

A comparison of our valueswith those of othersquoted
above is critical. Of course, the sectioning technique may
limit the chance to recognize the adequate dimension of
structures. On the other hand, the cryofixation/substitution
technique, the same as used here, was found to preserve the
red dimensionsof cdl structures, e.g., thesarcomeredimension
in resting and contracted muscle cells (for discussion, see
Edelmann, 1989). Moreover, theinformation from the sections
examined in this study reflects the situation in situ.  This
includestheinteraction of MAC moleculeswiththemembrane,
probably with cytoskeletal elements and with components of
the blood plasma. An enlargement of the MAC could be
attributed to the conditions in the demonstrated specimens.

The observed surface-attached particles (MAC?)
match the findings that MAC and precursor molecules bind
tothe surfacesof cells(Bhakdi and Tranum-Jensen, 1986). In
nucleated cells, aremova of the MAC through endocytotic
processes was reported (Carnoy et al., 1985; Morgan et al.,
1987). In our investigation, no internalized particles were
recognized in platelets. Sims and Wiedmer (1986) have
suggested that platel etseliminate C5b-9 poresby exocytoss.
Theparticlesthat wereattached to, or inserted inthemembrane
of sequestered fragmentsin our study, may bethemorphologic
correlate of this phenomenon.

A third extraordinary finding concernsthe thin necks
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a the site of sequestration of cytoplasmic fragments. The
parale passage of thetightly approached membrane-likelines
and their intensified contour in the neck region is striking.
Also the angular insertion of the neck-lines into the
plasmalemmaaswell asinto the membranesof fragmentsare
remarkableand do not correspond with the common behavior
of acell membrane. Thenecksof fragmentsin sequestration,
that were observed in platelets stimulated by ADP, collagen
(Ruf and Morgenstern, unpublished observations) or an
ionophore (Holme et al., unpublished observations)
inconspicuously showed contoursthat inserted smoothly into
themembranes. Such necksdid not show the characteristics
mentioned hereafter MAC-induction. The question arisesas
to whether these structures represent MAC complexes.

Supposing that the neck-lines are a product of the
MAC, some details of these structures should be noted: (1)
Thedistance between the stretched membrane-likelines (about
12 nm) corresponds to the lumen of the tubule in a MAC
complex; itsinternal width was estimated between5t0 14 nm
(Podack and Tschopp, 1984; Mueller-Eberhard, 1985; Peitsch
etal., 1990). (2) Thecircular dense profileswith aninterna
width of 6-12 nm observed within the plasma emmal contour
agreewiththedimension of aMAC tubule. (3) Theenhanced
den-sity of the neck-lines and their angular insertion into the
cdl membranesuggestsadructuredifferent fromalipid-bilayer
membrane.

In contrast to thefindingsduring thefirst period of FN
52 influence (see above), the described structural details
observed onthe platel et surfaceindicate that the sequestration
of cytoplasmic fragments in later phases is created by
membraneincorporation of themature MAC. Theproteinsof
the MAC are amphiphilic and able to insert into the
membranes. This is also the case for the C9 proteins that
unfold upon interaction with the membrane-bound C5b-8
complex (Podack and Tschopp, 1984; Sodetz, 1988; Halperin
et al., 1988; Peitsch et al., 1990). On the other hand, the
possibility that the MAC traverses the membrane of cells
completely (Tranum-Jensen and Bhakdi, 1983; Bhakdi and
Tranum-Jensen, 1991) is still serioudly discussed (cf. Esser,
1994). The observationsin this study suggest that the necks
of budding cell fragmentsareattributed to the M AC complex
that enters the cell membrane in an end-to-side mode. This
conformation might help to solve unanswered questions as
totheaction of MAC (see Esser, 1994). Such an arrangement
of the MAC might establish a cytosolic connection between
the cell and the sequestered fragments as well as provide the
access of water to the charged faces of the MAC tubule and
enablewater influx into the cellsor the fragments.

Acknowledgements

The authors wish to thank Dr. Ludwig Edelmann
(Homburg) for advice in preparation and reading the

514

manuscript. We are grateful to Elin Rubach-Dahlberg, Turid
M. Pedersen (Odlo) aswell asto Anne Vecerdeaand Claudia
Fischer (Homburg) for excdllent technical assistance. Thework
was supported by The Norwegian Council on Cardiovascular
Diseases, Anders Jahres Fund and Professor Paul A. Owrens
Fund.

References

Bhakdi S, Tranum-Jensen J (1986) C5b-9 assembly:
Average binding of one C9 molecule to C5b-8 without poly-
COformation generatesastabletransmembrane pore. JImmunol
136, 2999-3005.

Bhakdi S, Tranum-Jensen J(1991) Complement lysis.
Aholeisahole. Immunol Today 12, 318-320.

Biesecker G Podack ER, Haverson CA, Mudller-
Eberhard HJ(1979) C5b-9 dimer: | sol ation from complement
lysed cellsand ultrastructural identification with complement-
dependent membranelesions. JExp Med 149, 448-458.

Bogusch G Dierichs R (1995) Outgrowing nervesin
theforeleg of amouseembryo asviewed by three-dimensional
reconstruction from electron micrographs. Cell Tissue Res
280, 197-209.

BoomBW, MommaasM, DahaMR, Vermeer BJ(1939)
Complement-mediated endothelial cell damage in immune
complex vasculitis of the skin: Ultrastructural localization of
the membraneattack complex. JInvest Dermatol 93 (2 Suppl),
685-72S.

Carnoy DF, Koski CL, Shin ML (1985) Elimination of
terminal complement intermediatesfrom the plasmamembrane
of nucleated cells. Therate of disappearance differsfor cells
carrying C5b-7 or C5b8 or amixture of C5b-8 with alimited
number of C5b9. JiImmunol 134, 1804-1809.

EdemannL (1989) Thecontractingmuscle: A challenge
for freeze-substitution and low temperature embedding.
Scanning Microsc Suppl 3, 241-252.

Esser AF(1991) Big MAC attack. Complement proteins
causeleaky patches. Immunol Today 12, 316-318.

Esser AF (1994) The membrane attack complex of
complement. Assembly, structure and cytotoxic activity.
Toxicology 87,229-247.

Halperin JA, Nicholson-Weller A, Brugnara C,
Tosteson DC (1988) Complement inducesatransent increase
in membrane permesbility in unlysed erythrocytes. J Clin
Invest 82, 594-600.

Halperin JA, TaratuskaA, Nicholson-Weller A (1993)
Terminal complement complex C5b-9 stimulatesmitogenesis
in3T3cells. JClinInvest 91, 1974-1978.

Hamilton KK, SmsPJ(1991) Thetermina complement
proteins C5b-9 augment binding of high density lipoprotein
and its apolipoproteins A-1 and A-1l to human endothelial
cdls JClinInvest 88, 1833-1840.

Hamilton KK, Hattori R, Esmon CT, Sims PJ (1990)



Membrane attack complex on platelets

Complement proteins C5b-9 induce vesiculation of the
endothelid plasmamembraneand expose catalytic surfacefor
assembly of the prothrombinaseenzyme complex. JBiol Chem
265, 3309-3814.

HolmePA, Brosstad F, Solum NO (1993) Thedifference
between platelet and plasma FXIII used to study the
mechanism of platelet microvesicle formation. Thromb
Haemost 70, 681-686.

HolmePA, Solum NO, Brosstad F, Roger M, Abdel noor
M (1994) Demonstration of platel et-derived microvesiclesin
blood from patientswith activated coagulation andfibrinolysis
using a filtration technique and Western blotting. Thromb
Haemost 72, 666-671.

HolmePA, SolumNO, Brosstad F, Egberg N, Lindahl T
(1995) Stimulated Glanzmann's thrombasthenia platelets
produce microvesicles. Microvesiculation correl ates better to
exposure of procoagulant surfacethan to activation of GPI1b-
I1la. Thromb Haemost 74, 1533-1540

Humprey JH, Dourmashkin RR (1969) Thelesionsin
cell membrane caused by complement. Adv Immunol 11, 75-
115.

Kerjaschki D, SchulzeM, Binder S, Kain R, Ojha PP,
Susani M, Horvat R, Baker PJ, Couser WG (1989) Transcellular
trangport and membrane insertion of the C5b-9 membrane
attack complex of complement by glomerular epithelid cellsin
experimental membranous nephropathy. JImmunol 143, 546-
552,

Malinski JA, Nelsestuen GL (1989) Membrane
permeability to macromolecules mediated by the membrane
attack complex. Biochemistry 28, 61-67.

Morgan BP, Dankert JR, Esser AF (1987) Recovery of
human neutrophils from complement attack: Removal of the
membrane attack complex by endocytosis and exocytosis. J
Immunol 138, 248-253.

Morgenstern E (1991) Aldehyde fixation causes
membrane vesiculation during platelet exocytosis: A freeze-
substitution study. Scanning Microsc Suppl 5, 109-115.

Morgengtern E, Eddmann L (1989) Analysisof dynamic
cell processes by rapid freezing and freeze substitution. In:
Electron Micrascopy of Subcd lular Dynamics. Plattner H (ed.).
CRC Press, BocaRaton, FL.. pp 119-140.

Mueller-Eberhard HJ (1985) The killer molecule of
complement. JInvest Dermatol 85 (Suppl. 1), 47S-52S.

Ornberg RL, Reese TS(1981) Beginning of exocytoss
captured by rapid freezing of Limulusamebocytes. JCell Biol
90, 40-54.

Peitsch MC, Amiguet P, Guy R, Brunner J, Maizel JV,
Tschopp J(1990) L ocalization and molecular modeling of the
membrane-inserted domain of the ninth component of human
complement and perforin. Mol Immunol 27, S89-602.

Podack ER (1992) Perforin: Structure, function, and
regulation. Curr Top Microbiol Immunol 178, 175-184.

Podack ER, Tschopp J (1984) Membrane attack by

515

complement. Mol Immunol 21, 589-603.

Sims PJ, Wiedmer T (1986) Repolarization of the
membrane potential of blood platelets after complement
damage. Evidencefor aCa?*-dependent exocytotic eimination
of C5b-9 pores. Blood 68, 556-561.

Sims PJ, Faioni EM, Wiedmer T, Shattil SJ (1988)
Complement proteins C5b-9 cause release of membrane
vesicles from the platelet surface that are enriched in the
membrane receptor for coagulation factor Va and express
prothrombinaseactivity. JBiol Chem 263, 18205-18212.

SimsPJ, Rallins SA, Wiedmer T (1989a) Regulatory
control of complement on blood platelets. Modulation of
platelet procoagulant responses by a membrane inhibitor of
the C5b-9 complex. JBiol Chem 264, 19228-19235.

SimsPJ, Wiedmer T, Esmon CT, WeissHJ, Shattil SJ
(1989b) Assembly of the platel et prothrombinase complex is
linked to vesi cul ation of the platelet plasmamembrane. JBiol
Chem 264, 17049-17057.

Sodetz M (1988) Structure and function of C8inthe
membraneattack sequenceof complement. Curr Top Microbiol
Immunoal 140, 19-31.

Solum NO, Rubach-Dahlberg E, Pedersen TM,
Reisberg T, Hogasen K, Funderud S (1994) Complement-
mediated permeabilization of platelets by monoclonal
antibodiesto CD9: Inhibition by leupeptin, and effectson the
GP1b-actin-binding protein system. Thromb Res 75, 437-452.

Tranum-Jensen J, Bhakdi S (1983) Freeze-fracture
anadysisof themembranelesion of human complement. JCell
Biol 97,618-626.

Tschopp J(1984) Ultrastructure of themembraneattack
complex of complement. Heterogeneity of the complex caused
by different degree of C9 polymerization. J Biol Chem 259,
7857-7863.

Tschopp J, Masson D, Stanley KK (1986) Structural/
functional smilarity between proteinsinvolved in complement-
and cytotoxic T-lymphocyte-mediated cytolysis. Nature 322,
831-834.

Wiedmer T, Sims PJ (1985) Effect of complement
proteins C5b-9 on blood platelets: Evidence for reversible
depolarization of the membrane potential. J Biol Chem 260,
8014-8019.

Wiedmer T, Sims PJ (1991) Participation of protein
kinases in complement C5b-9-induced shedding of platelet
plasmamembranevesicles. Blood 78, 2880-2886.

Wiedmer T, Shattil SJ, Cunningham M, SimsPJ(1990)
Role of calcium and calpain in complement-induced
vesiculation of the platelet plasma membrane and in the
exposure of the platelet factor Vareceptor. Biochemistry 29,
623-632

Young JD, Young TM (1990) Channdl fluctuations
induced by membrane attack complex C5B-9. Mol Immunol
27,1001-1007.



E. Morgenstern et al.

Discussion with Reviewers

W.van Oeveren: Thereleaseof granulesfrom plateletsresults
in decreased density of the cytosol and thus in increased
light transmission in the aggregometer (Fig. 1). The authors
explain the sequestration and release of granules by the
permeabilization of the platelet membrane by the MAC
complex. However, also an early effect after binding of MAC
is the exposure of phosphatidylserine to the outer platelet
membrane, which, together with released Factor V, potentiates
theformation of thrombin ontheplatelet surface. Couldit be
possiblethat the processesfollowing theinitial shape change
areinduced (in part) by thrombin? Would asimilar aggregation
pattern be observed in the presence of a specific thrombin
inhibitor?

Authors: We have carried out the experiment with FN 52
added to citrated PRP a so anti coagul ated with hirudin (20 U/
ml) which is an inhibitor of thrombin. The aggregometer
curvesobtained did not differ fromthe curve shownin Figure
1. Simultaneous flow cytometric analyses showed the
presenceof microparticles. The shape changemay beinduced
by ADPleaked out from the cytosol through thefirst poresin
the membrane produced by the complement activation, or it
may beadirect consequence of theintroduction of some C5b-
9 complexes, dlowing Ca?* ionstoenter intothecell. Incitrated
plasma, as opposed to in ethylenediaminetetraacetic acid
(EDTA) plasma, asignificant amount of thecalciumispresent
as free ions (Wiedmer and Sims, 1985), and a review by
Deckmyn and DeReys(1995).

W.van Oeveren: Theauthorsshow aconsiderabletimedelay
inthis processfrom complement activation to platelet release
(60 seconds). Incirculating blood, thiswould mean ashedding
of thrombogenic particles throughout the circulation with
potential pathologic effects, specificaly if platelets are not
capable of aggregation, since active GPIIb/Il1a cannot be
formed. Could therapid formation of filopodiaberesponsible
for localization of these phenomena in vivo to the site of
inflammetion?

Authors. The time delay from addition of FN 52 until the
shape change occurs is believed to be related to the initial
steps in complement activation. Thus, if the proteolytic
inhibitor leupeptin, which inhibitsthese early steps, isadded
before FN 52 or immediately after, the whole process is
prevented (Solum et al., 1994). Theshedding of microparticles
starts during the shape change phase, and increasesthereafter
(Holmeet al., [1995). Themicroparticlespossessaprocoagulant
surfacesand as suggested by thereviewer, they may therefore
bethrombogenic. Inlinewiththis, we have demonstrated the
presence of definite amounts of microparticlesin blood from
patients with disseminated intravascular coagulation (DIC)
(Holme et al., 1994). Their possible participation in
in-flammationislessclear, however.
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W. van Oeveren: If avery limited number of MACisformed
on the platelet surface could it be eliminated by exocytosis
without inducing this cascade of events resulting in platelet
degranulation?

Authors: Anenrichment of themicroparticleswithMAC has
been shown after incorporation of thiscomplex inthe platel et
membrane (Simset al., 1988). Binding of the antibody aE11
directed toward a neoepitope on C9, to microparticles was
also observed as part of our recent flow cytometry analyses
shown Figure 13. It may be speculated that this phenomenon
represents a kind of defence against permeabilization at the
early stage. Asmicroparticleformationisawaysobservedin
association with atrand ocation of amino-phospholipidsfrom
the inner to the outer membrane leaflet, we have aso
speculated that thistransl ocation may occur locally at thesite
of insertion of the complement complex leading to aninstability
resulting in the shedding of the particles. We have found
particles with serrated contours associated with fragments
(Figs. 7e, and 8b and 8c). In such a way, MAC might be
removed from the platelet surface. Under the conditions of
our experiments, this obvioudly did not prevent the platel et
permesbilization resultingin platel et ghosts.

P.B. Bell: You discuss the observed decrease in cytosolic
electron density asbeing caused by the“leaching of cytosolic
components or by water influx into the cytosol.” Arethese
mutually exclusive, and what is the evidence that one or the
other occurs?

Authors Asdescribedin Solumetal. (1994), theFN 52induced
platelet reaction is accomplished by a moderate release of
lactate dehydrogenase. Thisled to our assumption that water
influx might be areason for the decrease of cytosolic electron
density. However, leaching of cytosolic components,
particularly small ones, may occur simultaneoudly.

P.B. Bell: You mention the possibility that previous
measurementsof thedimension of MACsaresmaller thanthe
ones you observed because of aldehyde-induced shrinkage.
What evidence supports this? Could shrinkage occur for
other reasons as well, including dehydration?

Authors: It is well known that aldehydes, especially di-
aldehydes, cause shrinkage of cellsand their components by
cross-linking (seefor comparison Figs. 14a-14c). Of course,
the drying processthat is necessary during negative staining
procedures may induce shrinkage. Regarding this study,
shrinkage during dehydration using the cryosubstitution in
acetone containing OsO, does not occur inadimensionworth
mentioning. Thiswasshowninacomparativestudy on muscle
cdls(Edemann, 1989).

P.B. Bdl: You mention possible interactions between the
MACs and the cytoskeleton. What is the evidence for this
and what is the functional significance of thisinteraction?
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Figure 13. Flow cytometry of FN 52 treated platelets (A2 and B2) and untreated control cells (A1 and B1) using Mab aE11
directed to aneoepitope on C9 asprimary antibody. Two color analysiswas used: plateletswere gated based on the fluorescence
of afluoresceinisothiocianate (FITC) labelled Mab against GPIH1a(FITC Y 2/51). Detection of bound aE11 wasdoneusing arPE
labelled anti mouselgG2a. Theantibody M 5409 from Sigma(St. Louis, MO) wasused asanegative control. FSC representssize,
and FL 2 fluorescence intensity for each particle (i.e., platelet or microparticle). In pand A2, the fluorescencein the upper right
quadrant demonstrates specific binding of aE11 to platel ets, whereas binding to microparticlesis shown to theleft of the vertical
line. Further, panel B2 showsincreased binding of aE11 to the stimulated platelets as compared to the unstimulated plateletsin
panel B1. Thenegative control M 5409 showed afluorescence histogram identical to B1 after stimulation of the plateletswith FN

52.

Authors. In rare cases, we have observed filamentous
structures associated with dense depositsin our section series
at the site of membrane irregularities. We have started
immunolabeling experiments with antibodies either against
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the MAC and precursor molecules or against actin and actin
binding protein on sections of cryofixed and freeze-dried
platelets to obtain detailed information regarding the
interactions of MAC formation and the cytoskeleton. It is
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Figure 14 (a-c). Three consecutive sectionsfrom aplatel et 60 seconds after FN 52 addition, prepared as described in the answer
to Dr. Tranum-Jensen’slast question, show |abel sindicating the antibody Mab aE11 directed to aneoepitope on C9 (arrowheads).
Labelsare seen onthesurface of, or within, not clearly identifiable structuresand myelinfiguresin the platel et surroundings (Figs.
14a and 14c) and on the surface of ashrunken platelet (Fig. 14b, left above). Themediumisfreeof labels.

known that the generation of microparticles by C5b-9 is
accompanied by proteolytic degradation of the cytoskeletal
proteins actin binding protein, talin, and myosin heavy chain
(Wiedmer et al., 1990). Asdemonstratedin Figure6in Solum
et al. (1994), sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blotting showed
an extensive degradation of the actin-binding protein at the
end of the incubation under the conditions of the present
experiments.

K.Ryan: Thiswork showsagood useof rapidfreezingwhere
aspecimen can be“immobilized” inatimeperiod of lessthan
amillisecond; the time during which freezing occurs at any
one point being limited to about 250 micraseconds, thisbeing
theultimatelimit for timeresolutionin cryofixation (modelled
by Jones, 1984; Robards, 1984). Thetimestepsof 24, 48, 60,
80 secondsand subsequent are probably well realized inyour
experimental resultswhenyou consider that aldehydefixation
cantake 10 minutesto “fix” elongateciliain tunicate structures,
ending in pronounced artifactual “discocilia” (Bone et al.,
1982) and 15 minutesto “arrest” cytoplasmic movement in
plant cells (Mersey and McCully, 1978; Robards, 1984). Do
you think that, in the light of your results, most preceding
work on the dynamic processes need reinvestigating using
cryofixation?
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Authors:  Indeed, shortcomings of chemical fixation for
investigation of cells have been reported in many studies.
Themostimportant handicapsarethelong-lasting time of the
arrest of cell functions, andtheinduction of artificial structures,
excellently demonstrated in the study of Mersey and McCully
(1978). A compilation of other examples, mainly regarding
animal cells, wasgiveninthetext reference Morgenstern and
Edelmann (1989). Intheplateletsfixedin suspension, thetime
of arrest after aldehyde fixation is, because of their small
dimensions, surely shorter than in tissues or in plant cells
surrounded by acell wall. Nevertheless, also in small cells,
aldehyde fixation cannot capture rapid dynamic events as
membranefusion or providewater movement (Morgenstern,
1991). In this context, a reinvestigation of such dynamic
processes is alogical consequence.

K. Ryan: Could you comment further as to the angular
appearance of thethin necksat the site of sequestration platelet
fragments? Do you believethat your results suggest that the
pseudopodia are extruded through the MAC?

Authors: The angular insertion of the neck lines in the
membrane of the platelets, or of the fragments, is not
compatiblewith the properties and the behavior of biological
membranes. Therefore, weinterpret these structuresasbeing
dueto the MAC, and are able to show that their dimensions
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may correspond with the MAC dimension. The neck lines
(MAC?) connect theplatel et plasma emmawith themembrane
of the fragmentsat thetime of sequestration, but this process
is not comparable with a pseudopodia/filopodia formation.
Filopodiaformation, only observableduring thefirst phase of
platelet reaction, is a characteristic platelet response after
activation.

R. Pipe: With your serial sectionsfor Figure 3a (48 seconds
after FN 52 addition), are there no pictures demonstrating
long thin profilesof tube-likefilopodia? If not al thecircular
profiles seen in Figure 3a are due to filopodia, what are the
others dueto if not sequestration of cytoplasmic fragments?
Would scanning electron microscopy have been helpful for
demonsgtrating the filopodia?

Authors: It was not possible to demonstrate a whole
filopodium with this technique. We did not demonstrate
pictures with long thin profiles of tube-like filopodia (which
were present in other section series as elongated profiles)
because we preferred to demonstrate in Figure 3 one of the
rareexamplesof budding of afragment. Thus, wedemonstrate
the filopodia by reconstruction. With scanning electron
microscopy, it could be possible to show filopodiabut surely
not the formation of small fragments.

R. Pipe: Figure6 (60 secondsafter FN 52 addition) appearsto
show less pronounced changes in the apha-granules than
thosein Figure 3 (48 seconds after FN 52 addition); can you
explainwhy thismight be?

Authors; Your comment iscorrect. Let usanswer with the
satement of J.G White, avery experienced scientistin platelet
morphology, who said “no two stimulated platelets are at
exactly the same state of reaction at any moment in time.”
Indeed, in some*“leached” platelets somea-granulesmay be
present. Thisphenomenonisaso knownfrom afew granule-
containing plateletsin a population that was stimulated with
thrombin.

J. Tranum-Jensen: The study utilizes citrated PRP and a
monoclonal Ab (FN 52) towards CD9 to induce formation of
C5b-9 (MAC). Thecrucial questionisof courseif MAC is
formed onthe platel et membrane under these conditions. The
present paper does not itself address this question but gives
referenceto Solumet al. (1994). Theargumentsgiveninthis
paper for formation of MAC on the platelets are that shape
change and permeabilization (ATP release) of the platelets
does not occur if plasma/serum is omitted, and that a serum
depleted of C8 cannot fully replace the effects of full serum
unless supplemented with purified C8. Thefirst part of this
argument isonly vaid if inactivated serum (56°C, | hour) does
not elicit the effects.

Authors: Thiswasthefirst wethought of whenwe started to
suspect that the observed phenomenon might be due to
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complement activation. Wethen performed experimentswhere
isolated (washed) platelets were resuspended in either a
citrated plasma, a plasma anti-coagulated using EDTA or a
citrated plasmathat had been “inactivated” by heating at 56°C
for 30 minutes followed by removal of the precipitated
fibrinogen by centrifugation. FN 52 was then added to each
of these platel et suspensionsin the aggregometer asin Figure
1 of our paper. The plateletsinthecitrated plasmashowed the
sameaggregometer curveasin Figure 1. However, noreaction
was observed with the platel etsin the heat-inactivated plasma,
orintheEDTA plasma. Theinterpretation of thisisthat inthe
last two cases, the membrane permeabilizing complement
complex could not be produced. Thisisduetoinactivation of
necessary complement factorsin the heat-inactivated plasma,
and by the complexation of Ca?* ions required for the
complement activation whenthe EDTA plasma was used.
Note againthat the citrated plasmacontainssignificantly more
free Ca?* ions than the EDTA plasma due to considerable
differencesinthe complexation constants of thesetwo calcium
chelators.

J. Tranum-Jensen: The C8 supplementation-argument is
somewhat hampered by the fact that the experiment is
performed in the presence of calcium and absence of citrate.

Authors:. Itisnot absolutely clear what the reviewer means.
If he pointsto thefact that an experiment with washed platel ets
resuspended in a citrate-free serum with added Ca* ions, is
not identical to experimentsperformed with plateletsin citrated
plasma, this obviously is correct as a general statement.
However, thereisno evidenceto claimthat FN 52 isnot acting
through the same mechanism in the two systems.

J. Tranum-Jensen: Measurement of extracellular C5b 9 is
performed by an ELISA technique, but data are not shown,
and the same appliesto demonstration of C5b-9 onthe platel et
surface by flow cytometry.
Authors. The presence of the C5b-9 complex ontheplatel et
surface after FN 52 addition was demonstrated by flow
cytometry using the same monoclonal antibody to a
neo-epitope on C9 (Mab aE11) as used for the ELISA-
technique. The ELISA resultsare shown herein Table 1 and
Figure 15, and theflow cytometry datain Figure 13.

Corresponding data were shown in a poster
presentation at the X 111th Congressof theInternationa Society
of Haemostasis and Thrombosis, Amsterdam, The
Netherlands, 1991, but were not published elsewhere. The
flow cytometry has been re-eval uated in connection with the
revision of the present paper using the more sophisticated
approach of dual 1abelling which has the advantage that also
microparticles can be studied.

In addition, Table 1 aso shows the values for the
determination of the C3 conversion, requested in the next
paragraph. The monaoclonal antibody aE11 directed to a
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Table 1. Measurements of the sC5b-9 complex and C3
activation products (C3bc) present extracellularly after platelet
ateration induced by FN 52, and demonstration of the effect
of leupeptin on these products.

FN52  Leupeptin  sC5b-9 C3ph9
C3bc
Curves* (IgM)  (16mM) (AU/ml)  (AU/ml)
1 Present  Absent 33 103
2 Present Present 22 52
3 Absent  Absent 15 39
Curve No. 1 Curve No. 2 Curve No. 3 Calib;ag;c;{
50%
Leupeptin
MAb MADb buffer PRP
} : VoL ' 100%
: : Py

MAD = FN 52 (IgM)

*Figure 15. Thethree aggregometer curves corresponding
to Table 1 arealso shown. Notethat in curve 2, leupeptin was
added during the shape change phase.

neoepitope on C9 was used both in Table 1 and Fig-ure 13.
Thisantibody hasbeen described in detail inaprevious paper
(Moallnesetal., 1985).

J. Tranum-Jensen: Complement activationin general should
be monitored, e.g., by measuring C3 conversion.

Authors. We did these measurements also, but without
publishing them. Actually, in parallel with the measurements
of the ELISA determinations of soluble C5b-9 (sC5b-9)
discussed above, we also did EL I SA measurementsof the C3
activation products stated as C3bc (C3b + inactivated C3b +
C3c) inexactly thesamesamples. Theresultsparallel those of
the C5b-9 values, and go well along with the idea of
complement activation. You will find these values added in
Table 1. These measurements were done on &t least two
occas ons, each timewith 9 wellsfor each sample.
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J. Tranum-Jensen: Variousother indirect lines of evidence
point to MAC formation on the platelet surface, but | am
missing compelling evidencethat MACisformed on/inplatel et
membrane, e.g., by immunolabelling microscopy using an
antibody towards a C9 neoantigen, or even better by clear
demonstration of characteristic complement lesions by
negative staining, ideally supplemented with immunogold
labdling.

Authors: During experimentsin Od o, Norway, wealso have
used the preembedding-labelling technique to find the MAC
on washed platelets 60 seconds after addition of FN 52. For
thisexperiment, the plate etswerefixed with abuffered solution
containing 2% paraformaldehyde and 0.2 % glutaral dehyde,
incubated for 10 minutes at 37°C with the primary antibody
Mab aE11 directed to aneoepitope on C9 (thesameasusedin
Tableland Fig. 13). After washing, a6 nm, gold-labeled anti-
mouse 1gG was added, and the incubation was continued at
room temperature for 1 hour. Then, pellets were postfixed
with OsO, according to Caulfield (1957), dehydrated and
embeddedinAradite. Theresultsaredemongtrated in Figures
14a-14c. Thus, aso by transmission el ectron microscopy, we
have evidence that the MAC is present on the platelet
membraneafter induction. Ontheother hand, themicrographs
demonstrate theinability of aldehydefixationto preservethe
platelet reactions during MAC-formation as shown in the
paper. We hesitated to present such micrographs because of
the poor standard of preparation. Holes in cell membranes
caused by MAC-formation were elegantly demonstrated by
the reviewer (Fig. 7 in text reference Bhakdi and Tranum-
Jensen, 1986) and by many others. Becauseweknow that the
MAC was present in the experiments, and permesbilization
took place, we did not work with preparation of negatively
stained platel et membranes, atechnique in which we are not
experienced.
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