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ABSTRACT 

Isolated normal human heart mitochondria (HHM), when 

incubated in vitro with normal human serum, are capable of 

inducing a characteristic antibody-independent activation 

of the complement system as measured by decreases in the 

hemolytic titers of whole complement and of individual 

components as well. The HHM-dependent complement activation 

is thought to involve both classical and alternative path

ways as shown by the following: (1) CI, C4, C3, and C6 

consumption is completely blocked by 0.01 M EDTA in the 

serum; (2) CI and C4 consumption is completely blocked by 

0.01 M EGTA, but C3 and C6 consumption is only partially 

blocked; (3) destruction of factor B by heating serum at 

50°C for 20 minutes partially blocked C3 and C6 consumption 

but ha,d no effect on CI and C4 consumption; (4) addition of 

EGTA to the 50°C heated serum blocked all HHM-dependent 

complement consumption; (5) Clq depletion of EDTA-serum by 

adsorption in the cold with insoluble immune complexes 

prevented HHM-dependent consumption of C4 in the re-

calcified serum, but C3 and C6 consumption, though reduced, 

still occurred; (6) C2 deficient sera from three sources 

supported HHM-dependent CI and C4 consumption but only one 

of these sera showed HHM-dependent C3 consumption. 

ix 
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Initiation of classical pathway activation occurred 

when the first component, CI, became bound to the HHM 

membrane via the Clq moiety. Binding of Cl to the HHM was 

greater at low ionic strength (y = 0.065) and occurred at 

0°C. The presence of Cl as HHM-C1 complexes could be 

demonstrated by elution experiments, Cl transfer to EAC4, 

or consumption of C4 in a functionally pure C4 preparation. 

HHM alone had no effect on other complement components (C4 

or C3) in highly purified or functionally pure form, thus, 

the consumption seen in serum was not due to a direct 

enzymatic effect associated with the mitochondria. 

Some species specificity was seen when heart 

mitochondria were tested with autologous and heterologous 

sera in a variety of species. Although whole complement 

measurements in some species were negative in many cases, 

measurement of individual components showed decreases in Cl, 

C4, and C3 titers, particularly in combinations of dog, 

guinea pig, monkey, and human mitochondria and sera. Other 

subcellular fractions (microsomes, nuclear membranes, 

cytosol) were le.ss active at promoting complement consump

tion, and plasma membranes were inactive, Skeletal muscle 

mitochondria were less active than those from cardiac 

tissue, and liver mitochondria still less active. 

An in vivo study of complement titers in a series 

of patients who had suffered unequivocal acute transmural 

myocardial infarctions showed that significant drops in 



xi 

CI, C4, and C3 titers occurred within 72 hours after onset 

of the chest pain, whereas the control patients who had had 

chest pain but not unequivocal myocardial infarctions showed 

no significant changes in complement titers. No anti-HHM 

autoantibodies could be demonstrated in the sera of these 

patients. Thus, HHM-dependent complement activation may 

play a contributory role in the development of complement-

mediated inflammatory responses which occur following 

relatively massive myocardial infarctions. 



INTRODUCTION 

The activation of serum complement by isolated sub

cellular membranes from normal myocardial tissue was first 

reported by Pinckard et al. in 1973. Normal human sera 

contain a heat-labile factor with a sedimentation velocity 

of approximately 19 S, which was shown to be capable of 

reacting in vitro with isolated human heart mitochondria and 

fixing complement. Subsequent characterization of this 

factor showed that it was the first component of classical 

complement, CI, interacting with the mitochondrial membranes 

in an antibody-independent mechanism in which the CI became 

bound and activated and thus capable of initiating further 

activation of the classical pathway of complement. Evidence 

for the antibody-independence of this reaction came from 

several experiments which demonstrated the following. 

1. Complement-fixing activity of the mitochondria 

disappeared when the serum used was first absorbed 

with insoluble immune complexes in the presence of 

EDTA, did not reappear upon recalcification, but 

could be restored by adding highly purified Clq to 

the recalcified serum. 

2. Partially purified human CI, with little or no IgM 

remaining, showed high complement fixing activity 

with the mitochondria. 

1 



3. Serum from a patient with agammaglobulinemia had 

mitochondria-dependent complement fixing activity 

even in the absence of detectable IgG, IgA, or IgM. 

4. The human heart mitochondria preparations were not 

themselves anti-complementary for guinea pig 

complement, suggesting that there were no bound 

antibodies present on the membranes. 

5. The factor responsible for the mitochondria-dependent 

complement-fixation sedimented in the 19 S region 

of a sucrose density gradient in the absence of 

EDTA, but was found in a lower molecular weight 

region of the gradient when the chelator was added. 

Recalcification of the pooled low density regions 

resulted in restoration of the complement-fixing 

activity. 

These results are consistent with the theory that 

human CI, by way of its Clq subunit, can bind directly to 

the mitochondrial membrane and thus become activated. In 

view of the fact that complement is one of the primary 

mediators of inflammation (Miiller-Eberhard et al. , 1972; 

Mtiller-Eberhard, 1968; Lachmann, 1973; Weissmann, 1974) 

studies were designed to further characterize the heart 

mitochondria-dependent complement activation mechanism. 
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Background Information 

Inflammation 

Inflammation can be considered to include those 

processes by which injury to the body is repaired. Under 

most circumstances, these processes have a protective and 

restorative function, but there are some conditions in which 

more harm than good may be done. An acute inflammatory 

response, following a relatively sudden injury to tissues, 

is characterized by localized erythema due to blood vessel 

dilatation, edema caused by the escape of fluids from the 

dilated vessels, and induration resulting from the accumula

tion of both fluids and cells, i.e., the rubor, calor, 

tumor, and dolor described by Celsus in the second century, 

A.D. (Bellanti, 1971; Weissmann, 1974). This series of 

events is the result of the activity of various chemical 

mediators which may be released at the site of the injury 

by the lysis of damaged cells, by specific release from 

other cells which respond to the damaged cells, or as the 

result of fluid phase activation of the complement, kinin-

forming or blood-clotting systems at the site (Miiller-

Eberhard et al., 1972; McKay, 1972, Ratnoff, 1971). 

Mediators of inflammation include anaphylatoxic factors, 

which increase blood vessel permeability and cause smooth 

muscle contraction and chemotactic factors which attract 

leukocytes into the damaged area. Histamine-induced 
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vasodilatation is secondary to contraction of the endo

thelial cells lining post-capillary venules which then 

produces gaps between adjacent cells and allows plasma, fine 

particles and platelets to leak from the vascular lumen. 

The plasma can filter through the semipermeable endothelial 

basement membrane into the tissue spaces, while the 

particles and cells are retained (Weissmann, 1974). 

The first cells to arrive at the site of inflamma

tion in response to chemotactic factors are usually 

polymorphonuclear leukocytes (neutrophils) which extrava-

sate and accumulate in the area of injury within minutes of 

its occurrence (Goldstein, 1974; Bellanti, 1971). 

Neutrophils are phagocytic cells which are instrumental in 

defending the body from bacterial infection and which act as 

scavengers to remove damaged tissues or foreign material 

which may be present at the site of inflammation. During 

the phagocytic process, some enzymatic constituents of the 

neutrophil granules are released into the extracellular 

environment and may cause further damage to the surrounding 

tissues and enhancement of the inflammatory response 

(Henson, 1971; Goldstein, 1974; Weissman, Dukor, and Sessa, 

1971). Large accumulations of neutrophils in an area can 

result in structural damage to the normal tissues, as is 

the case in glomerulonephritis, in which the kidney's 

basement membrane is eroded by granulocytic enzymes 

(Bellanti, 1971; Henson, 1971). Other leukocytes, 
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including monocytes and lymphocytes, appear at the site of 

inflammation after a few hours. These cells are all capable 

of contributing to the ongoing inflammatory response by 

releasing additional mediators such as enzymes and lympho-

kines (Weissmann et al., 1971; Henson, 1974b). 

The accumulation of inflammatory exudates in areas 

such as the brain or the pericardium can impair the normal 

functioning of the organ. Damage to the tissues surrounding 

the immediate area of injury can occur when the inflammatory 

response is greater than that necessary for simple repair. 

If the injury exceeds the repair capacity of the inflam

matory response, or if the insult to the tissues persists 

over a long period of time, chronic inflammation may result, 

with the persistence of leukocytes in the area and the 

possible extension of the injured region into peripheral 

areas by the cytotoxic effects of substances released by 

these cells. A long-term result of chronic inflammation may 

be the deposition of dense fibrous scar tissue replacing 

normal tissues and the permanent impairment of the function 

of the involved organs. 

Complement as a Mediator of Inflammation 

The complement system"'" can contribute to the 

initiation and maintenance of an inflammatory response by 

1. Complement system nomenclature is given in 
Appendix A. 
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fairly well characterized mechanisms associated with the 

activated components. Complement can induce the release 

of histamine from mast cells, and the complement anaphyla-

toxins, C3a and C5a, cause the contraction of smooth muscle 

such as guinea pig ileum which exhibits tachyphylaxis when 

repeatedly stimulated by the same anaphylatoxin (Rapp and 

Borsos, 1970). Complement chemotactic factors are respon

sible for the directed migration of neutrophils into the 

area of activation, while opsonization of particles or 

membranes by complement components greatly facilitates 

contact with, and uptake by the phagocytic cells (Henson, 

1974b; Rapp and Borsos, 1970; Miiller-Eberhard, 1975) . 

Complement may also be involved in the initiation of blood 

coagulation by immune complexes or fungal and bacterial 

polysaccharides (Lachmann, 1973; Ratnoff, 1971; Henson, 

1974a), The complement system has a direct cytotoxic 

effect against appropriately sensitized target cells 

tMttller-Eberhard, 1975; Ferrone et al., 1974). 

The complement system in man and other vertebrates 

comprises a number of normal proteins which exist in the 

circulation as functionally inactive precursor molecules. 

In order to realize the biologic effects, the complement 

system must first be activated—a process which proceeds 

through a cascade of reactions between the complement 

components, and results in the sequential production of 

the biologically active molecules. As with other 
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triggered-enzyme systems such as the blood-clotting and 

fibrinolytic systems and the kinin-forming system, control 

of complement activation is achieved by specific inhibitors 

and inactivators which act at key steps along the cascade 

sequence both to block the progress of the activation and to 

inactivate the biologically active components (Gigli, 

1974). Strict requirements for environmental conditions 

such as the ionic strength, pH, temperature, divalent cation 

concentrations, as well as a suitable surface upon which 

stable enzyme complexes can be formed also help to limit 

the activation mechanism- As a general rule, activated 

components which remain in the fluid phase of the reaction 

medium are rapidly inactivated, either by spontaneous decay 

of the active site or reaction with specific inactivators, 

whereas those components which are bound to a stable surface 

such as a membrane are longer-lived and can be assembled 

into effective enzyme complexes (Cooper, 1973). 

Among the substances known to activate the comple

ment system, the most well-defined are antigen-antibody 

complexes. These may be either soluble or insoluble 

complexes, particles, cells, pieces of cells, virions or 

anything to which antibodies may be bound. Complement 

binding occurs in the vicinity of the carbohydrate groups at 

the hinge region of the immunoglobulin molecule. Immuno

globulin classes which bind complement differ slightly among 

species but generally IgM pentamers are good complement 
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fixers, while two IgG monomers of the appropriate subclass 

lyG3 > yGl > yG2 >> yG4, in the human) must be bound in 

close proximity in order to fix one Clq molecule (Augener 

et al., 1971; Ishizaka et al., 1966; Taranta and Franklin, 

1971). Other complement activating substances include 

aggregated gamma globulin, staphylococcal protein A (which 

aggregates IgG through a reaction with the Fc portion of 

that molecule), kaolin and latex particles, some types of 

membranes, certain polysaccharides such as inulin aggre

gates, agar, zymosan from yeast cell walls, and endotoxin. 

Uric acid crystals from gouty joints, C-reactive protein 

from acute phase sera, various highly charged polyanions 

including DNA, polyinosinic acid, and lipid A of bacterial 

lipopolysaccharide may be capable of binding the very basic 

complement protein Clq. Complement activation can also be 

accomplished by direct enzymatic attack upon the constituent 

proteins by bacterial or lysosomal enzymes, trypsin or 

plasmin (Cooper, 1973; Lachmann, 1973). There are factors 

in the venoms of some reptiles, most notably the cobra, 

Naja haje, which can efficiently activate the alternative 

pathway of complement and may be used to deplete an animal 

of its terminal complement components (Flexner and Noguchi, 

1903; Cochrane, Miiller-Eberhard, and Aikin, 1970). 

Chromatographic separation of proteins in the venom of the 

rattlesnake, Crotalus atrox, produces several fractions 

which have anticomplementary activity, although only one of 
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these appears to be specific in its action against comple

ment (Minta, Wasi, and Man, 1976). The venom of the South 

African Boomslang, Dispholidus typus, a colubrid snake not 

generally considered to be dangerously venomous, has 

recently been shown to be capable of activating the alterna

tive pathway of complement (Nicolson et al., 1974). The 

venom of the brown recluse spider, Loxosceles reclusa, 

contains a factor which can inactivate C5 and possibly 

other complement components (Finke et al., 1976). 

The activation of the complement system normally 

proceeds by one of two major pathways, both of which utilize 

the same terminal components, C3 to C9, but which possess 

different requirements for initiation and different initial 

components. Figure 1 shows a simplified scheme for classi

cal hemolytic pathway activation as it is thought to occur. 

Table 1 lists the known components of the complement system 

and some of their properties. 

The classical, or hemolytic pathway, was the first 

to be well characterized and is defined primarily in terms 

of its ability to mediate the lysis of appropriately 

sensitized red blood cells. The sensitization of sheep 

erythrocytes (E) with an appropriate antiserum (A) results 

in the formation of a stable antigen-antibody complex (EA) 

which can then react with the first component of complement, 

CI, to form a relatively stable cellular intermediate, EAC1. 

The CI macromolecule is a complex composed of 4 subunits, 
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Clqrs 
-EAC1 

EAC14 

0.01 M 
EDTA C1INH 
EGTA 

EAC142 

C3a^ 

LOSS OF^-^RC3BLNA) EAC1,423B 

HEMOLYTIC LVC5 

ACTIVITY C5A* 

C6INA 

0.09 M 
EDTA 

EAC'423b5b 

y C5b67 

EAC1-7 

* 

EAC1-8 

EAC1-9 

Figure 1. Classical pathway of complement activation — 
E = sheep erythrocyte, A = antibody to E, E* = 
lysed erythrocyte, • = activation products with 
anaphylatoxin or chemotactic activity. 



Table 1. Some characteristics of proteins associated with the human complement 
system. 

Electro- Serum 
Heat phoretic Concen

Sedimentation Molecular Lability Mobility tration 
Component(synonym) Coefficient Weight (56°C, 30 min) pH 8.6 yg/ml Ref.* 

Clq 11.1 400,000 + 
Y2 

180 a,b 
Clr 7.5 180,000 +' 02 — a 
Cls 4.0 86,000 + a2 110 a 
Clt 9.5 24,000 — <*1 — a 

(subunit wt) 
C2 4.5 117,000 + 

h 25 a,c 
C3(glc) 9.5 180,000 - e2 1600 a,b 
C3a — 8,900 - — a,b 
C3b 9.0 171,000 — a2 — a 
C4(Ble) 10.0 206,000 - h 640 a 
C5 (glf) 8.7 180,000 + 

h 80 a 
C5a — 16,500 — — a 
C6 5.5 95,000 - h 75 a 
C7 6.0 110,000 - 02 55 a 
C8 8.0 163,000 + Yl 80 a 
C9 4.5 79,000 + a 230 a,b,c 
IF (C3NeF Analogue) 7.0 150,000 — yi — a 
P (Properdin) 5.4 223,000 — Y 2 25 a,c 
B(C3PA,GBG) 6.0 93,000 + 

h 200 a 
D(C3PAase, GBGase) 3.0 24,000 — a2 — a 
C1INH 4,2 90,000 + <*2 180 cf e 
KAF(C3b-INA) 4.8 100,000 + 02 <25 c 
C6INA 6.4 -- + 

h e 
AI (Anaphylatoxin 

inactivator) 9.5 310,000 + a 50 e,f 

*(a) Muller-Eberhard (1975); (b) Bruninga (1971); (c) Ruddy, Gigli, and Austen (1972); (d) 
Assimeh and Painter (1975); (e) Gigli (1974); (f) Miiller-Eberhard, Bokisch, and Budzko (1970). 
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Clq, Clr, Cls, and Clt, held together by a calcium ion, and 

has the capacity to bind via its Clq moiety to the Fc region 

of an antibody which is bound to its appropriate antigen 

(Assimeh and Painter, 1975; Sledge and Bing, 1973a). Once 

bound to the antibody molecule, the Clq subunit undergoes an 

apparent conformational change which then allows the expres

sion of the enzymatic activity of the Clr subunit and the 

subsequent activation of els'—the classical CI esterase 

(Loos, Borsos, and Rapp, 1972). The natural substrates of 

Cls are C4 and C2, the next two components to react in the 

classical pathway. Proteolytic cleavage of C4 and C2 by 

Cls, in the presence of magnesium ions, results in the 

formation of another enzyme, C42, also called C3 convertase. 

Limiting factors in the formation of efficient C3 convertase 

include the following: 

1. Cls is stoichiometrically inhibited by Cl-INH, a 

normal plasma protein which can act upon both bound 

and fluid phase Cls, and also acts as an inhibitor 

of Clr, plasmin, kallikrein, and activated Hageman 

factor (Lachmann, 1973; Ratnoff, 1971). 

2. C2 undergoes rapid decay from the enzyme complex, 

making the effective half-life of the enzyme about 

seven minutes under physiological conditions. 

3. The formation of the active complex requires 

magnesium ions and can be prevented by the presence 

of chelators which remove magnesium; however, once 
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it is formed, the enzyme is no longer affected by 

chelators. 

4. The presence of CI in the complex, as C142, though 

not necessary for C3 conversion, can prolong the 

life of the enzyme by activating a new C2 molecule 

when C2 decays off (Cooper, Polley, and Miiller-

Eberhard, 1970; Lachmann, 1973; Miiller-Eberhard, 

1968). 

C3 conversion is accomplished in the classical 

pathway by proteolytic cleavage of the native C3 molecule 

into two parts by C42. One of these, C3a, is a small 

fragment (mol. wt ca. 7000) which has biological activity 

as an anaphylatoxin. Although chemotactic activity as well 

was originally attributed to C3a, this has not been demon

strated for the purified component and is now thought to 

reside in some other portion of the activated C3 molecule. 

The other fragment, C3b, includes the bulk of the original 

C3 molecule, and contains a hydrophobic site through which 

it can bind to cell membranes. Fixation of C3b produces 

several biologically important consequences: C3b adherence 

reactions, C3b feedback into the alternative pathway and the 

formation of a C5 convertase, C423b (Cooper et al., 1970; 

Gigli and Nelson, 1968; Lachmann, 1973). 

C5 is cleaved in a manner analogous to C3, producing 

a small fragment, C5a, with anaphylatoxin and chemotactic 
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activities, and a large fragment, C5b, which can, in the 

presence of C6 and C7 form a relatively stable large complex, 

C567. Although it has not been shown to have enzymatic 

activity, C567 has chemotactic properties and can also bind 

quite firmly to many kinds of membranes including those of 

unsensitized red cells (Becker et al., 1974; Goldman, 

1974). This capacity for nonselective binding is responsible 

for the "reactive lysis" or "innocent bystander" phenomenon 

by which unsensitized cells are lysed in the vicinity of 

complement activation (Goldman, Ruddy, and Austen, 1972). 

C8 and C9 bind to the C567 complex on the cell membrane, and 

cause rapid osmotic lysis of the cell (Kolb et al., 1972). 

This mechanism of immune hemolysis, i.e., the 

sequential activation of Cl-9 on the surface of sensitized 

red blood cells with the resultant lysis of the cells, forms 

the basis of most of the assays for functional classical 

complement components. Lysis of a sensitized erythrocyte 

by complement proceeds according to the "one-hit theory" of 

immune hemolysis (Rapp and Borsos, 1970). Essentially this 

is taken to mean that only one hit—that is, the formation 

of one complete site at which all of the components have 

sequentially reacted—is necessary and sufficient to pro

duce a lytic lesion upon the cell membrane. Lysis of 

erythrocytes is easily measured by determining the amount 

of hemoglobin released by those cells which obtain lethal 

hits, and the number of cells which are lysed is 



proportional to the number of effective molecules of 

complement available. If one component is limited and all 

others are present in excess, then the number of effective 

molecules of the limited component can be determined 

CMayer, 1961). 

The properdin system, or alternative pathway of 

complement activation, has only recently been well charac

terized with respect to its molecular aspects. As a 

mechanism of natural resistance to infection from certain 

viruses and bacteria, the alternative pathway probably 

represents an evolutionarily more primitive method of 

complement activation than the classical pathway (Pillemer 

et al., 1954; Day et al., 1970). Typical activators of the 

alternative pathway include bacterial or fungal cell walls, 

or polysaccharide derivatives therefrom, such as endotoxin 

and zymosan (Cooper, 1973). The schematic representation 

depicted in Figure 2 is a proposed alternative pathway 

mechanism for the formation of a C5 convertase which is 

analogous to that formed by the activation of classical 

complement. The components of the properdin system, like 

their classical counterparts, exist as precursor forms 

which can be activated when the initiating factor, IF, 

comes in contact with an activating substance, S. Factors 

B, D, and native C3 can then, in the presence of magnesium 

ions, interact with the S-IF complex to form an enzyme 

capable of generating C3b (Schreiber et al., 1975). This 



ACTIVATING SUBSTANCE (S) 
+ 

INITIATING FACTOR 
FACTOR B 

FACTOR D 

PROPERDIN 

C3b 

Mg++ 

S-C3b,F?B Ĉ
x- S-[C3bl2,RB C5<̂ - S-C5b-9 
C3a,C3b C5a, C 5 b,6,7 

Figure 2. Alternative pathway of complement activation. 
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enzyme, a relatively low magnitude C3 convertase, becomes 

more efficient with an additional C3b and properdin, P, 

which helps to stabilize it (Fearon and Austen, 1975). Once 

formed, the properdin-dependent convertase can catalyse C3b 

opsonization and assembly of the C5-9 membrane attack 

mechanism (Medicus et al., 1976). 

It is not necessary, in vivo, to have the entire 

classical or alternative pathway activated in order to 

realize the biological effects of complement activation. 

Neutralization of viruses such as Herpes simplex can be 

accomplished by binding Cl and C4 to the antibody-virus 

complex (Daniels et al., 1969). The presence of bound C3b 

on a particle or cell is sufficient to enable it to bind to 

erythrocytes, neutrophils or platelets. Activation of C3 

and C5 results in the production of potent anaphylatoxins 

and chemotactic factors. Enhanced phagocytosis by 

neutrophils, stimulated by bound C3, can lead to the release 

of lysosomal enzymes which can fragment basement membranes 

or which can act on circulating C3 and C5 to produce addi

tional biologically active fragments (Henson, 1974a, 1974b; 

Goldstein, 1974). 

Complement Involvement in Myocardial 
Infarction 

The observation mentioned at the beginning of this 

introduction, that binding and activation of complement 

components occurs in vitro when normal human serum is 
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incubated at 37°C with subcellular membranes isolated from 

normal myocardial tissue, suggests that this mechanism could 

contribute to the inflammatory response following myocardial 

damage in vivo. Coronary artery occlusion can result in 

myocardial cell necrosis in the area of restricted blood 

flow, autolytic damage of the infarcted region, intensive 

neutrophil infiltration and subsequent heterolytic damage of 

cells in the area surrounding the developing lesion. 

Complement activation has been reported following myocardial 

infarction (Versey and Gabriel, 1974; Gabriel and Versey, 

1974; Pinckard et al., 1975). Hill and Ward (1971) showed 

that the neutrophil infiltration was significantly reduced 

when rats were depleted of serum complement by the adminis

tration of cobra venom factor prior to experimentally 

induced myocardial infarction. Complement depletion by 

cobra venom factor has also been used to reduce the size of 

the lesion which developed following experimental myocardial 

infarction in dogs (Maroko and Carpenter, 1974) . In view of 

the role played by complement in inflammatory processes, any 

mechanism which possesses the potential for activating 

complement in the immediate vicinity of damaged tissue 

should be further examined to determine its significance in 

the developing pathologic events which follow the initial 

injury. The necrosis of myocardial cells and the subse

quent release into the local circulation of subcellular 

membranous organelles capable of activating complement 



represents such a mechanism. The following studies were 

undertaken to elucidate the mechanisms by which such 

organelles may interact with serum complement components 

and the extent and characteristics of the complement 

activation which results. 



MATERIALS AND METHODS 

Heart Subcellular Membranes 

Preparation of Heart Mitochondria 

Sections of the left ventricle from human cardiac 

tissue, obtained at autopsy within 3 hours of the time of 

death, were washed in ice-cold sucrose-Tris buffer (0.25 M 

sucrose, 0.01 M Tris-chloride, pH 7.4) and the connective 

tissue and fat carefully removed and discarded. The 

remaining tissue was passed through an electric meat 

grinder with 2 ram holes into 7 volumes of the cold sucrose-

Tris buffer, and a Polytron PT 20 tissue homogenizer 

(Brinkmann Instruments, Inc., Westbury, N. Y.) was used at 

setting 5 for 45 seconds to further disrupt the tissue. The 

homogena.te was centrifuged at 600 g for 10 minutes at 4°C 

and the supernatant transferred to a clean tube and re-

centrifuged at 5500 g for 15 minutes at 4°C. The pellet 

from the latter centrifugation contained the mitochondria 

which were then resuspended in the cold sucrose-Tris buffer 

and washed two times by centrifugation at 12,000 g for 10 

minutes in cold sucrose-Tris buffer. After the final wash, 

the mitochondrial pellets were pooled, resuspended in the 

sucrose-Tris buffer to a final concentration of approxi

mately 10 mg mitochondrial protein per ml, and stored 

frozen at -20°C in 0.5 ml aliquots. 

20 
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The same technique was used for the preparation of 

mitochondrial membranes from dog cardiac tissue. Mito

chondria were obtained from guinea pig and rat hearts by a 

similar technique in which the initial mincing of tissue 

was accomplished with scissors followed by homogenization in 

a glass-teflon homogenizer. The mitochondria were then 

harvested from the homogenate by differential centrifugation 

as described above. 

Determination of the Functional Integrity of 
the Mitochondria 

Respiratory control ratios (RCR) were determined 

for a sample of each mitochondrial preparation before it 

was frozen. Using the technique described by Chance and 

Williams (1956), the mitochondria were incubated with the 

substrates pyruvate and malate in a medium containing 

18 mM KC1, 0.2 mM phosphate, and 0.2 mM EDTA, at pH 7.2. 

One-tenth M ADP was added as a respiratory stimulant and the 

rate of oxygen consumption was measured at 28°C using a 

Clark-type oxygen electrode. RCR values (ratio of respira

tion rates of the activated versus the resting states) 

between 5.0 and 7.5 were typical for the human heart 

mitochondrial preparations. 

Measurement of Mitochondrial Protein 

The concentration of protein in each mitochondrial 

preparation was measured by the Biuret technique (Gornall, 
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Bardawill, and David, 1949). The membrane protein was 

solubilized for the assay by adding the detergent sodium 

deoxycholate (DOC) to the reaction mixture. To samples 

containing 0.05 to 0.4 ml of the mitochondrial protein 

solution was added 0.05 ml of 1% DOC (pH 11.0) and distilled 

water to make 1.0 ml. Four ml of fresh biuret reagent was 

then added and the smaples incubated in the dark for 30 

minutes at room temperature. The amount of protein in the 

mitochondrial samples was calculated from comparison of the 

optical density of each sample at 555 n.ra. with a standard 

curve obtained by running with the samples a series of 

carefully prepared solutions of crystalline bovine serum 

albumin (BSA) ranging from 1 to 4 mg BSA per ml. 

Complement Assays 

Preparation of Reagents 

1. Buffers: 5X concentrated stocks of GVB and Gl-GVB 

were made up in 2 liter quantities and stored in 

20 ml aliquots at -20°C. Fresh buffers were pre

pared each dayf as needed, by diluting an aliquot of 

the frozen stock. Buffers of intermediate ionic 

strength (between 0.150 and 0.009) were prepared 

by mixing GVB and Gl-GVB in various proportions as 

shown in Figure 3. Buffers were adapted from Rapp 

and Borsos (1970). 
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Figure 3. Buffers of different ionic strengths obtained by 
mixing GVB (y = .150) with Gl-GVB (y = .009). 



GVB; Gelatin veronal buffer, y = 0.150, pH 7.4. 

For 2 liters of 5X stock: 

83.0 g NaCl 

10.10 g Na-5,5 diethyl barbiturate 

1.5 liters distilled water 

5,0 ml Mg++-Ca++ stock (2.0 M MgCl2 + 0.3 M 

CaCl2) 

pH to 7.35 + 0.05 by slowly adding 1 N HCl with 

constant stirring 

q.s. to 2000 ml with distilled water 

add 0.5% gelatin and heat buffer while stirring 

gently until gelatin dissolves 

aliquot in 20 or 40 ml sizes and store at -20°C 

Gl-GVB: Glucose-gelatin veronal buffer, y = 0.009, 

pH 7.4. Two liters of 5X stock: 

500 g glucose 

10.19 g Na-5,5 diethyl barbiturate 

1,5 liters distilled water 

5.0 ml Mg++-Ca++ stock (above) 

pH to 7.35 + 0.05 by slowly adding 1 N HCl with 

constant stirring 

q.s. to 2000 ml with distilled water 

add 0.5% gelatin as above 

store at -20°C in 20 or 40 ml aliquots 



EDTA-GVB: 0.01 M EDTA in isotonic GVB 

One 20 ml aliquot of frozen GVB was thawed and 

10 ml of 0.1 M EDTA at pH 7.4 was added to 

the buffer 

The stock was then brought to 100 ml with 

distilled water 

0.04 M EDTA-GVB was prepared the same way, by 

adding 40 ml 0.1 M EDTA at pH 7.4, and 

diluting to 100 ml with distilled water 

Sterile Alsever's solution: Prepared as in Rapp 

and Borsos (1970) 

20.5 g dextrose 

8.0 g sodium citrate (dihydrate) 

4.0 g NaCl 

0.55 g citric acid 

q.s. to 1000 ml with distilled water 

sterilize by filtration 

Preparation of washed sheep erythrocytes (E): Fresh 

sheep's blood, drawn by jugular venipuncture, was 

mixed immediately with an equal portion of ice-cold 

sterile Alsever*s solution and stored for at least 

one week at 4°C before use. Washed sheep erythro

cytes were prepared by removing the desired amount 

of sheep's blood in Alsever's from its storage 

flask, centrifuging at 1000 g for 10 minutes at 4°C 

to sediment the cells, and then resuspending them in 



GVB and washing repeatedly with GVB until no more 

hemoglobin was visible in the supernatant. The 

cells were then resuspended in GVB to the desired 

concentration as described below. 

Standardization of washed sheep erythrocytes at 

9 8 
1 x 10 cells per ml or 1 x 10 cells per ml: Sheep's 

blood in Alsever's solution contains an approximate 

9 
red cell concentration of 5 x 10 cells/ml. Taking 

the original volume of blood in Alsever's as Vo, one 

g 
can estimate the final volume for 1 x 10 cells/ml 

as 5 x Vo. To obtain a more accurate quantitation 

of the cells, the following procedure was followed. 

The cells were suspended to approximately 4 Vo and 

mixed thoroughly. One-tenth ml of this cell suspen

sion was added to 1.4 ml distilled water or 0.1% 

Na2CC>3. The tube was shaken gently until the cells 

were lysed and the solution was clear. The amount 

of hemoglobin released by the cells was measured by 

reading the O.D. at 541 n.m. in a double beam 

spectrophotometer with water as the blank. The 

final dilution volume of the cells was then calcu

lated from the relationship: 

final V = 0-D- observed x 
O.D. desired 

where Vi is the volume of the cell suspension from 

which the 1/15 lysate was made. This process was 
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repeated by adding buffer to the cell suspension 

until the O.D. observed was equal to O.D. desired. 

The amount of buffer to be added was the difference 

between the final V and Vi for each trial. If the 

O.D. observed was less than the O.D. desired, the 

cells were centrifuged and resuspended in a smaller 

volume of buffer and the above procedure repeated. 

For a 1/15 lysate dilution the O.D. desired for 

9 
1 x 10 cells per ml. (5% packed cell volume) = 

0.70 at 541 n.m.; for 1 x 10^ cells per ml, the 

O.D. desired = 0.64 at 415 n.m. 

Washed sheep erythrocytes were stored in GVB 

or Gl—GVB at 0-4°C for a week, but were discarded if 

the spontaneous lysis during storage exceeded 5% 

and the cells could not be washed free of hemoglobin 

in the supernatant. 

4. Sensitization of cells (EA): Equal volumes of pre-

g 
warmed C37°C) washed E, at 1 x 10 cells per ml, 

and hemolysin (A), at 2X maximal concentration in 

warm GVB, were mixed together rapidly and incubated 

10-15 minutes at 37°C. The cells were then 

centrifuged at 1000 g for 10 minutes and resuspended 

in GVB to the desired concentration. EA were pre

pared on the day they were needed and were discarded 

at the end of the day. 
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5. Preparation of stable cellular intermediates (EAC); 

EAC4: EAC4 were prepared by the method of Rapp and 

Q 
Borsos (1970). Twenty ml EA, at 5 x 10 cells per 

ml were prepared as above and chilled to 0°C in a 

slushy ice-water bath. Two ml of cold GVB, contain

ing 400 effective molecules guinea pig or human CI 

per EA cell was added to the cold EA and rapidly 

mixed. The EACl were allowed to stand at 0°C for 10 

minutes. Fifty ml ice-cold human serum-EDTA (5 ml 

serum in 45 ml 0.01 M EDTA-GVB, incubated 15 

minutes at 37°C and chilled to 0°C) or 5 ml heat-

inactivated human serum (56°C, 30 min) were added 

with immediate mixing, and the EACl4 incubated 15 

minutes at 0°C. The cells were then centrifuged 10 

minutes at 1000 g in the cold, and washed twice with 

EDTA-GVB, three times with GVB, twice with Gl-GVB, 

g 
y = 0.065, and finally resuspended at 1 x 10 cells 

per Jill in the last buffer. 

EAC14: EAC4 cells, as prepared above, were incubated 

10 minutes at 0°C with additional CI (enough to 

supply 400 effective molecules per cell) in Gl-GVB, 

y = 0.065. The cells were washed once and re-

suspended to the desired concentration in the same 

buffer. 

EAC14ox^2; EA, at 5 x 10^ cells per ml, were 

incubated at 37°C for 20 minutes with 400 effective 
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molecules of CI per cell, then washed twice with 

warm (37°C) GVB. The cells were resuspended in warm 

GVB to the original EA volume, and half that volume 

of heat inactivated serum (56°C, 30 min) was added 

as the C4 source. After incubation at 37°C for 30 

minutes, the cells were centrifuged at 1000 g for 

10 minutes, washed 3 times in warm GVB, and re-

suspended in GVB to the original EA volume. CI was 

added, again using enough to provide 400 effective 

molecules per cell, and the mixture was incubated at 

37°C for 20 minutes followed by two washes in warm 

GVB and resuspension to the original EA volume in 

GVB. Half that volume of OX^-KCNS serum, warmed to 

37°C just prior to use, was added as the ox-^C2 

source, and the mixture incubated 5 minutes at 37°C 

and centrifuged in the cold. The EAC14°X^2 were 

then washed twice with cold Gl-GVB (y = 0.065) and 

resuspended in the same buffer to the desired 

concentration. These cells were stable 4-6 days 

when kept at 0-4°C. 

EAC14ox^2,3: 0,15 ml functionally purified human 

C3 (Cordis Laboratories, Miami, Fla.) was added to 

10 ml EAC14ox^2 cells at 1 ̂  10® cells/ml and the 

mixture incubated 20 minutes at 37°C. The cells 

were then washed in Gl-GVB (p = 0.065) and re-

g 
suspended in the same buffer to 1 x 10 cells per 
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ml. These cells were used on the day of prepara

tion. 

EC4; Human erythrocytes, washed in GVB, were then 

incubated with human cold agglutinins at 4°C, then 

with normal human serum. The cells were then washed 

with warm GVB to remove the antibodies and were 

used for direct agglutination assays with rabbit 

anti-human C4 antibodies. 

6. Functionally purified complement components: Cl; The 

functionally purified human Cl used in these experi

ments was a neutral euglobulin precipitate prepared 

by the technique of Nelson et al. (1966). Fresh 

normal human serum was obtained by allowing freshly 

drawn whole blood to clot and retract at 37°C for 

45-60 minutes. The serum was removed, clarified 

by centrifugation for 15 min at 1000 g and allowed 

to come to room temperature. One N HC1 was added to 

the serum very slowly and with constant gentle 

stirring until the pH reached 7.0 + 0.1, and stayed 

at that pH. Since the bicarbonate buffering system 

of serum is so efficient, it was often necessary to 

replace the air above the serum with Nj in order to 

stabilize the pH. As soon as the serum pH stayed 

at 7.0 + 0.1 for 5-10 minutes, the beaker containing 

the serum was placed in a slushy ice water bath and 

the serum cooled to 10°C. Two volumes of ice cold 
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distilled water were added very slowly with 

constant stirring, and the diluted mixture kept 

stirring at 0°C for 30 minutes. During this time, 

a precipitate formed, and this was collected by 

centrifugation at 1000 g for 30 minutes at 4°C. A 

1/15 dilution of ice cold veronal buffer without 

gelatin (y = 0.01) was used to wash the precipitate 

twice, after which 2X concentrated veronal buffer 

without gelatin (y = 0.30) was added (about 0.25 the 

original serum volume) to dissolve the precipitate. 

The CI solution was then quick frozen in acetone-dry 

ice in 0.2 ml aliquots and stored at -70°C. 

Functionally pure guinea pig CI was prepared by 

a modified method from Ruddy and Austen (1967). 

Guinea pig serum was chilled to 0°C and brought to 

pH 7.5 by slowly adding cold 1.0 N HC1. Four 

volumes ice cold 0.005 M phosphate buffer (pH 7.5) 

was added followed by stirring in the cold for 30 

minutes. The precipitate was collected by centri

fugation at 1000 g for 30 minutes at 4°C and washed 

once with cold 0.005 M phosphate buffer or with the 

same 1/15 dilution of veronal buffer described for 

human CI. The washed precipitate was then dissolved 

in either cold phosphate buffered saline (y = 0.300, 

pH 7.5) or in 2X concentrated veronal buffer as 

above. It was then dialyzed in the cold against the 



very low ionic strength buffer (0.005 M phosphate or 

1/15 veronal) for 6 to 8 hours with one change of 

buffer after the first hour. The euglobulin which 

precipitated after the dialysis was collected by 

centrifugation 1000 g, 30 minutes in the cold, 

washed one time in the low ionic strength buffer 

and dissolved, frozen and stored as above. Rat CI 

and dog CI were prepared by the same method. 

Other functionally pure complement components 

(C2, C4 and C3) were purchased from Cordis 

Laboratories, Miami, Florida. Highly purified C3 

was a gift from Dr. N. Cooper, La Jolla, Calif. 

Treated sera used in complement assays or prepara

tions; KSCN-serum: This reagent, used as a source 

of C5-9 in C3 assays, was prepared by mixing normal 

human or guinea pig serum with an equal volume of 

1 M KSCN and allowing the mixture to stand in the 

cold overnight (16-18 hours). Treatment with 1 M 

KSCN destroys the hemolytic activity of C3 and C4 

but not C5 or any other late components (Dalmasso 

and Miiller-Eberhard, 1966) . After KSCN treatment 

the serum was dialyzed exhaustively against 

phosphate buffered saline, y = 0.150, pH 7.4, with 

at least 6 changes of buffer during a 24 hour 

++ ++ 
period. The Ca and Mg were brought to 0.15 mM 

and 0.5 mM, respectively, and the reagent stored 
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in 0.2 ml aliquots at -70°C. For use in C3 assays, 

the KSCN-serum was titrated with EAC14ox^2 cells 

O 
(at 1 x 10 ) and the lowest dilution giving less 

than 5% spontaneous lysis was used. 

OXY-KSCN-serum; Used as the source of OX^C2 for the 

preparation of EAC14ox^2 cells. Fresh human serum 

was mixed with an equal volume of 2 M KSCN and 

allowed to stand at 4°C overnight. This treatment 

destroys the hemolytic activity of C3, C4 and C5 

(Dalmasso and Muller-Eberhard, 1966). The treated 

serum was dialyzed against 25 serum volumes of ice-

cold distilled water in the cold for 2 hours, and 

then against phosphate buffered saline (y = 0.150, 

pH 7.4) in the same amount for two changes, 2 hours 

each. The dialyzed KSCN-serum was then placed in a 

graduated cylinder and reacted for 5 minutes with 

0.1 volume of 1^ (0.3173 g 20.75 g KI, distilled 

water to 100 ml) dialyzed overnight against phos

phate buffered saline, and 3 hours against veronal 

buffer without gelatin (y = 0.150). Oxidation of 

serum in this way results in cleavage of one or more 

disulfide bonds in C2, producing a molecule (OX^C2) 

which is more stable in the C142 complex than is 

native C2 (Polley and Muller-Eberhard, 1967). The 

treated serum was then quick frozen in acetone-dry 

ice in 5 ml portions and stored at -70°C. 
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C4D: C4 deficient serum obtained from blood drawn by 

cardiac puncture from C4 deficient guinea pigs. C4D 

serum was stored at -70°C in 0.3 ml aliquots and 

used as needed for C4 assays. 

C6D; C6 deficient rabbits were bled through a 19 

gauge thin walled needle inserted into the ear 

artery. The serum was stored in 0.5 ml aliquots at 

-70°C. 

Rl; Cl-depleted serum was prepared by repeated 

absorption at 0°C of 0.1 M EDTA-serum by insoluble 

BSA-anti-BSA immune complexes, carrageenan, or 

HGG'-sepharose 6B (Borsos, Rapp, and Crisler, 1965; 

Sledge and Bing, 1973b). 

EDTA-complement; Guinea pig serum diluted in 0,04 

M EDTA-GVB and used as a source of C3-9 in the CI, 

C2, and C3 assays. 

Preparation of hemolysin (A): Sheep erythrocyte 

stromata, for immunizing rabbits, were prepared 

according to the procedure of Kabat and Mayer 

(1961). Fresh sheep erythrocytes were washed in 

ice-cold isotonic saline and the packed cells 

lysed by slowly adding them to 10 volumes (with 

respect to the initial blood volume from which the 

cells were obtained) of ice-cold acidified distilled 

water (0.04 ml glacial acetic acid per liter) with 

constant vigorous mixing until all the cells had 



been added. The stromata were allowed to settle 

overnight in the cold, and, after as much 

supernatant had been removed as was possible, the 

sediment was transferred to centrifuge bottles and 

centrifuged for 15 minutes at 1000 g at 4°C. The 

stromata were washed 5 times in large volumes of 

ice-cold 0.001 M acetate buffer, pH 5.0, and then 

3 times in ice-cold isotonic saline at 2200 g for 

20 minutes at 4°C. After the final wash, the 

membranes were suspended in saline to about 1/3 the 

original blood volume, and heated at 100°C for 1 

hour in a boiling water bath. A sample was tested 

at this time for protein nitrogen by the method 

of Lowry et al. (1951) and the suspension brought 

to approximately 1 mg protein/ml by adding sterile 

saline. The stromata suspension was transferred 

aseptically to sterile 10 ml serum vials and stored 

at -20°C until used. 

New Zealand White rabbits were inoculated with 

the stromata by injection through an ear vein 

according to the following schedule: 

Day 

1 

Amount Injected 

0.1 ml 

3,5,8,10,12 1.0 ml 

15,17,19,22 2.0 ml 
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The rabbits were bled on the 4th and 5th days after 

the final injection and the serum tested for 

hemolysin as described later. 

Sucrose density gradient centrifugation was done 

to determine the antibody class (IgG or IgM) of the 

hemolysin. Sucrose solutions of 40%, 30%, 20%, and 

10% sucrose in saline were carefully layered in 

sequence in 1.22, 1.12, 1.12, and 1.12 ml volumes, 

respectively, in 5 ml cellulose nitrate ultra-

centrifuge tubes to form four-step discontinuous 

density gradients. These were allowed to stand 

undisturbed overnight at 4°C to form 12% to 38% 

continuous gradients. One-half ml of a 1/2 dilution 

in saline of each hemolysin serum to be tested was 

added to the tops of the gradients. The samples 

were then centrifuged 1 hour at 100,000 g using a 

SW50.1 rotor in a Beckman model L265B ultra-

centrifuge. One-half ml fractions were collected 

from the top of each gradient, and tested for 

hemolysin activity. In all of the antisera tested, 

more than 90% of the hemolysin activity was in the 

IgM portion of the sucrose gradient. 

9. Hemolysin titration: The concentration of hemolysin 

required for maximal sensitization of sheep 

erythrocytes (E) was determined by the method of 

Rapp and Borsos (1970). Twofold serial dilutions 



of the hemolysin were made in GVB from a 1/100 

starting dilution: 1/100, 1/200, 1/400 . . . 

9 
1/12,800. A suspension of E at 1 x 10 cells/ml in 

the same buffer was prepared and standardized as 

described above. The complement source used was 

either a 1/200 dilution of guinea pig serum, or a 

1/60 dilution of human serum which had been 

previously incubated 10 minutes at 0°C with a 

packed volume of washed sheep erythrocytes equal 

to 1/2 the serum volume in order to remove any 

naturally occurring human antibodies to the 

heterophile antigens on the sheep cells. The assay 

9 
was performed as follows: 0.1 ml E at 1 x 10 

cells/ml was mixed with 0.1 ml hemolysin dilution 

and incubated 10 minutes at 37°C. Two-tenths ml of 

the desired complement source was added, the tubes 

shaken well, and incubated 60 minutes at 37°C with 

frequent shaking to keep the cells in suspension. 

One ml ice-cold 0.15 M NaCl, containing 0.01 M 

EDTA at pH 7.4, was added and all the tubes centri-

fuged 10 minutes at 1000 g at 4°C in order to 

sediment the cells. The percentage of cells lysed 

at each hemolysin dilution was determined spectro-

photometrically using the relationship: 
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% lysis = 

(O.D.5^hemolysin dilution)-(O.D.54^0% control) 

(O.D. 5^100% control) x 

( 2 )  

where the 0% control is the amount of lysis 

occurring spontaneously in a mixture containing all 

the reagents except the hemolysin, and the 100% 

control is a mixture of all the reagents plus 0.1 ml 

0.1% saponin added at the start of the 60 minute 

incubation time. The final volume of the controls 

was the same as that of the hemolysin samples, 

1.e., 1.4 ml. Values up to 5% lysis for the 0% 

control were considered reasonable for this and 

other complement assays. Since the dilution of 

serum used as the complement source in this assay 

was one deliberately chosen to give less than 100% 

lysis (usually on the order of 50-70% lysis as the 

maximum with antibody excess) the hemolysis values 

reached a plateau starting from the point at which 

increasing antibody concentration no longer changed 

the amount of lysis obtained. The hemolysin con

centration chosen for optimally sensitizing 

erythrocytes was taken from the hemolysin titration 

assay as twice the concentration required to give 

the maximum lysis. Thus, if the plateau was first 

reached at a 1:800 dilution of hemolysin, then a 
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1:400 dilution was used to prepare cells for 

complement titrations. This assured that the system 

would be in antibody excess and that the hemolysin 

concentration would not be a limiting factor in the 

assays. As a general rule, 200-400 IgM antibodies 

per cell are needed for optimal sensitization. 

Measurement of Complement 

The complement assays employed for these experiments 

were done using disposable 12 x 70 mm glass test tubes for 

incubation of cells, serum dilutions, and reagents. 

Buffers were made fresh each day from frozen stock as 

described before. Sensitized sheep erythrocytes were pre

pared fresh each day and the cellular intermediates used 

within 4-6 days from when they were prepared. Serum was 

obtained fresh from the donor and kept at 0°C if it was to 

be used the same day, or stored at -70°C in small aliquots 

which could be thawed quickly and used at once. Dilutions 

of serum, cells, or reagents were made in ice cold 

buffers, and all test tubes to contain dilutions, etc., 

were prechilled. The assays were done quickly so that the 

diluted serum and reagents did not sit around for any 

unnecessary length of time, nor were they allowed to become 

warmer than 4°C until the beginning of the incubation 

period. During incubation times longer than 20 minutes, the 

racks of tubes were shaken at intervals (usually 15 



minutes) to keep the cells or mitochondria in suspension. 

Incubation was stopped by adding ice cold saline or saline-

EDTA and immediately centrifuging the tubes to remove the 

intact cells. If it was necessary to leave the tubes at 

this stage for any length of time, the supernatant fluid 

was transferred to a clean tube to be read later, and the 

cell pellet discarded. For each assay, a set of controls 

was included which measured the total lysis possible with 

the particular cells used, and the amount of spontaneous 

lysis to which those cells were subject under the assay 

conditions (the 100% and 0 control, respectively). If the 

0 control lysis was more than 5% of the 100% control, the 

assay was repeated with fresh reagents. 

Calculations of the 50% hemolytic endpoint for each 

assay were made by the following procedure (Rapp and 

Borsos, 1970; Kabat and Mayer, 1961). Since the amount of 

hemoglobin released is proportional to the number of red 

cells lysed, the fraction of lysed cells (y) can be calcu

lated by the expression: 

_ (Q,D' experimental sample^ *" ̂ °'D'0 control^ 

(O'D'100% control^ 

where the numerator represents the O.D. of the experimental 

sample corrected for the spontaneous lysis (0 control) and 

the denominator is the maximum possible lysis. Since the 

0 
cell concentration used for most of the assays was 1 x 10 
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cells per ml, the O.D. readings were made at 415 nm. Once 

the value of y had been determined for each experimental 

sample, the data were plotted on full log paper with y/(l-y) 

on the abscissa and the reciprocal of the corresponding 

serum dilution on the ordinate (see Figure 4 for an example 

of a complement assay plotted as described). An alternative 

paper to use for plotting the data was probability paper 

on which the per cent lysis (100 x y) was plotted directly 

on the abscissa and the ordinate was the same as described. 

This obviated calculating y/(l-y) or looking it up in a 

table (such as in Kabat and Mayer 11961]). When all the 

points were plotted for a given assay, the best-fitting 

straight line was drawn through them and the point at which 

it crossed the 50% line on probability paper or the 1.0 line 

on log paper, was read as the 50% hemolytic endpoint and 

represented that dilution of serum required to lyse 50% of 

the erythrocytes at the cell concentration used. This 

endpoint was frequently expressed as CH50 (C1H50, C4H50, 

etc.) units per unit of serum used (0.1 ml, 1.0 ml, etc.). 

The dilution series chosen for a given assay bracketed the 

50% endpoint so that points on either side were.obtained. 

Another way of expressing hemolytic complement was 

by the number of effective molecules per unit of serum. 

This value represented the number of molecules of the 

component being measured which were effective in causing 

"hits" or lytic sites on red cells. Based on the one hit 
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Figure 4. Typical graph of complement data — y = fraction 
of cells lysed, a and b = two sera tested. 



theory, the lysis of 63% of the cells occurs when the 

number of sites per cell is 1 and the dilution of serum at 

this point (63% lysis) contains one effective molecule for 

each cell in the assay tube (Rapp and Borsos, 1970). Since 

the number of cells was known and the dilution at 63% lysis 

could be determined from the graphed data, the number of 

effective molecules per ml could be determined (Appendix B). 

CH50 Assay. This assay measures total hemolytic 

complement. The method used was adapted from Rapp and 

Borsos (1970). To 0.3 ml GVB (y = 0.150) was added 0.1 ml 

g 
serum dilution and 0.1 ml EA at 1 x 10 cells/ml. Controls 

included 0% (0.1 ml GVB instead of serum dilution) and 100% 

(0.1 ml 0.1% saponin instead of 0.1 ml serum dilution). If 

the serum to be used had undergone a great deal of 

hemolysis, a serum-plus-GVB control without cells was 

included for those dilutions where color was obvious. This 

was subtracted along with the 0-control. 

The tubes were filled with the reactants, with all 

additions being made in the order described (buffer, serum, 

reagent if any, cells), then shaken well and placed in a 

37°C water bath for 60 minutes with shaking at 15 minute 

intervals during incubation. The reaction was stopped by 

adding 1.0 ml ice-cold saline-EDTA (0.15 m NaCl, 0.01 M 

EDTA, pH 7.4) and the cells were removed by centrifugation 

as described above. The 50% lysis point was determined for 
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each experimental sample as described, and referred to as 

the CH50 of the serum. 

Since this assay measures the functional integrity 

of the entire classical complement pathway, any relatively 

substantial decrease in the availability of one or more 

components will be reflected as a drop in the CH50 value. 

CI Assay. Gl-GVB (y = 0.065) was used as the 

diluting buffer for the CI assay. One-tenth ml of each 

8 
serum dilution was mixed with 0.1 ml EAC4 at 1 x 10 cells/ 

ml and incubated 20 minutes at 30°C. Controls (0% and 100%) 

were included with Gl-GVB replacing the serum sample in the 

former and saponin in the latter. At the end of the 20 

minute incubation time, Cordis C2 was diluted with cold 

buffer to give 100 units/ml, 0.1 ml rapidly added to each 

of the tubes and the racks shaken well to resuspend the 

cells. After 10 more minutes at 30°C, 0.2 ml EDTA comple

ment, at a 1/25 dilution, was added, the racks of tubes 

shaken again and transferred to a 37°C water bath where they 

were incubated for 60 minutes. One ml cold saline was added 

to stop the reaction, and the samples centrifuged 1000 g 5 

minutes. The O.D,<lc was determined for each sample 
415 n.m. c 

and the 0% endpoint determined as described above. 

C2 Assay. This assay differed slightly from the 

others because it was first necessary to determine the T J max 

for the reagents to be used before the assay itself could 
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be run. The T represents the time at which the maximum 
max r 

amount of C2 is bound to EAC142 cells. Since one of the 

rate-limiting factors controlling the complement activation 

process is the rapid decay of EAC142 back to EAC14 by loss 

of the C2, which is then hemolytically inactive, it becomes 

obvious that the most efficient conversion of C3 will occur 

during the time when the most EAC142 are available in an 

active state, i.e., the T x« The procedure consisted of 

incubating a mixture containing equal volumes of pre-warmed 

O 
EAC14 (at 1 x 10 cells/ml) and Cordis C2 (at 1 C2H50 unit/ 

ml) at 30°C and removing samples (usually 0.2 ml) at times 

0, 2, 4, 6, 8, 10, 15, 20, and 25 minutes (taking 0 minutes 

as the time when the cells and C2 are mixed together). 

Gl-GVB, p = 0.065, was used as diluent. To each sample, 

0.2 ml of 0.04 M EDTA-GVB and 0.1 ml of EDTA-complement were 

immediately added and each tube then incubated for 60 

minutes at 37°C. One ml cold saline was added, the cells 

spun down at 1000 g for 5 minutes, and the per cent lysis 

determined for each. The T was the time at which the 
max 

highest per cent lysis was obtained, and was normally 7-10 

minutes. 

The C2 assay consisted of mixing 0.1 ml of the serum 

test dilutions (in Gl-GVB, p = 0.065) with 0.1 ml of EAC14" 

8 
(1 x 10 cells/ml), incubating at 30°C for the T plus 

max 

1 minute, adding 0.2 ml 0.04 M EDTA-GVB and 0.1 ml EDTA 

complement and transferring the racks of tubes to a 3 7°C 
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water bath where they were incubated for 60 minutes. One 

ml cold saline was added, the cells spun down and the 

C2H50 values determined from graphing the data as 

previously described. 

C4 Assay. GVB was the usual diluent for the C4 

assay, although when CI and C4 assays were done at the same 

time the serum dilutions for both were made up in Gl-GVB 

(.y = 0.065). One-tenth ml of each test serum dilution was 

mixed with 0.1 ml GVB, 0.1 ml C4D serum diluted 1/50 in 

0 
GVB, and 0.1 ml EA at 1 x 10 cells/ml. Incubation of the 

samples was continued for 2 hours, followed by the addition 

of 1.0 ml cold saline, centrifugation and determination of 

the C4H50 by the same method described above. 

C3 Assay. The diluting buffer was Gl-GVB (jj = 

0.065). One-tenth ml of each serum dilution was mixed with 

0.1 ml Gl-GVB, 0.1 ml EAC14oxy2 at 1 x 108 cells/ml, and 

incubated 30 minutes at 30°C, One-tenth ml KSCN serum at a 

dilution which gave less than 5% spontaneous lysis when 

incubated with EACl4oxy2 in the absence of serum (usually 

1/150 for guinea pig serum or 1/60 for human serum), was 

added and the incubation continued at 37°C for 1 hour. One 

ml cold saline was added, the cells spun down and the C3H50 

determined. Use of EAC14oxy2 cells provided a stable C142 

enzyme since the oxy2 does not decay off as rapidly as does 

native C2 (Polley and Mtiller-Eberhard, 1967). 
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C5 Assay. One-tenth ml of each test dilution in 

Gl-GVB (y = 0.065) was mixed with 0.1 ml EAC14OX^23, at 

O 
1 x 10 cells/ml, and incubated at 30°C for 10 minutes. 

Two-tenths ml oxy-KSCN-serum was added (at a dilution of 

1/200) and the mixture incubated for 60 minutes at 37°C. 

One-tenth ml cold saline was added, the tubes centrifuged 

and the 50% hemolytic endpoints determined. 

C6 Assay. Similar in format to the C4 assay, the 

C6 assay called for mixing 0.1 ml of each serum dilution 

with 0.1 ml Gl-GVB (y = 0.065), 0.1 ml C6D serum, at a 

O 
1/12 dilution in Gl-GVB, and 0.1 ml EA, at 1 x 10 cells 

per ml. Incubation for 2 hours at 37°C was followed by the 

addition of 1.0 ml of cold saline, centrifugation and 

plotting of the data to determine the C6H50 of the test 

serum. 

C7 Assay, As described for the C4 and C6 assays 

except that C7D serum was used (at 1/30 in Gl-GVB, y = 

0.065) instead of C4D or C6D, The C7D serum used was a gift 

from Dr. J. T. Boyer, Tucson, Arizona, and was obtained from 

a patient with a deficiency of C7. The incubation period 

was 1 hour at 37°C, 

C8 and C9 Assays. These required the use of cellular 

intermediates, EAC1-7, purchased from Cordis Labs, and C8 

and C9 from the same source. The assays were done by the 
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Cordis procedure in which 0.1 ml serum dilution, 0.1 ml 

EAC1-7 (at 1 x 10^ cells/ml), 0.2 ml Gl-GVB (y = 0.065) and 

0.1 ml Cordis C9 (1/50) for the C8 assay, or Cordis C8 

(1/50) for the C9 assay were incubated 90 minutes at 37°C. 

One ml cold EDTA saline was added, the cells spun down and 

the 50% lysis endpoints determined. 

Preparation of HGG-Sepharose 

Purification of Human Gamma G 
Immunoglobulin 

Na^O^ Precipitation. Serum, obtained from out

dated human blood, was mixed with an equal volume of 36% 

Na2SO(j and stirred at room temperature for 60 minutes. The 

resulting precipitate was removed by centrifugation at 

900 g for 15 minutes at room temperature, and was then re-

dissolved in distilled water to the original serum volume. 

Reprecipitation was accomplished by adding an equal volume 

of 28% Na2S0^ and stirring for 20 minutes at room tempera

ture. Centrifugation was repeated and the precipitate 

dissolved in distilled water, as above. An equal volume 

of 24% Na2SO^ was added, and the mixture was stirred 20 

minutes at room temperature. The pellet from the centrifu

gation of this last precipitation step was dissolved in 

distilled water and dialyzed overnight against two changes 

of the starting buffer for DEAE-cellulose chromatography, 



49 

described below. Protein was estimated spectrophoto-

metrically from the optical density at 280 n.m. 

DEAE-Cellulose Chromatography, A column (3 x 20 cm) 

was prepared with 15 g pre-cycled DEAE cellulose (Whatman) 

and equilibrated with the starting buffer, 0.01 M phosphate 

buffer at pH 8.0. Ten ml of the dialyzed protein (at 26 

mg/ml) from the Na^jSO^ precipitation above was applied to the 

column, and washed into the column with the starting buffer 

at a rate of 50 ml/hour. Five ml fractions were collected 

and tfie O.D.„or, read for each fraction to monitor the 
280 n • iu• 

progress of the protein through the column. The first 

protein appeared in the effluent between 60 and 70 ml, and 

80% of the IgG applied to the column came through in the 

next 50 ml. The peak containing IgG was pooled and concen

trated by ultrafiltration. The purity of this preparation 

was tested by Immunoelectrophoresis in agarose, at pH 8.6, 

a,s shown in Figure 5. Antisera used to develop the slides 

were goat anti-whole human serum and goat anti-human-y-

chqin, both generously donated by Dr. J. T. Boyer. The re

maining protein on the column after the first peak had been 

removed was eluted with. 0,5 M NaCl in 0.01 M phosphate 

buffer, pH 8.0, the column reequilibrated with the starting 

buffer and the next sample applied. This was repeated until 

enough IgG had been purified to make the desired amount of 

HGG-sepharose. A typical DEAE cellulose separation of IgG 
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lanti-IgG 

Figure 5. Immunoelectrophoresis of two preparations of 
human IgG. 



is shown in Figure 6. Protein concentration of the HGG 

preparations was determined by the procedure of Lowry et 

al. (1951). 

Coupling of HGG to Sepharose 6B. HGG-sepharose 6B 

was prepared by the method of Sledge and Bing (1973b). 

Forty ml settled sepharose 6B (Pharmacia), 40 ml distilled 

water and 4 g CNBr in 40 ml distilled water were mixed and 

the pH maintained at 11.0 by the addition of 4 N NaOH with 

continuous stirring until the pH remained stable for at 

least 10 minutes. The CNBr activated sepharose was washed 

with 800 ml 0.1 M NaHCOg at pH 9.0 and suspended in 40 ml 

of cold 0.1 M borate buffer, pH 9.0. Forty ml of HGG 

solution at 7.5 mg protein/ml was added to the sepharose 

and the mixture stirred slowly at 4°C for 24 hours. The 

resin was washed with 0.1 M borate, pH 9.0 and the amount 

of protein remaining in the liquid phase measured spectro-

photometrically, The bound protein was then calculated 

from the difference between the amount of free protein 

before and after the addition of the activated sepharose. 

Seventy-five to eighty per cent of the protein available 

was removed by the activated sepharose, giving about 5.5 

to 6 mg HGG bound per ml settled sepharose. The HGG-

sepharose prepared by this method was used to make affinity 

columns for the purification of Cl or Clq, or for removing 

CI or Clq from serum by absorption. 
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Figure 6. DEAE cellulose column isolation of human IgG — 
Five ml fractions eluted with 0.01 M phosphate 
buffer, pH 8.1. Arrow indicates start of 0.5 M 
NaCl wash of column. 
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Affinity Column Chromatography of Cl or Clq on 

HGG-Sepharose. The protein-coupled resin was poured into a 

small column (40 ml bed volume) and allowed to pack by 

gravity flow. The column was equilibrated with Tris-HCl 

buffer, y = 0,075, pH 8.1 and the sample (10 ml of a fresh 

euglobulin precipitate at y = 0.075) applied to the column. 

After the initial peak had come through the column, and the 

O.D, „ori was less than 0.05, 0.4 M NaCl with or without 
2 8 0 n • in • 

0.01 M EDTA (with EDTA for Clq, without for whole Cl) was 

applied to the column and a second peak eluted. When the 

O.D.___ again dropped below 0.05, 0.2 M 1,4 diamino-
Zou n•m• 

butane was applied to the column and the Cl eluted. The 

final peak was pooled and dialyzed 24 hours against several 

changes of 0.005 W Tris-acetate buffer with 0.09 M NaCl at 

pH 8.1 (Sledge and Bing, 1973b). Figure 7 shows a typical 

HGG-sepharose column purification of human Cl, 

Immune Complexes 

Rabbit Antisera to BSA 

Rabbit antisera to bovine serum albumin (BSA) were 

obtained according to the following immunization schedule: 

1. The primary injection for each rabbit consisted of 

50 mg of alum precipitated BSA in a total volume of 

12 ml. In a sterile container, 0.5 ml BSA from a 

filter sterilized stock of 100 mg/ml in saline, was 

mixed with 5,5 ml sterile saline and 6,0 ml 
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Figure 7. HGG-sepharose affinity column purification of 
human CI — (a) indicates start of 0.3 M NaCl, 
(b) indicates start of 0.2 M 1,4 diamine butane. 



alhydrogel was added rapidly. The mixture was 

shaken gently and then drawn through a 25 gauge 

needle into a syringe. The material was injected 

through a 25 gauge needle very slowly into the 

marginal ear vein of each rabbit. 

2. After three weeks, each rabbit received 10 mg BSA 

in alum in a 2 ml final volume injected sub-

cutaneously into several sites on the animal's 

back. 

3. Booster injections were given every 2-3 weeks, 

alternating between soluble BSA and alum pre

cipitated BSA. The rabbits were test bled 5 days 

after each booster and bled the next day if pre

cipitating antibody was present in the test serum. 

125 
Labelling of I-BSA 

BSA was labelled by the Chloramine T method of 

Hunter and Greenwood (1962), Two-tenths ml of borate 

buffer (pH 8.4, y = 0.10) was added to 2-4 mc of carrier-

125 
free iodine in a small flask. One-half ml of a solution 

containing 5 mg BSA in borate buffer was added to the flask 

and mixed well. One hundred pg chloramine T in 0.2 ml 

distilled water was added immediately and the solution 

allowed to react for 60 seconds. The reaction was then 

stopped by diluting the mixture by the addition of 4 ml of 

the borate buffer, and the material transferred carefully 
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to a dialysis bag and dialyzed against borate buffer for 24 

hours at 4°C. Dialysis was continued for 2-3 days with 

frequent changes of borate buffer containing a few crystals 

of KI carrier. When the amount of radioactive material 

appearing in the dialysis buffer remained constant for 24 

hours, the labelled BSA was removed from its bag and the 

concentration of protein was determined by the method of 

Lowry et al, (1951), and the amount of radioactivity deter

mined in a Nuclear Chicago Gamma Spectrometer. The material 

was then stored in small aliquots at -20°C. 

Measurement of Precipitating Antibody 

A modified version of the quantitative precipitin 

test was used to determine the equivalence zone between 

antigen and antibody excess for each of the antisera. Since 

the anti-BSA antisera were needed for making insoluble 

immune complexes for use in other experiments, it was 

necessary to obtain the maximum amount of precipitate 

possible from each, serum. The following protocol was used 

for each separate bleeding of the anti-BSA rabbits. Tubes 

were labelled 1 through 6 for each serum sample and 0.5 ml 

of the antiserum (previously heated at 56°C for 30 minutes 

to inactivate complement) was pipetted into each tube. BSA 

dilutions in saline were prepared by adding 0.05, 0.10, 

0.15, 0.20, 0,30, and 0.40 ml of a stock 10 mg BSA/ml solu

tion to 0.95, 0.90, 0.85, 0.80, 0,70, and 0.60 ml saline, 



respectively. These were mixed well and 1.0 ml of a solu-

125 
tion containing 0.02 to 0.06 yg N/ml of I-BSA (enough to 

give 10,000 to 20,000 cpm in the final 1/4 dilution with 

serum) was added to each tube, the tops of the tubes covered 

and the contents mixed thoroughly. The final BSA concen

trations of the 6 dilutions were then 0.25, 0.50, 0.75, 

1.00, 1.50, and 2.00 mg/ml, respectively. After first pre-

warming both the antigen and antisera, 0.5 ml of each BSA 

solution was added to the 0.5 ml of antiserum previously 

measured, the tubes shaken carefully to mix the contents 

well without frothing, and then placed at 37°C for 1 hour. 

This initial incubation was followed by 24-48 hours further 

incubation at 4°C. The precipitates which had formed were 

pelleted by centrifugation at 1000 g for 30 minutes and the 

supernatants decanted. A set of controls was also prepared 

to determine the nonspecific interactions (0.5 ml normal 

rabbit serum, 0.5 ml of the highest dilution of BSA), the 

125 
total amount of radioactivity (0.25 ml of the I-BSA 

solution as added to the BSA dilutions) and the total 

125 
precipitable I-BSA (0.5 ml of the lowest BSA dilution, 

0.5 ml 20% trichloracetic acid). These were treated simul

taneously with the test serum samples and all but the total 

counts tube spun down and decanted like the others. Each 

tube was then counted for 1 minute in a gamma scintillation 

spectrometer (Nuclear Chicago) and the results, corrected 

for background and the nonspecific control, plotted as the 
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per cent of total precipitable counts on the ordinate 

versus the concentration of BSA added on the abscissa as 

shown in Figure 8. The total precipitable counts for the 

125 
I-BSA prepared for these experiments was between 86% and 

90% of the total counts available. The equivalence zone for 

the particular antigen-antiserum combination was taken as 

the concentration of BSA added which gave the maximum amount 

of precipitate. This was typically 70% to 85% of the total 

125 
precipitable I-BSA. 

Preparation of Insoluble Immune Complexes 

Equal volumes of heat-inactivated antiserum and BSA, 

at the concentration required for equivalence of antigen and 

antibody, were preincubated at 37°C for 5 minutes and then 

mixed rapidly and incubated for 1 hour at 37°C and 24 to 

48 hours at 4°C. The precipitated complexes were collected 

by centrifugation, washed three times with ice-cold saline 

and then kept at 0°C if they were to be used the same day, 

or at -20°C for use later. 
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Figure 8. Determination of antigen-antibody equivalence 
zone for 3 rabbit anti-BSA sera — Immune 
complexes made with these sera would be maximal 
at 0.50, 0.75, and 1.00 mg BSA per ml for 
sera •, •, and ®, respectively. 



RESULTS 

Measurement of Human Heart Mitochondrial-
Dependent Complement Consumption' in 

Normal and Treated Human Serum 

Pinckard's observation that the CI in normal human 

serum was activated by isolated human heart subcellular 

membranes (Pinckard et al,, 1973) led to further investiga

tions in which other components of the classical pathway 

were measured in serum which had been incubated with human 

heart mitochondria. These experiments, reported below, 

establish the fact that classical pathway components CI, 

C4, C2, and C3 are consumed in a characteristic manner which 

is highly repeatable with different mitochondria prepara

tions and serum from several normal human donors. Treatment 

of the serum to remove calcium or magnesium, or to selec

tively inactivate certain early components, and the use of 

serum deficient in an early component have been combined in 

order to obtain more information about the nature of the 

mitochondria-dependent activation process. 

Pattern of Consumption of Classical 
Pathway Components Following Incubation 
of Human Heart Mitochondria with Normal 
Human Serum 

An aliquot of frozen human heart mitochondria (HHM) 

was thawed and centrifuged for 2 minutes at 15,000 g in an 

Eppendorf micro-centrifuge (model 3200, Brinkmann 

60 
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Instruments, Inc.). The supernatant was discarded and the 

pellet resuspended in normal human serum (NHS) to approxi

mately 4 mg mitochondrial protein per ml serum. An even 

dispersion of the HHM was achieved by adding the serum to 

the mitochondrial pellet and carefully sucking it in and out 

through the plastic tip of a 100 or 200 microliter automatic 

pipet (Oxford or Eppendorf). The suspension of HHM in NHS 

was then incubated at 37°C for 30 minutes, along with a 

control containing the same amount of NHS but no HHM. At 

the end of the incubation time, the mitochondria were re

moved by centrifugation and complement assays done on the 

serum as described in the materials and methods section. 

The CH50 value for each complement component was 

determined for both the experimental (NHS + HHM) and control 

(NHS), In Figure 9, the value depicted for each component 

is the mean per cent decrease of the CH50 of that component 

in the experimental serum as compared to the control serum, 

and represents the amount of hemolytic activity of the 

component consumed during the reaction. CI, C4, C2, C3, 

C5, C6, C7, C8, C9, and total hemolytic complement were 

measured in several experiments and the mean per cent re

duction in the CH50 for each of these was 44, 62, 20, 29, 

8, 13, 12, 0, 9, and 27%, respectively. In 25 experiments 

in which CI, C4, C3, and C6 were measured following incuba

tion of serum with HHM as described, decreases in hemolytic 

activities of the components were 44,4±5,3%, 6 2,3+4.0%, 
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Figure 9. Mean per cent reduction in complement components 
CI, C4, C2, C3, C6, and total hemolytic comple
ment (CH50) following incubation of HHM with 
normal human serum (4 mg mitochondrial protein 
per ml serum, 30 min, 37°C). 



28.9±3,2%, and 13,1±1,9% (mean ± standard deviation), 

respectively. There was no measurable difference in the 

extent of the mitochondria-dependent complement consumption 

in fresh serum or in quick-thawed serum which had been 

stored at -70°C, 

Incubation of Human Heart Mitochondria 
with EDTA- or EGTA-Treated Human Serum 

Since the classical pathway of complement requires 

++ 
Ca for the maintenance of the CI macromolecules m 

functional state, removal of Ca++ from serum results in loss 

of CI integrity and thus loss of the ability to activate 

complement by the classical route (Rapp and Borsos, 197 0; 

Mliller-Eberhard, 1975) . Mg++ is required for formation of 

the active C3 convertase enzymes of both pathways (Levine, 

Osier, and Mayer, 1953; Miiller-Eberhard, 1975) , Removal of 

++ 
Mg does not prevent the initial events of activation in 

either pathway but it does stop the activation processes 

just short of C3 conversion. An excess of Mg++, particu-

larly the addition of exogenous Mg to dialyzed serum, has 

been shown to cause activation of the alternative pathway 

(Lew et al., 1975). There must be a relatively narrow range 

of free Mg which is optimal for normal function of the 

alternative pathway 

The use of chelating agents to remove Ca or Ca 

++ 
and Mg m order to differentiate between classical and 

alternative pathway activation has been widespread in 
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complement research. The two chelators which have been most 

commonly used for studying complement activation are EDTA 

(ethylene diaminetetra-acetate, sequestrone) and EGTA 

(ethylene glycol bis (f5-aminoethylether)N,H,N1 ,N1 -tetra 

acetic acid). These compounds have the same affinity for 

Ca++ (Ka = 10"'"''') but differ in their affinities for Mg++, 

9 ++ 
EDTA being a much more efficient (Ka = 10 ) chelator of Mg 

4 
than is EGTA (Ka = 10 ) (Dwyer and Mellor, 1964). For this 

reason, careful use of the two chelators can help distin

guish between classical and alternative pathway activation 

which has been initiated by an unknown mechanism. Normal 

serum Mg++ concentrations are usually high enough to assure 

some free Mg++ available when 0.01 M EGTA is used, but not 

when 0.01 M EDTA is present. Thus, EGTA will effectively 

block the activation of the classical pathway by removing 

++ 
Ca from CI, but will not completely block the activation 

of the alternative pathway. EDTA, on the other hand, blocks 

activation by both pathways, at least insofar as CI is dis

sociated and the C3 convertase enzymes cannot function in 

either system. 

The following experiments were done in order to 

further characterize the HHM-dependent complement reaction 

• "H" 
by determining the extent to which Ca and Mg were re

quired for consumption of Cl, C4, C3, and C6. 

Twenty yl of 0.5 M EDTA or EGTA was added to 0.98 

ml NHS, bringing the final chelator concentration in the 
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serum to 0.01 M. The same amount of 0,15 M NaCl was added 

to the control serum. The treated sera (NHS-saline, NHS-

EDTA, and NHS-EGTA) were then incubated with HHM (4-8 mg 

mitochondrial protein per ml serum), Zymosan (Z, 4 mg/ml 

serum), cobra venom factor (CVF [Cordis Laboratories], 

undiluted, 1:1 with serum), or by itself (serum control). 

After 30 minutes at 37°C, the HHM and Z were removed by 

centrifugation and complement assays done on the sera. The 

Z and CVF were included as controls to assure that alternate 

pathway function was blocked in the EDTA serum and not in 

the EGTA serum. 

Table 2 summarizes the results of several experi

ments in which chelators were used. Since CI activity is 

destroyed by both EGTA and EDTA at 37°C for 30 minutes, this 

component was not measured. The presence of activated CI 

can be inferred from the appearance of significant decreases 

in the C4 titer during incubation. Results are reported as 

the per cent decrease from the control, as before. These 

data indicate that EDTA blocks virtually all of the HHM-

dependent complement consumption, EGTA, while blocking most 

of the C4 consumption, never completely stopped the HHM-

dependent consumption of C3. The apparent conclusion from 

these experiments is that Ca++ is required for the consump

tion of C4 by HHM in human serum, and that the consumption 

of C3, though considerably less than that which occurs in 
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Table 2. Complement consumption in normal (NHS) and 0.01 
M EGTA- or EDTA-treated human serum (NHS-EGTA, 
NHS-EDTA) after incubation with human heart 
mitochondria (HHM), cobra venom factor (CVF), or 
zymosan (Z). 

% Decrease 

C4H50 C3H50 C6H50 

NHS + HHM 73 32 11 

NHS-EGTA + HHM 11 19 6 

NHS-EDTA + HHM 5 9 0 

NHS + CVF 1 77 56 

NHS-EGTA + CVF 2 49 45 

NHS + Z 15 79 90 

NHS-EGTA + Z .10 60 ND* 

NHS-EDTA + Z 5 19 0 

*ND: not determined. 
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untreated serum, is still able to proceed in the presence 

of EGTA. 

Incubation of Human Heart Mitochondria 
with Human Serum Heated at 50°C 

Because EDTA blocks both classical and alternative 

pathway functions, and EGTA blocks classical activation but 

not alternative, another means was needed in order to block 

the alternative but leave a functional classical pathway. 

Factor B of the alternative pathway is extremely heat labile 

(50°C for 20 min) so experiments were set up to determine 

the conditions required for destroying factor B activity 

without greatly impairing the function of Cl or C2, which 

are also heat labile. 

Five ml of fresh human serum was divided into two 

equal portions and incubated at 37°C until it had equili

brated at that temperature. A glass test tube was placed 

(empty) into a 50°C water bath and allowed to warm up to 

that temperature. When the serum reached 37°C, one portion 

was placed into a slushy ice and water bath and kept there 

at 0°C while the other was poured rapidly into the preheated 

tube and incubated for 20 minutes at 50°C. Serial twofold 

dilutions of cobra venom factor (CVF, Cordis Laboratories) 

were prepared, using GVB as the diluent; 0,1 ml of each CVF 

dilution was then mixed with 0.1 ml of heated serum, and 

another 0.1 ml of each CVF dilution mixed with 0.1 ml of 

the unheated serum. These mixtures were incubated at 30°C 



for 1 hour and the remaining C3 in each assayed as an indi

cation of CVF-induced complement activation. 

Since CVF is dependent upon factor B for its 

activity in human serum, any decrease in functional factor 

B should be reflected in a decrease in the amount of CVF-

induced complement consumption (Cooper, 1973; Hunsicker, 

Ruddy, and Austen, 1973). As can be seen in Figure 10, 

heating the serum at 50°C for 20 minutes did cause a de

crease in the ability of CVF to activate the alternative 

pathway, although the activation was not totally demolished 

by this treatment. This suggested another set of experi

ments which were done to determine the time-dependency of 

factor B destruction at 50°C. 

Three ml fresh serum was incubated as described 

above. At 0, 10, 20, 30, and 45 minutes after placing the 

serum at 50°C, 0.5 ml aliguots were removed and kept at 0°C 

until all five time samples had been collected. One-tenth 

ml of each sample was mixed with 0.1 ml of undiluted CVF 

(corresponding to dilution 1 in Figure 10) and incubated at 

30°C for 1 hour. One-tenth ml of the 0 and 45 minute 

samples were incubated with 0.1 ml GVB at the same time as 

controls to determine the effect of heating alone on the C3 

titer of the serum. At the end of the 1-hour incubation, 

C3 was assayed in each sample and the 50% hemolytic end-

points calculated. 
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Figure 10. Effect of heating normal serum on the ability of 
the serum to support CVF-induced activation of 
the alternative pathway — Measurement of C3 
activity in • normal serum or O heated serum 
(50°C, 20 min) following 60 min incubation with 
CVF. 
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When the results were plotted (Figure 11) it could 

be seen that by 45 minutes the C3 titer in the serum had 

dropped somewhat. The CVF activity at 20 minutes was con

siderably less than the initial activity, and by 30 minutes 

the C3 of the serum was virtually unaffected by the CVF, 

Since C2 activity is also very heat-labile an 

experiment was designed to test the ability of the same 

heated serum,used for CVF activation above,to form active 

Cl'4'2 sites on erythrocytes. An aliquot (0.1 ml) from each 

of the time samples of heated serum described above 

was diluted in Gl-GVB (y = 0,065) to give a dilution series 

from 1/10 to 1/1000. One-tenth ml of each dilution was 

___ 8 
mixed thoroughly with 0.1 ml of EACW at 1 x 10 cells per 

ml. After 8 minutes at 30°C, 0,2 ml EDTA-complement was 

added, and the rack of tubes was shaken well and trans

ferred to a 37°C water bath where it was incubated for 1 

hour. The per cent lysis was determined for each dilution 

and the number of effective molecules of C2 (SACl'4'2) per 

cell determined. 

After 20 minutes incubation at 50°C, the serum was 

still able to support the formation of measurable SAC142 

sites. However, as can be seen in Figure 12, this ability 

was destroyed by longer incubation. Since Tmax determina

tions were not done on each of the time samples it is not 

possible to say certainly that no C2 activity was left at 

the longer incubation times, but it is highly probable that 
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Figure 11. Loss of ability of heated serum to be activated 
by CVF as a function of time at 50°C — 
Measurement of C3 activity remaining in • 
normal or O heated serum following 60 min 
incubation with undiluted CVF. 
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hemolytic sites in serum heated at 50°C. 
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C2 function, and therefore the classical pathway, is not 

entirely normal at this time, Cl activity is not decreased 

by heating at 50°C, and there is probably enough residual 

C2 activity in the 30 minute samples to support some 

classical pathway activation, so this time point was chosen 

for the mitochondrial experiment to be described next. 

Mitochondria were incubated for 30 minutes at 37°C 

with heated (30 minutes, 50°C) serum (HHS) and with unheated 

serum (NHS) at a final concentration of 8 mg mitochondrial 

protein per ml serum. Heated and unheated serum samples 

were also incubated with an equal volume of undiluted CVF 

(Cordis Laboratories) , with zymosan (.4 mg/ml serum) , with an 

equal volume of GVB, or with nothing,' as controls. Incuba

tion conditions were 30 minutes at 37°C, at the end of 

which the samples were centrifuged and complement assays 

done on the sera. 

Table 3 shows the results of incubation of the three 

activators (HHM, CVF, and Z) with heated and unheated serum. 

There was no noticeable effect of heating upon consumption 

of Cl or C4 by either HHM or Z, but the amount of C3 and C6 

consumption by all three was diminished—particularly with 

Z which activates complement primarily by the alternative 

pathway, At the concentration of CVF used there was still 

enough alternative pathway function remaining to allow some 

C3 and C6 consumption. Heating the serum in this way always 

produced a reduction in the C3 consumption during incubation 
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Table 3. Decrease in hemolytic complement in heated and 
unheated human serum (HHS and NHS) during 
incubation with human heart mitochondria (HHM), 
cobra venom factor (CVF), or zymosan (Z)• 

% Decrease 

C1H50 C4H50 C3H50 C6H50 

NHS + HHM 72 81 38 15 

HHS + HHM 78 72 21 19 

NHS + CVF 0 0 8 6 74 

HHS + CVF 5 0 29 19 

NHS + Z 16 14 83 ND 

HHS + Z 15 2 6 4 ND 



with the HHM, ranging from 40 to 60% less consumption than 

was seen when the same amount of HHM was incubated with 

normal human serum. 

If heating the serum at 50°C blocks the alternative 

pathway without stopping classical pathway activation, then 

adding EGTA to heated serum should produce a serum which has 

both routes to complement activation barricaded. The 

experiment described here was done to test this. 

Serum was heated at 50°C for 30 minutes as described 

above. Control serum was kept at 0°C during this time. 

Aliquots of both the heated and unheated serum were brought 

to 0.01 M EGTA by the addition of 0.5 M EGTA, as described 

before, and the same volume of 0.15 M NaCl was added to a 

second aliquot of each serum to bring the control sera to 

the same dilution as the EGTA treated sera. The four sera 

were then incubated with HHM (.at 6-8 mg mitochondrial 

protein/ml serum), CVF (undiluted, 1:1 in serum), GVB (1:1 

in serum), or nothing (controls) for 30 minutes at 37°C. 

CI assays were not done because of the EGTA, but C4, C3, 

and C6 titers were determined for each sample. Table 4 

shows the results of a typical experiment. The combination 

of heating and EGTA essentially blocked all complement con

sumption, both by the CVF and the HHM. These experiments 

++ 
provide further evidence for the Ca requirement of the C4 

consumption, but do not completely clarify the role of the 

classical pathway in the HHM-dependent consumption of C3, 
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Table 4. Decrease in hemolytic complement components in 
normal and heated (50°C, 30 minutes) human sera, 
with and without 0.01 M EGTA, after incubation 
with HHM or CVF. 

NHS + HHM 

NHS-EGTA + HHM 

HHS + HHM 

HHS-EGTA + HHM 

NHS + CVF 

NHS-EGTA + CVF 

HHS + CVF 

HHS-EGTA + CVF 

% Decrease 

C4H50 C3H50 C6H50 

74 35 15 

12 16 6 

67 18 19 

11 10 0 

0 85 85 

0 70 34 

0 21 19 

0 10 0 



Incubation of Human Heart Mitochondria 
with C2-Deficient Human Serum 

Another approach to the problem of complement activa

tion mechanisms is through the use of sera which are defi

cient in one of the early components of one of the pathways. 

Consumption of C3 in C2-deficient human serum can proceed 

only by the alternative pathway or by a Cl bypass mechanism 

such as suggested by May and Frank (1973). 

Four different C2 deficient sera were obtained 

during the course of these studies. The first of these 

(C2D^), obtained from C. Arroyave, La Jolla, California, 

also proved to be totally deficient in C4 as determined 

either immunochemically (by radial immuno-diffusion) or 

functionally (by hemolytic assay). No C2 was detectable 

by the hemolytic assay procedure. The Cl titer of the 

serum was lower than that of normal serum. The alternative 

pathway was activatable by zymosan and cobra venom factor. 

Experiments done with this serum are summarized below. 

One-half ml samples of C2D^ plasma in ACD were re-

calcified and incubated 15 to 30 minutes at 37°C. The 

fibrin clots which formed during incubation were removed 

by centrifugation and the serum dialyzed against GVB for 2 

hours. Normal human plasma in ACD was treated in an 

identical way as a control. A sample of each serum was 

treated with EGTA or heated at 50°C for 30 min as described 

previously. Controls were kept at 0°C. Aliquots of each 
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serum were then incubated with HHM, Z, CVF, or alone, and 

CI, C3, and C6 hemolytic assays done on each. 

The experiments are summarized in Table 5, C4 was 

not measured since the C2D^ contained none, and CI was not 

measured in the EGTA treated sera. There are two things 

worth mentioning about this experiment. The C2D^ although 

lacking C4 and C2 and thus presumably unable to support 

classical .pathway activation was still able to mediate C3 

and C6 consumption when activated by the HHM, even though 

the alternative pathway was blocked by heating. The addi

tion of EGTA to this serum produced a more complete inhibi

tion of the HHM effect than heating did, an indication of 

the dependence of the HHM-dependent reaction's requirement 

for CI. The fact that this serum lacked both C4 and C2 

makes it extremely unusual and it is currently being in

vestigated in Dr. Arroyave's laboratory. 

Additional samples of human C2-deficient serum were 

obtained from H. Colten (C2D2) and from C. Alper (C2D^ and 

C2D4). These sera were intact in their alternative pathway 

function, and had relatively normal levels of C4, measured 

hemolytically. Incubation of HHM and CVF with heated and 

unheated samples of C2D£ serum and with untreated C2D^ and 

C2D^ gave similar results as far as HHM-dependent complement 

consumption was concerned. 

These C2D samples were received as serum at -70°C. 

They were thawed once and used immediately. Enough of each 
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Table 5. Incubation of treated (EGTA, 0,01 M, or heating, 
50°C, 30 minutes) or untreated C2D^ serum or NHS 
with HHM, CVF, or Z. 

% Decrease 

C1H50 C3H50 C6H50 

C2D1 + HHM 

Heated C2D1 + HHM 

C2D1-EGTA + HHM 

>90 

>90 

ND 

40 

30 

8 

14 

30 

12 

C2D1 + CVF 

Heated C2D1 + CVF 

>90 

0 

73 

0 

C2D1 + Z 

C2D1-EGTA + Z 

16 

ND 

71 

40 

58 

35 

NHS + HHM 

HHS + HHM 

NHSr-EGTA + HHM 

76 

65 

ND 

47 

42 

41 

12 

25 

22 

NHS + CVF 

HHS + CVF 

0 

5 

96 

8 

78 

12 

NHS + Z 

NHS-EGTA + Z 

25 

ND 

81 

54 

100 

92 
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serum was available to repeat each experiment once. The 

sera were incubated with human heart mitochondria or cobra 

venom factor for 30 minutes at 37°C as described previously. 

Tables 6 and 7 represent the results of experiments 

using the three C2D sera described above, It is interesting 

to note that in two of the C2 deficient sera, C2D^ and C2D^, 

significant C4 consumption was seen when CVF was used as 

complement activator. In all three of the C2-deficient 

human sera, HHM-dependent C4 consumption was much higher 

than in the normal human serum used as control, This sug

gests the possibility that, in normal serum, the presence of 

C2 as a competitor for Cl esterase has a sparing effect upon 

the C4 in the serum, and that without C2, the esterase can 

much more effectively act on C4. There is no information 

available at this time as to the functional integrity of Cl 

inhibitor in these sera. The fact that some consumption of 

C3 occurred in two of the three C2D sera when HHM were 

present indicates that the normal classical pathway, 

utilizing Cl, C4, and C2, is not essential, but may be by

passed by the HHM activation process. That Cl is required 

is suggested by the calcium dependence of the reaction. 

Incubation of Human Heart Mitochondria 
with Clq-Depleted Serum 

In order to determine the extent of the Cl depend

ence of the HHM activation of complement, normal human 

serum was made deficient in hemolytic Cl activity by 
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Table 6. Complement consumption in C2D2 serum or heated 
C2D2 serum incubated with HHM or CVF. 

% Decrease 

C1H50 C4H50 C3H50 C6H50 

NHS + HHM 73 >70 17 0 

HHS + HHM 86 >70 0 0 

C2D2 + HHM 94 >70 0 9 

Heated C2D2 + HHM 95 >70 0 8 

NHS + CVF 0 14 70 100 

HHS + CVF 0 8 23 17 

C2D2 + CVF 0 55 65 46 

Heated C2D2 + CVF 18 36 20 6 

Table 7. Complement consumption in C2 deficient sera 
(C2D3 and C2D^) incubated with HHM or CVF. 

% Decrease 

C4H50 C3H50 

C2D3 + HHM 100 6 

C2D3 + CVF 0 22 

C2D4 + HHM 100 15 

C2D4 + CVF 24 28 
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removing Clq from the serum. BSA and anti-BSA immune 

complexes were made up at optimal proportions for precipita

tion as described in MATERIALS AND METHODS, After washing 

three times in cold saline the complexes were washed twice 

in cold GVB and finally resuspended in cold GVB to twice the 

volume of packed complexes. About 0.5 ml packed, washed 

BSA-antiBSA complexes was obtained from 10 ml of the anti-

BSA serum by this method. One ml normal human serum was 

chilled to 0°C, brought to 0,01 M EGTA, and divided into two 

0.5 ml portions, one of which was kept at 0°C as the control 

for the experiment. A tube containing half the immune 

complexes (0.25 ml packed volume) was centrifuged, the 

supernatant removed as completely as possible, and the 

complexes resuspended in and thoroughly mixed with the 0.5 

ml serum. This suspension was kept at 0°C for 10 minutes, 

then centrifuged and the serum removed carefully and trans

ferred to a tube containing the other half of the complexes 

prepared as before. The 10 minute absorption at 0°C was 

repeated and the absorbed serum and the control serum were 

both recalcified and incubated with HHM and CVF as de

scribed before. 

Complement assays were done for Cl, C4, C3, and C6 

in each of the samples, Cl assays before and after absorp

tion indicated that more than 93% of the Cl activity had 

been removed by the immune complexes. Table 8 gives the 

results of experiments in which immune complexes were used 
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Table 8. Complement consumption in Clq-depleted normal 
human serum incubated with HHM and CVF -— 
Absorbed EGTA-serum was treated at 4°C with 
insoluble immune complexes and recalcified before 
incubation with HHM or CVF. 

% Decrease 

C1H50 C4H50 C3H50 C5H50 

NHS + HHM 75 87 35 17 

NHS + CVF 0 0 68 62 

Absorbed NHS + HHM 2 11 14 4 

Absorbed NHS + CVF 0 0 50 45 

to deplete Clq from serum. Since absorption took place in 

the cold and in the presence of 0.01 M EGTA, there were no 

measurable drops in the titers of the other complement com

ponents during the absorption process. It can be seen that 

removal of Cl activity from normal serum almost completely 

blocked activation of C4 by human heart mitochondria but 

failed to block consumption of C3 and C6 as completely. 

Consumption of C4 was reduced 87%, while that of C3 and C6 

was reduced 60% and 76%, respectively. 

Carrageenan (Seakem type 9, Marine Colloids, Inc., 

New York), a sulfated polysaccharide extracted from the 

marine alga Chondrus crispus, interacts with Clq and pre

cipitates it from serum without activating Cl in the process 

(Borsos et al., 1965; Cooper, 1973), In order to determine 



how much carrageenan was needed to remove CI from serum the 

following experiment was done, A stock solution of 1 mg/ml 

was prepared by adding the carrageenan to hot NaCl (0.15 M) 

and mixing gently until the mixture became clear. This was 

allowed to cool to 0°C. Serial twofold dilutions of the 

carrageenan stock were prepared and 0.2 ml of each was 

mixed with 0.2 ml of normal human serum, A fine white pre

cipitate formed in the serum as soon as the carrageenan 

solution was added. After 10 minutes incubation in the 

cold, the precipitates were removed by centrifugation at 900 

g in the cold, and CI assayed in each of the supernatants. 

Figure 13 shows the decrease in CI titer of the serum with 

increasing carrageenan concentration. As can be seen, 

addition of more than 0.125 mg carrageenan per ml serum 

removed more than 99% of the Cl from the serum. Serum was 

then reacted under the same conditions (0°C, 10 minutes) 

with 0.25 mg carrageenan per ml serum. The precipitate was 

removed and the serum treated with HHM or DVF as described 

previously. Results are shown in Table 9. Although the C3 

and C6 titers of the carrageenan treated serum were normal, 

it is possible that some activation and/or absorption of 

early components of the alternative pathway occurs under 

the incubation conditions described. Each of the values was 

calculated as the per cent decrease from its own control 

(NHS or CgnHS without any HHM or CVF) so the C3 and C6 con

sumption seen in the carrageenan treated serum with HHM was 
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Figure 13. Loss of CI hemolytic activity in serum incubated 
at 0°C for 10 minutes with increasing amounts 
of carrageenan. 



Table 9. Complement consumption in carrageenan treated 
serum (Cgn-HS) incubated with HHM or CVF. 

% Decrease 

C1H50 C4H50 C3H50 C6H50 

NHS + HHM 66 76 41 9 

Cgn-HS + HHM ^ 0 23 10 

NHS + CVF 0 8 5 8 5 4 

Cgn-HS + CVF ^ 0 46 34 



a function only of the HHM and not of the carrageenan 

treatment. There was no measurable Cl activity in the 

carrageenan-treated serum, which makes it doubtful that a 

Cl dependent bypass mechanism was responsible for the C3 

and C6 consumption observed. 

Results of these experiments indicate that (1) 

complement consumption occurs consistently in NHS incubated 

with HHM, (2) blocking the classical pathway by removing 

functional Cl prevents C4 consumption but does not com

pletely block C3 and C6 consumption, (3) blocking the alter

native pathway by removing factor B activity does not stop 

Cl or C4 consumption but partially blocks C3 and C6 con

sumption, (4) blocking both classical and alternative path

ways prevents consumption of all components, and (5) 

blocking the classical pathway by using C2 deficient serum 

allows Cl and C4 consumption to proceed maximally while C3 

consumption is reduced or negligible. The possible explana

tions for this behavior of the HHM-dependent complement 

activation include the recruitment of the so-called Cl-

bypass mechanism proposed by May and Frank (197 3) or the 

possibility that more than one type of activation may be 

occurring simultaneously in normal serum and the above 

manipulations are blocking different mechanisms of activa

tion rather than different steps in a common pathway. 
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-Measurement of Cl Binding and Activation 
on Heart Subcellular Membranes 

In the following groups of experiments, evidence is 

presented for the direct binding of Cl to the HHM, Incuba

tion of HHM with normal human serum at an ionic strength of 

0.065 was done to maximize the stability of the HHM-C1 

complexes formed. Under these conditions more of the Cl 

activity was removed from serum than when HHM were incubated 

/ 
with undiluted serum (IJ = 0,150), a result to be expected 

if the binding of Cl is through ionic interaction with the 

mitochondrial membranes. 

Human heart mitochondria were thawed and washed, with 

Gl-GVB (ij = 0,037) and resuspended in the same buffer to a 

concentration of 7 mg mitochondrial protein per ml. One-

tenth ml of normal human serum, 0,1 ml of the mitochondrial 

suspension, and 0,1 ml of Gl-GVB (f = 0.009) were mixed and 

allowed to stand at 0°C for 10 minutes'. As a control, 0.1 

ml serum was mixed with 0,1 ml Gl-GVB (y = 0.037) and 0,1 ml 

Gl-GVB C]i = 0,009), and treated the same as the mito

chondrial sample. At the end of the 10 minute incubation 

period, the mitochondria were removed by a 1 minute centri-

fugation at 15,000 g and Cl assays were done on the super

natant s. 

Results (Table 10) were calculated as the C1H50 of 

the mitochondrial sample expresssed as the per cent decrease 

from the C1H50 of its control. The amount of Cl activity 



89 

Table 10. Reduction in C1H50 of serum after incubation with 
HHM at y = 0.065, 0°C, 10 minutes. 

C1H50 

NHS NHS + HHM % Decrease 

1 9600 4000 58.3 

2 7400 2800 62. 2 

3 8600 3000 65.1 

4 9200 3100 66. 3 

5 2900 950 76. 7 

6 8000 1300 67.2 

7 8800 3000 83. 8 

8 6000 1400 65.9 

9 26000 4800 81.5 

10 9100 2000 78.0 

Mean + 1 standard deviation 70,5 + 7.9 
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removed under these conditions was extremely consistent, 

regardless of the serum source or the mitochondrial prepara

tion used. Attempts were made to elute active Cl from the 

HHM after they had been incubated with serum as described. 

HHM CO.8 ml at y = 0,037) were incubated with an 

equal volume of serum for 10 minutes, 0°C at y = 0,065 as 

described above, were washed 3 times in cold Gl-GVB and 

resuspended in Gl-GVB to 0,8 ml. Another 0.8 ml HHM was 

incubated in the same way except GVB (y = 0,150) was 

substituted for the serum. Eight tubes were set out and 

0,2 ml of the serum-treated mitochondria was placed in 4 

tubes and the same amount of control mitochondria (buffer) 

in the other 4, The mitochondria were then centrifuged and 

the supernatant removed. One tube of each was then re-

suspended in Gl-GVB at y = 0,065, one of each in Gl-GVB, 

y = 0.110, another of each in GVB, y = 0,150, and the last 

pair in GVB to which saline had been added so that the 

ionic strength was 0,30 0 (5X GVB stock:H20:0,75 M NaCl = 

1:3:1), The amount of buffer added was 0.2 ml in each case. 

The tubes were then incubated at 37°C for 3 0 minutes, the 

mitochondria spun down and Cl assays done on the super-

natants as well as the serum with which the HHM had been 

incubated initially. 

Table 11 gives the results of a typical experiment 

of this type. The author was never able to recover 100% 

of the Cl based upon the per cent decrease in the original 
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Table 11. Cl eluted from HHM which had been preincubated 
with normal human serum at y = 0.065, washed, 
and resuspended in buffer of different ionic 
strengths. 

Serum 

Serum + HHM 

C1H50 

7100 

1700 76% decrease 

Cl eluted with y = 0.  065 buffer <50 <1% recovery 

Cl eluted with y = 0.  110 buffer 350 6% recovery 

Cl eluted with y = 0.  150 buffer 550 10% recovery 

Cl eluted with y = 0.  300 buffer 3200 59% recovery 
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serum Cl titer as Pinckard et al. (1973) reported. This may 

have been due to differences in the incubation conditions; 

i.e., the fact that diluted serum at y = 0.065 was the Cl 

source and not purified Cl at y = 0,150, as used by Pinckard, 

or in the fact that GVB was used for eluting.the Cl instead 

of 0.3 M NaCl. Some loss of Cl activity may have been due 

to the washes with cold Gl-GVB. No Cl activity was de

tectable in any of the controls in which mitochondria were 

incubated with buffer instead of serum. In experiments in 

which EDTA was included in the incubation step (with serum 

- EDTA, 0.01 M) or in the wash buffer, no Cl activity was 

recovered in the elution step. These data demonstrate an 

inverse relationship between the Cl binding reaction and the 

ionic strength--increasing the ionic strength caused de

creased binding avidity. Since very high ionic strength 

destroys Cl by dissociating the macromolecular complex, 

higher ionic strength buffers were not tried. 

In further experiments designed to show that the 

Cl which was bound to the HHM was activated, HHM-C1 com

plexes were formed by incubating HHM in serum at y = 0.065, 

0°C, 10 minutes, and were then centrifuged, the serum-

supernatant removed and the mitochondria washed in Gl-GVB 

(y = 0.065) three times. The washed HHM-Cl complexes were 

then spun down and resuspended in functionally purified C4 

(Cordis Laboratories, Miami, Florida) and incubated at 37°C. 

Aliquots were removed at 0, 1, 2, 5, and 10 minutes and the 



residual C4 titers measured. Controls included C4 plus HHM 

which had been preincubated with buffer (p = 0,065), C4 

plus HHM which had been depleted of CI with immune complexes 

as described previously, and C4 alone. 

Figure 14 shows the results of a typical experiment. 

The number of effective molecules per ml of C4 remaining at 

10 minutes under these conditions was always less than 5% 

of the original amount when HHM-preincubated with serum were 

used, and greater than 95% when HHM which had not been in

cubated with serum were used. The Cl activity of the HHM-Cl 

complexes, as measured in this way, was not diminished 

appreciably by as many as five washes with cold Gl-GVB at 

y = 0.065 prior to incubation with the C4, indicating that 

the binding of Cl to the HHM at low ionic strength was quite 

stable. 

Because Cl is very heat labile at 56°C, the fol

lowing experiment was done to show the heat lability of the 

serum factor responsible for the C4 consumption in the 

previous experiment, Normal human serum was, incubated at 

37°C for 5 minutes, and then transferred to a preheated 

glass tube in a 56°C water bath. Samples were removed at 

0, 1, 2, 5, 10, and 20 minutes, chilled to 0°C and part was 

incubated with HHM for 10 minutes at 0°C while Cl assays 

were done on the other part of the serum sample. The mito

chondria were then washed and incubated with C4 as 

described above. 
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Figure 14. Inactivation of C4 with time when functionally 
pure C4 was incubated with HHM which had been 
preincubated with buffer (•), Clq depleted 
serum (•) , or NHS (HI) — (•) C4 alone. 
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The decreased CI hemolytic activity with time at 

56°C for normal human serum is shown in Figure 15. Very 

little activity was detectable in the heated serum after 5 

minutes of incubation at 56°C. Figure 16 shows the per cent 

of the original C4 activity remaining after incubation with 

the HHM-C1 complexes formed using serum from the different 

56°C incubation times. As can be seen, the serum which had 

little hemolytic Cl also failed to form efficient HHM-C1 

complexes, providing further evidence that bound Cl was 

responsible for the consumption of C4. 

Since the experiments described earlier in which 

factor B was destroyed by heating at 50°C raised the 

question of the integrity of other complement proteins under 

the same conditions, the HHM-C1 transfer activity in 

purified C4 was measured as described in the previous 

experiment, except that normal human serum was incubated at 

50°C instead of 56°C, Sample times were 0, 2, 5, 10, 20, 

30, 45, and 60 minutes. 

Table 12 gives the results of a typical experiment 

of this kind. It is surprising that the Cl activity of the 

serum apparently became enhanced at 50°C for short times, 

but this was a consistent finding when serum was incubated 

at 50°C, and was not reflected by the HHM-C1 formed. No 

data are available on the heat lability of Cl-INH at 50°C, 

though it is labile at 56°C. 
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Figure 15. Decrease in serum Cl hemolytic activity with 
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Figure 16. Decrease in capacity of serum heated at 56°C to 
form effective HHM-C1 complexes — HHM were pre-
incubated with serum samples which had been 
heated at 56°C for (a) 0 min, (b) 1 min, (c) 2 
min, (d) 5 min, (e) 10 min, and (f) 20 min. The 
HHM were then washed and transferred to purified 
C4 as described. 
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Table 12. Effect of heating serum at 50°C on CI activity 
and the ability to form HHM-Cl complexes. 

Time at 
50°C 

C1H50 of serum 
after heating 

at 50°C 

C4H50 of Cordis C4 
remaining after 
incubation with 

HHM-Cla 

0 min 4200 0 

2 3000 11 

5 7100 15 

10 8000 24 

20 12500 68 

30 8500 190 

45 4400 520 

60 1400 1700 

aC4 remaining after incubation with HHM-Cl complexes 
formed from the corresponding 50°C serum sample. C4 alone = 
2300. 



Another bit of evidence for the presence of CI on 

the HHM came from experiments in which EDTA was used to 

remove the activity from HHM-C1 complexes. 

HHM-C1 complexes were washed with the following 

buffers or combination of buffers: (.1) Gl-GVB, v = 0,065, 

three washes; (.2) 0,01 M EDTA-GVB, one wash, Gl-GVB two 

washes; and (3) 0,04 M EDTA-GVB, one wash, Gl-GVB two washes. 

The washed complexes were then resuspended in a 1/100 

dilution of heated serum (56°C, 30 minutes), and incubated 

at 37°C for 10 minutes (the heated serum in this experiment 

served only as a C4 source, since Cl, C2, and factor B are 

all destroyed at 56°C for 30 minutes). After the HHM were 

removed, C4 assays were done on both the heated serum plus 

HHM and the heated serum control (no HHM). 

Table 13 lists results from this procedure. It can 

be seen that while the 0,04 M EDTA-GVB removed all of the 

Cl activity, the 0.01 M EDTA buffer did not. The volume of 

each wash was the same (1 ml buffer/4 mg mitochondrial 

+ + 
protein), Since EDTA removes the Ca which stabilizes the 

Clqrst complex, the Clq probably remains bound to the HHM 

after the EDTA washes, but cannot be detected by the hemo

lytic assay, while the other subunits are removed by the 

washing. 
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Table 13. HHM-C1 complexes washed with different buffers 
before incubation with heated serum. 

Wash buffer (number of washes) 
\ 

Gl-GVB (3) 

0.01 M EDTA GVB (1), Gl-GVB (2) 

0.04 M EDTA GVB (1), Gl-GVB (2) 

% Decrease of C4H50 

100% 

73% 

0% 

Demonstration of the Lack of Direst 
' HHM-Enzymatic Activity Against 

C4 or C3 

Earlier investigators had suggested that the 

activation of complement by myocardial tissues might be due 

to nonspecific enzymes released from the damaged tissues 

(Hill and Ward, 1971; Versey and Gabriel, 1974). In order 

to determine whether any such enzymatic activity might be 

associated with the mitochondria preparations used in this 

study, the isolated HHM were incubated with several purified 

complement components and the amount of activation measured. 

HHM were incubated with different dilutions of 

Cordis C4 and then removed and C4 assays done on the super-

natants as well as the control C4 which contained no HHM. 

A second type of experiment was done using 56°C heated 

serum (30 minutes) as the C4 source. Controls for the 

latter included heated serum without HHM and unheated serum 

with and without HHM. 
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Table 14 lists the results of experiments in which 

HHM were incubated with C4 as described. In no experiment 

was there any consumption of C4 by HHM in the absence of 

unheated normal serum or of CI, providing further evidence 

for the dependence of the C4 consumption upon the presence 

of functionally activatable CI. 

Table 14. Inability of HHM to cause C4 consumption in the 
absence of normal human serum. 

V " 

% Decrease C4H50 

Normal serum + HHM 62% 

Heated (56°C) serum + HHM 0 

C4 (Cordis) + HHM 0 

In a similar set of experiments, HHM were incubated 

with C3, either in a "functionally pure" form as purchased 

from Cordis Laboratories or in a highly purified form (a 

gift from Dr. N. R. Cooper^ La Jolla, California). Titers 

of the C3 samples, both with and without HHM, were done 

after 30 minutes incubation at 37°C. HHM which had been 

preincubated with serum were washed and incubated with the 

C3 (Cordis) also. 
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Several experiments are shown in Table 15, In two 

of three experiments in which the mitochondria had been 

preincubated with normal human serum there was significant 

(.> 10%) C3 consumption. In none of the experiments was 

there any significant C3 consumption by "plain" HHM, The 

fact that the lack of consumption in the Cordis C3 was 

repeated in many experiments points to the conclusion that 

other serum factors are necessary for C3 consumption by the 

HHM mechanism. Attempts to produce functional HHM-C14°X^2 

complexes analogous to EAC14OX^2 gave equivocal results 

with purified C3. 

Table 15. Effect of incubating HHM or HHM preincubated with 
serum (HHM'-S) with purified C3 (30 min, 37°C) . 

C3H50 

C3 alone C3+HHM C3+HHM-S 

Functionally pure C3 
(Cordis) 

360 360 370 

1600 1600 1100 

1100 1100 1100 

1300 1370 1040 

2130 2450 1930 

Highly purified C3 
(.Cooper) 

6200 

9300 

5500 

11300 

5900 

11000 
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Demonstration of C4 Bound to HHM 
after Incubation in Serum 

Binding of C4 to the heart mitochondria was shown 

by hemagglutination of EC4 with HHM which had been pre

viously incubated with serum and then washed several times. 

EC4 were prepared by incubation of human red cells with 

human serum containing cold agglutinins in the cold, and 

then washed several times with warm buffer to remove the 

cold agglutinins, EC4 were also prepared from sheep red 

cells by incubating EAC4 with 0.05 M MSH for 30 minutes at 

37°C. This treatment removes the IgM antibodies from the 

cell surface. The cells were not susceptible to lysis by a 

1/60 dilution of guinea pig serum, but incubation with 

rabbit anti-human C4 antiserum made them readily lysable. 

To show bound C4 on the HHM, EC4 were washed and 

resuspended with HHM which had been preincubated with normal 

human serum. HHM which had not been in serum or which had 

been incubated with heated serum (56°C, 30 minutes) were 

included as controls. The mitochondria were washed after 

the incubation with serum, and incubated 30 minutes at 37°C 

with rabbit anti-human C4 antiserum. They were washed again 

before being incubated with EC4. Only the normal serum 

treated HHM caused any agglutination of the EC4, indicating 

the presence of C4 and anti-C4 on their surfaces. 
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Comparison of HHM-Dependent Consumption of 
Complement in Normal Human Serum 

with Other Species 

The species specificity of the heart mitochondria-

complement interaction was examined in an effort to find a 

possible animal model which closely approximated the in 

vitro observations made with human serum and mitochondria. 

Those species which were tested included guinea pig, rat, 

dog, and monkey. 

Guinea Pig Mitochondria and Serum 

Incubation of mixtures of guinea pig and human sera 

and heart mitochondria were done under conditions similar to 

those described for the incubation of human serum and HHM. 

The mitochondria of both species were brought to equivalent 

concentrations (with respect to mitochondrial protein) and 

incubated with normal sera of both species, with C4 deficient 

guinea pig serum and with EDTA treated guinea pig serum 

(0,01 M EDTA). Results of several experiments are sum?-

marized in Table 16, 

There was insignificant CI consumption with either 

heterologous system, suggesting a species specificity for 

this part of the reaction. While CI consumption in the 

homologous systems was comparable, there were consistent 

differences in the C4 and C3 consumption which made the 

guinea pig an undesirable model. The data for the C4D and 

EDTA-treated sera indicate a lack of Cl-dependence when HHM 
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Table 16. Incubation of guinea pig and human sera and 
mitochondria — A = normal serum and mitochondria 
from both species. B = C4D guinea pig serum, 
EGTA-serum, and normal guinea pig serum with HHM. 

Mean % decrease + SD 

Incubation mixture C1H50 C4H50 C3H50 

NHS + HHM 22+10 68+6 22+6 

NHS + GPHM <10 40+7 21+5 

GPS + HHM <10 14+6 51+10 

GPS + GPHM 31+5 40+9 39+7 

Incubation mixture % decrease in C3H50 

C4D + HHM 54 

C4D + GPHM 30 

GPS-EGTA + HHM 24 

C4D-EGTA + HHM 33 

GPS + HHM-Sa 96 

C4D + HHM—S 61 

HHM—S = HHM preincubated with NHS, then washed 
before resuspending in GPS. It is interesting to note that 
in the C4 deficient guinea pig serum, the consumption of C3 
was not enhanced by preincubating with normal human serum 
whereas it was in normal guinea pig serum. EGTA had about 
the same effect on C4D and GPS with respect to the C3 
consumption. 
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were used, though HHM-Cl complexes enhanced C3 consumption 

in both GPS and C4D serum. Since C4 also binds to HHM 

during incubation with serum, the enhancement in C4D serum 

could be due to Cl^4 complexes on the mitochondria and the 

formation of CI42 enzyme in the C4D serum. 

Dog Mitochondria and Serum 

In a group of experiments similar to the ones 

described for guinea pig serum and mitochondria, dog and 

human serum were incubated with dog and human mitochondria 

at 37°C for 30 minutes and complement assays done on the 

sera. The results are presented in Table 17 and indicate 

that the mitochondrial-dependent complement consumption 

obtained with dog mitochondria and human serum was more like 

that obtained with human mitochondria and serum than the 

guinea pig, but the differences in the homologous dog 

system, especially with respect to the CI consumption and 

the calcium dependency, made the dog a less than ideal model 

for future studies of the mechanism, 

Rat Mitochondria and Serum 

Rat and human heart mitochondria were preincubated 

with rat and human serum and then washed and transferred to 

Hu 
Cordis C4 , Decreases in the C4 after 30 minutes incuba

tion were as follows: RHM + NRS, 94%; RHM + NHS, 96%; HHM + 

NRS, 90%; HHM + NHS, 94%, Obviously, both rat and human 

mitochondria were able to transfer Cl from both human and 
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Table 17. Dog heart mitochondria and human heart mito
chondria incubated with human and dog serum and 
with dog serum containing 0.01 M EGTA. 

Mean % decrease + S.D. 

Serum Mitochondria C1H50 C4H50 C3H50 C6H50 

NDS DHM 8+6 42+5 31+3 18+1 

NHS HHM 25+5 53+9 26+4 16+3 

NHS DHM ND 60a 31a ND 

NDS EGTA DHM ND 6+1 2 9+2 22+5 

aS.D. not calculated. 

rat sera, Rat heart mitochondria were incubated with rat 

and human sera and CH50 assay done on the serum supernatant 

after the mitochondria had been removed. The rat serum CH50 

dropped 12% while the human serum CH50 failed to show any 

change. 

Monkey Serum 

Serum obtained from a rhesus monkey (Macaque 

mulatta) was incubated with human heart mitochondria and 

the complement consumption measured. Decreases of CI (33%), 

C4 (26%), C3 (17%), and C6 (20%) were blocked by the addi

tion of EGTA to the monkey serum, indicating a strong Cl 

dependency in the HHM consumption of monkey complement. No 
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monkey mitochondria were available at the time these 

experiments were done. 

It is interesting that in most of the experiments 

done with serum and mitochondria from different species it 

was the classical pathway components which differed the 

most. Although CI titers in mixed incubations did not drop 

appreciably it was possible to form active mitochondria-Cl 

complexes in these same mixtures and demonstrate the 

activity in transfer of Cl to purified C4 or heated serum. 

Figure 17 depicts the consumption of C4 by mitochondria-Cl 

complexes of various sorts. Whether the ability of all the 

heart mitochondria to transfer Cl activity is a reflection 

of the efficiency of the bound and activated Cl in the C4 

source cannot be determined directly from these experiments 

since the bound Cl was not measured quantitatively. It may 

be that very small amounts of active Cl are required for 

efficient consumption of the purified C4 in a relatively 

inhibitor-free system such as was used, 

Dose-Response Experiments with Heart 
Mitochondria in Serum 

Cl dose response curves are shown in Figure 18. Cl 

was measured following incubation of different amounts of 

human heart mitochondria with normal human serum under the 

standard incubating conditions; i.e., 37°C, 30 minutes un

diluted serum. 
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Figure 17. Consumption of Cordis C4 by mitochondria-Cl 
complexes, formed from rat, guinea pig, dog, 
and human mitochondria and serum — (a) HHM + 
C4D, (b) HHM + GPS, (c) RHM + NHS, (d) RHM + 
NRS, (e) HHM + NRS, (f) HHM + NHS, (g) DHM + 
NHS, (h) HHM + NDS, (i) DHM + NDS, (j) RHM, 
(k) DHM, (1) HHM. 
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mg Mitochondrial Protein/ml Serum 

Figure 18. Dose response of human heart mitochondria in 
normal human serum. 
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C4, C3 , and C6 dose responses are shown in Figure 

19. It can be seen that, whereas C4 gives a very linear 

dose response when mitochondria are incubated in serum, C3 

and C6 do not. This may be due to the presence of in

hibitors and inactivators in the serum or to the difference 

in the mechanism of activation and consumption. 

In Vivo Studies 

Decreases in the serum complement levels after acute 

myocardial infarction. These studies were performed on 

serum samples obtained from patients admitted to the 

Coronary Care Unit and Myocardial Infarction Research Unit 

at the University Hospital, University of California School 

of Medicine, San Diego. Blood samples were obtained from 

the patients by way of a peripheral venous line (.19 gauge 

angiocatheter) inserted into a vein in the wrist or arm and 

kept open with heparin (1000 u/20 ml flush solution). This 

line was used both for withdrawal of blood samples and in

jection of medication when needed. Samples were obtained 

hourly for the first 7 hours following admission, at 2 hour 

intervals for the next 17 hours, and at 4 hour intervals 

until 72 hours had elapsed from the time of admission. 

Subsequent samples were obtained once daily. All blood 

samples were allowed to clot at room temperature and the 

serum stored at -70°C until complement and anti-heart mito

chondria antibody analysis could be done. 
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Figure 19. C4, C3, and C6 dose responses of human heart 
mitochondria in normal human serum. 



113 

Six patients included in this study met the criteria 

for acute myocardial infarction; i.e., a history of pro-

longed chest pain typical of acute myocardial infarction; 

evolutionary electrocardiographic (ECG) changes indicative 

of acute transmural myocardial infarction; and a rise and 

subsequent fall in serum levels of the enzymes creatine 

phosphokinase (CPK), glutamine-oxaloacetic transaminase 

(GOT)t and lactic dehydrogenase (LDH). Six patients chosen 

as controls had been admitted to the Coronary Care Unit 

because of recent chest pains, but had not developed ECG 

changes or elevations in serum enzyme levels indicative of 

myocardial infarction. 

Simultaneous CH50, CI, C4, C3, and C6 assays were 

done on each patient's serum samples. The assays were all 

standardized against a standard serum pool which was run at 

the same time. The data in Table 18 were obtained from the 

control group and show the maximum per cent decrease rela

tive to the complement levels at the time of admission, and 

the times at which these decreases occurred. Figure 2 0 

depicts fluctuations in the complement and CPK levels in 

one of the control patients. None of the six patients had 

detectable autoantibodies. There was no evidence of acute 

myocardial infarction in any of these patients, nor were 

there any significant fluctuations in the serum complement 

components measured. 
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Table 18. Maximum per cent decrease in complement during a 
72 hour period following hospitalization of 
control patients without acute myocardial 
infarction. 

Patient 

Complement Component 

Patient CH50 
CI C4 C3 C6 

T.O. 20 12 17 0 11 

E.E. 17 11 14 15 10 

K. A. 12 11 4 17 4 

H.B. 24 7 19 11 12 

R.A. 0 25 ND 14 5 

R.G. 1 7 10 26 0 
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Figure 20. CPK and complement levels in a patient of the 
control group over a 48 hour time period 
following the onset of chest pain. 
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The patients with acute myocardial infarction showed 

marked differences from the control group. Significant 

decreases in serum levels of CI, C4, and C3 occurred in each 

patient within 72 hours of onset of chest pain. Table 19 

shows the maximum decreases in complement components in 

these patients. The temporal development of complement 

changes in a typical patient with an unequivocal myocardial 

infarction is shown in Figure 21, along with the changes in 

serum CPK levels. It is apparent that the development of 

these drops in complement levels, particularly CI, C4 / and 

C3, seemed to occur at approximately the same time in a 

patient, and there was an overall tendency for the times to 

be similar between patients. There was a correlation also, 

between the time of the initial increases in serum CPK and 

the decreases in Cl, C4, and C3. Statistical comparison of 

the two groups of patients with respect to the maximum per 

cent decreases in complement components indicates signifi

cant differences in the Cl, C4, and C3 levels but not the 

CH50 or the C6 levels (Table 20), 

Comparison of these data with the results obtained 

in vitro by incubation of human heart mitochondria with 

normal human serum suggests a related mechanism operating 

in both. Referring to Figure 9, one can see that the de

creases in Cl (44%) , C4 (62%), C3 (29%), C6 (13%), and 

CH50 (27%) measured in vitro conform closely to the pattern 

seen in the in vivo study, Compensatory mechanisms in 
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Table 19. Maximum per cent decrease in complement during a 
72 hour period following hospitalization of 
patients with acute myocardial infarction. 

Patient 

Complement : Component 

Patient CH50 
CI C4 C3 C6 

E.H. ND 65 38 33 0 

G.G. 17 53 62 26 13 

J,C. 33 50 18 28 0 

L. C, 13 27 32 29 15 

A.W. 5 47 44 47 10 

J.B. 25 45 29 47 6 
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Figure 21. CPK and complement levels in a patient with 
acute myocardial infarction. 



Table 20. Statistical comparison (student's t) of mean complement decreases in 
patients with and without acute myocardial infarction. 

Maximum per cent decrease in complement during 
a 72 hour period following hospitalization 

Patient group CH50 
CI C4 C3 C6 

Acute myocardial 18,6+10.9a 47.8+12.4 42.2+12.0 35.0+9.6 7.3+6.4 
(P>.3) (P<.001) (P<.001) (P<.005) (P>.9) 

Myocardial ischemia without 
myocardial infarction 12.3+10.0 12.2+6.6 12.8+6.0 13.8+8.5 7.0+4.7 myocardial infarction 

aMean + S.D. 



120 

vivo, such as increased production of a depleted component 

may account for some of the variation seen. The presence 

of lysosomal enzymes as well as others released by damaged 

cells cannot be ignored in the in vivo system, though the 

mitochondrial mechanism is not dependent upon such enzymes 

for its action. 



DISCUSSION 

Since the initiation of this study was inspired by 

investigation of the immunologic response to heart mito

chondria following their release into the circulation from 

damaged cells after experimental myocardial infarction in 

dogs, it was not difficult to arrive at the in vivo 

observation of complement drops in human patients following 

acute myocardial infarction. The fact that complement has 

been implicated as a major contributor to the development 

of the inflammatory response was evidence for its potential 

importance in the prognosis of those patients with sizeable 

lesions following coronary artery occlusion, 

Pinckard et al. demonstrated in 1971 that the 

temporal development of anti-heart mitochondria auto

antibody in dogs could not explain the involvement of 

complement during the initial inflammatory process. Within 

the first three days following experimental coronary artery 

occlusion no detectable anti-heart mitochondria autoanti

bodies existed in the dogs' sera. When human sera were 

tested, no demonstrable anti-heart mitochondria autoanti

bodies were present in any normal human serum. There was, 

however, in all the normal human sera, a factor which was 

capable of reacting with human heart mitochondria and fixing 

complement in unheated serum but not when the serum had been 
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incubated at 56°C prior to exposure to the mitochondria. 

This heat-labile factor had a sedimentation coefficient of 

19S when centrifuged in. a sucrose gradient, but dissociated 

into subunits with lower sedimentation coefficients when 

EDTA was present in the sucrose gradient, Identification 

of this factor as the first component of complement led to 

the present studies which were undertaken in an effort to 

further characterize the antibody-independent mechanism 

through which subcellular membranes can initiate the 

activation of serum complement. Evidence has been presented 

which shows that in vitro incubation of isolated human heart 

mitochondria with normal human serum results in a charac

teristic pattern of complement consumption. In the many 

experiments of this variety, in which human heart mito

chondria were incubated in normal, untreated human serum, 

the reproducibility of the complement consumption of compo

nents Cl, C4, and C3 was remarkable. 

The consumption of complement by subcellular con

stituents other than whole mitochondria was demonstrated by 

Pinckard et al. (1973). These authors showed consumption of 

complement activity associated with whole mitochondria from 

cardiac or skeletal muscle tissue, inner and outer mito

chondrial membranes, sarco-plasmic reticulum, and cytosol, 

Thus, although heart mitochondria were the most efficient 

membranes at complement activation, the phenomenon was not 

organ-specific nor even organelle-specific. 
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The lack of demonstrable antibody in the complement 

activation process described herein is not a novel phenom

enon. There are many non-immunologic mechanisms which lead 

to activation of complement. These include enzymes 

(notably trypsin, thrombin, plasmin, bacterial enzymes, 

lysosomal enzymes, tissue proteases, and enzymes present in 

snake venoms), DNA, RNA, polyinosinic acid, C-reactive 

protein, bacterial lipopolysaccharide (endotoxin), lipid A 

of bacterial lipopolysaccharide, carrageenan, dextran 

sulfate, heparin-protamine sulfate complexes, zymosan, 

inulin, agar, cobra venom factor, and heat-aggregated 

immunoglobulins. Cooper (1973) described a membrane-

associated mechanism in which virus transformed murine 

lymphocytes maintained in continuous culture were capable of 

binding and activating CI followed by consumption of C2 and 

C4 and the late components as well. The viral envelopes 

of some RNA viruses (Moloney virus and vesicular stomatitis 

virus) and the capsid of polyoma virus are also capable of 

activating CI (Cooper, 1973). 

Because factors released from myocardial tissue 

following trauma to the heart may be involved in the 

development of acute inflammation by the activation of the 

complement system, the characteristics of complement 

activation by isolated myocardial subcellular components 

have been examined in vitro. Evidence has been presented 

which suggests that complement activation by human heart 
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mitochondria proceeds primarily through a calcium-dependent 

activating mechanism in which CI is physically bound to and 

activated on the surface of the mitochondrial particles. 

The calcium-dependency of the complement consumption 

was indicated by evidence of inhibition with either 0.01 M 

EDTA or EGTA in the serum at the time of incubation with 

the mitochondria. However, the fact that 0,01 M EGTA did 

not completely block the consumption of C3 in otherwise 

normal serum, while 0.01 M EDTA did,leaves some question as 

to the absoluteness of the calcium-dependence of the 

reaction. Since both EGTA and EDTA have the same avidity 

for calcium ions, the C3 consumption which occurs when EGTA 

is present must have proceeded via a calcium-independent 

mechanism such as the alternative pathway. There is no 

question, however, as to the calcium requirement for con

sumption of CI and C4 by the mitochondria, since both the 

chelators were able to completely block the uptake of 

functionally intact CI onto the mitochondria and the sub

sequent activation of C4. It is assumed that the Clq sub-

unit still binds to the mitochondria in the presence of the 

chelators, but cannot by itself initiate the activation 

process. 

The experiments in which the alternative pathway 

was significantly blocked by heating the serum at 50°C 

prior to exposure to mitochondria lend support to the 

possibility that more than one mechanism of complement 
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activation may be operating simultaneously with the mito

chondria. Factor B-depleted sera, which react relatively 

normally with respect to CI and C4 consumption nonetheless 

have diminished C3 consumption. Whether this is in fact due 

to the blocking of the alternative pathway, demonstrated by 

the decreased ability of the serum to undergo activation 

with cobra venom factor or zymosan, or to the partial de

struction of C2 activity, is difficult to say at the 

present time. Addition of EGTA to the heated serum which 

theoretically provides inhibition of both the classical 

pathway by removal of calcium required for the CI step, and 

the alternative pathway, by destruction of heat-labile 

Factor B, completely abrogated the capacity for complement 

pathway activation by mitochondria in the treated serum. 

Removal of'functional CI from serum again blocked 

most but not all of the C3 consumption induced by the mito

chondria. The serum treated with carrageenan, in which 

there was no detectable CI remaining and in which no C4 

consumption occurred, showed reduced but still significant 

C3 consumption and an intact alternative pathway as shown 

by cobra venom factor activation. 

Consumption of C3 in C2 deficient plasma was non

existent in one sample (C2D2/ obtained from Dr. H. Colten). 

Another C2 deficient serum (C2D^, from Dr. C. Arroyave) 

showed 40% decrease in C3, but this serum exhibited other 

peculiarities (no detectable C4, low CI titer) which make 
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one hesitate to compare it directly with any of the other 

serum deficient in C2. The last two C2D sera tested 

(C2D^ and C2D^, from Dr. C. Alper) showed slight drops in C3 

titers when incubated with human heart mitochondria. In 

both of these sera, classical pathway activation was blocked 

and the C3 consumption could have occurred only through the 

alternative pathway or a Cl bypass mechanism. 

Direct evidence for Cl binding and activation on the 

subcellular membranes came from Cl elution experiments and 

production of HHM-C1 complexes which are capable of in

activating C4 in a typical enzymatic fashion even after 

multiple washings in buffer. HHM were unable to transfer 

this C4 inactivating capacity from serum when the serum had 

previously been incubated at 56°C for 30 minutes. EDTA, in

corporated in the wash buffer, removed the C4 inactivating 

substance from HHM which had been preincubated with normal 

serum. Cl is heat labile at 56°C and requires calcium for 

its normal function, both characteristics which support the 

theory that the C4 consumption occurs only when bound, 

intact Cl is present on the HHM. 

Cl elution experiments, in which activated Cl was 

adsorbed onto the mitochondria from partially purified Cl 

preparations and then recovered 100% by elution with 0.3 M 

NaCl were reported by Pinckard et al. (1975). In the 

elution experiments described in this dissertation, diluted 

serum was used as the Cl source and the incubation with the 



mitochondria was carried out at a lower ionic strength 

(0.065 as opposed to 0.150) than in the earlier experiments. 

Although the mitochondria-dependent Cl consumption under 

these conditions was consistently higher (70% as opposed to 

45%) than in the whole serum, recovery of the Cl by elution 

with high ionic strength buffer was never 100%, perhaps due 

to an increased avidity of Cl binding and activation at the 

lower ionic strength (Rapp and Borsos, 1970; Cooper, 1973). 

Another factor which may contribute to the decreased re

covery of Cl from serum-derived HHM-Cl is the presence of 

serum Cl-INH, not present or present in negligible amounts 

in the functionally purified Cl which was used in the 

earlier experiments (Vroon, Schultz, and Zarco, 1970; Gigli, 

Ruddy, and Austen, 1968). Cl-INH can act against fluid 

phase Cl? as well as Clr and Cls on a cell surface and it 

may be that, during incubation in the diluted serum part of 

the Cl which becomes bound to the mitochondria becomes sub

sequently inactivated by the inhibitor. Another possible 

explanation for the inability to recover all of the Cl from 

the HHM is that some of the Cl was removed by the washing 

procedure. 

The evidence for relatively tight, specific binding 

of Cl to mitochondrial surfaces is apparent in the studies 

using mitochondria Cl complexes (HM-Cl). Exhaustive washing 

in low ionic strength buffer (y = 0.065) did not remove 

appreciable amounts of the Cl activity as seen in the 
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ability of HM-C1 to consume C4 following as many as 5 washes 

with 1.0 ml buffer per 4.0 mg mitochondrial protein. 

Raising the ionic strength of the buffer to 0.150 caused 

loss of more CI activity, but significant amounts remained 

bound. Washing the HM-C1 with EDTA or EGTA containing 

buffers removed almost all of the Cl activity at 0.01 M EDTA 

or EGTA, and all at 0.04 M. C4 was consumed by HHM-Cl in 

similar fashion whether it was present in functionally puri

fied form (Cordis Laboratories) or in heated serum (,56°C, 

30 minutes). 

Binding of C4 to the mitochondria is also indicative 

of the activation of Cl on the membrane surface. It is con

ceivable that this function of complement, i.e., coating of 

the surface with Cl and C4, may play a role in the normal 

homeostatic mechanisms of the immune system. Opsonization 

of particles has been shown by many investigators to hasten 

the clearance of these substances from the circulation or 

area of injury due to the enhanced phagocytic activity of 

cells of the reticuloendothelial system. Addition of mito

chondria which had been preincubated either with normal 

guinea pig or human serum to C4 deficient guinea pig serum 

produced a marked enhancement of the C3 consumption in that 

serum, a demonstration that the Cl which was present may 

have been in conjunction with 04 and capable of forming a 

very efficient C3 converting enzyme. 
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Techniques were not available at the time of this 

study for examining the possible binding and activation of 

the alternative pathway components. It is known at the 

present time that a stable surface is required for the 

formation of an effective alternative pathway C3 convertase, 

just as it is for the classical pathway (Fearon and Austen, 

1975; Medicus et al., 1976). The fact that the late compo

nents of complement (C5-9) are not efficiently consumed by 

the mitochondrial-dependent reaction leads to the conclusion 

that neither C423 nor the factor B dependent C5 convertase 

is formed in a manner which can sustain significant C5 con

sumption. Whether this is a function of the inability of 

components other than CI and C4 to bind to the mitochondria 

or the way in which they become activated remains to be 

demonstrated. 

Incubation of mitochondria which had not been ex

posed to serum with purified C4 or C3 led to no significant 

consumption of either component. Earlier thoughts that 

perhaps a mitochondrial enzyme was responsible for the 

cleavage of C3 and its subsequent conversion from 31c to 31a 

as demonstrated on Immunoelectrophoresis of HHM reacted 

serum (Pinckard et al., 1975) were not borne out by experi

ments using purified C3. Repeated incubations of human 

heart mitochondria with both a functionally pure form of C3 

(from Cordis Laboratories) and highly purified human C3 

obtained from Dr. N. R. Cooper, showed no significant C3 
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consumption when hemolytic assays were done, nor was there 

any C3 conversion demonstrable by Immunoelectrophoresis of 

the C3 samples following exposure to the mitochondria. That 

there were enzymes present on the mitochondria was evident 

early in the studies when attempts to demonstrate CI on the 

membranes by using a synthetic substrate such as TAMe or 

ALTEe were seen to be uninterpretable due to high background 

activities of the mitochondria alone. Apparently the 

enzymes responsible for this activity were incapable of C4 

or C3 consumption. Because of this esterase activity 

associated with the HHM, further use of synthetic substrate 

was not attempted. 

Several experiments showing slight C3 consumption 

following incubation of purified C3 with HHM-Cl indicated 

that, in addition to Cl there might be C4 and C2 present on 

these membranes. Repeated attempts to form HHM-C14°X^2 

complexes which would be analogous to the EAC14ox^2 inter

mediate cells, led to equivocal results. On three occasions, 

C3 consumption was significant (.15%, 18%, and 36%) but the 

other five tries resulted in no C3 consumption or even in 

enhancement of the C3 titer in the assay. It is possible 

that this inability to form demonstrable classical C3 con

vert ase activity associated with the mitochondrial mem

branes may be a function of the same factor which prevents 

the efficient consumption of late components by mitochondria 

in whole serum. 
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The species specificity of the reaction was not 

absolute. Consumption of some or all of the complement 

components was seen in human, guinea pig, dog, rat, and 

monkey sera by both homologous and heterologous mitochondria. 

The pattern and extent of consumption varied, however. Of 

the animal species tested only the monkey mitochondria and 

serum behaved in a fashion directly comparable with the 

human system. Dog mitochondria, while very efficient at 

forming transferable DHM-C1^°^ complexes, were not very 

efficient when it came to producing CI decreases in dog 

serum. Both dog and guinea pig mitochondria consumed more 

C3 in their homologous sera than did human mitochondria in 

human serum. Dog mitochondria consumed CI in human serum to 

the same extent that human mitochondria did, but C4 con

sumption was lower. 

If an animal model for further in vivo investiga

tions were to be chosen based upon these observations, the 

monkey would be the best choice. Primate complement systems 

are similar to human complement and some of the components 

even cross-react immunologically (Day et al., 1970; Rosen, 

1974). This makes the interpretation of experimental ob

servations in the monkey system more directly applicable to 

the human. The dog is another possible choice, but very 

little work has been done with dog complement and there is 

little or no information available as to the comparison of 

dog complement activation mechanisms with human. 
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Measurement of serum complement levels in the 

patients with unequivocal acute myocardial infarction indi

cated that complement was being activated by some mechanism 

utilizing at least the classical pathway components. No 

measurements of alternative pathway early components were 

made. The six patients with unequivocal acute myocardial 

infarction had significant decreases in their serum levels 

of Cl, C4, and C3 but not C6 or the CH50. Serum CPK eleva

tion in these patients was relatively high, suggesting a 

large amount of myocardial tissue damage had occurred. The 

complement drops corresponded in time with the CPK eleva

tion, indicating a concurrent mechanism for both. In most 

of the patients, maximum decreases in complement levels 

occurred within 2 4 hours of the onset of chest pains. Cl 

and C4 levels dropped simultaneously in 5 of 6 patients 

while the C3 drop followed within hours of the Cl and C4 

decreases. There were no significant changes in the serum 

complement levels of any of the control patients. 

Abnormally high levels of total complement (CH5 0) 

have been reported for patients 2-5 days following myocardial 

infarction (Boltax and Fischel, 1956). There is a tendency 

of some biosynthetic processes to overproduce as a compen

satory effort following an event which causes depletion of 

some products. Hypercatabolism of some complement proteins 

in certain disease conditions may be followed by a stimula

tion of the synthetic mechanisms of the same components 
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(.Ruddy et al., 1975). This same phenomenon may explain the 

increase of the CH50 reported earlier. If one looks at the 

levels of individual components during the 2-5 day interval 

following myocardial infarction, there is a tendency for 

those components which have dropped to rebound past the 

original level before restabilizing. The CH50 is not 

terribly sensitive to decreases in the early components of 

complement measured in these experiments since they are 

present in huge excess in the serum and the activation 

process utilizing whole complement is inefficient and 

wasteful of individual molecules. It has been shown, for 

instance, that only 10% of the C4 which is inactivated 

during an antigen-antibody induced activation process (such 

as EA) is actually fixed in a way which is capable of 

forming C42 enzyme (Schultz, 1971). The remainder is either 

bound to the cell in inactive form or remains as inactive C4i 

in the fluid phase. This same C4i has the ability to 

compete with C2 for formation of C4i2 and thus the process 

becomes less efficient as it proceeds. The importance of an 

intact complement system in the evolution of myocardial 

lesions following experimental coronary artery occlusion has 

been demonstrated in several studies. As mentioned earlier, 

the C3-dependent neutrophil infiltration observed by Hill 

and Ward (1971) was significantly reduced by depletion of 

complement prior to experimentally induced myocardial in

farction in rats. These authors suggested the presence of 
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a C3-converting protease which was capable of generating C3 

leukotactic factors in the extensively homogenized tissue 

preparations which they tested (Hill and Ward, 1969). 

Similarly, the size of the myocardial lesion which followed 

experimentally induced myocardial infarction in gods was 

much less in those animals which had previously been depleted 

of complement by the injection of cobra venom factor (Maroko 

and Carpenter, 1974). There was a significantly less pro

nounced inflammatory response in those dogs which had 

received cobra venom factor than in the control group which 

had not been depleted of complement. 

The presence of circulating antiheart autoantibodies 

has been indicated in the development of Dressier's syndrome, 

a serum-sickness-like complication which sometimes follows 

myocardial infarction. Versey and Gabriel (.197 41 discussed 

the development of soluble-complex formation in patients 

after myocardial infarction, and concluded that the activa

tion of the complement system classical pathway was indica

tive of such an ongoing autoimmune mechanism. Patients 

who had undergone open-heart surgery failed to show the same 

sort of complement activation which the authors attributed 

to less extensive myocardial damage following surgery than 

occurs from a myocardial infarction (Gabriel and Versey, 

1974). In both the above studies, complement levels were 

measured at least a week after the occurrence of the infarc

tion and would therefore have passed the very early 
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activation seen by Pinckard et al. in 1975 and in this 

dissertation. Soluble-complex formation as the result of 

a primary autoimmune response to antigens released from 

damaged tissue cannot be excluded as a potential complement-

activating mechanism in post-myocardial infarction complica

tions but the suggestion of Versey and Gabriel (1974) that 

early activation of classical complement can be used to 

predict the development of Dressier's syndrome should be 

carefully evaluated in terms of the temporal relationship 

of the complement consumption to both the initial infarction 

event and the development of a. possible autoimmune response. 

An intriguing possibility suggested by the above is that, 

following the initial release of subcellular constituents 

from damaged tissues with complement activation initiated 

through the in>.tochondria-dependent mechanism, the same 

organelles may evoke an autoimmune response contributing to 

the development of circulating anti-heart mitochondria 

autoantibodies such as those described by Pinckard et al. 

(1971) and Kelley, Olson, and Pinckard (1974, 1975). 

Attempts have been made to intervene in the develop

ment of the acute inflammation and subsequent destruction of 

myocardial cells which occurs following the infiltration of 

inflammatory cells. Corticosteroids have been used with 

some success. Presumably, these agents act by reducing 

membrane damage and through their ability to inhibit the 

activity of inflammatory cells—most notably the neutrophil 
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—by stabilizing lysosomal membranes and reducing the 

cytolytic damage due to these cells. There are several 

known specific agents which effectively block complement 

activation in vitro. Bing and his coworkers have character

ized a number of compounds which inhibit the activity of CI 

in vitro (Bing, 1970; Bing, Mernitz, and Spurlock, 1972; 

Sledge and Bing, 1973a; Bing, Cory, and Doll, 1974). Coats 

(1973) proposed the use of various benzamidine compounds to 

arrive at an inhibitor which would effectively block the 

activity of thrombin, plasmin, trypsin, and complement 

enzymes based on the preference of these enzymes for hydro-

lyzing peptide linkages with either lysine or arginine in 

the carbonyl position. Another analysis of benzamidine 

inhibitors with complement inactivating ability was made by 

Hansch and Yoshimoto (1974) who developed a mathematical 

model by which new inhibitors might be designated without 

the toxic properties of those which are currently being used 

in vitro. Others have described compounds which inhibit 

various complement components and are being used or tested 

as relatively safe anti-inflammatory agents in vivo 

(Glovsky, Cory, and Alenty, 1974; Harrity and Goldlust, 

1974; Schultz and Arnold, 1975). 

Further characterization of the individual comple

ment proteins will undoubtedly lead to the development of 

better and more specific inhibitory agents. To date only a 

few of the complement proteins have been subjected to 
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rigorous scrutiny. C3, because of its central role in both 

classical and alternative pathways, has been the target of 

many investigations. Partial sequence analysis, tertiary 

and quaternary structure analysis, and studies of the C3-

convertase cleavage products have been made (Hugli, 

Vallota, and Muller-Eberhard, 1975; Hugli, Morgan, and 

Miiller-Eberhard, 1975; Hugli, 1975; Hartman and Bokisch, 

1975). Partial sequencing of the Clq protein has been 

accomplished by Reid, Lowe, and Porter (1972), and other 

studies of this unusual protein have been reported by 

Shelton, Yonemasu, and Stroud (1972) Calcott and Mttller-

Eberhard (1972); Yonemasu and Stroud (1972); Svehag, Marken, 

and Bloth (1972). Bing (1969, 1970) used inhibition by 

synthetic substrates to study the active site of Cli". 

There is no currently available compound which has 

specific anti-complementary activity in vivo. The develop

ment of such an agent would be of great benefit in the 

treatment of complement-mediated inflammatory responses. 

The studies mentioned earlier, in which depletion of 

complement prior to experimentally induced myocardial in

farction reduced the degree of myocardial damage which fol

lowed, point to the importance of complement as a contributor 

to the inflammatory response. Of course this technique is 

impossible to contemplate as a means of reducing infarct 

lesion development in humans, but agents which can interfere 

with the activity of complement components, either with 
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their production during the activation process or their 

action on the inflammatory cells could aid in decreasing the 

amount of damage to myocardial tissue and thus the mortality 

due to acute myocardial infarction. 

In summary, this dissertation has presented evidence 

which indicates that mitochondria which have been isolated 

from nondiseased human myocardial tissues are capable of 

activating human complement in normal serum.by an antibody-

independent mechanism which is a characteristic of all the 

mitochondria preparations studied to date. The reaction 

exhibits some features of species specificity although this 

is not absolute. There appears to be simultaneous activa

tion by both the classical and the alternative pathways when 

HHM are incubated in normal human serum with the classical 

mechanism being responsible for the Cl, C4, and C2 consump

tion and both pathways contributing to the consumption of C3 

and the late components. The appearance of complement drops 

in the serum of myocardial infarction patients at a time too 

early to be explained by an autoimmune response suggested a 

possible in vivo role for the mitochondrial-dependent comple

ment activation process. 



APPENDIX A 

COMPLEMENT NOMENCLATURE 

In 1968, the World Health Organization Committee on 

Complement Nomenclature proposed that a uniform nomenclature 

be adopted based upon the hemolytic sequence which was known 

at that time (Austen et al., 1968). The nine components of 

the hemolytic pathway were given numerical notation which 

parallels the reaction sequence except in the case of the 

first four components which had been designated in the order 

of their initial characterization. Thus, the order of the 

components of the classical (hemolytic) pathway was estab

lished as CI, C4, C2, C3, C5, C6, C7, C8, and C9. Sub

components of complement proteins are designated by the 

numerical symbol for the component followed by a lower case 

letter such as the subcomponents Clq, Clr, and Cls. 

Intermediate complexes formed during the hemolytic 

process are designated by combinations of letter symbols 

representing the components of the complex. Thus, EA repre

sents an erythrocyte-antibody complex, while EAC1,4 repre

sents an erythrocyte-antibody complex with which Cl and C4 

have reacted, A functional cell membrane lesion at a site 

of complement fixation is denoted as S* (a single site) or 

E* (a lethally hit cell), 

139 
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The suffix "a," originally intended to denote the 

acquisition of previously unexpressed activity of a 

component, as Cla, has been replaced by a bar over the 

affected component. Thus C'la became CI, C(.42)a became 

C42", etc. 

Fragments of complement components which arise from 

the complement-fixation reaction by enzymatic cleavage of 

the molecule are denoted as Cna,b,c. The small fragments 

of C3 and C5 are thus designated C3a and C5a while the 

large fragments are written as C3b and C5b. Polypeptide 

chains of the complement proteins are denoted a,3,y,.. 

chain, Cn. 

At the present time the nomenclature of the alterna

tive or properdin pathway has not been officially accepted 

by the Nomenclature Committee, but the following provisional 

system has come to be widely used in the field. The 

components of the alternative pathway are designated by 

capital letters. The letter B is the symbol for the factor 

previously known as C3 proactivator, C3PA, glycine-rich beta 

glycoprotein (GBG) or heat-labile factor. The letter D 

represents the precursor form of C3 proactivator convertase 

or pro*-GBGase. Properdin is denoted by the letter P, 

Factor A of the properdin pathway referred to in some of the 

earlier literature is now known to be identical with C3. 

The letters A, C, and E are not used for properdin pathway 
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components since they are already used as symbols for 

antibody, complement and erythrocyte. 

As in the classical pathway nomenclature, a bar over 

the component symbol represents the active form of the 

component, and fragments formed by the cleavage of the 

components are designated by "a" for the lesser fragment 

and "b" for the larger fragment as is the practice with the 

classical pathway components. 



APPENDIX B 

CALCULATION OF CH50 AND NUMBER OF EFFECTIVE MOLECULES 
FROM EXPERIMENTAL DATA 

Lysis of an erythrocyte by classical pathway 

mediated immune hemolysis requires the sequential inter

action of all the components (C1-C9) on or near the cell 

membrane in such a way that a complete lytic lesion is 

formed in the membrane. According to the one-hit theory 

of immune hemolysis, the interaction of antibody molecules 

and complement components on an erythrocyte membrane follows 

a random pattern which is the same as a Poisson distribu

tion (Rapp and Borsos, 1970). This can be expressed 

algebraically as 

t ~z y = 1 •>- e 

where y is the fraction of cells lysed and z is the average 

number of lesions per cell. In the special case in which 

one lesion per cell has occurred, 

y = 1 - e"1 = 0.632 

Thus, when 63% of the cells have been lysed, one effective 

molecule of each, component has been supplied and the number 

of effective molecules per unit volume of the reagent used 

for the test is equal to the number of cells used multiplied 

by the reciprocal of dilution which gave 63% lysis. 

142 



143 

Since the CnH50 of a complement component is defined 

as the reciprocal of the dilution of the complement source 

which produces lysis of 50% of appropriately sensitized 

cells. Since 

-In (0.5) = 0.693 

calculation of the CnH50 can be made from experimental data 

by using the expression 

- CnH5° 

where d is the reciprocal of the dilution at which y frac

tion of the cells was lysed. For example, in an experiment 

in which dilutions of 1/70, 1/120, and 1/200 gave lysis of 

65%, 47%, and 30%, respectively, calculation of the CH50 

gave values of 106, 110, and 103, respectively, for each 

of the dilutions. 

In the range of 30% to 70% lysis, this method gives 

good agreement with the values obtained by plotting the data 

on graph paper. With the aid of a computer, it is much 

faster than graphing the data when a large number of assays 

are to be done. 
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