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Summary of the Thesis

The present thesis consists in the mailn of;bomgarative
r 2f complement, one of the phenomena in the field of
'immunology. As an introduction, a review of the past work
on the general serology of the colé-blooded vertebrates is
presented, supplemented briefly by observations in this labor-
atory. Following this the main body of the thesls 1s presented
in several sections, the first of which covers the nature and
activity of complement in the five classes of vertebrates as
far as it hae been studied. Original work is presented to
show that the guinea olg, frog and carp have complements that
are qulte similar to each other in severel properties, in-
cluding the ways in which they may be specifically inactivated.

The extent of this similarity is further enlarged in

the second section where it ie shown for the first time that

it 1

m

poseible to recombine the components of complement among
the three species and to obtain active mixtures in several
cases.

Two short sections follow dealing with the relation of
the above studies to the complement-deficlent guinea pig and

to the role of complement in combating disease, and the thesis

ig concluded with an appendix covering such matters as technique,

N

original date and references.
,

In addition, a reprint is submitted on the relation cf

temgcerature to antibody formation in fish.



A Review of the Serology of Cold-Blooded Vertebrates

While the main body of this thesis has to do with a com-
parative study of complement, it is desirable to review first
the available information on the serology of cold-blooded verte-
brates, for this is of scattered and not very extensive occur-
rence. Metchnikoff and others of his time worked on these lower
clacgses to some extent and as early‘as 1887 one can find re-
ference to the production of agglutinins in the frog (Widal and
Sicard). However, at that time, interest was centered upon the
hematoxic effects of sera, oarticularly that of the eeyand frog,
where the presence of powerful hemolysins had been demonstrated;
some of the early work on anti-~toxins even including the oro-
duction of antibodies against eel serum (Korsel 1898, Tschisto-
vitch 1899). A review of most of this not too prolific litera-
ture is to be found in a paper by Nardi (1938). As these
hemolysins have been shown to be due to the action of com-
plement and antibody, they will be considered in more detaill
in the parts of this thesis on complement.

There ere several papers showing that antibodies can
be induced artificially in various cold-blooded vertebrates,
these antibodies being similar to those induced in mammals as
regards thelr specificity, relative heaty stability and so on.
The first of thece and only one known to me of induced anti-
bodies in the reptiles is thet of Gee and Smith (1941). They

were able to obtain high titer agglutinins against Bacterium

salmonicida in turtles, the sera of which previously was not

able to react with these organisms. Additional and relatively



more work has been done on the amphibians, frogs being used to
produce several kinds of hemagglutinins (Lazar 1904, Schwarz-
man 1927, Allen and McDaniel 1937, Wollman 1938) as well as

at least two kinds of bacterial agglutinins, i.e. for Eber-

thella typhosa (Widal and Sicard 1897) and for Proteus hydro-

phi;gg (Kulp 1942). The most work has been done upon a variety
of species of fish where several workers have been able to in-
duce the formation of antibodies against such bacterizl anti-

gens as B. salmonicida (Smith 1940, Duff 1942), Vibrio (Berg-

man 1911, Aaser 1923, Nybelin 1935), Proteus piscidus versi-

color (Babes and Riegler 1903), and Pseudomonas punctata

(Plisyka 1939). This last author obtained antisera of high
titer that wae able to discriminate between various strains of
the antigen. In addition to the bacterial antibodies, it has
been possible to obtain agglutinins in carp against sea urchin
sperm (Cushing 1942) and against sheep, carp and gold fish
erythrocytes (Cushing unpublished), the antisheep ‘sera being
hemolytic in the presence of carp complement.

Natural antibodies also occur in the lower classes of
vertebrates and to an extent that forces one to be careful to
obtain control samples of serum from animels that are to be
artificislly immunized. Such antibodies are to be seen in the
natural agglutinins for sea urchin sperm (Cushing 1942) in
carp serum, and in the hemagglutinins that occur in almost any
animal (including lobster, a}ler unpublished) one cares to in-
vestigate. Examples of these are discussed in the work of
Toth (1932) on fish, in that of Bond (1939, 1940a, 1940b) on
reptiles, and have been found in frogs and carp in this labo-

ratory. These naturasl antibodies, as far as studied, are guite



comparable to the induced ones in that they are relatively
heat stable, can act as hemolysins under the proper conditions,
and are able to retain their properties for several monﬁhs o i
kept in the cold. Their specificity has not been extensively
studied, but the work of Bond indicates that it may be aquite
high.' This author was able to show by absorptions that snakes
(1939), turtles (1940a) and alligators (1940b) have agglutinins
for tyve A, and for type B human erythrocytes, as well as a hu-
man species agglutinin, and that these may occur independently
of each other in sera within the first two forms. In addition
to these, various other hemagglutinins may or may not be present.

Further evidence of rather opronocunced specificity is also
seen in the western painted turtle where at least three main
blood tyoes and two sub-types have been found by Bond. Blood
groups within snakes and alligators, however, were not found.
In connection and in contradiction to Foth (1932) it may be
sald that the carp used in this laboratory had various iso-
agglutinins in thelr sera. These unfortunately could not be
worked out in detall as our population was not sufficiently
hetercgeneous, but they were well.marked enough to warrant
additional study.

In concluding this review of serological phenomena in
the cold-blooded vertebrates, some miccellaneous papers might
be mentioned,;the firset by Goodner (1926) showing that, while
intact frog and frog alimentary smooth muscle did not give
anaphylatic reactions, excised heart tissue showed an abrupt
decrease in rate and strength of contraction upon contact with

specific sensitizing antigen. ©Similar results were obtained
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with turtle heart by Downs (1928), who was able to demonstrate
both active and passive anaphylaxis, finding that chicken but
not rabblit antiserum was effective in the latter case.

Another paper to be mentioned is that of Phisalix (1926)
which states that eels are naturally immune to the rabies virus
and that their serum has anti-rabid factors. This recalls the
early demonstrations (Zinsser and Bayne—Joneslq3q ) that cold-
blooded animals are often naturally immune to the diseases of
warm-blooded ones,.a field that has been but little investi-
gated. In connection with immunity the work of Nigrelli (1937)
showed that certain marine fishes were able to acquire lmmunity
‘to a hematode parasitic upon themn.

The last paper to be discussed is thst of Ishihara and
Misao (1928) which is reported by Cumley and Irwin (1941) as
showing thet the sera of the carop, crucian and goldfish contain
species specific substances antlgenic in the rabbit, and that
the sera of hybrids among these fish possessed some of these
antigenic units from each of theilr parents. This is of interest
in that it parallels the studies of Irwin and Cumley (1942)
on the inheritance of serum antigens in the Columbidae, and
suggests that serum differences as well as cellular ones may
e useful materisl for the study of problems in fish populatioms.

In summarizing, it may be sald that, ss far as studied,
the gerological oproperties of cold-blooded animals cloeely re-
semble those of the warm-blooded ones, and 1t seems véry oro-
bable that the same immunological principles apply for both.
This probability is further increased by the similarity of the
complements in the two groups, as will be seen in the sections

to follow.



A Comparstive Study of Complement

I. Introduction

Complement, while difficult to define precisely, is the
general term applied to a specific property of fresh, normal
serum; namely, its ability to bring about the destruction of
such proteiﬁﬁeous materlals as erythrocytes and bacteria through
lysis, phagocytosis or other means, when these materials have
been combined with thelr specific antibody. This destructive
activity of serum is apparently a function of certain specific
serum proteins that are not increased by immunization, and has
long been studied and utilized as one of the chief phenomena of
immunology.

Quite early in these studies the gulinea pig was found to
be the source of a complement that was very active with many of
the better known antigen-antibody complexes and since then this
animal has furnished almost all of the material that has been
investigated. While the complements of several other species
have been studied, such as those of the common domestic animals
and of man, the general tendency has been to ignore such prob-
lems as might be concerned with the source of complement or its
extent as a general phenomenon and to treat its activity as
essentially non-soecific and not subject to the usual bio-
logical influences of variability, specificity and so on. Al-
though such a point of view has been far from unfruitful, it
has at times led to some misinterpretations of observations
and, in any event, can be supplemented by as full a knowledge
as possible of the general bioleogical properties of complement

without suffering any practical set-backs.
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The purpose of the thesis presented here has been *to
make a comparative curvey of complement in the vertebrates,
emphasizing particularly that of the carp, frog andbguinea
pig, in order to learn something of the extent and degree of
similarity of complement in thie phylum. As such a comparison
muat, n, last anslysls, sbtteitute its Findinps o the ackion
of evolution, the evidence that the variations noted are due
to heritable factors wiil be considered at this time. Evidence
of & general sort 1s to be found in the field of systematic
serology where the proteins of many specles have been compered
immunologically and found to differ from each other roughly
in inverse proportion to the degree of relationship of the
forms compared. This subject has most recently been reviewed
by Boyden (1942) and the reader is referred to his paper for
details. Of particular interest are the several cases where
the whole sera of varioue animels have been compared for, as
will be descrited in more detail, the action of complement de-
pends upon certailn sbecific serum proteins. These comparisons
agree with other work in supporting the observation that‘in
general the proteins of closely related forms are antigenically
more slike than are those of distantly related ones, and that
these antigenic properties are consistently characteristic of
any particular specles.

The best evidence that the specific nature of serum
proteins is genetically determined has been given by Cumley,
Irwin and Cole (1%42) through their work on hybrids between
various dove and pigeon species. They have shown quite con-

clusively that the species-specificity of the serum proteins



that they were working with "falls within the pattern of
Mendelian inheritanoe" and that therefore it may be assumed
to be gene controlled. In this connection it is interesting
to note that the genes involved are not correlated with those
responsible for the specles-specificity of the erythrocyte
antigens, the hereditary nature of which has also been firmly
established by these authors.

A recent paper by Cumley snd Irwin (1943) states that
it has been possible to show individual antigenic differences
within the serum of a single sﬁecies by injecting human serum
into rabbits. These differences are not obviously correlated
with blood types, themselves an additional demonstration of
the fact that individual as well as specific variations exist
in serum proteins just as in all other biological properties
of organisms.

A last case should be cited as the most convincing
evidence that the complementing activity of serum proteins is
under genic control and therefore as subject to the influences
of mutation and selection as any other heritable character.
This is the occurrence of the complement-deficient guinea pig,
established as &a strain by Downing and first reported by Moore
in 1919 as being caused by a simple, recessive mutetion that
reduced the complementing oower of the homozygotes to 1/100
of normal, besides affecting them in other ways. Although
the stock was once represented by hundreds of individuals, it
has since been lost and further work with it has become im-
possible. However, several things were learned from it and

these will ©te reviewed 1in a2 later csection.



In summarizing, it may be sald that the evidence pre-
csented above would seem to establish with great probabiliﬁy
the fact that the differences in the complementing activity of
the different sera that are to be discussed are genetically
determined and therefore products of evolutionary activity,

a fact that will eventually be of value in drawing the final

conclusions as to the origin and function of complement.



II. Accounts of the Complement of Various Species Represent-

ing the Five Classes of Vertebrates.

A. Mammalia

e et e et e St

Introduction

The guinea pig wlill be presented first and in some de-
tall as it is the form from which most of our knowledge of
complement has been derived. In order to facilitate comparison,
the various points of interest will be discussed under sub-
headings that will be repeated as far as possible for the dif-
ferent species to follow. As the chief objective of this
section is a comparative study, only those points that bear
upon this objective will be taken up here, and other points,
such as the relation of complement to prothrombin, the history
of its discovery, its origin in the body and so on will be
omitted. The more pertinent of these will be discussed in
later sections and should further information than this be
desired, the reader is referred to the work of Osborn (1937),
and of Ecker and Pillemer (1942).

Unless otherwise mentioned, the various data presented
in this section refer to the hemolytic effects of complement.
In the case of the gulnesa pig, the procedure followed by most
investigators has been to use a sasline suspension of sheep
erythrocytes sensitized with from one to four hemolytic doses
of rabblt antibody as test antigen for hemolytic activity.

The final dilution of the gulnea pig serum used in fraction-
'ation experiments has usually been one part of serum to ten

of physiological saline, although in some cases I have used



dilutions as low as one to two. Experimental details will be
presented with the text in whatever summarized form that secms
necessary, and in the appendlx in original form along with the

descriptions of the various techniques used.

The Guinea Pio (Cavia porcellus)

General comments: The complement of this species, as

sald before, has been studlied so extensively that it must be
taken as an arbitrary standard with which other forms sare to
be compared. The complementing power of the fresh serum is
known to be due to at least four distinct components that are
identified by the specific ways in which they can be inacti-
vated or separated. The existence of other components has been
claimed, but thecse claims have, to date, been based upon in-
sufficient evidence (Ecker and Pillemer 1942). The technigue
of demonstrating the components known at orecent has been to
inactivate samples of the same serum in two or more specific
ways, as for example by heating and by tresting with yeast,

and then %o mix these inactive samples and show that the mix-
ture has hemolytic activity. It is important to realize that
one must consider the specificity of any one technique as
relative in that, while it will remove one component more or
less completely, the remaining components are apt to be affect-
ed to some degree. This partially accounts for the fact that
recombined fractions usually have lost from one fourth teo one
half of their original activity. However, in properly con-
ducted experiments, this non-specific inactivation is of little

consequence for it is usually slight in comparison with the
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specific effects. To date very little work has been done in
clarifying the role of these non-specific effects, but even-
tually it may be poseible to overcome them by refining the
various techniques.

The terminology that has recently been proposed for the
four components by Pillemer and Ecker (1941) and that is also
used by Heidelberger will be employed below. The new terms are
designed to replace previous ones long in use, but held by these
authorities to be misleading as to the true nature of the sub-
stances involved. They do have the advantages of simplicity

and uniformity, especially when using tabulated data.

Characteristic Properties of the Components

C'l (formerly called the mid-piece, mid-stuk, or glob-

ulin fraction of complement and discovered by Ferrata, 1907):

This fraction of complement is characterized by being associ-
ated with those serum globulins that are precipitated by the
carbon-dioxide, hydrochloric acid, distilled water or other
specific treatments of whole serum (see Ecker and Pillemer
1942, and appendix of this thesis for details). It is further
charscterized by being more heat labile than the third and fourth
components, losing its activity when heated to fifty-four de-
grees for thirty minutes. It also looses its activity when
kept in physiological saline for a few hours, although remain-
'ing active for severel days if kept suspended in distilled water
(Ecker and Pillemer, 1942).

The results of many workers agree in confirming the fact

that this fraction must combine first with the antigen-antibody



complex, if complementary sctivity is to be demonstrated
(0Osborn 18937). C'2 (end-piece) will combine in its absence,
but the subsecuent addition of C'l will not result in hemoly-
sis. It is also most generally agreed that, within certain
limits, optimum hemolysis or fixation is obtained when C'l
and C'2 are present in ecual amounts, an excess of one or the
other inhibiting the reaction to some extent.

Recently Pillemer, Ecker, O¥icley and Cohn (1941) have
obtained C'l}as well as C'2 and C'% in a highly purified state
and their findings are to be seen summarized in table 1. .
This table is largely self-explanitory; however, it is inter-
esting to note in passing that the definite characterizestion
of these components should be a final blow to those who have
contended that complementary activity is due, not to specific
serum proteins, but to a specific physical state of normal
serum.

C'2 (formerly called the end-piece, end-stuk or albumin

fraction of complement and discovered by Ferrata 1907): This

component differs from C'l in that it is associated with those
serum proteins that are not precipitated by the various tech-
niques noted under C'l, and thst it remains stable in physio-
logical saline for ceveral days. Like C'1 it is inactivated
when heated at fifty-four degrees for thirty minutes.

As pointed out zbove, while C'2 is capable of being
fixed by the antigen~antibbdy cdmplex in the absence of C'l,
hemolysie will occur only if C'l has been fixed first.

This second component of complement has been shown

(table 1.) to be intimately associated with C'4 and present



Tablei .

Characterization of the Mid-Piece and the End-Piece

and the Fourth Component of Complement.(table from

Pillemer,Ecker,Oncley,and Cohen 1941,)

Electrophoretic

- Elecgrophoretic mobility.
x 107 ,pH7.73;ionic strength

0.20.

% protein nitrogen.

% total serum protein.

% carbohydrate.

% phosphorus.
[ Jes%c.

Apparent iso-electric

po inte.

% Original complementary

activity.

Heat stability.

Euglobulin
(mid-piece)

2.9

16.3
0.72
2.7

<0.1
-28.7

5.2%5.4

. 100,

Destroyed
at 50°C. for
30 minutes,

fuco-euglobulin
(end-piece and
fourth component.)

4,2

14.2
0,17
10.3
< 0.1
-192.5

6 05-6 .4
856,

End-piece
destroyed at 50°C.
for 30 minutes;
fouth component
at 66 C., for 30
minutese.



evidence suggests that it acts zec a carrier of this fourth com-
- ponent, which 1s relatively more heat stable and is held to
be a carbohydrate complex of the end-piece.

Note on the heat lability of C'l and C'2: Although it

is generally agreed that a temperature of fifty-four to fifty-
six degrees will inactivate C'l and C'2 long before it will

C'3 and C'4, several authors have claimed that in untreated
serun C'l is often more resistant to heat than C'2. This has
been most extensively dlscussed by Parsons (1926), who concludes
that these reports are erroneous or, at best, that different
samples of serum vary greatly in this respect. Since then it
has been generally assumed that heaf inactivated whole serum has
lost both C'l and C'2. However, my own work on frog seruh sug-
gests that a re-investigation of this problem in guinea pig

st erum would be desirable, for it has shown that one component
actually is more resistant than the other in whole serum and
this resistance is lowered by complement "splitting" with
carbon dloxide.

C'3 (formerly known as the third component of complement

and déiscovered by von Dungern 1900): This component of com-

plement is specifically inactivated by an insoluable carbo-
hydrate present in yeast (Pillemer and Ecker, 1941), by cobra
venom, and certain bacteria (Coca 1914). The usual method of
inactivation now employed is to add the proper amount of zymin
(see section on technique in the avvendix) to the whole serum
and then, affter two and a half hours, to centrifuge this off,
adjust:-the pH and dilute with saline to the proper concen-

tration. There is some evidence that the yeast and cobra

Jl



venom do not act in exactly the same way for it is reported
(Coca 1914) that occasionally fractione obtained by these two
methods will reactivate each other when mixed. A detailed
investigation of this point is yet to be made.

Wwhile the third component is often found to be largely
precipitated along with C'l during complement splitting, no
precise predictions can be made on this goint and, 1in any case
where 1t is important, one must determine the relative amounts
of C'3 assoclated with C'1l and C'2 experimentally.

The third component is relatively heat stable, losing
only a little activity during the heat inactivation of the
C'l and C'2 fractions, or of whole serum, and in this respect
it is similar to the fourth component. In spite of this rela-
tive heatlstability, both Ecker and Osborn report that it is
the first component to lose its activity in serum that is al-
lowed to stand for a few dave. However, as the other com-
ponents also undergo various changees in such serum, this method
of inactivation is not specific enough to be of any great value
in the fractionation of complement.

There 1s general agreement that very little if any of
this component is actually fixed or used up during a comple-
menting reaction (Osborn 1837), suggesting in a general sense
(Pillemer, Seifter, Chu and Ecker 1942) a catslytic role for
this factor. However, more work will be necessary before such
a characterization can be definitely ascribed to C'3. At pre-
sent 1t has not been possible to obtain 1t i® & pure enough
state to study its physico-chemical properties.

It may be definitely stated, however, that the third



component 1s non-dialyzable against distilled water, that it
ig inactivated by heating at sixty-two degrees for thirty min-
utes, and that zymin inactivated serum showed an electrophor-
etic disturbance of its alpha-globulins, accompanied by a
slight increase of the mobilities of the remaining serum pro-
teins. Attempts are now in progress in Ecker's laboratory to
obtain C'3 in pure state by absorption with purified yeast
carbohydrate and subseguent elution.

Note on a "zone" phenomenon: It is of interest that

the esrlier discovery (Whitehead, Gordon and Wormall, 1925)

that an excese of zymin during attempted inactivation leaves

the serum as active as before has been confirmed in this labor-

atory not only for the guinea pig, but for the carp as well.
C'4 (formerly called fourth component and discovered

W(",fhf h e 4
by Gordon, Robinson and Wormall in 1926): This most recently

discovered component is peculiar in that it is specifically
inactivated through the agency of dilute ammonia which, when
added in the proper proportions to whole serum, bringe about
its effect in two hours or less at thirty-seven degrees. In
relation to the affinity of C'3 for cobra venom, the demon-
stration that viper venom will sopecifically inactivate C'4

is of interest (see Takano 1938 for further references). Also
of interest is the work of Tyler (1942) showing that the pro-
tein fertilliazin, obtained from sea urchin eggs, wlll specific-
ally inactivate C'4 and that serum containing C'4 will aggluti-
nate these eggs. This work will be discussed in more detsall
in a later sectlion.

Present evidence would seem to indicate that C'4



represente a carbohydrate complex carried by C'2, and that

these two components are part of the same molecule. Thig lat-

ter conclusion can best be seen from the data in tablel. ,

while the former 1s reached by Pillemer,

3

Seifter and Ecker

(1941) on the basis of studies of the effect of amino com-
pounds on the fourth component.

Like C'3, thie last component is heat stable relative ,

to C'1 and C'2, a temperature of sixty-five degrees for thirty

minutes belng required to ilnactivete it completely.

20
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The Humar

General comments: he presence of complement in man

1s well establiched, although surprieingly little work has
been done upon this subject. One of the moegt well-known ob-

servatlions on this point 1s that fresh serum and cells of the

o)

appropriate blood group tyses often, but not always, show the
ohenomenon of isohemolysis, and the need for inactivating such
fresh serum has been pointed out in the standard tegts on blood
grouping. Ischemolysis was first observed by Maraghano (1892),
but more detailed information has been supplied by Williams
(1920). He showed that isohemolysis never occurs in the ab-
sence of the proper isoagglutinins and that there seems to e
no good correlation between the occurrence of hemolysie and

the amount of agglutinin present, although, even in cases of

no hemolysis, one can usually obtain it by increasing the amount
of the specific serum employed. Further data on isohemolysis
is to be found in the papers of Thomsen and Thieted (1928a and
b), who confirmed the oresence of human complement and its
action upon human red cells 8snsitized with the aporopriate:
isoagglutinin.

The phenomenon of i1sohemolysis was observed in Dr.
Emerson's laboratory where several individual suspenecions of
tyoe A cells were treated with several type O sera. The re-
sults varied from none to complete hemolysis and did not seem
to be correlated with the agglutinating titer of the O sera,
although this last point is not certain as only six combinations
were made.

In spite of the great amount of work on the blood groups,
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I wae unetle to find any more information on isohemolysis than
that given above, other then the statement that it is often

found that epecies will not lyse their own cells (Csborn 1937,
Zinsser, Enders and Fothergill 1939), to which humans seem to

te one of the exceptions.

The components: While it is probable that some of the

earliest papers on complement splitting include experiments

on human complement, it can be safely said that no one has
completed a successful snalysis of the components of human
complement since the discovery of the fourth component in the
guinea pig in 1926, the work of Hegedus and Greiner (1938)
notwithstanding. BSuch work as was done before then 1s dif-
ficult to find and in genersl lacks details of value to this
study. The only direct reference to an attempted demonstrstion
of C'1 and C'2 in human complement that I can supply is td the
work of Mackie (1920), who found that, after the fractionation
of human serum with ammonium sulphate, the globulins contained
all the activity. However, it has since been ghown by Ecker
and Pillemer (1942) that this method is not a reliable one for
separating componente in guinea pig serum.

That human serum can be lnactiveted by heating in the
same way that guinea plg can has been shown by Thomsen and
Thisted (1928a and b), Kolmer (1212) and many others. That it
st111 vefans heat stable parts is shown by Hyde's (1932)
demonstration that heated, but not zymin treated, human serum
will reactivate the serum of complement deficient gulnea pigs,
and by the work of Jonas (1913), both of whose findings un-

fortunately do not account for the possibility of fourth



component being involved.

It is worth péinting out that in 1928 Hyde obtained an
active comolement from a hemoph;iiac which supports the view
of the relative independence of the clotting and complementing
powers of the blood.

Human complement 1is generslly believed to exist in rather
low titer, but as most of the evidence for this has been ob-
tained indirectly from observations on isohemolysis, more should
be done with other systems of antigen and amboceptor before de-
finite conclusions can be drawn. The recent work of Heidel-
berger and Mayer (1942) would indicate that in the oproper sys-
tem human complement may have a titer as high as that of guinea
pigs. Of coufse, all comparisons of this sort are cguite arti-
ficial, depending as they do upon the type of complementing
activity belng studied, as well as upon several other factors
which will be discussed in detail in another section. In sum-
marizing, one is forced to conclude from available material
that, while heat labile and heat stable components comparable
in degree of stabllity to those in the guilnea pvig are to be
found in human complement, these have not been correlated to
any certainty with their possible counterparts in the guinea
pig, and that surprisingly little is known of this important

property of human serum.

Other Mammals

General comments: Zinsser, Enders and Fothergill (1539)

state that "there is, after all, much similarity between the
alexins of different animsls" and cite the work of Ritz and

Sache (1912) and of Marks (1910-11) on the cross-activation
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of C'lAand C'Zﬂin various speciles of mammals. While this is
probably true, the fact remains that no comparicon apparently
has been made that involves the identification of the four com-
ponents possibly present in other mammals. The work that has
been done hag consisted almost entirely of the activation of
the antibody, natursal or induced, of one species with the com
piement of another and this in itself has shown that all the
mammals studied had complementing powers in their sers which
would work with some ambdééptors and not with others. However,
this work involving cross—-activations will be considered under
a separate section and it must be concluded here that no direct
comparative data are avallable for mammals other than the gui-

neag pig.

S



B. Aves

General Comments: Several kinds of birde have been

shown to posgess natural hemolysine for the red cells of other
species, a case in point being the chicken which oan, among
others, lyse the red cells of the sheep and the rabbit. (See
Hyde and Bailey, 1922.) This sbility has been ghown to be due
- to the action of agglutinative antibodies and a complement de-
stroyed by heating (Hyde 1921). Aside from the inter-specific
reactivations to be taken up later on;, work on bird comple-
ment does not seem to have been extensive, although one should
cite the work of Ehrlich and Morgenroth (1901) as showing the
presence of complement in the goose and oigeon. It is inter-
esting to note that these authors were able to produce an arti-
ficial anti-ox red cell serum in the goose, as Muir (1911-14)
was also able to do in the duck.

The components: Hyde (1921) has shown that chicken

serum can be inactivated by heating to or above fifty-three

degrees for thirty minutes, but beyond this no cne seems to
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have worked on the components ae guch, the little wor

o

activationes between

m

has been done belng concerned with cros

different specles.
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C. Reptilia

General comments: Much work has been done on the prob-
lem of snake polisons and in this connection the complement of
the victim seems to play an important role. However, the

situation is complicated by an effect of lecithin and a mul-

tiplicity of toxic factors in any one venom and for the present

had best be consldered as a problem beyond the scope of this
.paper, especislly ae Flexner and Noguchi (/90%3) have shown
that venom itself lacks complement.

The presence of natural hemolyveine in the sera of 4if-
ferent reptiles was demonstrated as early as 1913 by Mozzetti,
these belng directed against mammalian and other types of ery-
throcytes. These hemolysins were thermo}abile and were shown

v b Lot
in one case at least to be due to aabéééﬁéor{and a heat labile
complement. Of interest is the observation that hemolysis was
brought about by these sera as readily at fifteen degrees as
at thirty-seven. |

lMore recently, Bond and Sherwood (1939) have reported
that the normal serum of various specles of snakes 1s fre-
guently hemolytic for the red cells of man, the sheep, the
rabbit and the guinea pig. In their experiments they used
sheep cells sensitized with rabbit antibody, as well as un-
sensitized cells, and the sensitized cells were found to be
hemolized to a higher degree than the unsensitized ones by
everyone of thirty-elght different sera taken from eight

genera of snakes. This not only showed the presence of an

active complement, but also that 1t was capable of working with

( o Tol S o 43 h)
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rebbit amboceptor. Further proof of the existence of complement



was given by addin
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non-hemolyticsnike serum to hemolytic

serum that had been inactivated by heating and thus obtain-

s
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a hemolytic mixture. This was aleo attemoted using guinea
pig complement, but without success. Other experiments showed
that not only was the titer ofsmake complement acting against
rabblt sensitized sheep cells comparsbls to that of guinea

oig, but thatsmake complement was fixed about as well as guinesa

-, . . r’ .
pig in the combination of rabbit anti-8almonella serum with

ites entigen, and also by the Kolmer antigen syphilitic reagin
complex.

Further parsllels betweensnake and guinea pig complement
are that both deteriorate at comparable rates upon standing,
and thatSMake serum 1s lnactivated 1a five minutes if heated
to fifty-six degrees.

One should note that fturtle and lizard complements ap-
parently can not use rabbit antibodies (Amsko 1912, Mazzetti
1913) although the frog can as will be seen later.

The components: Amako (1912) was able to split turtle

complement into mid and end pieces by globulin precipitation
and this is the only evidence known to me.of C'l and C'2 com-
ponente possibly being oresent in reptilian serum.

The heat labile constituents of smake serum (species?)
were shown by Mazzettl to be completely destroyed by heating
to fifty degrees for thirty minutes, but to resist a forty-
five degree temperature for the same length of time.

Bond and Sherwood found that the smake sera they used
was inactivated in five minutes at fifty-six degrees. The pos-

sible g¢resence of C'3 in snake serum is suggested by their



discovery that such serum loses its activity at about the same
rate that guinea plig serum does when standing, this loss being
generally attributed in the latter serum to the relatively

rapld deterioration of this component.
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D. Amohibia

General comments: As in other classes, the serum of

members of this class was long known to contain hemolysins
for manv kinds of erythrocytes. One of the first forms to te
investigated in this respect was the frog (Lazar 1904, Lief-

mann 1911, Frankel 1911) and for while some argument existed

™

as to whether the action of this serum was due to antibody and
complement, or to some non-immunologicsal factor. The work of
Mazzettl (1915) decided the point in favor of the former ides.
Among other findings of Mazzettl was that frog complement work-
ed with rabbit antibodies against calf cells and as rapidly

aﬁ fifteen as at thirty-seven degrees. This has been confirmed
by Reiner and Strilich (1929),lwho give, in addition, extensive
data showing that Wasserman tests on the same sera were closely
parallel whether run at eighteen degrees with frog complement,
or in the usual way with gulnea pig complement.

In the light of these results, the early observation
(Friedberger and Seelig 1908) that an antitoxin against the
frog hemolysin could be made in rabbits is probably best ex-
plained as dve to the fixation of frog complement rather than
to a true toxin-antitoxin reaction.

As in other groups of animals there seems to be no

-y g
L0l )

obvious rules regarding complementing agtivity for Amako (1912)

was not able to activate rabbit ambocepﬁoq with toad complement.
The existence of natural hemolysins for fish, rabbit,

sheep and even man (in contrast to the repcrt of Allen and Mc

Daniel 1937) in frog serum, as well as the action of frog



complement with rabbit antibodies and the tempersture effect,

has been confirmed in the present studies.

The Components in Species Other Than the Frog

The heat inactivation of toad serum has been studied
by Mazzefti (1913) and found to take place at forty degrees
in thirty minutes, but not &t thirty-five degrees for the same
length of tim%J Amak%ﬁ;n 1912 reports the splitting of toad

—C & =0y

serum into mid and endhpieoeé and that heated toad serum could
be reactivated by turtle complement (and vice versa) showing
that complement and amboceovtor both occur in this species.
Lazar.(1904) found that frog serum was inactivated by heating

to from forty-two cdegrees to forty-five degrees and that above

thls temperature the natural frog antibody was destroyed.

The Frog (Rana catesjbiana)
I

General comments: The ability of this species to acti-

vate rabbit antibody, in addition to its large size, makes 1t
a convenient amphibian for study and it was therefore selected
for a relatively intensive comparison with the guinea pig. Un-
less otherwise credited, the work on this form was done for

the present thesis and is here reported for the first tinme.

All tests of complementary activity were carried out on sheep
red cells sensitized with about two units of pooled rabbit
amboceptor, the same pool of serum being used throughout.

Frogs were bled from the heart and their serum separated and
used either pooled or individually and within an hour of bleed-

ing (see appendix for details of technique).

O



A comparison of the titers of frog and guines plg comple-
ment, as well‘as of carp, has been made at three different temp-
eratures (table d.) and from it one can see the general nature
of the differences that occur émong the species in this respect.
In the work on frog comoonents, the temperature at which any
experimnent was run has been given on the dafa sheets. In order
to avoid unnecessary repetition, a minimum of tables will be
presented with the text, these being either summaries or select-
ed examples of confirmed experiments. However, the reader is
referred to the appendix where much of the original data is
presented 1f he desires further detail.

The components: The terminology applied will correspond

to that used for the guinea pig and is based upon similarities
in the specific techniques of inactivation.

C'l (also demonstrated by Liefmann, 1811, and by Frankel
1911): The treatment of normal frog serum with cerbon dioxide
split it into two fractions, as regards complementary activity,
one of these teing in the precipitate, the other in the super-
natant. Thesce fractions were inactive in themselves at dil-
utions of one to ten, but were hemoclytic when recombined
(table 3. ). Like guinea pig C'1l, the precipitated fraction
was heat lablle, being inactivated by heating at forty-seven
degrees for twenty-five minutes, and lost its hemolytic proper-
ties within a few hours when cuspended in saline. The ore-
cipitate in which it occurred was finer and more soluble in
saline than that of the guinea plg, although apparently egul-

valent to it in amount.



Table &.

A Conmpsrison of the Activity of Carp, Frog and Guines Pig

Complements zt DLifferent Temyperztures.

Carp.

Hemol1tic byetem: One tenth cc., of ztwo-percent suspension
of ravbit cells sensitized with the natural antibodies
present in two tenths cc. of serizl dilutions of the serum

of one fish.

j °
Tenperature: - f l W /6

Recivrocal of ’ ; | ; .
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Hemolytic System: One tenth cc. of a two-percent suspension
0f sheep cells sensitized with two unitls of rabhit =ntibody
and complermented with pooled frog serum,
: () | [+ . °,_ »0
Temperature: ; '3 7 /6 3 ! ,l i
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Table . (Continued.)

Guinea Pig.
Hemolytic System: The same as that used for the frog, except

that the serum of only one individual was used,
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Table 3.

A Comparison of the Components in the Serum of One Frog.

Test Antigen: one tenth cc., of 8 two~percent suspension
of sheep cells sensitized with rabbit antibody.
Abreviations and their corresponding serum fractions:

M and B ::'globulin"and"albumin"fractions separated
by the carbon dioxide method.(M contains
¢'I 3B contains C'2,C'3 and C'4.) Diluted

W one to ten with saline.

¥M" and B i3 the above fractions heated at 47 for 25
ninutes.,

ZI and Z‘:; two samples of whole serum treated with
zymin for 60 and 20 minutes at room

I temperatureand diluted one to five,

H™ &nd Hz::.two samples of whole serum heated for 25
minutes at 47 and at 49-50 degrees and
diluted one to five,

A :: serum inactivated with ammonia and diluted
one to five,

Final volumes of all tubes made up to three tenths cc.
with salinesy all tests rum at room temperature,
Amounts and kinds of fractions per tube.

Time in |-2& 2e . 2:9 e 9}:\1 'lzc QAcc icc M-c NANENENY
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It was found possible to split frog complement using
half the amount of distilled water ordinarily employed, this
resulting in a one to five dilution rather than a one to ten.
However, while the fractions seemed to behave as well at this
dilution as at the higher one, it was subsequently shown that
one could be less certain of obtalning a non-hemolytic super-
natant at this greater concentration and therefore most of the
experiments were carried out with mid and end piece diluted

one to ten, as in the guinesa pi

0Q

e

C'2 (also demonstrated by Liefmenn, 1811, and Frankel,
1911): The supernatant remsining from the carbon dioxide
treatment, while relatively heat labile (forty-nine to fifty
degrees) as in the gulnea pig, was found to reesist heating to
a greater degree than C'l, particularly when heated in other-
wise untrested serum (table 3. ). This resistance wes found o
be somewhat varisble so that, while the relative stability of
C'2 can be assumed to be correct, the precise temperatures at
which the inactivstions occur vary among different sera. How-
ever, forty-seven degrees for twenty-five minutes seem to have
been the closest to the critical point of differentiation be-
tween C'1l and C'2 in the tests made.

C'3: As in the guinea pig, serum heated sufficlently
to inactivate C'l and C'2 was found to contain still at least
two constituents necessary to hemolytic asctivity. The first
of these »roved to resemble C'3 in that it was specifically
inactivated by zymin. The specificity of this 1lnactivation
was found to be highest when zymin was used in the same pro-

portions as in the guinea pig, but only allowed to act for one



hour and at room temperature. In at least one case, inacti-
atlion resulted after treating for half an hour. Similarly to

the guinea pilg, it was found difficult to reactivate the zymin
fraction, sometimes with heated serum, sometimes with ammonla
treated serum, sometimes with both. While thils suggests some
varlation in the heat stabllity of C'3, and some non-specific
effecte of zymin and ammonlila, no careful analysis was made
along thesé lines for the specificlity of the treatment was
adeguate for the purposes of comparison as can be seen in the
tebles in the appendix. |

A further resemblance to C'3 of the guinea plg is sug-
gested by one experiment indicating that frog C'3 is the first
of the components to become inactive upon standing. This point,
however, should be further investigated before it can be con-
sidered as fully establighed.

Where the C'3 activity of C'1 and C'2 serum fractions
wes tested, as in tsble 3., only the latter wae found able %o
reactivate zymin inactivated serum. This is in contrast to
the results usually observed for the guinea pig; however, there

5

is not enough data to be sure that this is an invariable rule
and, even 1f so, its signi?icanoe from a comparative point of
view remains to te determined.

C'4: Another relatively heat stable constituent of
frog serum can be specifically inactivated by ammonia when
the serum is treated in the same way as that of gulnea pig and
ie therefore referred to the fourth component. The main dif-

ference between the two species in this respect is that, while

one can inactivate frog serum by treating for ninety minutes,



one must trest guinea plg serum for thirty to firty-five minutes
longer. The mixture of heated and ammonia inactivated serum
is alike in both species in that it is uvsually the most active

Fal

of the various recombinations. There 1e one experiment to in-
dicate that C'4 is relatively stable in aging serum.

Like C'3, C'4 has salways been found associated with
C'2 when frog serum has been fractionated by the carbon dioxide
method (table 3.).

Summary: As can be ceen from the above, the comple-
mentary activity of frog serum can be shown to depend upon
four compcnents with oroperties sufficiently like those in
~the guinea pig to enable one to consider them under the same
gpecific names. These componente have been shown to reactivate
each other in original dilutions as high as one in ten for C'l
and C'2, and as high as one in five for C'3, C'4 and heated
inactivated serum. Their further similarity to guinea pig

complement is shown by their combined ability to react with

rabbit antibtody in the same way.



E. Pibes
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General Comments: Fishes are no exception in having

sera very hemolytic for many kinds of erythrocytes. In fact,
some of the earliest work on toxins was upon the hemotoxin of.
eel blood and pgrotective antibodies against it (Korsel, 1898).
Other workers subsequently have attempted to show that this
hemolytic property of fish serum depends upon the presence of
natural antibody and complement, the most recent paper being
that of Nardi (1933). Nardi reviews the not too extensive
earlier literature and says fThat two lines of thought are to
be distinguished, one that the active porinciples in fish sera
is Gue to simple hemotoxins snd the other that it is due to
complement and amboceptor. While he himself favors the latter

view and attempts to prove it by cross-reactivations of heated

eel (Anguilla vulgaris) and tench (Tinca vulgaris) sera, his

results, while positive, are not adeguately controlled and-
therefore are open to some question. However, it would seem
orobable that he did reactivate heated eel serum with non-
hemolytic tench eerum and thus demonstrate the presence of an
amboceptor complement complex in fish.

Thece recults are suoported by the work in this labora-
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1as been posceible to induce artificial anti-
bodies in carp ageinst sheep erythrocytes and, using cells
sensitized with these, to show the presence of hemolytic comple-
ment in this speciles. In addition, it has been vossible to
show hemolysis of the cells of different soecies that were

egelutinated by the natural antibodies present in heated carp



sera by adding non-hemolytic dilutions of unheated carp sera.
So fer 1t has not been possible to sctivate rabbit antibody
with carp complement, a result confirming that of Nardi.

Of interest, in contrast to human lsohemolysis, is the

fact that, while both natural and induced carp antibodies against

carp and goldfish erythrocytes have been obtained, no hemolysis
results even though cerp complement is present. This conforms
to the not inviolate, but often quoted rule, that one indivi-
dual of a specles will not lyse the red cells of another in-
dividual even though adequate amounts of comolement and anti-
body are present (Csborn 1937). The reason for this is obscure
although the work of Liefmann and Stutzer (1910) may be cited
as having some bearing on the point. They report that normal

fresh sheep serum has a heat labile constituent that protects

sensitized sheep cells from guinea pig complement.

The Components of Fish Other Than Carp

The heat lability of fish serum has been known for some
time, the critical temperature, for instance, of eel serum
being given by Nardi as between forty and forty-two degrees.
However, I know of only one pgrevious attempt to frectionate
eel complement, this being successfully csarried out by Liefmann
and Andrew (1911). These men demonstrsted the presence of a

globulin and albumin fraction in eel serum and concluded that

a decomposable complement must be present.

The Caro (Cyorenius caroio)

General comments: The following determinations, un-

lese otherwise credited, were carried out as ocart of this



thesis. The complement used was obtained by bleeding carp

from the heart as exclained in the appendix, and was used either
pooled or individually. The tables porecented in the text are
selected as representative of the material they portray and are

o

supported by the date given 1in the appendix.

While carp have & rather high titer complement, it 1s

not possible to make as direct a comparison with the guinea

V)

pig as it was in the case of the frog. This is because two

Q

different sets of cells and antibodies are involved and it is
well known that such combinations vary greatly in their hemo-
lytic properties. However, it may be stated that carp have
an abundant supply of complement, although possibly not as
much as do the other two forms.

The experiments on the components of carp complement
were conducted on rabbit red cells, and utilized the natural
antibody precsent in the various samples being tested. It is
important to note that none of the specific inactivatlions de-
stroyed this natural antibody, a fact that was readily ascer-
tained by observing whether or not such inactivated serum could
8till agglutinate rabbit cells. These antibodles were not pre-
cipitated by carbon dioxide, but the precipitate was nnt use-
ful in the experiments as will be seen.

The components:

a. Heat labile. While i1t was found onoseible to

distinguish heat labile and heat stabile fractions of carp
complement, 1t was not opoocssible to separate the serum into
two parte with the use of carbon dioxide. nis was only tried

twice, but the results, as seen 1in tablelﬁ , were clear cut and



Sheetld . (Feb.5,1943),

The Components of Carp Serum,

Inactivatiqns were made according to the methods
given under tecnlﬁue

The same abbreviations applied for fractions as were
for those of the frog( sheet ).
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showed that, while a globulin precipitate was obtained, all
the hemolytic activity remained with the supernatant. It is
my personal belief that proper, slight variations in technique,
such as splitting by diselysis, will show that C'1l and C'2 are
present and separable. In this I am supported by the work of
Liefmann and Andrew (1911) who were able to split eel serum
into these two fractions, and alsc by the fact that even the
best of technique sometimes leaves enough C'l in solution in
guinea plg serum to result in a hemolytic supernatent. How-
ever, until this is done it is safer to think in terms of the
heat lgbile fraction of carop complement and to realize that
this may mean either C'l or C'2, both, or neither, in terms
of the guines pig.

The best temperature at which to carry out the heat
inactivation of carp serum i1s at fifty-three degrees for twenty
five minutes, fifty-six degrees being too drastic and lbwer
temperatures or shorter times not always being sufficient. This
temperature is about ten degrees higher than that reported by
Na¥di for eel serum, but as a similar range of variation exists
between the toad and the frog, this difference would not seem
to be of gresat significance.

The partizl activity of the combination of heated al-
bumin fraction and heated whole serum to be seen in table W

a

is not explained, but may involve inhibition or other obscure

fecte. This has only been observed once.

]

e
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b. The zymin inactivated fraction: Carp serum

=

is specifically inactivated by zynin, differing from the frog
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and gulnes pig in that only one sixth as much zymin, apgplied
for thirty minutes at room temperature, gives an optimum in-
activation. IHlore drastic treatments than this result in a
large amount of non-specific inactivation, unless a great ex-
cess of zymin is used when no appreciable inactivation takes
place. While heated normal carp serum was able to reactivate
zymin treated serum, the same reaqtivation was not obtailned
with heated albumin fraction; however, too much significance
should not be placed upon this latter observation for the
same combination in frog serum, while active, is qulte a bit
weaker than that of heated and zymin treated whole serunm.
Further, 1t is to Ye seen that the carbon dioxide treatment
lowers the heat resistance of the end-piece and may well do
so for C'3, and also that the heat resistance of C'3 varies
among the individual gulnea pigs.

Although carp complement is similar to the other tw
specles in the rate at which 1t deterlorates with age, no data
has yet been secured as to the relative rates ot which its
various components become inactive during this process.

While the data show that carp complement possess a heat
stable, zymin removable fraction, caution should be applied
in considering 1t essentially like that of the frog or gulnea
pig until the nature of the heat lablle fraction has been bet-
ter analyzed. Therefore, while the term C'3 will be used as a
‘matter of convenience, the amount of implied homology stops
with fthe facts. A further necessity for this will be seen in

conslderation of the inter-specific reactivations between the
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frog and the carp.

c. C'4. The technique of inactivating carp serum
with ammonia is very like that employed against the gulnea
plg and the frog, in fact, théjgﬁoportion of ammonia to serum
is used and at the same temperature, the only difference being
that an hour's treatment is sufficient for inactivation. DSerum
so treated may be reactivated by heat or zymin inactivated se-
rum, demonstrating thet, like other forms, this component of
carp complement is heat stable and distinct from C'3. Other
similarities with the higher species are to be seen in that
the reactivation is usually most readlly obtained between the
ammonia and heat insctivsted fractions, and the C'4 activity
is not precipitated upon carbon dioxide treatment.

These facts show that it is reasonable to consider the
ammonia inactivated component of carp serum as comparable to
the C'4 of the frog and guinea pig. It must still be remember-
ed, however, that the validity of this consideration is subject
to further work on the heat labile fraction.

Summary: While it is probable from earlier work that

two hest labile components exist in caro serum, it has only
been poesible to demonstrate that carp complement has one heat
labile part; however, two heat stable comoonents have also been
shown. OFf thesge, one clogsely recembles the C'4 component in

other forms, the other the C'3 component; the latter conclusion,

however, belng less secure than the former.

The Complement of Elasmobranchs znd Cyclostomes

=

wWhile nothing definlite can be stated on this subject, a
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éjtatement wes made in Kersner and Ecker (1921) to the effect
that rays and lampreys have a toxic principle in their blood
similar to that found in eel serum. A similar reference has
been made to shark serum by Ruediger and Davis (1907) who re-
port a thermolabile opsonin in dog-fish serum. These two
papers are of'passing interest as the fishes mentioned are the
lowest forms of vertebrate life Xnown to me about which a orob-

able reference to the presence of complement has been made.

Complement in the Invertebrates

No one has definitely demonstrated the presence of hemo-
lytic complement in the invertebrates, but several observations
have been made that are of interest in this connection. The
most suggestive of these have been reviewed by Huff (1940) and
consist of the statement of Cantacﬁzene that the serum of the

hermit crab (Eupagurus prideauxii), which is naturally hemo-

lytic for unsensitized sheep cells in low dilutions, will hemo-
lyze such cells in much higher dilutions if they are sensitized
with anti-sheep serum (presumably from rabbits). Another state-

ment by the same author is that the arachnolysin obtained from

thé eggs of Eperia diademata when inactivated by heating to
sixty-two degrees, can be resactivated by adding very sﬁall
amounts of non-lytic eggs from the same or closely related
species.

Tyler (1942a) has recently shown that the sperm of the
key-hole limpet (Megathura) and of the abalone (Haliotis) are

assocliated with proteinaceous lysins specific for the membranes

of their own eggs. These lysins deteriorate with age and can



be inactivated by heating to temperatures as low as forty-
four degrees, which process still leaves anti-fertilizin in-
tact. As anti-fertilizin is itself a highly specific protein
found in sperm that, together with the fertilizin of eggs,
shows many of the properties common to antigen-antibody con-
plexes, the analogy between the labile lysin and complement 1is
etrong, as Tyler has pointed out.

Evidence of a more indirect sort for the presence of
complement in the invertebrates is the universal occurrence of
phagocytosis in all forms of animals. It is well known that
in the vertebrates this phenomenon is often affected by the
presence of complement, and mammalian leuckocytes have even,
been shown (Maltaner 1935) to contain at least the C'4 com-
conent. With this in mind the paper of Ruediger and Davis
(1907) is significent for they report that phagocytosis in re-

resentative forms of the great groupos of animals, down to and
including the echinoderms, seems to depend largely upon the
presence of opsonins in their sera. The vaper includes such
facts as the following: sea urchins will sensitize staphlo-
coccl for phagocytosis by human sera, while lobsters, spider
crabs, flounders and other forms will not, and that the op-
sonin in Limulug is thermolabile. As this paper was written
long ago, one should not rely upon its evidence too heavily,
It is, however, suggestive and particularly so since Tyler
(unpublished) has shown the presence of many specific agglu-
tinins in lobster serum.

In concluding this section, it should be pointed out

that in general anticomplementary effects have recelved little

>



attention, particularly as regards their specificity, slthough

much might be learned from them. Such effects as the removal
of third component by certain bacteris (Coca 1914), as well
as by cobra venom and yeast cells, the action of zymin upon
mid and end plece, and the anticomplementary modification
that mid-plece and whole serum undergo upon standing (Osborn
1937) are just a few that should be investigatéd and correlated.

Especially pertinent to the oroblem of complement in
the invertebrates is Tyler's (1942b) discoverv of the anti-
'complementary action of fertilizin. Fertilizin is a protein
that occurs =2t the surface of sea urchin and other eggs of
many marine invertebrates and is peculiar in that it combines
with a related substance in the sperms of thece species.

This combingtion is specles-specific and, depending
upon the experimental conditions, can result in sperm or egg

ag

m
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rlutinstion. In the attempted fixstion of guinea pig com—-
plement by this combination, Tyler found that fertilizin speci-
fically insctivates C'4 of guinea »ig serum,‘that anti-ferti-
lizin added to serum so treated causes reasctivation by "“reless-
ing" C'4, and that the fourth comoonent will agglutinate sea

urchin eggs. While it is not clear what

[hie]

eneral significance
can be attached to all these findings, it is apparent thsat
more work on the invertebratee is highly desirsble for deter-
mining further the occurrence and properties of complement.

A final paper mey be cited as related to this section,
and that is by Adams (1931) on an anticomplementary substance

that was extracted in saline from the salivary glands and mid-



intestine of the tsetse fly (Glossina palpalis). This sub-

stance was found %o inactivate the hemolytic complement of

mamimalian, avian and reptilian sera in vitro, and was agsumed

to be the cause of the rapid in vivo insctivation of such cera

in flies. Correlated with this was the fact that while gut

forms of several strains of Trypanosoma gambiense and T. rho-

P

desiense were soon killed by sera contsining hemolytic comple-
ment, the sslivary forms were not, this immunity teing sn ob-

vious necessity if the fla

0

ellate 1s to enter and live in the
blood of ite vertebrate host. The relation of this immunity
to the anticomplementary factor in the fly is not %nown, but
it can be seen that the factor prevents sterilization of the
gut of the fly by vertebrate blood during feeding, which makes
one wonder if other biting flies do not need to possess such
factors in order to preserve their intestinsl flora and fauna.

Similarly one would like to know the relationship between

&
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complement and Tryoanosoma hippicum which is transmitted through

the bite of the vampire bat (Allen 1940).



III. Inter-specific Combinstions of the Components of Complement

Iatroduction

The part 5f the thesis immediately preceeding this con-
tained a conparative survey of the present knowledge of the
occurrence of complement and its composition in different specie s.
It is appcarent that, aside from the gulnea pig, frog and carp,
little work has been done upon the intra-specific inactivation
of the various components of complement, and this includes even
those of man. However, relatively more comparative work has
been published upon the cross-reactivations among different
gpecies znd it is upon this type of work that the various con-
clueione as to the presence, absence, amount and speoificity
of the comnonents in different speciles have been based almost
exclusively. This part of the thesls propoges to review this—-

work and to present original data on the same subject.

Inter-specific Reactions Between Whole Com@lement

and the Antigen-Antibody Complex

The most frequent tests of cross-activity among species

heve been the addition of the normal serum of one goecles to

the hemolytic, but healt-inactivated serum of another. Almost

4

me hnest lnactivation has been carried out at fifty—

o

six degrees, which leaves the results subject to the unknown
influence of heat stable components in the 1nactive gerum as
well as to the effects of heating upon the natural sntibody
where this was involved. A good review of much of this work
has been made by Zinsser, Enders and Fothergill (1932) and one

can see from 1t that nc phylogentic deductions are possible,



11

i ‘

there being no apparent regularity about the results. This

is probably best illustrated by the report of Ehrlich and lior-
genroth (1901) that, while hen and goose'complement would
activate rabbit antibody, pigeon would not, although i1t would

/ ety )

work with goose amboceptog. This sugzests some phylogentic
correlation, but only until one tries to explain the additional
facts that rat, rabbit; and gulnea pig complement also worked
with goose entibody. (Also that frog complement works with
rabbit amboceptSéJAWhile horse will not.)

A further ccmplication is introduced into studiee of this
tyoe by the fact that different kinds of antigens vary in the
degree to which they react with various combinatioas of com-
plement and amboceptor. This means that in comparative studies
one must be very careful to interpret the results in terms of
the combinations involved, particular in the case of negative
ones for a combination may work under one set of conditions,
but not another. The need for this care will be discussed in
detail in the section on the specificity of complement.

.Experiments similar to those above have been carried
out among cold-clcoded vertebrates with like results. The
most extensive of these were done by Mazzetti (1913) on rep-
tiles and amphibians, and by Nardi (1938) on fish. Both these
authors furnish, in addition to their own work, reviews of pre-
ceeding studies. Neilther of them, nor their predecessors was
able to activate cold-blooded antibody with mammalian comple-
ment (guinea plg, rabblit and calf) and this has been the case
with all later work on this point. Even Bond and Sherwood (183°

and Reiner and Strilich (1928) were not able to achieve this



activation in s»nite of the fact that they were able to activate
rebbit antibody using snake and frog complements respectively.
In this laboratory it has not yet been possible to
activate carp anti-red cell amboceptor with mammalisn comple-
ment or to activate rabbit antibody with carp complement. The
latter antibody, however, has been successfully combined with

frog complement as will be seen.

The Exchange of Components Between Species

Introduction: Osborn states, in reviewing the data on

the exchange of components between species, thet no cases have

v’-l/\
£33y Uk

been reported where the globulin fraction of one gpecies has
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falled to activate the albumin fraction of another, and cites
the work of Mackie and Finkelstein (1931) and of Marks (1910-
12) as examples. This, however, is contradicted by the state-

ment of Ritz and Sachs (1912, 1917) that the serum of some

RpchoC"
animals, as the mouse and horse, may possess a mid—pieoeﬁfor

certain sensitized cells, but not for others.

Jones (1913) and Misawa (1934) have studied the thermo-
stable components in different sers, 2nd Hyde (1923) the reacti-
vation of complement deficient guinea oig serum with that of
various animals including the frog, but only Hagedius and Grien-
er (1938) seem to have made an attempt to compare 2ll the four
componente of complement in different speciles. As thelr paper
has recently been guoted by some guthorities (Heidelberger and
Mayer 1942; Ecker, Pillemer and Kuehn 1942) it is necessary to

point out here that 1t can not be considered accurate for
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several reasons. The first of theece is that they did not allow

&

for the fact that their tests were made exclusively on sheep
cells sensitized with rabblt anti-body, with the result that
sheep gerum, 1in common with cow, horse and ground scuirrel,
appears to lack C'2 and C'4 comoletely, an observation that
could as well be explained on the basis of differences in spec-
ificity. As will be discussed in é later section, normsl horse
serum is hemolytic when used against unsensitized guinea vig
cells or against ox cells sensitized with cat antibody and this,
as well as the knowledge of the species specificity of comple-

ment, suggests caution in concluding that horse, or any other
el 2

animal, lacks such components as end—piece*and the fourth; In
addition, the fact that the determinations were made by adding
the whole serum of the test animals to varioue fractions of
gulnea plg serum prevents an accurate interpretation of which
componente actually are involved. However, the paper does show
that some sort cf activations can be achleved by mixing the
sera of two specles, and that variations exist between species
as to degree of activity under the conditions of the experiment.
This paper is the only one known to me in which &1l four
components were considered for comparison, all others failing
to account for this many and thus making it difficult to judge
just what the activity observed, if any, was due to. As will
te seen in the next section, the interpretation of the results
optained by cross-activation is not easy even when sufficlent
controls are run, this belng due, in large part, to the type

of technique necessarily employed.



The Cross—Activastion of Frog and Guinea Pig Serum

«

General Comments: The fortunate circumstance thet both

frog and guinea »ig hsve complements that wlll work with rabblt

antibody and sheep cells to about the same degree, makes them

de
[

m

of soecial use in udyling inter-specific cross-resctivation
for this obviously eliminates several unknown factors from an

already complicated situation. The fact that frog and guinea

©

cig sera would

ks
0]

activate each other in some combinations has
nct been observed by other authors, and was determined only
after it was found that the so-called standerd one in ten di-
lutions of guinea plg serum were in genersl too high to vermit
cross-activity (a possibility alresdy suggested by Reilner and
Strilich in 1929). This situstion wes overcome by using di-
lutions of from one in two to one in five, excepting in the
case of C'1 gand C'2 fractions which usually could not be ob-
talned in concentrations lower than one in ten.

The resulte of this analysis of cross-activity are nre-
sented in detail in the appendix, and have.been sumnarized for
discussinn in table 8. in the text. All work was done
with frog serum taken on the day of any particular experiment,
and with guinea pig serum taken the evening before and kept
in an ice box during the night. All fractions were made on

the day »f the experiment. While Pillemer, Seifter and Ecker

(1941) have objected to the keeping of serum overnight before

m

using it on the grounds that 1t reduce
no differences were observed in preliminary experiments with
fresh serum in the case of the guinea pig and 1t 1s not likely

that such eging influenced tre results of this work.

the amount of filxation,



TablelS .

A
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Summary of the Cross-Act

vity ketween Fro

o

and_Guinea Pig Serum Fractions.

The following table feprésents
combinations made hetween frog and
and 1is based largely upon the dats
sheets Atoh . A11 combinations are

serum fractions above those of the

a summery of the wvarious
guinea pig serum fractions

given in the appendix,
represented with the frog

guinea pig, the presence

or absence of a component being indicated by an x or o sign.

(Parenthesis about a sign indicate

that the presence of a

component was not actually tested for.)

The probability that a given result is accurate as far

as determined is noted in the appropriate column and is based

upon clearly defined differences., These notations

are subject to further determi
Abbreviations stand for the fo

:-"zglobulin"and "album

of course

llowing;

M and B inin" fractions separated
by the carbon dioxide tecnicue,
Z ¢ zymin inactivated serum.
A ¢ ammonia inaétivated serum
T ¢ heat inactivated serum.
¥ : Serum from the frog.
G % serum ffom the guinea pig.
Doubl?y inactivated fractions are represented by two
of the zbove letters as, for example, AZ ; mixtures of
two fractions from the same species are indicated by two

etters enclecsed in parenthesis.

o
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Table§ .(Cont.)

Active Combinations.

, . Fraetions, .Sheets.
Ziowl BAG

__Probability of Observation.

Goods

x| x| =i © A2
x| x o~ x i - i
|l x| x°+ o x Z . A Good.
l'x | X | X | © (I S . o
X X o X Z E Questionable.
o ‘X | X X . B S
X -EY 6 X Z (EH) Good.,
e X x . X ! 1 it S
X | X o X Z H Good.
o 0! X X1 - . I N ~ N T
| o x"éx) (x) B I Good.
| x-e i{x)! o | -
"o [(x) = o, AH Z Good.,
T - N - Rt RN B RN
le.i(x) © = | ZH 4 Good.
X x| X te | iUt Rl ’ Rl
o (%) x  x! H/A Good.
A B A S - I SR S | e
L e" 1 (2), =4 x H Z Good.
Ll ox e | x| ¢ 0 L T B
Ve (%) X %] H|ZA Good.,
. x  x o o . - e e e
x| x| o4 00 Reaection quite weak.
rLe.o x o' __ ..
s o e e e SO R et s e S e

Inactive Combinations,lacking C'4,

Components.

Fraetions

i
§

cr1icr2c'3 C'a

> @]

~_Sheets. Probability of Observation.

F/G
A A

S i
L

MOM MM MO ONX NN

VEVIIVERCY VERVET e

—~

MO MO MM N

L e
{
e

~~!

000 0000000 OO

p—g)
SR £ |

Good,see ammonia ion effeet

X X |
x | x| x 0 in appendix. -
x | L ox A M Good.
X | (x)| N DR LT -
X | ; A AH Good.

~ Good.
- Good.

1 Good.
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Table §.(Cont.)

Inactive Combinations,lacking C'3.

§Lﬂ._ Ezaitlons._ Sheets, Probability of Observation,
'4' BG ‘

Z Z ; \rOOd.

1l c'al
X x| 0! x|
X - I - <5 SO TN YT NP WY,
x x| e| x, 2 ZH Good.
. e e o | x4 - .
X X o x| Z ZA ; Good.
X X o0 0] S SN JO 70 P )
x, o (o)l O] ¥ Z ~ Good.
L x L ox QL B .
o, x (x) x| B 2 . Good.
X . X ‘o x| L s B S
X x o o ZA 7 Good.
X X o _ 25 : T o = - : = e — o

Inactive Combinations,lacking C'2 .

ﬁhv Fractlons.,,Sbﬁets.“ Probability of Observation.

4 F/G —
i I\T ) : GOOd.

|
{
I
i
{

a3
53/

Good,F heated to flftv
degrees.:;f

w0 o%-h

i
,

Inagtive Combinations,lacklng C'l.

_Components.  Fractions., Sheets. DProbability of Observation.

c'1 G2

ci3/c'4: F/G ;

¢ (=) x| x| H H | . .Good,
6. 6 L.xd x | | I VO 4
o (x)! x| x H 2ZH . Good.
o Bl gt e el AR M L G N -
o (x) o!| x|[2H H ; ~ Good,
o ! 0 | x | X , RO ST Y ey e
lo. ((x)| x| x| H AH | E Good.
o o | X | o] S RSN SN 3 Ao S———
lo (x)! x| o!AH H ; ~ Good.
o o x| xi . SRR N S .
o x | x| x (EBH)(BH) | .~ Good.,
lo°" | % | ® Rl ] T .
‘o x  x  x (BH)E { ~ Good.
L0 x (o)l x | | N




Table B .(Cont. )

Complete but Inactive Combinations.

—Components,  Fractions. Sheet., Probability of Observation.
CrL 2. C'Ri0'4  F/a - . s et
| X b e X o A E Good,
_Jo x (x) x|
b X | x 0 A ZH Good.
.0 © (o} X | '
X X X o A I Good.
168’ 0! x ' x: :
» X xXx; x o - A(EH) Good.
I - - - S SN S :
o x x x E (MH) - Good,an inhibition as
Z 0l x i x - E/M is active,
x o (x) o M E Good.
AN R A L
x o (x) o M (EH) - Good.
. o) x X! = ‘ ’
o x (x) x EB A Goodsan inhibition as
X X X .0 E/ii is active,
X b o o ZA H ' Good.
0. b x| = —— |
o x (x}) x R -2 ? | Good,not due to lack of
x - %, 0. %] P C'3 for (EH)/Z does not go.
o x x x(EBH) 2 Good,possible inhibition =
E X 0 X | as E/M is active,

Combinations Demonstrating Inhibition.

~ These experiments show that inhibition occurs in some
combinations,for while the first two are active,the rest
are inactive,i,e.only as active as frog (MH) alone,

_Components, . Fractions. ©Sheet. Probability of Observation,
¢'lic'gic'3.c'4 ¥/G | ]
x x ! x  x{MH)A : . Good,
X | x| X 0| : :
x x ! x ' x(MH)H a ! Good.
o o . x | x (NH)
x x x | x (MH) 2 Good.
X X 0. .| X | . ; .
x x x  x (MH) M ! ' Good.
E. 0. X o . ;
x x x x{(MH) E | Good.
o) x 0 X i | ‘
x x x  x (MH)(BH) | . Good.
o X X | X -



As one caﬁ see from the original data, 1t was necessary
to run a great many controls because »f the somewhat variable
nature of the specific inactivations. All conclusions theat
are drawn are based upon careful comperiscns with these con-
trols, and'weré considered significant only when the data show-
ed marked and striking differences. Such cases that seemed
doubtful will be found indicated as such where they are dis-
cussed. The experiments were often carried on simultaneously
at thirty-seven degrees and a2t room temperature, but the dif-
ferences found were not such as to confuse the results given

below.

Interpretation and Discussion

Although it was relatively easy to show that some com-
binations of fractionated guinea pig and frog complement were
hemolytic, while others were not, the technical difficulties
in obtaining some combilnations were such that it i1s difficult
to say, in several cases, whether the absence of activity is
due to differences in specificity, to the interference of ac-
cessory components, to high dilution, or to other causes. It
is also hard to determine which components are actually at
work in the active combinations. However, some conclusions
can be made and these will now be discussed, the reactions
upon which they are based being summarized in table 5. . While
some of these reactions were carried out several times, others
were, for lack of time, performed only once. The estimates of
their probsebility are based less upon this consideration than
upon that of the controls for a given experiment, and are, of

course, subject to further experimentation.



The first conclusion to bte reached is that all four com-

-

ponents must be oresent at least once before a reaction will
occur. This is slmost certainly so for C'l, C'3, and C'4, and

quite probably so for C'2 (which, unfortunately, has not been

ct
ct

gsted in as many combinations as the other components Lecause

of the relatively late discovery cof the difference 1in heat

e
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'1 and C'2). This conclusion may be

Q

stability tetween T
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taxen as further evidence that a given svecifia treatment in-

i

activates eguivalent comoonents in the serum of each animel.
(In this connection, the apparent activity of a mixture of the
two ammonia fractions has been found to be due to the hemo-
lytic effect of the ammonia ion, rather than to complementary
activity. This is discussed in the appendix.)

Next, it can be seen that even thcugh a mixed serum m&y
have at least a single dose of each component in its make-up,
it is not always active. The determination, however, of which
inter-specific combinations of components are active is not a
simple matter for in most cases it has not been easy, because
of technical difficulties, to manipulate the components.readily,
especially where one would like to introduce a single component
of one species into the system of the other. This should even-
tually e possible, but until then 21l that one can safelv do

5

is to indicete which comblinations have been active and which
1weve not. The advisabllity of such caution 1s supported by
the results to be seen in the last part of table 5. wheré the
inhibition of active units by the precence of extra components
is clearly indicated.

One may, however, come to some tentative concluslons



that at this point can only be accepted as little more than
suggestione. In the first place, it looks as if C'3 will prove
to be the lesst specific of the various components in eilther
species for it seems as th&ugh it does not matter which con-
tributes the C'3 in combinations otherwise active. Then, it
will be nnted that guinea pig C'l ie nresent in eight out of
the twelvé active combinatlions, but in only four out of the
eleven inactive ones. It should also be noted that while frog
C'2 and guinea pig C'1l (E/M) are active in a dilution of one

in ten, the reciorocal mixture (li/E) is not active even at a
dilution of one to five. These observations sugeest that only
guinea pig C'l and frog C'2 are active in cross-combinations
involving the heat labile fractions. This activity may be in-
hibited, under come conditions, however, as can be geen 1in such
inactive combinations se E/(MH), E/Z, E/A, and (EH)/M.

Finglly, it looks as if it may eventually prove that

o

C'4 is not interchangable in these two species, but that each
regulires at least its own C'2 as & "carrier" before it can be
potentially zctive. This last concluelon is the least secure

of any, largely tecause of the scarcity of data definitely

While 1t is to be hoped that with better techniques one
can eventually make more definite asssertions as to the role of
the various components in cross-activations, stlll 1t does
seem clear from the orecsent work that the complements of such
widely divergent forms as the frog and gulnes plig are very

simller in Tunction and in constitution and are therefore quite

w

taeble from an evolutionary point of view. This concegt of
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stability is borne out in the two compsarisons to follow. In

spite of this stabllity, however, at lezst one striking adapt-
ation has occurred and this is in the relative speed of hemo-

lytic action at different temperatures, the ootimum temperature

being higher in the guinea pig than the frog, and higher in

the frog than in the carp. It is to be hop ed that the technique

of cross-activation will eventuelly be advanced to the point
where the svecific components involved in this adaptation can
be found, for at present 1t is not possible to determine this

facts

The Creogsce-Activation of Carp and Guinea Pilg Sera

While the experiments are not nearly as comolete for
this ceries of activations as for the preceeding, they are of
interest in that several positive results were obtalned which
further indicates the essential homology of complement through-
out the vertebrates. The fish and gulnea plg are not known to
use the same antibody, so all combinations were run in dupli-
oaté, one with unsensitized rabbit red cells which are known

to be hemolized by normal fish serum, and one with sheep red
cells seneitized with reobblt amboceptor as test antigen for
the gulnea pig. As C'l and C'2 have not been demonstrated in
the carp as yet, and as these‘experiments were primarily de-
signed to show merely that cross-activity does occur, the
fractions used are best considered as to how they were inacti-
vated rather than as to what components they contain. The
results are summsrized in table 6-, which is largely explained
hy 1ts legend.

Of particular note is the difference between the action



Table 6.

A Summary of the Cross-Activity between Carp and
Guinea Pig Sera.

The following table summarizes the active and inactive
combinations of various carp and guinea pig serum fractions
as determined from the data given in sheets_ito ] in the
appendix,.

Abbreviations are the same as those used for the different
fractions in the table summarizing the cross- activity between
frog and guinea pig.

Active combinations are indicated with an x,inactive with
an O.

Activity with' Rabbit Red Cells Sensitized with Natural
Carp Antibody.

Guinea Pig.

La/

i H | 772 A " Diluted normal serum.

| | | 1/2 1/4 1/6

'H o 0 0 x x 0
Carp.- A o) ) 0 x X X

f

fA o © 0 b q - N X

hctivity with Sheep Red Cells Sensitized with
Rabbit Antibody.

Carp.
H ! 2 A Diluted normal' serum.
. | . Yy/= 1/ 1/6
H o o o | o o c
Guinea 2 x | o092 | x | x | x ? o

Pig.



of whole guinea pig serum and its fractions when mixed with
the fish fractions and rabbit cells. Three explanations are
poselble; one, that whole guinea pig serum can use fish anti-
body; two, that combinations of components are to be found in
this mixture that do not occur in those previously made; and
three, that the fractionation techniques injure the linkages
in guinea pig complement that permit activity with carp com-
ponents. The only evidence on this point is that the one %o
six dilution of normal guinea pig serum did not activate heated
fish serum, although it still reacted with the other two fractions.
This suggests that the guinea pig complement is not working with
fish antibody, but instead that the sctivity is due to some sort
of interaction between components.

As in the frog-guines pig tests, all resctivations were
successful only in dilutions lower than one to ten, those at

one and two and one and three teing usually employed.

The Cross-Activation of Carp and Frog Sera

In concluding the cross-activation work for the purposes
of this thesis, two experiments were run between frog and carp
complenents. Here the relation of comolemnent to amboceptor is
even more confusing, for while only the frog can use rabbilt
antibody, both carp and frog have rather a large amount of

natural antibody against rabbit erythrocytes in their sera.

Therefore, while

A
1o}

i)

'aln 1% is poseible to demonstrate cross-
asctivations, the relationshics are too involved to permit an
analysis of what i1e taking glace.

The experiments are pregented in tablesz'gzmmi ? in

both a summarized and an original f nteresting

(=5

orme. The most



Table T .

A Summary of the Cross-Activity between Carp and
-lffﬁqgﬁégéL

The following table summarizes the active and inactive
combinations of various carp and frog serum fractions as
determined from the data for the two experiments given
in sheets & to 9. in-the appendix.

Abbreviations are the same as those used for the
different fractions in the table summarizing the cross-
activity between frog and guinea pig.

Active combinations are indicated with an x,inactive
with an o.

Activity with Rabbit Red Cells Sensitized v1th the
Natural Antibody Present in the Sera.

Frog.

i oo % 2 A
:H 0 % ¢
Carp. ;Z X X 0
A “x/0 X 0

Activity with Sheep _Red Cells Sensitized with -
Rabbit Antibody.

Froge.
1 H Z A
it
H o X o. |
| I
Carp. \Z o) X % o |



sheet 8 ,(Feb.12,1943).

Cross~activity bhetween Carp and I'rog Sera.
Al

Abbreviations the same as those used for the cross-
activation experiments hetween the frog and the guinea pig,
C standing for carp fractions, F for frog fractions.

One tenth c.c., of a two percent suspension of rabbit
cells, sensitized with the natural antibodies present in the
fractions, used as test antigen throughout.

All fractions diluted one to three before testing.
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Sheet 9. (

Cross-activation with Carp and Fro

Conditions the same as for sheetg,excepting that sheep

cells sensitized with rabbit antibody were used as a test

antigen as well as rabbit cells.
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feature observed is that the two zymin fractions show a failir
eamount of complementary activity when mixed and used with eilther
unsencitized rabbit célls, or cheep celle sensitized with rab-
bit antibody. This seems to be a valid activation (see appendix
for a discussion of the invalid ammonia ion effect) and may

be due to a different qualitative effect of zymin upon the com-
ponents of carp serum, or to differences in the inter-relation-
ships of reeidual C'3 and other components in the mixed sera

of the two species. Unfortunately it is not poseible to dis-

tingulsh between these points as yet.

Discussion and Summary

The work on the inter-gpecific reactivations shows that,
while these occur, they take place conly at dilutions that are
considerasbly lower than the intra-specific ones, and one may
ask why this chould be. The situation is-analagous to that ob-
served in comparing the reactions of homologous and related
but heterologous antigens with a given antiserum. Here one
also observes that the former reactlion always can be obtained
at much higher dilutions than the latter. Landsteiner (1938)
explaine this on the basis of chemical similarity, the more
"similar the haptengs of the antigens being compared, the great-
er the reaction. between heterologous antigen and the antibody.
This explanation may also be applied to comnlement, but not
until more is known concerning the kind of linkages involved,
and the cother related aspects of the problem have been further
studied. The fact that C'4 of guinea pig serum will aggluti-

nate sea urchin eggs (Tyler, 1942) might be used as a starting

(ko]



ooint for this kind of work, particularly as something is known

of the type

&

f comsounds able to specifically inactivate this
component (Pillemer, Seifter, and Ecker, 1941).
In summarizing this part of the thesis, it may be said

ing sections have shown that, contrary to for-

jor]

that the >recee

U

mer work, some of the components of complement can be success-
fully interchanged among the carp, frog, and guinea pig. The
results of such an exchange were extensively studied in the
case of the frog and guinea pig, and 1t was concluded that,
here at least, one member of each comoonent had to be oresent
before an.action might occur. However, as all combinations

in which this was true were not active, a further attempt at
analysis was made. While some tentative conclusions were
reached, it became apparent that the techniques of inactivation
were not refined enough to carry the matter further at this
time. This circumsftance made it unfeasible to attempt a simi-
lar analysis of the more complicated combinations tetween carp

and frog and carp and guinea plg, which, however, do show a

fair degree cf activity. The general conclusion to be reached
is that complement is very similar throughout the vertebrates
and 1le, therefore, a relatively stable character from an evo-
lutionary »oint of view. BSuch differencee that have occurred

do not seem to carallel ohrlogentic relsztionships, as will 1}

]
]

seen in the section on specificity, with the poseible exception

of that of optimum activity at different temperatures.

The Complement-Deficient Guines Pig

Thls strain of guinea plg, discovered by Downing

(G |

o vt



(loore 1219), was distinguished by having a serum with only

one percent of the hemolytic activity of normal guinez oig
serum (Hyde 1932). This loss of sctivity has been shown by
Rich and Downing (1923) to be due to the activity of a reces-
give nmutation, inherited in simple ilendelian fashion, the
homozygotes of which were clearly marked as complement-de-
ficient. Unfortunately, the strzin became extinct before the
discovery of the fourth component so that the work done on 1t
could not account for this factor. Enough was done, however,
to pernlt some speculations as to the effects of the mutation
ucon the components then known, and the general conclusion
reached et first was that the deficient serum was lacking or
insctive in third component (e.g. Hyde 1823). However, Parsons
(1926), after an intensive study, concluded that the component
inactivated by mutation was nct identical with that removalble
by yeast as 1t was "impossible to activate them in an identical
manner with the fractions obtalned by splitting guinea pig
serum with carbon dloxide or ammonia sulphate".

Specifically, she showed that yeast 1nact1vated gserun
/« LJ (3“1 ] b i.:) \,.‘

is best reactivated ty mid—piec%, though end~pleceﬁdlso worked

to a lesser extent, and that heating to fifty-five degrees for

thirty nminutes left these fractions still capable of reactivation

to a fair, though impalred degree. The mutant serumn, however,
bpela €V [DpekaC)
was test activated by end-plece and only a little by mid piec&

= /\

£y o
i

this power being completely lost by both when heated. This

-~

laet ooint is in contrast to Hyde's (1823) observations that
heated whole guinea pig serum wlll reactivate the deficient

P

serum, but to a less degree than intact serum. No one seems
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to have tried adding heated serﬁﬁ;ﬁg east absorbed mutant
serum, although it was shown that & mixture of yeast absorbed
normal serum-and of deficlent serum was not active.

Whitehead, Gordon and Wormall (1927), in connection
with thelr discovery o»f fourth component, suggest that this
may be the one inactivated by the mutation and offer explana-
tions that cover the discrepancies noted. Unfortunately, the
race was then extinct, and while the fourth component may have
been involved, no tests could be made and the authors' explana-
tions are Just complicated enough to require an experimental
check. he safest conclusion to be mede from the various ex-
periments 1s that the mutant probably affected a heat stakle
constituent, but in a way not identical with those of the
artificisl specific inactivations.

he other studies that were made upon this strain in-
clude work on enaghylaxis and susceptibility to various die-

eases; thece are, however, a little teyond the scopne of this

thesis and the rezder is referred to Hyde (1923, 1832) and

o
W
[
m
Q
l,._l
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526) for further sources of information.
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he Specificity of Complement

The complementing action of serum has often been re-
ferred to as non-sgpecific ae compared to the antigen-antibody
reaction, in that the same complement can react with a variety

of antigen and antibody complexes. Neverthelegs, complenment
- o i 3 s

may be salé to have several other orders of specilficity, not
gquite comparable with that above although all related, of

course. The first of these is that of the several components
in any one system, each of which hae 1ts own characteristics.

The second of these includee the differences that occur anon

D
9]

species in these characteristics, exoressed at present in dif-

-

tivation and so on. e third of

=

Q

ferences in optimum of ina
these 1s that observed in the different degrees to which a
given complement participates. in various reactions.
Complement, in sddition to its hemolytic activity, is
known to act in the lysis of certain sensitized bacteria, the

non-lytic destruction of others, the phagocytosis of almost

+

all that ere so removed from the animal body, and in several
other related activities (see Ecker and Pillemer, 1842, for a
complete list). These activities are probably the expression
of a single basic reaction, which however remains to be proven.
In spite of former arguments, it is now generslly accepted that
any one animal possesses only one kind of complerent which actgi
as occasion demands, in all the different types of activities
given above. There is some question as to whether or not sll
components act to equal degrees in each kind of reaction, but

although it would seem from the material given below that they

probably do not, this does not invalidate the evidence that



those which do act are all part of the same complementing
system. In other words, while any one animal has only one
complement, this complement exhibits specificity in that 1t

participates differently in different reactions. As this final

w

Iy

aspect of the specificity of complement is very confusing and
little understood in spite of the amount of work done on 1it,
whet is known will now be discuesed in terms of vwhole comple-
ment, antigen and antibody without attempting to consider the
role of single components, although these may ultimately be
found involved in the differences observed.

The eaeiest way to assimilate the various data is to
consider the possible combinations in terms of the effects of

the sources of 'the three entities involved (complement, anti-

<

body, and antigen), and this has been done in the accompanying

table. They show that all three are capable of influencing the

success of a given complementing reaction, whether it is fix-

ation, hemolysis or a bactericidal effect. That 1s, %the sane
Ila U 30 peunel

combinationsof antibody and complement, will cr will not react

devending upon the antigen added; similarly, the same antibody

wcle o
and antigen will resct with one complement and not others; and
: R

" < : 5 o
finally, the same complement and antigen will react with one N°

¢ PleiTie

terrrg-of antibody and not others. This leads one to conclude
that the result of an untried mixture can not in general be
safely vredicted on the basis of species or other xnocwn re-
lationghips, althoﬁgh one might susvect that complement and
antibody from trhe seme specles should work more frequently

i

than other combinations. However, the data evaila®hle show



Table (0.

The following is a list-of examples showing that the
activity of a complementing reaction is influeneed by the
kinds of complement,antigen and antibody involved,and that
variations in any one of these may bring about different
results even though the other two are held constant.

Active combinations are indicated by an x, inactive
by an o,excepting that in cases where differences in
degree of activity occur the stronger reaction is shown
by a large X in contrast to the weaker,.

Numbers in last column indicate references at end of
table, ’

Reactions iniwhich the Antigen is Varied.

guinea pig ' horse ~ pneumococcus = © ffﬁéffGﬁwmm”“I"W
el i capsule. ' NP

o ; i ~ pneumococcus . X " .o
. . protein.

Complement, Antibody. Antigen. . Activity. Criteria, _ Ref.

Lo T ~ pneumococcus 0 " 0
e m ot G fraetion. (D B ? :
oo A H.influenzae o " 2 i

i ecapsule. . | T
" = M H.influengae . ;
. protein I

™

e Various o ) ‘

2 ; S -'v» = L"QLLVxﬂ'._ji'n’ﬁ'!’,’”‘:”‘:“"“ SN
guinea pig rabbit pneumococcus
‘ , capsule I I
" C s €3 . Pneumococcus ! X LM
protein . . i
" R i . pneumoeoccus . o ; " : ‘ L
| T T SN N W < 1 - 1. .. ¢ DO O S— - B I
" " . Hiinfluenzae X it 2
Lo . ___capsule RN WO A
. 3 , ¥ H.influenzae ba n P =
o ; protein. ' S L.
L i B - S.hemolyticus o ' " Y
L . C fraetion B
", | " ~ S.hemolyticus x " . "o
f M _protein . I
gufnea pig rabbit guinea pig 0 “hemolysis 4
b . red cells - ( -
oo | " sheep red 0x " P
ol cells ‘ |

fixation 1

b




Reactions in which the Antibody is Varied,

Tablel0.(Cont.)

MComg;ement

guinea pig|

,,;", - ,'

"

Anjlquy,_Antlapn.
horse pneumocoeccus 0
capsule,

mouse .

oyl
=
;.1
o 1§
ol
m
b
e
m

I

. dog. . wm
_goat "

ig
R

cat _ .

rabbit’ "
guines, "
pig.

MXOooOO0 0O

cells.

Activity, Criteria.

fixation

n
]
"
"

"o
"
"

Crat - W X oon
 _sheep -TT S SRPI..)
'gulnea‘f “human red X nemolysis

__Ref.

o

#

n

n o

W
e

"

n

3 = ﬂ;rabb££>~‘ ) x " E

[ dog o, & X L -

. cat ‘ M- X Tt e RE W

b cphleken o E D . .

rabbit guinea R X W —w

} opig. , ,

Lo . rabbit o 0* X " Y

L oW dog ... "_ X NI LI

Loom cat e B X M L
" Cthkﬁn L o i " ...

horse rabbit  ox red . o l 7

cat

- cells.

4

_goat " o

duck ; L ‘ o}

Reactions in which the Complement is Varied.

Complement.

Antibody. Antigen.  Activity,

. Criteria, 1

‘horse

rabbit sheep red f 0

gufnea pig.

"
T

frog ;

snake

JB%IXL_»_ﬁNM_‘__mJL

o i S S A o A e e
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hemolysis

" R "
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‘human
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Tablel0.{Cont.)

Reasctions in which the Complement is Varied(Cont.).

Complement. Antibody. Antigen. _ Activity, Criteria. .Ref,
guinea pig natural Brucella o bactericide 15
. _rabbit. _ suls. . SRS
00X 1" ! L] X H
:éﬁééi““”"‘” n ’7 e Cx " "
gulnea pig gulned Hemophilus X " 16
- plg_ ... influenzee. S
rabblt ' ] o X " "
thumen = % . p 3 " “
guinea pig . rabbit " 0 " "
irabbit ..+ YW | ... X ¢ )
X ' " Tu

Jhuman i ;

RBdctions where Heterologous Combinations of
Complement and Antibody are more active with a given Antigen
then are Homologous Ones. .

Complement, Antibody. Antigen. Activity. Criteria. Ref.
‘horse " horse Hemophilus O  bactericide 16
H— : . influenzae, S
guinea pig . * v o v "
‘human : " : " 7 x 1 1
rabbit " N _ o) g "
00X 0X - ox red 0?9 hemolysis 7
TS, (N5 WA S eells, 50 - -
rabbit s . - X2 ; W "
guinea pig rabbit shéep red XX ! . 1%
- 306~-units. cells,

rabbit L . S .. S - _ A "
human p1x . CE R S ‘ D S "o o

References.(See bibliography for complete
reference).

1, Goodner and Horsfall,l936. 9, Reiner and Strilich,1929. .
2. Pittman and Goodner,1935. 10, Cushing,unpublished.

3. Kolmer and Tuft,1941. 11. Rond and Sherwood,1939.
4, Osborn,1937. 12. Ecker,Weisberger,and
5. Horsfall and Goodner,1936, Pillemer,1942,
6., Noguehi and Bronfenbrenner,)3, Heidelberger and Mayer,
1911, 1942,
7. Muir,1911-14. 14, Ehrlieh and lMorgenroth,
8.-16. Dingle,Fothergill, . 1901,
and Chandler, 1958, 15. Shrigley and Irwin,1937,
17. DaCosta,Cruz,and Penna,
, 1930,
16 o



that even this point is not secure, notably in the human speciles.

Here it is Xkxnown that isohemolysis does not occur coneistently
and that its occurrence is gpparently not related tc the amount
of entibody opregent. Of great intereest in this connection is
the report »f Heidelberger and llsyer (1942) that human comple-
ment is not always fixed by the complex of human antibody and
pneumococcus capsular antigen, for this raises the possibility
that the same factor determines fixetion, both here and in iso-
hemolysis. Also of striking interest is the fact that horse
antibody will not work with its own complement in the killing
of H. influenzae, while it will with human complenent (Dingle,
Fothergill and Chandler, 1938).

It will be further noted that, although given sources
of complement and antibody may effect one activity together,
such as hemolysis, they will not necesserily effect another,
as the killing of bacteris.

All the evidence, then, shows that we are not yet aware
of the propverties that would make possible accurate predictions
of how & given combination of complement, antibody and antigen
will react. The obvious place To look for evidence on this isg
in the work done on the conditions influencing fixation. In
this connection, Horsfall and Goodner (1936) have shown that
different species, as far as studied, may be grouped in two
classes as to whether or not their sntibodles will fix guinea
pig complement when used with the capsular antigen of pneumo-
coccus, the active ones being the rabbit, gulinea plg, sheep,
and rat, and the inactive ones being the horse, human, mouse,

cat, dog and goat. They also state that these groups gre slco
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gseparable 25 to whether or not lecithin or cephalin is the
lipoid necessary for the agglutinating action of theilr anti-
bodies. However, z glance at the tables shows that & re-
arrangement on the basis of other antigens or complements no
longer permifs separation into these groups and suggests that
further work will be necessary, which of course does not in-
validate that already accomolished by these authors.

Other studies of fixation have been reviewed by Boyd
(1943), who ssys that the formation of a precipitate as such
is not necessary for fixation, nor is its presence a guarantee
that it will occur. In spite of this, however, fixation in

-

active combinstions would seem to depend in part upon a certain

©

P

optimum slze of the antigen-antibody complex, which of course

is also one of the factors influencing the amount of precipitate

=

that will occur. It is apparent that more factors than the

P =]

sigze of the complex are involved, but these are as yet un-

%}

known although 1t has been ‘ested that the phyeical stste

at the curface of the molecule is important, and also that

complement and the antigen-antibody comolex comblne in a purely
oﬁemical way. The problem is a difficult one to attack becau se
so many variasbles must be considered; however, as the work o
Preseman, Campbell and Pauling (1942) shows that one can use
relatively simple antigens in the fixation of guinez o0lg coq)leQ
ment, a comparative study, making use of this fact, might be

of come interest. The value of such work would be increesed
where the antibodies of two animsls were compared whose mole-
cular sizes, shapes and other oroperties have been studied, as

in the case of the horse and rabitit. Whrile it would also seem



logical to use homologous complements at first, as these chould
be best adapted to react with their own antibodies agalnst the
widest variety of antigens, the choice of constituents would
have to be determined by results; the ultimate point being,
to compare the actions of at least two sources of complement
and antipbody.

of

In studies of complement fixation, the roleAindividual
components has been neglected and this is an important omission
when comparing different active reactions for it is clear that
those which merely removed C'3, for instance, could hardly be
considered comparable to those fixing C'l, C'2, and C'4, even
though both resulted in insctivation. This briangs up the fact
that we need to know more of the nature of the basic actions
of complement in order that we may have a definite foundation
on which to form a definition of fixation and subseguent acti-
vity that will be useful in comparative studies.

Enough hae been saild to show that at present we do not
know the laws governing the reaction between complement and
the antigen-antibody complex. However, these do transcend
ohylogentic relationships to a degree where it is not safe to
predict even the outcome of reactiong involving homologoue

complement and antibody. Thie lack of knowledge has led %o

verious difficulties, examples of which are to be seen 1n some

of the sgttempts to correlate hemolytic and phagocytic comple-
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né Kuehn, 1942), to compare the
complements of various species (e.g. Hegedus and Greiner,
1933), and in the studies on natural and immune antibodies

(e.g. Kolmer, 1519). A1l three of these csses, for instance,
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did not take into account the fact thatﬁsome ssecles, such ag
the sheep 2nd gulnea plg, will not hemolize their own cells,
although qulte capable of hemollizing others. Several additim-
al instances could be cited where the failure to account for
the possibility of an effect from varying the relationship

among complement, antigen and antibody has led to untenable

conclusions, but the above should suffice to show the compli-
cations involved. Of interest in this respect 1s the statement

in Osborn (1937) that toxin-antitoxin cdmplexes will not fix
complement for it seems provable that a source of antibody and
complement other than the horse and guines plg could be used
to good advantage, and simillar application might also be made

in other cases where fixation tests would be desirable, though

ug
not yet demonstrable. Of further interest is the possibility
thaet many of the apparent differences between the opsonic and
hemolytic complementing oroperties of a gerum are due to lack
of consideration of the specificities involved, rather than to
actual qualitative differences in the serum complement as such.
One final point may be discussed in concluding this
section and that is the relationship of antigen, antibody and
omplement in phagocytosis. While antibody and complement
alone are often ineffective in destroying bacteria, their
action as a catalyzer of phagocytosis is much more effective
and general in occurrence. This is important in that phago-
cytosis 1s held to be the most efficient naturasl agent of those
that are actlve in the successful destruction of pathogens
(Boyd 1943, Kolmer and Tuft, 1941, etc.). Many other factors

£

are involved, of course, but this does not invalidate the



premise that 1t should be a great advantage in combating a
disease to be able to utilize one's phagocytes as efficiently
as possible, and on this premise it can be suggested that some
of the failures 1n serum therapy have been due to the use of
antibodies that will not work efficiently in the human system
involved. This is an idea going back to Ehrlich, but, in spite
of the fact that it has been restated by some later authors,
it seems to have received hardly any attention. Specific
cases where serum has been tried and found to fail for unknown
cauces, as in that of plague, should be re-investigated along
the line suggested above. This applies even to cases where
hunen convalescent serum has been used, for it 1s by no means
certain that the actlion of compolement ig nont inhibited i1n some
individuals or that a forelgn antibody might not be more de-
structive than the homologous one and so on.

Such work would of course be greatly facilitated if
some generalitiés could be developed as to the critical points
involved in a successful phagocytic reaction. It is conceliv-
able, for instance, that altering the size of the antibody
artificially might be a useful way to adapt it toward a more
efficient activity in some caces, this of course being but one
of many possibilities that await a fuller knowledge of the
factors governing a complementing reaction.

In closing, it does not seem out of place to re-emphs-

1
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the fact that comoplement is an important factor in the

N
[

chain of reactions between living cells and thelr action on

the various antlgens in the body, and that the understanding

L



of the nature and zsctivity of complement 1s a necessary step
before full advantage can be taken of the antigen-antibody
reaction as such, itself often merely a relatively lmpassive

starting point in the complete reaction system.



oendlix l: Te.hnique

The Guinea Fig

Bileeding: A colony of about a dozen gulnea pigs was

. - P 5 ’ s R e W A Do ® oA . e A L e

xept as & source of complement during the experiments. It
Pt B N =Y - \ 2 m 5 ] e T B 4 y o S = oy
wee found that these animals could be bled rather eacglily by
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one gerson in the Tollowing way. The enimal to be bled was

etherized until fully unconscious and then placed on its back

in a hammo

S

k macde from a towel and so designed that the animal's

a

front legs could be passed through and held by small slits on

M

either sidge. he towel was suspended only & few inches above
the top of a rabblt dissecting board in such a way that the

q

animal's back rested on the board, while the sides of the towel
prevented it from rolling. It was further secured with a cord
passed around its lower legs which were enfolded in the towel.
The animal was then bled from the heart in the usuel way, using
a twenty-four gauge needle on a five ml. syringe. Care must

be taken not to give too much ether, for, while this is not
fatal, 1t causes convulsive movements that prevent the safe
removal of blood. These will stop after o short time if the
ether can 1is removed and work can be resumed. While not de-
finitely established, 1t does seem that convulsions occur less

readily if the ether 1s given rather slowly.

Treatment of Whole Blood: The whole blocod was trans-

ferred into twelve cc. centrifuge tubes and these glaced in
an ice box until ready to use. In most of the work the blood

5

was taken in the late afternoon of the day c¢receeding an ex-

)

periment for this gave sufficient time in which to carry out
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the extensive operations necessary next day. On the morning
of such an experiment the ged end serum used

immediately, elither separately or pooled as the czse might be.

C'l ang C'Z2: hese components were sevarsted by th
modified carbon dioxide treatment described by Ecker and Pille-

mer, 1942, and partially guoted here. Distilled water 1s satur-
ated at room temperature with pure carbon dloxide gas which 1s
allowed to bubble through the water for thirty minutes under
slight gressure. One cc. of serum i1s added to nine cc. of

this water, and carbon dloxide 1s again passed through the
mixture for twenty minutes. Foaming produced by the bubbling

is reduced by the addition of capryl alcohol with a wooden
aoplicator. Care should be taken to agvoid an excegs of alcohol
because of its hemolytic quality. The globulin (C'1l) precip-—
itated after twenty minutes 1s settled by rapid centrifuging

&nd the supernatant (C'2) is removed, freed of its carbon dioxide
in vacuo, and maede 1sotonic with sodium chloride. Iieanwhile, the

precipitate 1s washed seversl times in distilled water, red

| o

a—
solved in ten cc. of szline and freed of its carbon dioxide.

Tre pH of each fraction is brought to neutrality and the frac-
tione are then resdy for use. They chould be made last in an

experiment as C'l loseg ite activity in a few hours. One can

—
I_J

1se lesser amounts of serum, such as a half cc., provided the
amount of distilled water is oroportionally reduced. It is
also ooscible to make these fractione in a one in five dilution,
but the ceparation is not always aeg consistent.

C'3¢ This component was inactivated by the use of zymin

oowder, prepared from yeast according to the method described
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by Ecker, Jones zand Kuehn, 1941. The usual technique was to
add .12 gms. of this powder to .7 cc. of normal serum and in-
cubate, with occasional stirring, at thirty-seven degrees for
two and a half to three hours. The mixture was then rapidly
centrifuged for a short time and the supernatant serum, now
about .5cec. in volume, was pipetted off and made up to the re-
quired dilution with .S percent saline, after first being ad-
justed to aporoximate neutrality with .l normel sodium hydroxide.
The hydrogen ion concentration was determined with Braun's Uni-
versal pH Indicator Paper and adjusted for easch individual sam-
ple used.

As the zymin powder seems to lose some of 1ts inacti-
vating power after three or four months, it is advisable to
prepare fresh samplee from time to time.

C'4: 1In order to inactivate this component, .12 cc.
of N/65 of ammonium hydroxide was added to .5 cc. of normal
serum which was then incubated for one and one half to two
hours at thirty-seven degrees in a stoppered tuke. After this
the hydrogen ion concentration wes adjusted to that of normal
serum with one tenth normal hydrochloric acid and the sample
brought to the proper dilution with .S percent saline (see
Osborn, 1937, for further information if desired).

Heat inasctivation: Samples of the serum to be 1lnacti-

vated by heat were first diluted to the required concentration
and then placed for thirty minutes in a water-bath at fifty-
five degrees. his treatment is generally believed to inacti-
vate both C'1l and C'2; however, some authors (see Parsons, 1926,

for a review) have held that C'l is more stable in whole serum



than is C'2, while a few others believe the opposite to be
true. Until this matter is further clarified, it would be

well to withhold too definite an opinion.

#

The Frog (Rana catesfbiana)

Care: The frogs used were bullfrogs six to eight inches

long, exclusive of legs, and were kept during the experiments
in a shallow water tank. It was necessary to feed them about
once every two weeks with a mixture of ground meat and vege-
tableg (Dally Made Pet Food) which had to be pushed down their
throats as they would not feed voluntarily. Much trouble was

caused by a disease that was orobably the result of the activity

of Proteus hydrophilus, the organism causing "red-leg". To-

ward the end of the experiments a paper on this orgsnism with
advice on the preparation of a vacclne against 1t was dis-
covered (Kulp, 1942). While Dr. Kulp kindly sent me a strain

of P. hydrophilus to make a vaccine from, 1%t 1s too soon %o

state what effect it hae had.

Bleeding: It was found that frogs could be bled from
the hesrt, and as much as six cc. were obtained from some in-
dividuals without ill effect. The best porocedure was to ether-
ize the animal and lay it on its back where it would remain
perfectly ihmobile for some time, then enter the heart with a
very sharp twenty-four gague needle attached to a five cc.
syringe. One can determine the location of the heart with one's
fingers where 1t lies under the pectoral girdle, but even so
considerable oractice 1s necessary before one can acguire a

.

fairly reliable technique. However, when this is done, it will

(@]
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be found that sufficient blood can e obtained, and thaet the

sane froge caen be used many times. Sterile precautions are

necessary in order to avoid introducing Proteus hydrophilus
or other organisms into the frog.

Treatment of whole blood: Once obtained, the whole

blood is put in centrifuge tubés and.allowed to clot in the ice
box for about an hour, present results indicating that it should
be taken and used on the same day. It 1s advisable to break uw
the clot before centrifuging for otherwise a cell-free, but
clotted plaema 1le often obtained. The serum is pipetted off
and may be used individually or pooled as the supply warrants.
Frog serum was fractionated by the following technigues, modi-
fied from those used on the guinea pig.

C'l and C'2: The same treatment as zpplied to the

guinee plg was found sultable for the frog, and the resulting
fractions appeared to be the same excepting that the frog
globulin fraction was precipitated in finer particles and was

more readily soluable in saline than that of the guines pi

}io]

1

C'3: Frog serum could be inactivated by the use of zymin
powder; however, it was found that the optimum reguiremente of
specific inactivation differed from those of the guinéa pig in
that, while the same proportions of zymin and serum were used,
best resulte were obtained when the serun was treated at room
temperature and only for an hour. Once treated the serum was

prepare

for further study Jjust as that of the guinea vig.

a
Cl'4: This component was inactivated by the same treat-

Y

ment as that applied to the guvinea pig, the only difference

4

being that the serum was removed from the thirty-seven degree



water bath after an hour and a quarter, a shorter length of
treatment than that given the guineas pig.

i

Heat inactivation: The optimum for heat inactivation

was found to be close to forty-seven degrees for twenty-five
minutes. However, 1t was also foundéd rather late in the ex-

periments that C'1l of fro

g9

gerum was more labile than C'2, and
that sometimes enough C'2 would remain in heat inesctivated
wiiole frog serum to reactivate the clobulin fraction. The
limits of the vafiapil;t? of this difference have not been ful-
ly investlgated, altihough 1t seeme that forty-nine to fifty de-
vrees may ke found to destroy toth heat labile components and

still leave C'3 and C'4.

The Caro (Cyorenius csrpio)

Care: Carp were easily keot in cement tanks and re-
guired relatively little care, being fed on a mixture of ground
meat and vegetables (Daily liade Pet Food) once a week or so.
One source of trouble was a fungus that attacked and killed

e

several fish; however, by reising the salt content of the water

ct

rather slowly (about & week) with sodium chloride, it was pos-
sible to adapt the fish to a higher concentration of salt than
the fungus could stand. (The proper dosage can be obtained
from any book on gold-fish raising.) In spite of this, fish
~would dile from time to time of other diseasces, but the inci-
dence was very low and could be neglected. As the water had
to be kept well sslted, it was not possible to have it cir-
culate, compressed alr being bubbled through the tanks instead.
The water was chanéed about every two monthe, which seemed

adequate to insure the health of the fish.



Cne more l1lmportant precaution that had to be observed
was to keep The tanks covered with chicken wire in order to
prevent the fish from jumplng out, which they often tried to do.

Bleeding: 1In bleeding carp, individuals averaging about

1

one Xg. 1in wel

were convenlently used, although larger or
smaller fish were aleo easily handled. The fish to Tte 2led

was netted and held ventral side up Ly cne verson, while the
other made a heart ouncture, entering just posterior to the
pectoral girdle and on the mid-ventral line with a sharp twenty-
two gauge neédle on a five cc. syringe. Some practice was nec-

e
c

w

sary, but after this 1t was possible to take as much as six
cc. from a sigle fish without 11l effects to it. The highest
freguency with which fish were succeesfully bled can be seen
in the paper on temperature effect.

Subsequently, 1t was found that the fish could be readily
held in the wooden frame shown in the accompanying drawing, and
therefore bled easily by one person.

No particular sterile precautiocns were found necessary
to orotect the fish from internal infections.

Carp serum was fractionated by the following techniques,

-

modified from those used on the guines pig.

a3

C'l and C'2: It was not possible to split carp serum

using the saome carbon dioxide technligue that was successful

for the guinea pig and frog. A globulin precipitate was ob-
tained by such treatment, but all the hemolytic activity of
the serum remained in the supernatant. However, this does

not necessarily mean that a slightly modified technigue would
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A Wooden Frame for Holding Fish.

The following disgrams show the apparatus devised for
holding fish while bleeding from the heart.
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not split carp serum, as Liefman and Andrew (1911) have done
in the case of the eel. BSuch variations in technique have
not yet been tried.

C'3: Fish serum is very easily inactivated specifically
with zymin by adding only .02 gme. to six cc. of serum and in-
cubating for thirty minutes at room temperature. Serum so
treated is then centrifuged and prepared as for the other two
species. Care chould be taken not to exceed the above treat-
ment for non-specific inactivaetions will result.

C'4: Ammonia treated fish serum is specifically in-
activated when the same proportions of serum and ammonium hydrox -
ide are used as in the guilnea pig, and this mixture is lncubated
in a closed tube for an hour at thirty-seven degrees. Further
treatment follows the same course as for the two other species.

Heat inactivation: The optimum inactivation of fish

serum by heating is brought about by keeping it for twenty-five

Us

minutes st fiffy-three degrees. As this fraction can not be
split, it can only be said that C'3 and C'4 are more heat re-

sistant than at least one other constituent of fish serum.

Notes on Experimental Technique

Generzl: The manner in which individual experiments
were set up is best seen in the data sheets in the following
section of the apoendix. However, some points of general ap-
plication may be given here. Five cc. test tubes were used in
all experiments and, in all cases of reactivation, the sera in-
volved were thoroughly mixed before the cells were added. All

sheep cells were thoroughly washed and then mixed with about



two units of a pooled source of rabbit antibody that hed a
titer of 1/3000. The proportions of the two were so controlled
that the final product was & two percent suspension of sensi-
tized sheep cells which was then sdded to the sera to be tested
in unite of one tenth of a cc. per tube. All the rabvbit cells
used were thoroughly washed, diluted to two vercent and zdded
unsensitized to serum nmixtures contalning natural antivody
against them. The differences in the way these two kinds of
celles were sensitized may prove of interest in further work,

as Hyde (1221) has shown that the order in which the vsrious

reavents are mixed in & tube can influence the result 1n some

All estimations of hemolysis were made on the basis of
four plus for complete lysis through three, two, and one plus
to zero for no lysis at all, =2 method as setisfactory as any
provided the proper precautions are used and that one draws
conclusions from marked differences only.

Saline: While there is a difference in the salinity
of carp, frog and guinea pilg blood, 1t was found that nine-
tenths vercent saline was the most practical to use 1n the
experiments. This 1s most nesrly 1sotonic with the erythro-
cytes used as test antigen and oreliminary results indicate
that the use of this saline did not give results that differed
from those where concentrations of salt more neerly isotonic
with cold-blooded cerum were employed.

However, it is important to note that while in general
it was found that sodium chloride or filltered sea water, prop-

erly diluted, could be used interchesngeably as a source of



saline,

This wes that

the recombinaticn of C'l and C'2 in the guinea pig.

element was has not been determined, but that it may
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Original Data on Cross- Activations,SheetsClto}l.

The Cross=~ Activity of Frog and Guinea Pig Serum.

The following conditions obtain for all data included
in the numbers given above:

Test Antigen: one tenth cc. of a two percent suspension

of sheep erythrocytes sensitized with two units of rabbit
x X b,
anti-sheep serum as described under teoplque.

Aberyistions: these pertain to sera that have been inactivated

according to the methods described in the section on te%hique'
and are as follows:

If and E 3 soluﬂble and insolugble fractions obtained by
treating serum with carbon dioxide.

serum that has been treated with zymin.

“we

serum that has been inactivated by heat.
gerum that has been inactivated with ammonisa,

shows that the fraction ie from the guinea pig.

Y

R > N

¢ shows that the fraction is from the frog.

Double inactivations have letters for each treatment.

)

letures of two homologous fractions are in parente31s,
as follows : (MtE)-

"Degrefof Hemolysis: is graded from O (none] to four plus (complete).

Volume of Tubes: ali volumes equalized with saline to the.amount

1ndlcatedafter the headlng"total volume" on each sheet.
Final dllutlon of eaeh fractlon glven ‘on the separate sheets.

h :
( Additional information will be found in seetion on tecniqwe . )



Sheetd. .(Nov.26,1942.) <

. Conditions the same as for preceeding sheets.

Titer of frog serur —1/ 128 : of guinea pig 1/256.

e TFractlons and comblnatons.% i
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Conditons the same as above, excepting as noted,
Sers of one frog and two guinea pigs used. ,\«-}L

tions and combinations,one to two dilution.
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Fractions and combina tions,one to three dilution.
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Sheet £ . ( Nov.24,1942)

O
(Temperature All fractions diluted one to two.
37 degrees) : )
A1l tubes volumes total three tenths cc, pHIjil
(Pooled Serum)'l‘itration of whole serum
Frog ___Guinea Pig ] |
Reciproéal of ] , 2o |
serum dilutions..gx !'* 3 ‘6%3“6‘" “‘9_9‘5‘. | ,2;‘1 8 '6 321“‘ i’as? i
Time in minuteés.) | |
ime in minu eiojﬁmw;i' ?_,29-0 0 O Wﬂ:ﬁ#;‘ﬂﬂ"ﬁﬂ ‘HH"M |
20t 00 o0 0o L 4 [ L L 1]
SOt it 0o 0100 | DT T
ASHHHMHt 0 0 0 0 ;
BO[HHH it it X © O O ! |
240 ittt e H O | | N L
Fragrt'ong égQNngzb’lna(tlonsa(S)ne t. nth cc, serdﬁi;YA“i;éUf\ tuhe)
_\gractl’ons.“ t 2 Wz AN 2T A T 2 SRR ZeARa 2L KA
ime in minutes. S ' i :
THOT0L0 0 B H K D10 |0 M imiaH |+ |0 H~9¢+&“Q;
20| 0|0 i1t Hir] 00 o‘n }H) HH Ttk [o e o o |
301© O M kit fitl] © O [© JHLHI] A H-HE i+ m ol |
45| O | it I OO iol }L = i % e R R e
091 6 | O [k [[EHiTt] 0[O 1® [ I THE Lk m—~l-m ol 1
240[© (O it | [ I+ (O [+ HEAH ] S W T O
sheetd .{Nov.27,1942)
The same conditions as above.
Titration of whole serum.
L Frogm i ___Guinea Pig
Reciprocal of ; 5
serum dllut_.l._g.r.l_a,..i‘ 8163 §ﬂ3§\?‘§_‘ L 4rt 8 ’5 lﬁi“‘ :128495
Fime in minutes. | e ' 1 NP2
Joltt fi# -0 1010 0 +mmmw rﬁnﬁtta
20/ HIt R IO 010 O L L il ﬁ?’r Fim
5| /il it WH it £ |0 101 O B R |
ASHHY |- [ D I HF 0 1O | O ”h "; ] T
GO i A ek o To o I T
BN ST O -
N S ALY S H__,-_',Fractignspand Cop}blnatlons. )

{ e Gl FG&F FIGF O F GFIGFGE
rractions. PR I ZACARAE 18 B BHSALSDA K200 miﬁi f\kﬁ;rrw?uﬂi Al
Time in minutes.| . I ' [ i 1 o Rk

10[0 |+ |0/ F 10 X0} ¥ C?E»M.;..Hil_;;l;rﬁ;:iﬁ_ wmoltiolo tF o
2000 |x 101+ |0 wtl+14-l0] | | -1 0w R ,_C,,
01O 1= loi~: |O HHHIH O] HH 0! sl [ iR o)
450 1* 101 1o W iitELI O "o MO e iy O
6010 |4 10 1% | o W it 1O | HHO | mo ;er iy O
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Sheet @ ,(DEC.10,1542)

Conditions the same as for preeeeding sheets excepting
that here further inactivations(indicated by double letters)
were carried out on the single,inactivated fractions.

Pooled sera from each species used and all fractions

diluted one to two.

Fractions and comblnatlons

Species. [F F [F [F F F F F F 'F|F F 6]
Fraetions.” 'Z A |H ZH ZA HA ZHA ZtH, A*HZHMZA*H HAZ z |
Amount of | i ’ g l i
serum used. lee lee) U U [ LR O LR L
Time in _100©0 ® | O X O X [ O o) 10 IOO o O |
minutes, 20 0 @ [0 X O  x [+ + H+ 10 o 0 0
300 @ Q% Q  x #t + 7 10 g 0 [+
150 @ (O A O x HtHF W O O 0 H_
60, 8___-»..@ Q X Q| X HEHt #F O O O ++
240 ® (O X O x HtH Ht X O + Hit
SpEcies. ¢ 6 |6 |6 6 /6 66 G & G eFGeF
Iroctions. [A 'H ZH ZA HA Z{AZtH AtH ‘ZHfA24+H HAfz ZtA Atz
ount o { !
Time in _16/+ (O ['X 4 X ;H*dﬁ +H't+ﬁ+-l+f-;ﬁf+§ﬁ+ £
minutes, 200t O [x [HH x HH -+t #Ht 4t HE W i
0% O X X HH i AT i HE A4 HH X
A5 O X HH X W HiY B e it HE T
6Ot QO | HH x (i H Ht HHY pH (HH HHE (2
240 1) O (X | X r"’““ 1__. H_:‘Hi"* H{:l: Ll _"HiJh_l I
“cSpecies, e FlGFGFCFRFI6 FIGFIC Fig F6 Fle FG F GF
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Serum uSEd.i'H"‘ ‘:'l'f\‘ '(*-’ tl+.l \l+l' "+t’ 'HJ i l+‘ l+|‘ ‘+( -"*.‘ "f"ml.l:f'l,
Time in 10Ht O H# O | O |+ O_#Qfﬂ‘r' o 0 O
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soHR 1O (O O MM O IHH IO 0 (O o
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serum used.td R U UL LD L R DR h b
Time in 10+ O #+ 0 QO (©C |10 Q@10 4 0 |+
m;inutes.BOﬁ“{O #i0 O O tE O + HF |0 Mt
00HF O Mt 0 O O k. O | TF HH O it
45! e o (Q O ATF O i it O
__60] mo “wrlo O ¢ HE o Imzrn%o L H
2404t O (w410 O O HH H- ot HH O H¢




sheet f .(Jan.4, 1945.)

Cross-activations between C'l and C'2.

-

Dilution of fractions: frog and guinea pigs M 1/1C,E 1/10.

Specles.
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Sheet}.([}'an,gg, 1943) {)

Cross-activations imvolving C'l andc'o.

Dilution of fractions: Frog ;M 1/10 B 1/10, /5 A 1/5, H1/5,
Guinea pig; ¥ 1/10, ® 1/10, % 1/10,
A 1/10, H 1/10/4

Some combinations of more than two fractions were made,the
constitution of these is showhas in the following example.
Wkere frog M and @ are shown as though added to gulnea pig

B (mE)+ ©
Total volume all tubes equals four tenths c.c.

Activation 15 observed at th1rtv sgven degrees.ﬂ__
species, | F|F |F |F F£[F F | F F_F F F _
Fractions. A |Z 'H |M 'E MIE ’Z+E Z4M 7tA ZtH AtE Atk
Amount. ..9\ .l .q‘ -L 01 olf-l clf710I+' .‘L' o“L‘ l‘*.‘ .I‘f‘.
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Sheetg}.(Jan.26,1943 cont.)

Cross=-activations involving Ct'l and C'2,

et wActL’»LaLLQna_g_hsexz@ d_at room temppraturn( twenty two degrees. )
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£ Sera.

Guinea Pi

of a two percent suspension either of
unsensitized rabbit cells or of sheep cells sensitized

Sheet £ .(Feb.20,1943).
with rabbit antibody used for test antigen.

ross-gctivity between Carp and

1

ol

e
Abbreviations the same as for sheet &hC standing for

carp fractions, G for guinea pig.
All fractions diluted one to three before testing.

BExperiment made at thirty seven degrees,
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sheet R.(0ct,20,1942),

were diluted one to two hefore using.

fractions
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A recent paper by Ellingson and Clark (1) on the effects of artificially induced
fevers upon the production of antibodies in rabbits refers to a temperature ex-
periment by Allen and McDaniel (2) on frogs, showing that lysins against human
red cells could be developed at room temperature, but not at a temperature of
8 to 10 C. These results suggest, in common with those of Wollman (3) and
Widal and Sicard (4) on frogs, and of Nybelin (5) and Pliszka (6) on fish, that
antibodies are not formed by animals living at 10 C. That this is not necessarily
the case, however, has been demonstrated recently by W. W. Smith (7) whose
work indicates that carp and trout held at this temperature are capable of form-
ing agglutinins against Bacterium salmonicida, provided the antigen is given in
sufficient quantity, and the animals are kept for a long enough time. As all
these experiments indicate an effect of temperature upon the rate of antibody-
formation and as only one previous paper is known to the author that deals
specifically with this point, the following experiment, carried out in relation to
other serological studies now in progress, may be of interest in that it shows such
an effect. The previous paper is that by Widal and Sicard (4) which suggests
that antibodies against typhoid bacteria were formed more rapidly by frogs
living in higher than in lower temperatures.

For the present experiment, two kinds of closely related fish were used; carp
(Cyprenius carpio) from one of the fresh water lakes of California purchased from
a dealer, and “feral” gold fish (Carassius ‘auratus var. fan tail) obtained through
the courtesy of Mr. D. A. Clanton, Superintendent Southern California Hatch-
eries of the State Division of Fish and Game, from Crystal Lake, Los Angeles,
Cal. The author would like to express his indebtedness to the California
Division of Fish and Game, and especially to Mr. Clanton for help in getting
these fish and advice on handling them. The fish were kept in two constant-
temperature tanks, one held at approximately 15 degrees and the other at 28
degrees; four carp and four gold fish, averaging respectively about one kg and
460 g in weight and individually distinguishable, being put in each tank. After
an acclimatization period of a few days each fish was bled and then, five days
later, injected intraabdominally with five ml of sea urchin (Strongylocentrotus
purpuratus) sperm suspension (one part of “dry” sperm to two parts of sea
water, see Tyler (8) on the use of this sperm for antigenic purposes). The fish
were bled three days after the injection and then at intervals of every four days
(unless otherwise indicated on the graphs) until the experiments were terminated
almost a month later. The blood samples were obtained from the heart by
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means of ‘a 22-gauge hypodermic needle attached to a 5 ml syringe, 3 to 4 ml
being taken at a time. This bleeding was done from the ventral side, one person
holding the fish and anothet operating the syringe. (Subsequently it has been
found possible to hold the fish in a wooden frame with equally successful results.)
The operation did not appear to bother the fish in any way except in rare in-
stances when they would lie on their sides or swim abnormally for a short time
after being released. One possible exception was the death of two of the carp
in the cold tank, a day or so after their seventh bleeding; however, it is more
probable that this was due to disease as a few other fish were later lost in this
way.

The whole blood obtained was centrifuged shortly after being taken, the
separated serum being pipetted off and stored in an ice-box until wanted for
testing. The tests were run after the bleedings were all completed, 4 drops of
fresh “dry” sperm diluted in 10 ml of sea water being used as the test antigen.
All sera of a given fish were tested at the same time with the same fresh motile
antigen preparation in order to insure uniformity of relative reactivities within
the group. _

The results of the experiments are presented in the accompanying graphs
from which it can be seen that in the fish kept in the warm tank a rise in anti-
body-titer occurred within eleven days, while in those kept in the colder water
such a rise was not observed until fifteen days after injection. (The five fish
not recorded showed no change in antibody-titer during the experiment.) In
addition to the induced sperm agglutinins, two other types of agglutinins were
found. These were natural agglutinins against sperm of relatively low titer,
occurring only in the carp and an unknown factor, probably associated with the
antigen that caused a rather weak clumping of a few of the sperm in most of the
preparations irrespective of the presence of the other two antibodies. These
three types of agglutinins were not sharply separable from each other, which
necessitated a comparison of relative, rather than absolute titer differences,
adequate serum and antigen controls, of course, being included in such com-
parisons. However, in spite of this, it can be seen that sufficiently marked
differences exist among the sera of various fish to show a definite temperature
effect. ,

The way in which temperature acts upon antibody-production cannot, of
course, be determined from the above data. However, it should be noted that
the fish in these experiments were injected intraabdominally as were the frogs
studied by Allen and MecDaniel, the carp of Pliszka, and the fish of W. W.
Smith. With this the case, it is possible that the observed action of temperature
upon the formation of antibodies could in large part be due to an effect upon the
relative rate of the entrance of the antigen into the circulation, rather than to a
direct effect upon the mechanism of antibody-production itself. Further
information will be necessary to clarify this point.

In concluding, the author would like to thank Dr. Sterling Emerson for his
advice and generous help throughout the experiment.
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Graphs showing the change in titer of sperm agglutinins in goldfish and carp sera fol-
lowing a single injection with Strongylocentrotus purpuratus sperm. Broken lines indi-
cate fish kept at 28 C; solid lines those kept at 14 C. Of the original sixteen fish injected,
only those that showed any change in titer are recorded. Numbers along the abscissa
indicate number of days after injection on which successive bleedings were made, those
along the ordinate successive serum dilutions.

SUMMARY

A study was made upon the rate of production of agglutinins against sea
urchin sperm in carp and gold fish held at two different temperatures (15 and
28 degrees). The fish, four of each kind at each temperature, were bled every
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few days from the heart and agglutinative tests made on their sera. These
showed that the antibody-titer of the fish kept in the warm tank rose at least
four days sooner than that of those kept in the cold tank. This indicates, in
agreement with other work, that temperature does influence the rate of anti-
body-production in cold-blooded vertebrates.
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