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PREFACE TO A TRANSLATION OF
Die Chemie der Blutgerinnung

BY PAUL MORAWITZ

HE NEED to translate a monograph which is chiefly of
historical interest and already available in 2 modern
language may be questioned. This monograph provides
historical background, with particular emphasis on the
19th Century developments, for the so<alled classical
theory of blood coagulation promulgated by Moravwitz,
Fuld, and Spiro fifty years ago. The scientist will gain true
wisdom regarding his field of interest and appreciation of
its relation to the total knowledge of man and his environ-
ment only through familiarity with the development of
ideas in his field, i.e., its history. When the worship of the
quantitative and of the ever-expanding nomenclature is
stripped away, it appears that the basic thought behind
much of the current research on blood coagulation had its
origin in the hypotheses of the late 19th Century. A fair
portion of today's “original” work in this field seems to be
a quantitative re-definition of careful observation and
thoughtful conclusion made by men of that period.
The progressive decrease in linguistic proficiency of the
present-day American scientist and the ponderousness of
scientific German amply justify the translation of an im-
portant monograph such as this. Some American investi-
gators in the field of blood coagulation admit that they
have read but portions of Morawitz’ article in the original.
The authors are indebted to Dr. C. Lockard Conley of
the Johns Hopkins Medical School for the initial sugges-
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vi The Chemistry of Blood Goagulation

tion to translate this work. Appreciation is also expressed
to the United States Public Health Service for the support
of research projects of the authors which in turn provided
both stimulus and background for the translation of this
monograph. The authors are grateful for support from the
Brownlee O. Currey Memorial Fund.

Roeert C. HARTMANN, M.D.

PauL F. GUENTHER, PH.D.
Nashville, Tennessee



INTRODUCTION

HE BIBLIOGRATHY represents an attempt to gather and

categorize widely sc:mcred information concerning
the chemical ived in che coagulation of
blood. Ahhough the collection is bronght up to date
threugh 1901 and includes a few references ta publications
of the following year, it is not necessarily complete. Older
studies, becanse of their limited value for the develJopment
of the modern theories of coagulation, have been men-
tioned only insofar a3 it appeared necessary within the
f L of this graph. Extensive references to
earlier theories can be found in particular in the works of
Schroeder van der Kolk (10) and Nasse (8). Furthermore,
the vast literature dealing with the role of the formed
elements of bload in coagulation will nat be discussed in
detail except as it appears necessary for an undersmndmg
of the lved. Detailed i ion
rcg:udmg the mlc of the formed elements can be found
in the bibliographies of Loewit (478), Ziegler (i2), and
Schwalbe (485).
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Chapter 1

THEORIES OF BLOOD COAGULATION
BEFORE ALEXANDER SCHMIDT (1861)

T 15 quite natural that such a remarkable phenomenon
I as the coagulation of blood has since ancient times
stimulated attempts to penetrate the mystery of its origin.
It is no wonder that since the beginning of scientific te-
search there has never been a dearth of hypotheses and
theories designed to explain the coagulation phenomenon.
The days of humoral pathology, in patticular, produced
an exceedingly large number of observations in this field.
This appears quite understandable since at that time a
prominent role in pathology was ascribed to morphological
alterations in the fibrin clot. It was hoped that considerable
insight into the pathogenesis of disease could be gained by
a study of the changes in the blood, especially of the pro-
tein and fibrin contents. These ideas persisted well into the
last century and were still emphasized in an interesting
study by Wunderlich (40).

The numerous theories of blood coagulation which had
been promulgated prior to the middle of the last century
can be divided into two main groups/The first embraced
those which began with the assumption that blood remains
basically hanged while it but solidifies be-
cause of environmental changes./f he second group, on the
other hand, comprised those theories which invoked chem-
ical rather than physical changes as responsible for coagula-
tion. The workers who adhered to the latter idea theorized
that coagulation is either ac panied by a loss of one or
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4 The Chemistry of Blood Coagulation

several substances from the blood, by a combination of
such substances, by precipitation of such substances from
the blood, or by reactions of one or several substances upon
others. In short, they believed that chemical processes
were the cause of the precipitation of a new, previously
nonexistent substance of low solubility, i.e., fibrin.

Among the physical influences to which coagulation
could be ascribed, cooling seemed to be the most obvious,
especially since a casual observer might readily discern a
parallelism between the freezing of liquids and the coagu-
lation of blood. Hippocrates (27) and Aristotle (14) at-
tempted to explain coagulation as a pracess of solidification
upon cooling. This ancient theory, in addition to numer-
ous others, has still been occasionally invoked in recent
times and found proponents in Schroeder van der Kolk (10)
in the 17th Century and later in Bohn, Hoffmann, and
Ludwig. As late as 1760 Butt (20) attempted in a very
thorough dissertation to explain the various manifestations
of coagulation as effects of different degrees of cooling. It
was Butt’s idea that blood could be compared to a super-
saturated solution of fibrin which partially crystallized
upon cooling. William Hewson (26) was the first scientist
to prove once and for all that cooling is not responsible
for coagulation when he provided evidence that blood
can be frozen and, after thawing, liguifies before it co-
agulates.

Another physical explanation for coagulation was the
cessation of the natural flow of blood. A popular hypothe-
sis assumed the existence in the blood stream of an ac-
cumulation of particulate matter which was widely dis-
persed by the circulation but which would quickly ag-
gregate with the cessation of blood flow. For this reason
in the older literature coagulation is frequently referred
to as “separatio” meaning separation of the solid elements
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from the liquid portion. Schroeder van der Kolk (10)
alluded to Pechlin, Boerhaave and Van Swieten as pro-
ponents of this line of reasoning. Albrecht von Haller
(24) also postulated a mutual actraction of the blood cells
which was vitiated solely by the constant rapid motion of
the blood stream. Schroeder van der Kolk (10) subscribed
to similar theories. According to him, the liquid state of
blood was not a natural one but was the result of rapid
wmovement, since he believed that oxygen obtained from
1espiration would otherwise tend to precipitate fibrin in
a crystallized form.

In answer to this argument john Hunter (29) stated
convincingly that lack of motion cannot by itself be the
cause of coagulation since blood can remain stagnant for
a time in the vessels without clotting, while stirring the
blood did not hinder coagulation but actually 2t d
it. Hunter also called attention to the simple observation
that while menstrual blood remained liquid, exudates
could clot in wive. Thus he questioned the theory that
coagulation was brought about by the contact of blood
with air. It was the belief of some scholars that contact
with air, or for that matter, contact of blood with any
foreign body, would initiate coagulation. In this connec-
tion Schroeder (10) cited the opinions of Mercurialis and
Helvetius. Hewson (26) attempted to support this theory
experimentally.

In the same category belong those theories which con-
sidered the solid state of blood the natural one and
ascribed the liquid state of blood in the body to a “living
force.” Whenever these theories were not simply glorified
ignorance, they led to the conclusion that coagulation was
caused by a change in the physical contact of the blood.
Hunter (29), although he had originally denied the effect
of contact with air, said later, “Where there is a full power
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of life, the vessels are capable of keeping the blood in a
fluid state.”* Hunter found many disciples. Schroeder
(10) singled out the following: Levison, Dumas, Sprengel,
Burdach, Parmentier, and Deyeux. While Hendy, Blumen-
bach, Kreysig and Roose opposed this theory, they were
unable to substitute a better one. Subsequently Bruecke
(17) evolved a theory which as will be seen later related
in some respects to that of Hunter.

The second category of theories concerning coagulation,
the chemical one based on some transformation of a sub-
stance, also has its Toots in antiquity. It was Galen (21)
who put these ideas into their most universal form, say-
ing, “The formation of a coagulum is the road to decay.”
Harvey (25) stated more specifically that the various parts
of coagulated blood are formed by decomposition and de-
cay due to death and do not exist in living blood. By con-
trast it should be mentioned in passing that there was no
lack of effort to interpret coagulation as the last vigorous
manifestation of life in the blood. There was vast disagree-
ment as to the details of the decomposition of the blood
and the subsequent formation of an insoluble substance.
These differences have not yet been entirely clarified.
Home (28) and later Prévost and Dumas (35), proposing a
morphological rather than a chemical approach, borrowed
from previous theorists the idea that the formation of
fibrin was caused by the aggregation of blood cells, Blood
cells, according to this hypothesis, consisted of spherical
bodies with a pigmented investing membrane and a fibrin
nucleus. The nuclei tended to agglutinate but were pre-
vented from doing so by the interposition of the investing
membrane. This membrane was more or less damaged

© Translators’ note: This quotation was taken from Hunter's original work

in English (4 Treatise on the Blood, Vol. 1, p. 40, 1812. Printed for E. Cox
& Sons, London) rather than re-translated from the German.
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into the plasma, and the rcmammg naked nuclei suc-
cumbed to mutual attraction, aggregated, and formed
fibrin. This theory persisted for a long time, even though
men like Berzelius (15) and Johannes Mueller (38) had
disproved it. Not so long ago Mosso (143) still defended
the belief that fibrin was a product of the red cells, and
even recently the origin of fibrin from extravascular de-
composition of blood has been defended, particularly by
morphologists (e.g., Buerker [460]).

Johannes Mueller’s famous and oftquoted experiment
in which he proved the existence of fibrin in solution in
the plasma consisted of obtaining a typical fibrin clot from
the clear filtrate of a mixture of frog blood and concen-
trated sugar solution (33), Mueller did not explain how
the transformation of the dissolved fibrin into a solid
substance was supposed to take place. Other less reticent
observers came forth with the most diversified and often

contradictory exp ions. Thus were made
to the effect that acid formation (rspecm]ly carbonic ac)d)
oxygen, ia, etc., infl lation in an im-

portant manner. Some of these lhcones are of fairly te-
cent vintage. Even many years after the investigations of
Denis (102) and Alexander Schmide (41, 42) had put the
study of coagulation on a sound experimental basis such
obsolete ideas appeared again and again (see Matthieau and
Urbain [31, 32]).

Finally, the effect of oxygen was emphasized by Virchow
himself (39). However, he did not restrict himself to this
comparatively unattractive idea, but made considerable
progress through careful analyses which led him to con-
clude that fibrin could not exist in fluids in an isomeric
liquid state but rather existed in a precursor state with
entirely different characteristics, as “fibrinogen.” Virchow
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stressed the importance of careful investigation of exudates
which he felt would yield important data for an explana-
tion of coagulation. As will be seen later, Virchow's idea
was espoused with greatest success by Alexander Schmidt.
But Virchow was not the first to recognize the importance
of studying exudates in relation to the coagulation prob-
lem. Several years eatlier Buchanan (19) demonstrated that
soluble fibrin* showed no tendency whatsoever to co-
agulate, but could exist outside the body in a liquid state,
and that coagulation was brought about by the addition of
another substance. Buchanan experimented with hydro-
coele fluid which remained completely liquid by itself and
did not coagulate until serum or a clot was added. Accord-
ing to Buchanan it took two substances to cause coagula-
tion: liquid fibrin which by itself was stable, and a sub-
stance capable of affecting the fibrin and transforming it
into an inscluble form. This shows how closely these ideas
resembled the later coagulation theories of Schmidt. Here
were concepts which were later to constitute the basis for
modern thinking in this field. Buchanan also attempted
to fathom the nature of this second mysterious substance
which transformed soluble fibrin into an insoluble form.
He found it in serum even after all blood cells had been
removed. This led him to conclude that under certain
circumstances this substance could be found in a soluble
form in serum. Numerous other experiments, however,
had already apparently convinced Buchanan that the clot-
promoting substance did not originate in serum but rather
derived from the formed elements of blood. Buchanan in-
criminated the white cells as the probable source of this
critical substance since he showed that in blood allowed

* Translators® note: The term “soluble fibrin” in this instance probably
implies unaltered “Ebrinogen” rather than any intermediate product In the
conversion of fibrinogen o fibrin.

¢
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to sediment and coagulate that partian of the clot which
contained the white cells possessed a particularly strong
clot-promoting activity. Pus cells and a number of different
tissues had a similar effect.

Accordingly, Buct 1 deserves ideration as the ac-
wal founder of the modern theory of coagulation. How-
ever, the merits of his successors are no less great since
Buchanman's discoveries remained generally unknown or
aroused little interest. Alexander Schmidt arrived inde-
pendently at conclusions similar to those of Buchanan,

In addition to Buchanan’s work two important studies
of the same period should be mentioned since they helped
to prepare the basis for the modern theory of coagulation.
These are the publications by Bruecke (17) and Denis
{102, 103).

Bruecke d

rated the imp of the vascular
wall in maintaining blood in 2 liquid state. He succeeded
in keeping the blood in the heart of a turtle Yiquid for
several days by means of low temperatures. As soon as the
blood established contact with foreign substances it co-
agulated quickly. How could this finding be explained?
Bruecke did not wish to give a dogmatic interpretation.
However, he suggested that the vascular wall should not
be thought of as simply having nothing whatscever to do
with the blood, but that it acted in some unknown man-
ner as an impediment to caagulation. Bruecke's ideas con-
cerning the process of coagulation itself were Jess produc-
tive since he made the assumption that there was no
precursor of fibrin in plasma and that part of the protein
content of plasma, the so<called “albumin,” was precipi-
tated in the form of fibrin by some unknown process,
perhaps by the effect of an acid.
In contrast to Brueeke's approach Denis (102, 103) actu-
ally astempted to isolate Virchow's hypothetical fibrino-



10 The Chemistry of Blood Coagulation

gen (39). He did this by means of the salt precipitation
method which later became very useful for the study of
coagulation. As far as the writer has been able to ascertain,
Denis was the first to use this method. He collected blood
in 1/6 volume of a saturated solution of sodium sulfate
thus preventing coagulation, allowed the cells to sedi-
ment, and filtered the resulting salt plasma, Saturation
with sodium chloride produced a protein precipitate which
was washed with sodium chloride solution and dissolved
in water. The colorless solution of this protein which
Denis first named “serofibrin” (and subsequently “plas-
min”*) coagulated spontaneously after a short time, yield-
ing fibrin, The resulting fibrin did not always show identi-
cal properties. Hammarsten (123) pointed out later that
these differences were due to contamination with varying
amounts of “paraglobulin™} or of leucocytes (see below).
Nothing was said concerning the changes which account
for the transformation of “plasmin” {or as Denis occasion-
ally called it, fibrinogen) into fibrin.

A summary of the status of the blood coagulation prob-
lem around 1860 shows that a generally accepted theory
did not exist. None of the theories which had been prom-
ulgated up to that time had been borne out by facts. It
was known, particularly as a result of the investigations of
Bruecke (17), that coagulation was not accompanied by
a loss of gaseous matter or by absorption of substance from
the air. Coagulation had to be investigated on the basis
of internal factors in the blood itself which were still un-
known.

Few positive findings compensated for these negative

© Translators’ note: At present the term “plasmin® is used with an
entirely different meaning Teferring 1o the plasma proseolytic (Sbrinolyi-

ic) enzyme.
} Translators’ note: This was later given its modern name of “serum

globulin.”
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results, but they constituted the basis for the modern the-
ory of coagulation. They included Denis’ proof of the ex-
istence of a soluble precursor of fibrin (fibrinogen or
“plasmin” [102, 103]), Bruecke’s emphasis on the deterrent
effect of the normal, living vascular wall (17), and the re-
sults of Buchanan's research (19) which had, however, been
largely neglected.

At this point began the epochal studies of Alexander
Schmidt who created, in the painstaking labor of decades,
the basis for the modern coagulation theory. It must be
admitted that Schmidt was not always right, and that he
sometimes clung stubbornly to his theories with little re-
gard for the findings of others. This matters little in view
of the fact that, in addition to numerous details whose
importance was only properly assessed by later genera-
tions, his name stands for two fundamental discoveries:
the recognition of the importance of the blood cells in co-
agulation, and his prool that coagulation is a fermentative
(enzymatic) process. The first of these seems nowadays
practically self-evident. In those days, however, the study
of coagulation was still greatly influenced by the ideas of
Johannes Mueller (33) who ostensibly had shown that
blood cells were y for coagulation, ide’s
teachings were a novelty and constituted marked progress.
The discovery of “fibrin ferment”* has to be rated no less
highly, although Schmidt’s findings in this respect had
antecedents in those of Buchanan and Bruecke, both of
whom emphasized the similarity between the coagulation
of fibrin and the curdling of milk by rennin.

©® Translators’ note: The interpretation cauld also be “fibrin enzyme.
Schmidt Jater gave this substance its modem name, “thrombin,”



Chapter 11

DEVELOPMENTS IN THE STUDY OF
COAGULATION BEFORE 1890 (THE
STUDIES OF SCHMIDT AND
HAMMARSTEN)

N HIs FIRST publications of 1861 and 1862 Alexander

Schmidt (41, 42), like Buchanan (19), dealt with ob-
servations on transudates to which blood serum was added.
It was recognized that some transudates could coagulate
inside the body or clot shortly after their removal from
the body. By contrast other transudates, especially hydro-
coele, peritoneal, and pericardial fluids were known to
remain completely liquid outside of the body. It was be-
lieved that these fluids like blood serum lacked the coagu-
lation substrate, and therefore they were referred to as
“serous” fluids. Schmidt pointed out that these serous
fluids upon the addition of blood serum formed a typical
clot, i.e., they contained a substance which by itself re-
mained liquid, but which quickly changed into typical
fibrin in contact with a substance present in blood serum.
Schmidt called these two hypothetical substances “fibrin
generators,” and following Virchow (39) he named the
protein which is found in the transudates, fibrinogen, and
that present in serum, “fibrinoplastic substance.” The next
project was the isolation of these two agents, The “fibrino-
plastic substance” was obtained from highly diluted blood
serum by precipitation with CO.. It was shown that the
fibrinoplastic activity was present solely in the protein pre-
cipitate while the serum filtrate or supernatent was totally

12



Studies of Schmidt and Hammarsten 13

inactive. It was also possible to isolate from “proplastic”
serous cavity fluids (i.e., those which contained fibrinogen
but did not clot spontaneously) a protein which yielded
fibrin when mixed with the “fibrinoplastic substance™ of
serum. This protein was isolated by dilution of the serous
cavity fluid with water and subsequent acidification,
by dialysis, or by precipitation with sodium chloride.
Schmidt’s rellections concerning the nature of the “fibrin-
oplastic substance” led him to look first for an enzyme
since in the coagulation of transudates with blood serum
all the fibrinogen was consumed but never all of the
“fibrinoplastic substance.” The fluid which was squeezed
out of the clot after coagulation in such an artificial sys-
tem could, like serum, bring about coagulation in other
fluids that contained fibrinogen. Howeser, Schmidt soon
abandoned this theory. Experimentally the low potency
of this “pseudo-serum,” the possibility of exhausting the
supply of “fibrinoplastic substance™ and the relationship
of the amount of the latter to the amount of fibrin formed,
appeared to him to disprove the enzymatic nature of the
process.

On the basis of these and many other studies Schmidt
proposed his first coagulation theory. He hypothecated
that coagulation resulted from the contact of fibrinogen
with the “fibrinoplastic substance.” This reaction was
viewed as a chemical combination of the two sub e
rather than a precipitation of one by the other. The pre-
existence in the circulating blood of a soluble fibrin was
denied; fibrin must have been lhe product of two origi-
nally sep b T remained liquid be-
cause although they contained fibrinogen, they had no
“fibrinoplastic substance.” There was no need to ascribe
the divergent coagulation patterns of blood and lymph
to basic differences in the fibrin as Virchow (39) had
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thought. Fluids with low cell concentrations possessed only
a limited tendency to coagulate. This led to the assump-
tion that the blood cells must play an important part as
carriers or producers of clot-promating substances. This
assumption was supported by the demonstration that de-
fibrinated blood brought about a much more rapid forma-'
tion of fibrin than cell-free serum. The addition of a pure
solution of hemoglobin promoted the same acceleration
of coagulation. It was thus thought that the “fibrinoplastic
substance” probably originated from the formed elements
of blood. This theory made it somewhat difficult to ex-
plain the liquid state of blood in the body. Schmidt could
only formulate hypotheses in this respect. He emphasized
various possibilities such as the inhibiting effect of al-
kali, or changes in one or both of the “fibrin generators”
during or immediately after their formation from the
formed elements of blood. These studies did not mention
the possibility of rapid disintegration of the cellular ele-
ments in shed blood.

Schmidt’s facts could not be denied. Nevertheless, op-
position soon arose to some aspects of his theory. One can
disregard the arguments of men like Eichwald (107) who
resorted to obsolete ideas in ascribing once again an im-
portant role in coagulation to CO,. Bruecke's criticism
was more important since he questioned the identification
of the CO,-precipitated protein (“'paraglobulin” or, as it
was t0 be called later, “serum globulin™) with the “fibrin-
oplastic substance” (18). Bruecke expressed the opinion
that the “ﬁbrinoplastic substance” might only be adsorbed
on* lobulin” since a precipi of the latter did not
have matenally greater clot-promoting acuvuy than serum
in which the protein was found only in a very diluted
form. A truly pure “paraglobulin” could possibly have no
fibrinoplastic effect. It might be advisable to ]c':ok. fordz_:

H

enzyme as the active sub: Al di
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not remain deaf to these arguments. Further research con-
vinced him that his theory could no longcr stand i in lhc
light of experimental findings. He dropped it

upon his discovery of “fibrin ferment”* (44). According m
Schmidt there was, in addition to the two “fibrin genera.
tors” which could combine in varying proportions, a
third substance needed to produce coagulation. This was
not part of fibrin and not used up during coagulation.
The following iderations led Schmidt to assume the
existence of such a third substance and its enzymatic na-
ture. While it was impossible to produce “fibrinoplastic
substance” completely free of enzymatic activity, fibrin
ferment free of globulin could be produced, and the
latter was capable of initiating or at least accelerating co-
agulation in appropriate fluids, e.g., in diluted salt-plasma
or cooled plasma, Numerous reasons were given support-
ing the enzymatic nature of this substance:

- Any small amount of it could produce a complete
precipitation of fibrin during coagulation.

. After coagulation the artificial serum contained un-

used ferment which could be utilized over and over

again to bring about coagulation.

The substance lost its activity when heated to 100°C.

Its optimum activity was at about 37°C, Low temp-

eratures decreased its activity.

Alkalis and acids reduced its potency. Neutral salts

in low concentrations increased it.

. 1t was possible to produce a strong ferment solution
which contained only a fraction of organic matter
and was almost free of protein.

I

b

»

wr

Schmidt (44) prepared this ferment by the addition of
several volumes of alcohol to blood serum. In due time
the protein was completely precipitated without altering

® See footnote page 11,
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thought. Fluids with low cell concentrations possessed only
a limited tendency to coagulate. This led to the assump-
tion that the blood cells must play an important part as
carriers or producers of clot-promoting substances. This
assumption was supported by the demonstration that de-
fibrinated blood brought about a much more rapid forma-
tion of fibrin than cell-free serum. The addition of a pure
solution of hemoglobin p d the same acceleration
of coagulation, It was thus thought that the “fibrinoplastic
substance” probably originated from the formed elements
of blood. This theory made it somewhat difficult to ex-
plain the liquid state of blood in the body. Schmidt could
only formulate hypotheses in this respect. He emphasized
various possibilities such as the inhibiting effect of al-
kali, or changes in one or both of the “fibrin generators”
during or immediately after their formation from the
formed elements of blood. These studies did not mention
the possibility of rapid disintegration of the cellular ele-
ments in shed blood.

Schmidt’s facts could not be denied. Nevertheless, op-
position soon arose to some aspects of his theory, One can
disregard the arguments of men like Eichwald (107) who
resorted to obsolete ideas in ascribing once again an im-
portant role in coagulation to CO.. Bruecke's criticism
was more important since he questioned the identification
of the CO,-precipitated protein (“paraglobulin” or, as it
was to be called later, “serum globulin”) with the “fbrin-
oplastic substance” (18). Bruecke expressed the opinion
that the “fibrinoplastic substance™ might only be adsorbed
on “paraglobulin” since a precipitate of the latter did not
have materially greater clot-promoting activity than serum
in which the protein was found only in a very diluted
form. A truly pure “paraglobulin” could possibly have no
fibrinoplastic effect. It might be advisable to look for an
enzyme as the active substance. Alexander Schmidt did
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and sedimented horse plasma always began at the leuco-
cyte layer, while the plasma above this layer and the layer
of red cells were still entirely liquid. Observations on
chyle, lymph, etc, i.e., on fluids which did not contain red
cells but coagulated spontaneously, also provided evidence
against the participation of the red cells in the formation
of fibrin ferment. The red cells, however, played a differ-
ent role in coagulation since their hemoglobin greatly
accelerated coagulation as a catalyst (sce the later studies
of Bojanus [58] and Sachssendah! [84]). The extravascular
disintegration of the white cells led to the formauon oi
fibrin ferment and in addition “fibrinopl
which was not found in circulating blood except in small
traces. The manner in which the two “fibrin generators™
combined under the influence of the ferment to form
fibrin remained entirely unexplored. It may have been a
case of combination of the two substances with a splitting
out of the elements of water, or the molecule of the “fibrin-
oplastic substance” might not have entered into the fibrin
complex at all, This much appeared certain: There was
an intermediate product, 2 socalled “soluble fibrin” which
was precipitated only through the infl of alkali salts,
possibly because of the removal of water. Therefore, as
Schm:dts disciple, Kieseritzky (71), showed, there was a
b the lation of fibrin and that of

culloxdal silicic acid. In addition to the “fibrin generators™
and fibrin ferment the presence of a quantity of neutral
salts was also idered necessary for lation. A large
salt i d coagulation (sce the investi-
gations of Denis [102] and Gautier [22]). The collection of
blood in solutions of magnesium sulfate, sodium sulfate
or sodium chloride was therefore one of the chief methods
for the production of a solution which reacted with fibrin
ferment.

‘This theory contained one weak point, to wit, the parti-
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the subsequent solubility of the ferment. Extraction of
the dried precipitate with water yielded very active fer-
ment solutions of extremely low protein content. For the
time being no satisfactory explanation was forthcoming
concerning the nature of the influence of the fibrin fer-
ment upon the “fibrin g ors.” There remained sev-
eral possibilities.

The following years brought forth, in rapid succession,
a number of publications by Schmidt (45-47) which con-
cerned primarily the origin of the fibrin ferment, the par-
ticipation of the formed elements in coagulation, and the
effect of neutral salts. In 1876 Schmidt (49) published a
summary of the results of his research. The latter will be
dealt with in some detail since it constituted, in a sense,
the conclusion of one period in the history of the study of
coagulation just prior to the beginning of another.

In this discussion Schmidt defined the coagulation of
fibrin as a transmutation process in which under the in-
fluence of a specific enzyme—fibrin ferment—and in the
presence of a certain amount of neutral alkali salts, two
originally soluble proteins are transformed into one in-
soluble product, ie., fibrin. Circulating blood remains
liquid because it does not contain fibrin ferment. This
could be proved when blood was collected in alcohol as
soon as it left the blood vessel. The ferment was first pro-
duced in fluids that possessed the ability to coagulate when
they were removed from their natural milieu, and origi-
nated from the disintegration of the formed elements,
especially of the white blood cells. A number of observa-
tions led Schmidt to look upon the white cells as the
source of the ferment. These cells were the elements
which largely disappeared and disintegrated during co-
agulation since there were materially fewer leucocytes in
serum than in plasma, and only a few were incorporated
into the clot. Furthermore, the slow coagulation in cooled




Studies of Schmidt and Hammarsten 19

plastic substance” (“paraglobulin” of Bruecke [18]) a neces-
sary substrate for coagulation. Hammarsten's investiga-
tions (117-128) were originally aimed at the production in
a pure state of the individual substances essential for co-
agulation. These studies led to the discovery that coagula-
tion was brought about by the fermentative (enzymatic)
transformation of only one protein, fibrinogen. Hammar-
sten proved this by the production of fibrinogen and
fibrin ferment free of “paraglobulin” which together could
form a typical clot. The isolation of fibrinogen was ac-
complished by precipitation from mag sulfate
plasma by an equal volume of saturated sodium chloride
solution and repeated washing by dissolving in water and
re-precipitating with sodium chloride. This process is still
in use today with but minor modifications. The resulting
colorless protein solution remained completely liquid. It
no longer contained “paraglobulin.” This could be demon-
strated in many ways as for example by determination of
the temperature of “heatcoagulation.”* "The protein solu-
tion, however, coagulated in a typical manner upon the
addition of fibrin ferment.

Hammarsten's convincing evidence had put an impor-
tant segment of Schmidt’s theory in jeopardy. In rebuttal
Schmidt (48) claimed that Hammarsten's fibrinogen solu-
tion in all likelihood contained *paraglobulin,” Further-
more, Schmidt emphasized that there were exudates known
to contain fibrinogen which did not coagulate upon the
addition of fibrin ferment. But Hammarsten (118) and
later Frédéricq (112-114) were able to repudiate Schmidt's

* The translators interpret this to mean a measurement of the tempera.
ture at whith any specific protein may be denatured by heat and solidifies.
This s a process quite different from physiological coagulation of plasma
in which Ebtinogen Iy converted to fibrin by thrombin (or, as Schmidt origi-
nally called it, fibrin ferment).
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cipation of the “fibrinoplastic substance.” Schmidt was
aware of this and had already thought of the possibility of
basing coagulation entirely upon the influence of the fibrin
ferment on only one “fibrin generator,” fibrinogen, and to
forget the “fibrinoplastic substance” entirely. But he 1e-
jected this simple theory, chiefly because he occasionally
found certain body fluids which did not clot upon the
addition of fibrin ferment alone, but also needed the “fi-
brinoplastic substance.” The latter substance could be
obtained completely free of c ination with the fer-
ment as for example from egg-white. Schmidt accepted
these observations as definite proof for the absence of
“fibrinoplastic substance” in body cavity fluids, but that on
the other hand it must be present for coagulation to oc-
cur. Other findings, for example the dependence of the
weight of the fibrin obtained upon the amount of “fibrin-
oplastic substance™ present, seemed to indicate the import-
ance of the latter.

Thus the theory of Alexander Schmidt seemed to form
the skeleton of a proud structure. It apparently furnished
a satisfactory explanation for the cause of coagulation as
well as for the liquid state of the blood and thus to bring
the discussion of 1 as
one can speak of 2 conclusion in connection with the prob-
lems of scientific research. But in the years that followed,
while Schmidt and his students were extending his theory,
many aspects of his thesis were challenged from numerous
quarters.

As far as the writer has been able to ascertain, it was
Hammarsten (117) who first took exception to Schmidt’s
teachings. He shared Schmidt’s view concerning the fer-
ment nature of coagulation and also recognized the im-
portance of fibrinogen, However, he deviated from
Schmidt’s theory in that he did not consider the “fibrino-

ion to 2 conclusi i h




Studies of Schmidt and Hammarsten 21

This did not yet close the chain of proof with which
Hammarsten opposed the theory of Schmidt. Hammar-
sten showed further that “pamaglobulin™ was found in
plasma as well as in serum and in 2il exudates, and cer-
tainly in vastly larger amounts than had been hitherto
assumed. Indeed, he thought it may well amount to more
than 509, of the total protein content. In this respect
Schmidt had apparently fallen victim to the inadequate
methods which were available when he undertook the
characterization of “paraglobulin” whereas F
had available the method of fractional precipitation with
magnesium sulfate. The discovery of “paraglobulin” in
those transudates which according to Schmid: did not
coagulate upon the addition of fibrin ferment removed the
final reason for considering “paraglobulin™ a necessary
factor for coagulation. Furthermore, the presence of a
very large amount of “paraglobulin® in serum and plasma
made it appear unlikely that it originated from extravas-
cular disintegration of the leucocytes, as Schmidt had
thought. It was more likely that “paraglobulin” already
existed in circulating plasma and that its amount increased
but little during coagulation,

Comparison of the analytically determined nitrogen
values of fibrin with those of fibrinogen and “paraglobu-
lin” yielded information incompatible with the hypothesis
that fibrin resulted from the chemical union of the other
two proteins. (It should be added that following the iso-
lation of the fibrin ferment Schmidt no longer made such
an assertion.)

Hammarsten also objected to another aspect of Schmidt’s
teachings (118). Schmidt thought that during the coagula-
tion of fibrinogen there was an intermediate product which
in tum was precipitated in the form of fibrin by neutral
salts. Hammarsten showed that this was not entirely ten-
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argument completely. There was then no longer any
doubt that the “fibrinoplastic substance” did not play the
role Schmidt had ascribed to it. It is unfortunate that only
very much later did Schmidt convince himself of the un-
tenability of his own theory, and then only in part (55).

Hammarstens research marked by its clarity, logic, and
care an important advance in the study of coagulation. It
not only resulted in the conviction that “paraglobulin”
was not essential for coagulation, but also clarified the
reasons which had prompted Schmidt to arrive at his
theory.

Hammarsten's observations showed first of all that it
was possible to coagulate any body fluid containing fibrino-
gen by the addition of fibrin ferment (117, 118), Schmidts
negative findings were explained by the impotency of the
ferment solutions which he used and the presence in
t d of anticoagul b es, the effects of
which were weakened by the presence of “paraglobulin.”
The influence of “paragiobulin” upon the amount of fi-
brin formed was similarly explained by Hammarsten by
assuming that substances that tended to keep fibrin in so
lution, perhaps salts, were bound by the “paraglobulin”
Other proteins such as crude casein and even salts such as
CaCl, had analogous effects. Thus it was lmpossxble to
speak of a specific “paraglobulin” effect. Finally, in those
instances in which a definite ﬁbrmoplasuc effect was ob-
served in the “paraglobulin” precxpnate, it was attributed
o < ination with fibrin f the effect
disappeared when “paraglobulin” was subjected to temper-
atures of 56° to 53°C. This procedure inactivated the
fibrin ferment but did not “heat-coagulate the' paraglobU—
lin.” Similarly it was possible by
“paraglobulin” to actuaﬂy free the latter of Bbrin fcrment
and therefore of its apparent fibrinoplastic property.
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ing to a variable extent the second phase of coagulation,
the precipitation of fibrin, and that “paraglobulin™ in
turn neutralized the action of these substances. He based
this belief on the observation that the amount of fibrin
obtained by coagulation was always less than that of the
available fibrinogen which could be quantitatively de-
termined by salt precipitation, Often the amount was ac-
tually very much smaller. Following the coagulation of
fibrinogen there remained in solution a substance which
possessed the characteristics of a globulin, and coagulated
at 64°C. This substance was present in blood serum and
was called “fibrinoglobulin™ by H: {122). A
similar sub developed in the coagulation of fibrino-
gen by heat. Hammarsten did not think it likely that this
substance pre-existed in the fibrinogen solution but
thought that it originated from fibrin during coagulation.
“Fibrinoglobulin” was either identical with soluble fibrin,
or it was a reflection of the division of fibrinogen into a
soluble substance and 2 less soluble one during the process
of coagulation. (See page 90).

In addition to Hammarsten it was Frédéricq (112-114)
to whom we are indebted for enlarging our knowledge
concerning fibrinogen, His views were very much like
those of Hammarsten. Like the latter, he denied, on the
basis of his experimental findings that “paraglobulin”
participates in coagulation, but recognized on the other
hand the significance of the fibrin ferment. Important was
his proof of the pre-existence in unaltered plasma of a
protein, fibrinogen, which “heat-coagulated” at 56°C. Such
plasma was obtained by double ligature of the jugular vein
of a horse. When the procedure was done carefully and
aseptically, there was no coagulation in the vein, as was
previously shown by Hewson (26). The formed elements
gradually sedimented and a native plasma of a high fibrin-
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able since it was possible to bring about the coagulation of
salt-free fibrinogen solutions of a low alkali content by the
addition of salt-free ferment, Hammarsten, by the way,
expressed himself very conservatively in this matter since
he did not consider his findings necessarily conclusive.
Hammarsten was, however, in accord with Schmidt in
assuming the formation of an intermediate product, a
soluble fibrin, in the course of the fermentative transfor-
mation of fibrinogen to fibrin. From numerous observa-
tions Hammarsten concluded that there must be an alter-
ation of fibrinogen by the ferment prior to the beginning
of visible coagulation. It will suffice to mention but a few
of these observations. Fibrinogen in hydrocoele fluid “heat-
coagulated” at 60°C, and that in the blood at 56°C. When
the ferment was added to the hydrocoele fluid and the mix-
ture heated prior to clotting, “heat-coagulation” then oc-
curred at 56°C. Similarly, ferment-free hydrocoele fluid
remained clear during freezing and subsequent thawing,
while the same fluid became turbid when it contained fer-
ment. Pure fibrin solutions behaved similarly. A generous
addition of salts to the coagulation mixture frequently
stopped the precipitation of fibrin, even though the fibrin-
ogen may have undergone an alteration. All these obser-
vations pointed with some degree of certainty to the for-
mation of a soluble intermediate product in the coagula-
tion of fibrin. This product incidentally was not identical
with the soluble fibrin of Eichwald (107) which, according
to Hammarsten, was nothing but a more or less denatured
fibrinogen, Hammarsten distinguished sharply between
actual clot formation, i.e., precipitation of fibrin, and
transformation of fibrinogen into soluble fibrin, both of
which he felt represented different phases of the coagula-
tion process. He thought it was quite likely that certain
substances such as salts or alkalis were capable of inhibit-
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but always detectable amounts of fibrin ferment. Never-
theless, their findings did not remain unchallenged.
Koehler (74) for one, found no fibrin ferment in the cir-
culating blood, nor did Haycraft (200), who employed a
different method which will be discussed later.

Koehler (74) and Edelberg (60) were more fortunate
than Jakowicki in producing intravascular coagulation
with fibrin ferment. Kochler used serum or defibrinated
blood in his experiments. The injection of the latter im-
mediately after defibrination but while still at body tem-
perature, in many instances caused the death of an animal
as the result of intravascular coagulation. Edelberg proved
that in this case the fibrin ferment was the effective agent.
He produced ive i lar tk b with con-
centrated but virtually protein-free solutions of ferment
prepared by Schmidt's method. The earlier, negative ex-
periments were explained by the low potency of the fer-
ment solutions used. This proved that fibrin ferment had
essentially the same effect within the vessels as in extra-
vascular blood.

It should be mentioned that Kochler (74) and Edelberg
{60) observed in many instances an elevated temperature
following injections of fibrin ferment which they ascribed
to the latter. On the basis of these cbservations they
ascribed to fibrin ferment a significant role in the origin
of fever in general. This was the beginning of the “Fer-
ment Intoxication™ theory which met with considerable
interest, although there was no lack of vigorous opposition,
as for example on the part of Hammerschlag (199). Ap-
parently this theory has now been abandoned.

Another group of studies by followers of Schmidt dealt
with the origin of fibrin ferment from the formed ele-
ments of blood. Here should be mentioned chiefly the
efforts of Hoffmann (68), Hey! (67), Krueger (77-79), Harm-
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ogen content was present in the upper portion of the
ligated segment.

Hammarsten’s and Frédéricq’s research shed much light
upon the second phase of the coagulation process in ex-
plaining the role of fibrinogen and its transformation to
fibrin. Meanwhile, the fibrin ferment and its origin be-
came the object of the investigations of Alexander Schmidt
and his students. During the eighties of the last century
Schmidt's associates published numerous papers which
both confirmed and extended results Schmidt himself had
obtained earlier and which also in some instances com-
pelled a modification of his original theory.

These papers can be arranged in several different cate-
gories. The experiments of Jakowicki (69), Koehler (74),
Edelberg (60), and Birk (57) concerned the effects of fibrin
ferment in the living body and the ferment content of
circulating blood. Naunyn (883), a pioneer in the produc-
tion of intravascular coagulation by the injection of pro-
teins, doubted the significance of fibrin ferment since in
his hands it did not bring about coagulation when injected
into the circulation. Naunyn and Francken (365), then ad-
herents of Alexander Schmidt’s original theory, attributed
their observation that the injection of laked blood pro-
duced intravascular coagulation to the presence of “fibrin-
oplastic substance.” Actually, neither Schmidt nor Jako-
wicki succeeded in producing intravascular coagulation by
the injection of fibrin ferment. They believed in the abil-
ity of the body to inactivate a certain amount of this sub-
stance. This seemed all the more probable since it was
assumed that there was normally some development of
small amounts of fibrin ferment in circulating blood. In
order to support this belief, Jakowicki and Birk (57) col-
lected blood directly into alcohol and determined the fer-
ment content by Schmidt’s method. They found variable
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by Schmidt's method. I the tissues contained active fbrin
ferment, they would also have to bring about coagulation
in any fluid containing fibrinogen. As previously discussed,
this was not the case at all, Jt had to be assumed then that
blood plasma possessed the ability to activate the fibrin
ferment, but that certain transudates did not. It will be
seen that Rauschenbach's ideas, developed in a very read-
able and careful study, came very close to modern beliefs
concerning the origin of fibrin ferment and differed from
them only in terminology. Rauschenbach also defended
Schmidr's ideas concerning the disintegration of leuco-
cytes in shed blood and believed that such had already
occurred to some extent in the circulation.

This study was supplemented by the cbservations of
Grohmann (62) and Groth (63). Grohmann showed that
not only animal protoplasm, but likewise vegetable proto-
plasm, especially bacteria, brought about the production
of fibrin ferment when mixed with plasma. Groth investi-
gated the effect of cells in the circulating blood which had
been previously studied by Wooldridge (292) although
from a different point of view. Intravascular coagulation
was much more readily produced by the injection of cells
than by that of fibrin ferment. The injected cells disap-
peared from the blood very quickly. Indeed, considerable
leucopenia resulted, and the blood, while still llqmd maore
or less lost jts prop y for sp as
well as its ability to break dewn protoplasm with the si-
multaneous development of fibrin ferment.

Von Samson (85) and Nauck (81) performed experi-
ments designed to isolate the inactive precursor of fibrin
ferment, the cxistence of which had become a probability
through the efforts of Rauschenbach. They claimed to
have found substances such as various relatively simple
nitrogen-containing ones, especially amino acids, which
were able to produce the same effect as fibrin ferment.




26 The Chemistry of Blood Coagulation

sen (65), and Berg (56). All of these workers attempted to
prove Schmidt's theory concerning the role of leucocytic
disintegration in coagulation, largely by way of com-
parative leucocyte counts in blood and in serum follow-
ing coagulation. The most important feature of these
studies was the discovery that the number of leucocytes,
particularly the polymorphonuclear cells, always decreased
considerably during coagulation, sometimes by as much as
70 per cent. It was considered unlikely that stirring the
blood led to the trapping and subsequent removal of the
leucocytes by the fibrin. This impression was based on
Heyl's observation that only an infinitesimal fraction of
the red cells (approximately 1 per cent) disappeared dur-
ing coagulation, probably by incorporation into the fibrin
network (67).

These investigations seemed to confirm Schmidt's be-
liefs concerning the importance of the leucocytes in the
production of fibrin ferment. On the other hand, the
studies of Rauschenbach (82), Grubert (64), Groth (63).
and Grot 62) d rated the need for an exten-
sion of Schmidt's theory. They showed that not only leu-
cocytes but every type of protoplasm could be broken
down by blood plasma and therefore in turn could yield
fibrin ferment. This was most thoroughly demonstrated
by Rauschenbach, who investigated the influence of vari-
ous tissue cells upon blood plasma. All of the cells studied
accelerated greatly the coagulation of salt-plasma, cooled
plasma, and some exudates while they remained oddly in-
effectual when added to certain other transudates and
exudates. Rauschenbach postulated the existence in all
tissues (especially in multi-nucleated cells such as leuco-
cytes and spermatozoa) of a precursor of fibrin ferment
which he named “protozyme.” On the other hand, the
presence of active fibrin ferment was not assumed since
tissues and blood leucocytes did not yield fibrin ferment
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‘They used bile salts as a Teagent, i.e., a plasma which had
been prevented from coagulating by the addition of 1 to
2% of bile salts. Their experiments concerned solely the
acceleration of coagulation and not its initiation, For this
reason they proved little and their results were subse-
quently interpreted differently by Schmidt. Nauck and von
Samson, by the way, found that the accelerating effect of
laked blood which Schmidt had attributed to hemoglobin
had nothing to do with the latter, but was a function of
the stroma of the erythrocytes.

The studies of the Dorpat school relative to the origin
of fibrinogen and similar problems were of lesser import-
ance than the investigations so far discussed. One should
mention the findings of Semmer (87) who thought he
proved that a fibrin-like substance could be extracted from
the nucleated red cells of frogs and birds. Kollmann (75)
later took the position that all cells of the body were capa-
ble of contributing to the formation of fibrin by releasing
proteins into the blood which then passed through various
intermediate stages and finally ended up as fibrinogen or
fibrin,

It was only natural that the work of other scientists,
especially of men of his own school, influenced Schmidt’s
ideas, This in addition to his own continued research led
him to extend his theory and to modify it in some respects.
In his last two publications, Schmidt presented the sum
total of his past experiences and of his more recent observa-
tions in the form of his third coagulation theory (54, 55).
This is perhaps not entirely the correct term. Schmidt
himself denied vigorously that he ever formulated another
coagulation theory after the discovery of fibrin ferment.
His first summary of 1876 presented a well-rounded pic-
ture of the coagulation process which, although it could
have been supplemented at some points, Tepresented by
and large a unified concept. However, in many passages
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his later work betrayed a spirit of resig a feeling
that he would not be able to bequeath to later generations
his life’s work, the coagulation theory, in the definitive
and final form for which he had hoped.

The ideas which Schmidt put into these writings dif-
fered from his earlier beliefs insofar as his theory concern-
ing the origin of fibrin ferment had been greatly modified,
while the importance of the “fibrinoplastic substance™
(the “pamaglobulin”) had been deemphasized. Now
Schmidt concerned himself more with the part played by
the “fibrinoplastic substance™ in the formation of fibrino-
gen, rather than of &brin,

In the first chapter of his book, The Theory of Blood,
Schmidt stressed the essentially cellular nature of coagula-
tion. According to this, in the last analysis not only the
fibrin ferment but also the coagulation substrate, fibrino-
gen, were derived from cell protoplasm. At least two
phases of coagulation had to be differentiated: the origin
of fibrin ferment from its inactive precursor and the effect
of the ferment upon fibrinogen (and according to Schmidt
also upon the “fibrinoplastic substance™). The ferment
effect led to the formation of soluble fibrin which neutral
salts then precipitated in an insoluble form as the fibrin
clot,

The first phase of coagulation, the origin of fibrin fer-
ment, was idered to be an. dingly complex process
which could not be sufficiently explained by the simple
disintegration of white cells. Schmidt did not think that
the white cells contained fibrin ferment since they were
not effective on typical “proplastic”® fluids (¢.g., certain
transudates, body fluids of horses, and most hydrocoele
fluids). The leucocytes may well contain, as Rauschenbach
(82) thought, an inactive precursor which is converted into

* Those scrous cavity fuids which eontained fibrinogen but did not clot
spontancously. See page [3.
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This is perhaps not entirely the correct term. Schmidt
himself denied vigorously that he ever formulated another
coagulation theory after the discovery of fibrin ferment.
His first ry of 1876 p d a well ded pic-
ture of the coagulation process which, although it could
have been supplemented at some points, represented by
and large 2 unified concept. However, in many passages
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hanced by the addition of “zymoplastic agent,” so that the
serum now was far more potent than in its original state.
Its clot-promoting effect upon fibrinogen solutions in-
creased 20 to 50-fold. Schmidt attempted to explain the
situation as follows: In normal coagulation only a small
portion of the prothrombin in the plasma was activated
by the “zymoplastic agent” released from the leucocytes.
A considerable part, however, was found in serum in the
much more resi: form of p bin. This was due
10 the fact that certain anticoagulants quickly neutralized
the activity of the “zymoplastic agent.” Thus there existed
in serum a state of balance between anticoagulants and
Pprocoagulants.

Whenever this balance was upset by the addition of
“; lastic agents,” 1ly more proth bin was
converted to thrombin. A temporary increase in the alkal-
inity of the serum had a similar effect. Here, too, the re-
peated formation of ext dinarily large of
thrombin could be frequently observed. Schmidt believed
that alkali was not effective per se but only increased the
activity of the “zymoplastic agents” already present in the
serum,

Except for its physiological impotency and its greater
Tesistance to certain chemical mﬂuenccs, prothrombin was
considered to be not significantly from thrombi
It was no more heat-resistant, could not be dialysed, and
was precipitated with the glabulins.

In addition to the “zymoplastic agent” cells were
thought to contain another substance of importance for
coagulation, “cytoglobin.” This sub e inhibited coagu-
lation and was isolated by drying the cells with alcohol
and exu‘acung the residue with water. “Cytoglobm" was

id a sub similar to albumi g 2
large amount of phosphorus and possessing definite anti-
coagulant activity. As little as 1 per cent added to blood
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fibrin ferment by the effect of blood plasma. In contrast
to Rauschenbach, however, Schmidt thought that the in-
active precursor was located in the plasma, while he the-
orized that the substances which brought about the acti-
vation of the precursor were found in the blood cells or in
protoplasm in general, Thereafter, Schmidt referred to the
fibrin ferment as “thrombin,”* and to the inactive pre-
cursor as “prothrombin.” These terms have come to be
commonly used, at least in Germany. The active cell sub-
stances were called “zymoplastic agents.t As they en-
tered the plasma they supposedly activated prothrombin.
They were considered “not the mothers, but the pro-
ducers” of thrombin. The “zymoplastic agent” was not
considered to be chemically homogeneous but to consist
of several agents which could be extracted from the cells
by means of alcohol. They were heat-resistant which
proved that they were of a different nature than thrombin.
Concentration of the alcoholic cell extracts yielded a yel-
low, fatty powder. These substances had no effect on “pro-
plastic” fluids while they greatly accelerated or initiated
coagulation in salt-plasma and cooled plasma. The clot-
promoting effect of these cells which was demonstrated
by the experiments of Rauschenbach (82) and Groth (63)
was attributed to the presence of these alcohol-soluble sub-
stances. The effect of the “zymoplastic agent” upon blood
serum was a most interesting phenomenon. Blood serum
contained 2 certain amount of active thrombin. When
serum, especially horse serum, was exposed to air, the
amount of thrombin rapidly decreased to the extent that
it quickly became torally or largely inactive. The throm-
bic activity of this serum could, however, be greatly en-

© Translators’ note: Although Morawitz subsequently used the term
“fibrin ferment* in the original article, the tramslators will wse only the

modern term, “thrombin.”
} Translators’ note: In modern terminology this would probably cor-
respond to “thromboplastin” or “thrombokinase."
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bin. In support of this theory Schmidt pointed out the
striking increase in the weight of the fibrin obtained upon
the addition of “cytoglobin™ as well as “paraglobulin.”

From this it was concluded that coagulation appeared
in the last analysis to be an exclusively cellular phenome-
non which could be graphically represented as shown in
Figure 1.

Cells Cells
\ ‘ .
Thrombin
~Paraglobulin™
Fibrinogen
Liguid Fibri Neatral Sals
Fibrin

Fic. 1.

At this point we may interject a few critical remarks
concerning this last lation theory of Schmidt, This
report has granted considerable space to the di ion of
the origin of thrombin since Schmidt’s findings did not
excite much comment during the period that followed.
Only in more recent days have they been confirmed by
further research and given their proper recognition.

The same cannot be said about “cytoglobin™ and the
role it was thoughe to play in coagulation, especially in
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completely inhibited the coagulation process. Von Rennen-
kampff (83) showed that it had the same effect when in-
jected intravascularly. The action of “cytoglobin” on
thrombin was not very great since even large quantities
could not prevent the coagulation of fibrinogen solutions
by thrombin. But “cytoglobin” inhibited the formation
of thrombin, i.e., its production from prothrombin. There-
fore, “cytoglobin” was thought to exert its inhibitory ac-
tion on the “zymoplastic agent.” Schmidt was inclined to
ascribe to “cytoglobin” an important role in the preserva-
tion of the liguid state of the blood. However, he was not
able to furnish chemical proof of the existence of “cyto-
globin” in blood plasma. Nevertheless, he did not con-
sider it risky to assume that the anticoagulant portion of
the molecule of “cytoglobin” might exist in the blood
since many observations convinced him that serum con-
tained anticoagulants which were not salts but which
could be removed by dialysis.

On this basis Schmidt explained the fluid state of blood
as follows: Inactive prothrombin existed in the plasma of
circulating blood. On a modest scale constant disintegra-
tion of formed elements in the blood released the “‘zymo-
plastic agents” into the plasma, These would result in the
formation of thrombin if they were not checked by the
presence of an anticoagulant. The disintegration of the
lencocytes in shed blood suddenly released large amounts
of “zymoplastic agents” into the plasma. The balance was
upset. Thrombin was then formed. However, during the
formation of thrombin only part of the available pro-
thrombin was converted (sce above).

Schmidt ascribed a second function to “cytoglobin.” He
considered it the precursor of fibrinogen into which it de-
veloped via several intermediate stages which were called
“preglobulin” and “paraglobulin.” These extensive trans-
formations were supposed to be brought about by throm-
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THE ROLE OF CALCIUM SALTS
IN COAGULATION

LEXANDER SCHMIDT maintained that neutral salts were
necessary for coagulation, considering it their func-
tion to transform soluble fibrin into fibrin. He thought
that all soluble salts of alkalis (including earth alkalis)
influenced the process in the same manner, and that co-
agulation depended upon the presence of salts in general
rather than upon any specific salt. This, naturally, did not
exclude quantitative differences in the activity of various
salts. Indeed, in Hammarsten’s first study of 1875 he had
already referred to the finding that CaCl, had a particu-
larly striking effect upon the speed of coagulation as well
as upon the amount of fibrin formed (117). Hammarsten
maintained that in this sense CaCl, could be called a
“fibrinoplastic substance™ just as well as “paraglobulin”
could. At first he thought that CaCl; played the same role
in coagulation as rennin did in the fermentation of milk.
However, he could not substantiate this theory since
thrombin could transform fibrinogen into fibrin in the
absence of calcium salts, Hammarsten subsequently did not
discuss the specific role of calcium salts,

A few years later Green (164) discovered that the clot-
ting of salt plasma or of any other slowly coagulating
plasma could be appreciably accelerated by the addition
of a solution of gypsum (CaSO, - H,0), whereas thrombin-
free scrous fluids (e.g., hydrocoele fluids) could not be
clotted by gypsum. Therefore, he thought that calcium

35
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relation to fibrinogen. As far as 1 know there has been no
further investigation of “cytoglobin.” However, from
Schmidt's data one can certainly conclude that “cytoglo-
bin” is nothing but more or less contaminated nucleo-
protein. There is no doubt that it inhibits coagulation. On
the other hand, it is doubtful that this substance plays any
role in normal coagulation, particularly since “cytoglobin™
was anticoagulant only in a very strong concentration. But
Schmide deserves credit for pointing out that there had
to be a substance in the circulating blood which could
prevent coagulation, and for presenting some evidence for
1ts existence.

Schmidt’s theory concerning the transformation of “cyto-
globin” into fibrinogen through the stage of “paraglobu-
lin” raises even stronger doubts. Apparently, he had been
led to speculate with insufficient foundation in the avail-
able data. In this, he was obviously guided by the desire
to re-affirm in a new form his earlier, vigorously defended
teachings concerning the participation of the “paraglobu-
lin,” i.e., the “fibrinoplastic substance,” in coagulation. In
its eatlier version his theory had already been invalidated
by the investigations of Hammarsten.

This partially speculative aspect of Schmidr's theory
may explain in part why his ideas failed to gain wider
recognition and why in particular his studies relative to
the origin of thrombin have not been systematically
tested. The coagulation theory which prevailed around
1890 resulted largely from the careful investigations of
Hammarsten and can be formulated approximately as
follows: Coagulation is brought about by the fermentative
transformation of but one protein, fibrinogen, into fi-
brin. The ferment exists only in shed blood and originates
in all probability from the white blood cells when they
disintegrate in shed blood.
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lar w:lll and established contact with foreign bodies, they
were d d by adhesion. The p } then csmpcd
and 2 prcc:puate of tri-calcium phosphatc formed in the
plasma, This in tum precipitated fibrin, perhaps in a
purely mechanical fashion. This theory which in essence
constituted a return to the older physical theories of co-
agulation was supported only by scanty and by no means
incontrovertible evidence.

It is doubtlessly true that adhesion, i.e., contact with
foreign bodies, plays an important part in coagulation.
This fact which had already been recognized by Bruecke
was illustrated by the following appealing experiment of
Freund: When blood was collected in oil or vaseline, it
remained fluid for several hours, even when agitated with
a greased glass rod. However, it coagulated instantly when
put in contact with a foreign body not covered with oil
or vaseline (417). Thus the importance of adhesion (i.e.,
contact with a wettable foreign surface) to coagulation was
rendered quite apparent. Freund's experiment was later
confirmed by Haycraft in support of the latter's belief
that thrombin was absent in circulating blood (200). More
recently Bordet and Gengou (185) and others have suc-
cessfully used the same method to obtain a comparatively
unaltered plasma. In these experiments blood was collected
and centrifuged in paraffined ¢ i The obj
of Strauch (88) to this portion of Freund's theory are not
valid.

The second portion of Freund’s theory was unfortu-
nately less well founded and was actually based on no more
than the followmg finding: The addition of calcium phos-
phate consid accel d the lation of some
fuids which coagula:cd spontaneously anyway, and the
weight of the fibrin obtained was thus increased.

The observations of Latschenberger (168, 169), Strauch
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salts potentiated the thrombin effect but could not sub-
stitute for jt. Green suggested the possibilities that cal-
cium may activate a precursor of thrombin or may com-
bine with fibrinogen to form fibrin under the influence
of thrombin, His observations, however, could not prove
one or the other of his theories. In the first place he did
not succeed in isolating a precursor of thrombin from
blood collected in alcohol and precipitated by the method
of Schmidt. In the second place he found that the amount
of fibrin obtained was not directly influenced by the
amount of calcium used. Even though Green’s work did
not provide an explanation for the effect of caleium, his
observations made it probable that calcium salts were
necessary for coagulation even though they operated in an
unknown manner. Moreover, Ringer and Sainsbury (171)
soon pointed out that not only gypsum, but all other
soluble calcium salts (and to a certain extent strontium
and barium salts) in low concentration augmented co-
agulation considerably.

Specific theories concerning the role of calcium salts
were first noted in the studies of Freund (161, 162), who
took the earlier findings of Bruecke (17) as his point of
departure. Based on personal observations, Freund de-
veloped a completely new and surprising theory of co-
agulation. Bruecke had demonstrated that the ash of
fibrin contains calcium phosphate, a finding which stimu-
lated Freund to investigate the importance of that particu-
lar salt. Freund then concluded that calcium phosphate
played a very important role in coagulation, According te
this, soluble calcium salts were found in the circulating
plasma, while only the blood cells contained phosphates,
especially alkali phosphates. As long as the cells were in-
tact, the phosphates could not enter the plasma. As soon
as the cells were removed from the influence of the vascu-
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the same effect but not barium or magnesium salts. How
could these surprising and interesting findings be ex-
plained? With what phase of coagulation were calcium
salts concerned? Were they needed for the production of
thrombin, or did they participate in the conversion of
fibrinogen to fibrin? Finally, there existed the possibility
that they could take part in both phases of coagulation.

These questions which had already been raised by
Green (164), were answered in many ways by the dis-
coveries of Arthus and Pages (154). It can truthfully be
said that these and other astute observers did not omit any
possible explanation.

Artthus and Pageés favored the view that calcium salts
were needed for the conversion of fibrinogen to fibrin but
not for the production of thrombin from its precursor.
They felt that oxalate plasma was not lacking in thrombin,
but that the latter could not act upon fibrinogen in the
absence of calcium salts. Accordingly, the addition of
serum (which contains thrombin), or of Schmidt's throm-
bin preparation, would not produce coagulation in oxalate
plasma. The latter, on the other hand, could coagulate
fluids containing fibrinogen because of its thrombin con-
tent. Arthus and Pagés also demonstrated that under cer-
tain experimental conditions the weight of the fibrin ob-
tained definitely depended upon the amount of the cal-
cium salts present. These findings led Arthus and Pages
to conclude that calcium salts combined with ﬁbrmogcn
under the inflnence of tt bin. In a later publi
(155) Arthus stressed and far- hi 1
between the coagulation of blood and the fermcmanon
of casein by rennin. The chief difference was that rennin
converted casein into paracasein in the absence of calcium
salts, while he thought that thrombin could be effective
only in the presence of calcium. In this connection Arthus
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(88), and Arthus (153) soon demonstrated that Freund's
theory of coagulation was i i with many finding
Strauch showed that certain fluids containing fibrinogen
(such as transudates which did not clot spontaneously)
also did not coagulate upon the addition of calcium phos-
phate, i.e,, the salt could not substitute for thrombin, Simi-
lar objections resulted from later experiments which
showed that Freund’s theory was unsuited to explain the
role of the calcium salts or the process of coagulation. Pekel-
haring (170) demonstrated subsequently that injection of
sodium diphosphate into the blood stream did not bring
about intravascular coagulation. This observation deprived
Freund's theory of its last measure of support.

Considerable progress toward recognizing the impor-
tance of calcium salts in coagulation was made by the
studies of Arthus {155, 156) and Arthus and Pagés (154).
It was the distinction of these two investigators to have
been the first to state emphatically that calcium salts were
in some way absolutely necessary for coagulation. They
showed that when shed blood was collected in an alkali
oxalate solution in a proportion of one gram of oxalate
per liter of blood, the latter remained fluid and yielded
a plasma which showed no turbidity after the addition of
more oxalate. Therefore, this plasma no longer contained
more precipitable calcium salts. Other calcium-precipitat-
ing substances had the same effect, especially sodinm
flnoride which prevented coagulation in a concentration
of 0.15 to 0.3 per cent. Stronger concentrations of alkali
soaps had a similar effect.

Proof that the precipitation of the calcium salts was
responsible for the incoagulability of the blood was
furnished by the subsequent addition of a slight excess of
calcium salts which quickly brought about the coagulation
of the oxalate plasma. The addition of strontium salts had
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magnesium sulfate plasma. It was precipitated along with
the globulins. The globulin precipitate which contained
the precursor had no thrombin activity. It became active
as soon as it was mixed with a solution of calcium chloride.
Thrombin was then produced. Once produced, thrombin
could not again be inactivated by the addition of oxalate.
It could coagulate fluids containing fibrinogen and even
oxalate plasma in the absence of calcium salts. The nega-
tive findings of Arthus and Pages were explained by the
impotency of their thrombin solutions and the faitly
marked anticoagulant effect of oxalate.

Pekelharing considered thrombin to be a calcium com-
pound of its precursor and to contain calcium in a form
which could not be precipitated by oxalate. He found that
the ash of thrombin contained much calcium. He not only
considered calcium of importance for the first but also for
the second phase of coagulation. In this instance he com-
promised with the interpretation of Arthus. Fibrin was
thought to be a calcium-protein compound, and the func-
tion of thrombin that of absorbing calcium from plasma
and transferring it to fibrinogen. Thrombin, or rather its
Pprecursor, was thus considered nothing but an agent for
calcium-transport. Pekelharing supported this hypothesis
by comparing the calcium content of heat-precipitated
fibrinogen to that of fibrin. The latter was always found
to be materially greater. Therefore, while Arthus con-
sidered calcium salts necessary only for the second phase
of coagulation, Pekelhating stressed their importance in
both phases,

The second part of Pekelharing’s theory is d\ﬁicul( to

d as ¥ later emphasized (165). If
thrombin absorbed calcium from plasma and transferred
it to fibrinogen, and if fibrin was a calcium compound of
fibrinogen, then the formation of fibrin should stop as




40 The Chemistry of Blood Coagulation

spoke of coagulation as a “caseinification” of blood, con-
sidering fibrin as a “cheese,” or the calcium salt of fibrino-
gen.

While the observations of Arthus and Pages were soon
confirmed, their theory did not meet with general ap-
proval. On the basis of numerous, thorough investigations,
Pekelharing arrived at a vastly different idea concerning
the significance of soluble calcium salts (170, 210-213). He
attempted first of all to prove that oxalate plasma did not
contain active thrombin as Arthus and Pagés had assumed.
He found that oxalate plasma was not capable of produc-
ing coagulation in magnesium sulfate plasma (as Schmidt
had thought) or in fibrinogen solutions. Since Arthus, on
the other hand, assumed that thrombin was effective only
in the presence of calcium salts, the experiment with the
fibrinogen solution was not convincing. However, the ex-
periment demonstrating that magnesium sulfate plasma,
which contains calcium, always clotted upon the addition
of thrombin was convincing. These observations suggested
the possibility that oxalate plasma might contain a pre-
cursor of thrombin which was converted to active throm-
bin by calcium salts. Green had already considered this
possibility but subsequently discarded it. Indeed, the ex-
istence of prothrombin which could be activated by cal-
cium salts can be demonstrated. When a fibrinogen solu-
tion was obtained from oxalate plasma by salt precipita-
tion, the solution at first still coagulated upon the addition
of calcium salts, but after repeated precipitation it lost this
property. App 1y, a sut had been r d which
in combination with calcium salts yielded thrombin, but
was not actually thrombin, since, as was mentioned before,
active thrombin does not exist in oxalate plasma.

This substance, the precursor of thrombin, was obtained
in comparatively large amounts from oxalate plasma or
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tate formed which could be dissolved in sodium carbonate
but would re-precipitate when calcium salts were added.
This latter precipitate was considered to be fibrin. There-
fore, Lilienfeld concluded that fibrin is a calcium salt of
“thrombosin,” and called it, according to Arthus’ nomen-
clature, a “thrombosin cheese.” (Sce page 49).

Lilienfeld believed that while the acidic ”lcuconuclem
brought about lation, the alkaline “histone”
strong anticoagulant properties both intra- and c‘(tmvascu-
larly, Plasma containing “histone” did not coagulate upon
the addition of thrombin but did when “leuconuclein™
was added. (See page 108).

Both molecul pl the procoagulant as well as
the anticoag were thus considered to be i
in one large molecule as “nuclechistone.” Both the liquid
state of blood and coagulation were explained by an an-
tagonism between these two factors. The intravascular in-
jection of “nucleohistone” consequently produced at times
intravascular coagulation and at other times an incoagu-
lable state of the blood. At times both phenomcna occurred

1 ly, i.e, some tt L pp d while the
rest of the blood remained incoagulable.

Lilienfeld’s theory concering the role of calcium was
quickly refuted (see below). It should be noted that the
results he obtained in experiments with “leuconuclein”
were by no means i patible with the in theory
of coagulation as will be shown later. The same can be
said for the anticoagulant, “histone,” as was said for
Schmidt’s “cytoglobin” with which it was apparently iden-
tical. I have on many occasions convinced myself experi-

y that the inhibitory effect is undoubtedly present,
but there is no proof that “histone” normally participates
in coagulation. This could be easily demonstrated since
only 2 fairly strong concentration of “histone” interfered
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soon as there were no more calcium salts left in the plasma.
However, this was not the case, as Pekelharing himself
demonstrated in opposition to the views of Arthus and
Pages. Active thrombin was effective in the absence of cal-
cium salts which had been previously precipitated by
oxalate. Consequently, the second part of Pekelharing's
theory was untenable.

Lilienfeld (428-433) had a completely different concept
of the role of the soluble calcium salts. On the basis of
numerous chemical and anatomical experiments Lilien-
feld developed a theory of coagulation which not only
ascribed to calcium salts a unique role, but which in many
other respects was at variance with prevailing opinions. In
agreement with Freund, Lilienfeld, while admitting the
existence of thrombin, denied its significance in coagula-
tion, and attempted to show that coagulation depended in
a critical manner upon the nucleoproteins found in the
nuclei of the leucocytes and in blood platelets. He isolated
a “nucleohistone” by precipitating it from aqueous cellu-
lar extracts with acetic acid. This “nuclechistone” was
thought to play an important role in coagulation. When
treated with mineral acids this substance was supposed to
split into “l lein” which consisted of nucleic acid
and protein, and an albumose-like substance, “histone.”
Like thrombin, the “leuconuclein” was thought to possess
the ability to initiate coagulation in all fluids containing
fibrinogen in the presence of calcium, Lilienfeld felt that
this property depended on the acid nature of the “leuco-
nuclein.” Like the latter substance, nucleic acid, and even
simple organic acids, were considered capable of splitting
fibrinogen into a protein which could not be dissolved by
acid, the so-called “thrombosin,” and an alb When
a fibrinogen solution prepared according to Hammarsten’s
method was mixed with acetic or nucleic acid, a precipi-
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13343 -

gulate upon the of tt was also incor-
rect, because it was quite easy to clot fibrinogen solutions
(containing no calcium and little oxalate), “‘proplastic™®
fluids, etc., with thrombin.

The preceding observations of Schmidt indicated that
the theory of Arthus and Pekelharing that fibrin was a
alcium compound of fibrinogen could not be correct.
There was further proof of this in the demonstration that
the calcium content of fibrin was not inherent in the latter
but due to ¢ i primarily * plastic agents,”
which could be removed by extraction with alcohol and
ether.

Thus calcium salts were not considered necessary for
coagulation, but merely to favor the formation of thrombin
from its inactive precursor and the precipitation of fibrin.
Schmidt thought that calcium salts did not have a specific
role since they could be replaced by other salts. When-
ever the accelerating effect of calcium salts in an artificial
coagulation system containing fibrinogen was particularly
marked, Schmidt believed it was simply due to the fact
that fibrinogen solutions prepared according to the
method of Hammarsten contained an excess of sodium
chloride.

Arthus (156) undertook to refute Alexander Schmidt's
objections to his theory of the specific significance of the
calcium salts. He did not succeed completely. He demon-
strated, to be sure, that oxalate per se did not possess the
strong anticoagulant effect which Schmidt ascribed to it.
But he disregarded Schmidt's basic experiment which
showed that it was possible to coagulate calcium-free
fibrinogen solutions with calcium-free thrombin. Arthus
believed that oxalate plasma clotted during dialysis be-
cause of the calcium content of the sodium chloride solu-

* See footnote page 29.
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with coagulation, and therefore, “histone” would have to
be present in relatively large amounts. ‘To date there is no
proof that it is. As far as I know, neither “histone plasma”
nor “cytoglobin plasma” have since been the object of de-
tailed investigation. We are, therefore, in no position to
say what the anticoagulant effect of “histone” is based on
or which of the coagulation factors its acts upon.

Various investigators, as we have seen, held widely di-
vergent views concerning the role of the calcium salts.
There was, however, considerable agreement that those
calcium salts which can be precipitated by oxalate were
necessary for coagulation and that they had a specific role.
Schmidt, on the other hand, remained completely aloof
from these new ideas. In the third chapter of his last
monograph (55) he opposed the ideas of Arthus and of
Pekelharing. According to Schmidt, oxalate plasma did not
remain fluid because it lacked calcium salts, but because
it contained an excess of oxalate. Oxalate prevented co-
agulation in a much lower concentration than the other
neutral salts, particularly by inhibiting the production
of thrombin from prothrombin, When excess oxalate or
fluoride, another anticoagulant, was removed from the
plasma (which was accomplished most simply by dialysis
against a dilute sodium chloride solution), coagulation oc-
curred in the dialysate without the participation of calcium
salts.

The strong anticoagulant effect was not restricted to
oxalate and other calcium-precipitating salts, but was also
found in alkali citrates which did not precipitate calcium.
As little as 0.3 to 0.5 per cent potassium citrate sufficed to
keep blood fluid, and yet the plasma still contained calcium
salts in abundance. This was shown by the addition of
oxalate which caused a distinct turbidity in the citrate
plasma. Arthus’ observation that oxalate plasma did not
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the centrifuged plasma was by no means free of calcium.
Testill app ly contained readily d

of calcium which could not be precipitated by oxalic acid
and must therefore have been more finmly bound, prob-
ably by organic compounds. One could not therefore speak
simply of calcium, but only of that portion which could
be precipitated by oxalate. Only the latter was considered
ok interest in the investigation of coagulation.

When clear oxalate plasma was allowed to stand for a
time at low temperature, a granular sediment gradually
formed. After this was removed, the plasma progressively
lost its ability to clot upon the addition of calcium salts.
Coagulation then occurred only slowly or not at all. There-
fore, a substance must have been removed in the precipi-
tate which augmented or initiated coagulation in the pres-
ence of calcium salts.

After the removal of this substance it was possible to
obtain a fibrinogen solution from oxalate plasma accord-
ing to the previously described method of Hammarsten
(by precipitation with calcium-free sodium chloride and
Tepeated purification by dissolving and re-precipitating).
This fibrinogen solution did not clot upen the addition of
CaCl; but did after mixture with a solution of thrombin
which had been decalcified by oxalate (e.g., decalcified
blood serum). Contrary to the observations of Arthus,
oxalate plasma, like a solution of fibrinogen, could be
clotted by decalcified thrombin, but this was somewhat
more difficult because of the fairly strong anticoagulant
effect of the excess oxalate.

Thus Hammarsten proved that those calcium salts which
could be precipitated by oxalate were not required for the
second phase of coagulation. Thrombin could convert
fibrinogen into a typical fibrin clot in the absence of such
salts. Lilienfeld and Arthus were in etror in this tespect;
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tion used as the perfusate, but he offered no proof of this.
The anticoagulant effect of citrate according to Arthus
was due to the fact that citrate modified calcium without
precipitating it, so that calcium was incapable of taking
patt in coagulation. Recent investigations have supported
Arthus’ viewpoint. Sabbatani (172-174) proved that cal-
cium ions are needed in coagulation and that sodium
citrate (and strong concentrations of other salts) retarded
or abolished the ionization of calcium salts.

These considerations showed that the conclusions of
different investigators concerning the role of calcium salts
were widely divergent and frequently contradictory, and
that even the results of their experiments were often
greatly at variance with one another. According to Arthus
and Lilienfeld calcium salts were absolutely necessary for
the second phase of coagulation, Fibrin, according to
these workers, was a calcium compound of fibrinogen or
of “thrombosin.” Pekelharing assumed the need for cal-
cium salits in both phases of coagulation. He considered
thrombin 10 be a calcium compound of its precursor and
to possess the ability of transferring calcium to ﬁbrm
Fibrin was thus also idered to be a calcium comp
Finally, Schmidt categorically denied that calcium salts
had an effect upon any phase of coagulation.

It is to Hammarsten’s great credit that he clarified these

ing dictions and ized the true role played
by the CI\]ClUm salts in coagulation (165, 166). He posed
the following questions: (1) Was the presence of calcium
salts a sine qua non for the action of thrombin upon fibrin-
ogen? (2) Were calcium salts at all necessary in coagula-
tion?

First of all he confirmed the important observation of
Arthus that blood collected in an oxalate solution of suffi-
cient concentration remained fluid. He also showed that
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disproved. Hammarsten (165, 166) showed by means of a
long series of calcium analyses that (1) the calcium con-
tent of fibrin need not be greater than that of heat-precipi-
tated fibrinogen, and (2) that it was possible to obtain
fibrin containing only barely detectable traces of calcium
(0.007 to 0.0095 per cent). If one still believed in the
calcium-salt nature of fibrin, Hammarsten showed that it
would be necessary to assume a molecular weight for fibrin
so0 great in magnitude as to be quite improbable.

Hammarsten furthermore thoroughly refuted that part
of Lilienfeld’s theory which concerned the role of the
calcium salts. He showed that “thrombosin™ was nothing
other than fibrinogen precipitated by calcium salts in a
solution of low salt content. Lilienfeld's fibrin was thus
not a genuine fibrin, Cramer® and Schaefer (175) con-
curred with Hammarsten's opinion.

These studies of Hammarsten's highlighted another
chapter in the theory of coagulation. All subsequent ob-
seners confirmed his observation that oxalate-precipitable
calcium salts participate specificatly only in the first phase
of coagulation, i.e., in the formation of thrombin. Further-
more, Arthus (1) and Pekelharing (213) modified their
theories in accordance with Hammarsten's opinion which
50 far remains unchallenged. Recent studies concerning
mainly the anticoagulant effect of larger concentrations of
calcium salts are of little interest for the theory of co-
agulation and should be mentioned only in passing.

l:lammanlcn was cautious enough to omit in his publi-
cations specific statements concerning the mechanism by
vfhich he thought calcium salts brought about the produc-
tion of thrombin, This problem, which was closely allied
te studies concerning the chemical nature of thrombin,
5“bStquemly became the subject of a series of publica-

*Over de Zoogenaande Thrombosin. Utrecht, Diss. 1896.
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Pekelharing’s and Schmidt's ideas regarding this point
were correct.

On the other hand, Hammarsten showed that Schmidt
was in error in considering calcium salts as altogether un-
necessary for coagulation. Contrary to Schmidt’s findings,
he found it impossible to bring about the coagulation of
oxalate plasma by dialysis against calcium-free sodium
chloride solution. Schmidt’s finding could be explained
by the fact that his oxalate plasma in all likelihood al-
ready contained traces of thrombin which became effective
only after the removal of the oxalate excess which had
impeded coagulation. Carefully collected oxalate plasma
did not contain thrombin but a substance which in con-
junction with calcium salts furnished active thrombin.
This point had already been stressed by Pekelharing. This
substance was also found in the granular precipitate which
formed when oxalate plasma was cooled to 0°C. In the
absence of calcium salts this precipitate was completely
inactive on a fibrinogen solution. It acquired thrombin
activity after treatment with calcium salts. It thus seemed
to contain prothrombin which was somehow activated by
calcium salts.

Therefore Hammarsten proved that calcium salts were
absolutely necessary in coagulation and played a very
specific Tole. Calcium salts could not (in contrast to what
occurs in rennet fermentation) be replaced by other salts
with the exception of those of strontium, Those calcium
salts which could be precipitated by oxalate were needed
only in the first phase of coagulation. While they were not
needed in the second phase (the effect of thrombin upon
fibrinogen), their presence greatly augmented this reac-
tion.

‘This made the possibility that fibrin was a calcium-salt
compound most unlikely. This idea was also experimentally



Chapter IV

THROMBIN AND THE CLOT-PROMOTING
SUBSTANCES IN TISSUES

T 15 only natural that the discovery and general recogni-
I tion of thrombin should have stimulated investigations
concerning its chemical nature and its distribution in the
body. Alexander Schmidt apparently did not think that
thrombin was 2 protein but did not consider the question
in detail. On the other hand, English investigators at-
tempted quite early to isolate thrombin in a pure state
but did not obtain consistent results. The chemical nature
of thrombin remains to this day as poorly understood as
the chemical nature of all other enzymes. Older studies
generally favored the belief that thrombin was protein in
nature. It is, however, quite doubtful that the thrombin
preparation obtained from blood serum by Schmidt's
method was protein in nature. That particular method as
h_ax been emphasized by Lea and Green (205) yielded solu-
tions of an extraordinarily low protein content which, how-
ever, had considerable thrombin activity. Thus far the
production of thrombin solutions completely free of pro-
tein has not been possible, and therefore definitive proof
against the protein nature of thrombin has not been ob-
tained, Although the reaction between thrombin and
alcohol has often been quoted as evidence against the
protein nature of this substance, this interpretation is not
conclusive, Even though thrombin in contact with alcohol
Precipilates slower than the other proteins in blood serum,
it must still be admitted that bi luti ex-

51
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tions. To mention them would take us into a somewhat
different field. A critical investigation of this question
would tie in closely with the problem of the chesmical
nature of thrombin, It would have to deal also with en-
tirely new factors which had been postulated by many in-
vestigazors such as the clotaccelerating effect of tissue
juice. One should also attempt to velate the vole of the
calcium salts in the activation of prothrombin to the theory
of Alexander Schmidt regarding the origin of thrombin
from “zymoplastic agents.” H; called attention
to this particular point, but it did not arouse interest for
a long time. Schmidt's latest highly complicated theory
of coagulation was largely ignored. The interest jn it was
stified by the recognition of the theory concerning the
role of calcium, and thorough, careful accounts Hke that
by Arthus did not even mention Schmidt's coagulation
theory.
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erature—~"cell-globulin,” “cell or tissue fibrinogen,” “nuc-

leohistone,” “nuclec-albumin precursor,” “tissue nucleo-
protein,” “koagulins”—all refer to the same snbstance, The
“rymoplastic agents” of Schmidt probably also belong to
this group. The names listed above emphasize the diver-
gent opinions of the respective authors concerning the
nature of these substances, and show in retrospect why the
study of the literature on coagulation is in some respects
a rather unrewarding task. One hopes that newer studies
which will be mentioned later will resolve these difficulties.

Schmidt’s opinions concerning the function of these sub-
stances were expressed in his studies on the “zymoplastic
agents” which were discussed previously. Schmidt did not
consider these substances identical with thrombin. Rather
he characterized the active principle as an alcoholsoluble,
heatstable substance which converted an inactive precur-
sor into thrombin.

By contrast a number of investigators, particularly Hal-
liburton and Pekelharing, considered the active principle
of tissue juice to be thrombin or its precursor. Hallibur-
ton’s and Friend's experiments (370) took up where Gam-
gee® left off. The latter had shown that fibrin clots yielded
2 globulin-containing fluid upon extraction with an 8 per
cent sodium chloride solution. The fluid thus obtained
Possessed strong thrombic activity. Halliburton and Friend
tried to Pprove the globulin character of thrombin by the
isolation of 2 globulin from the tissues, the so-called “tissue
globulin,” which likewise possessed “fibrinoplastic” prop-
erties and which had the same characteristics as the glob-
ulin which Gamgee obtamcd from ﬁbrm

An active cell was obtained in
large amounts by Halhbunon (196 197) from lymphocytes

© Camgee, A: Some old and new experiments on the fibrin ferment.
7. Physiot. 2145, 1879,
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tracted from an alcoholic precipitate are less active the
longer they have been in contact with alcohol, ie., the
more the proteins have been precipitated. The potency of
thrombin solutions roughly parallels the protein content.

Investigations on thrombin solutions produced accord-
ing to Schmidt’s method, therefore led to no conclusion
concerning the nature of thrombin. However, observa-
tions on the clot-promoting substances obtained from
tissues seemed to favor the protein nature of thrombin.

It had been known for a long time that cells contain
substances which initiated or accelerated coagulation. One
of the earliest observations in this field stemmed from
Naunyn's successful experiment in which he produced
intravascular coagulation by the injection of laked blood
(382, 383). Buchanan (19) had already observed the clot-
accelerating effect of different tissues on plasma in vitro.

These observations concerning the clot-promoting sub-
stances in tissue cells were put on a sound experimental
basis by the significant study of Rauschenbach (82) which
was mentioned previously. This study had indicated that
tissues containing many nuclei have particularly large
amounts of such substances. Concurrently Foa and Pella-
cani (364) discovered that the injection of tissue juice from
a large variety of organs produced intravascular coagula-
tion. Only the splenic extracts were ineffective. For this
reason both authors, like Rauschenbach, considered that
thrombin was a general protoplasmic derivative.

Since then many authors have studied the clot-promot-
ing substances in tissues. Depending on the different posi-
tions the various authors took concerning the theory of
blood coagulation, the tissue substances were at times
considered to be thrombin or its precursor, and at other
times not. Just as numerous as the opinions were the names
given to these substances, The many terms used in the lit-
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cursor and to remove the globulins from it. The process
was briefly as follows: Fibrinogen was precipitated from
oxalate plasma by sodium chloride and the filtrate was
dialyzed until it became turbid. Acetic acid was added
until a weak acid veaction occurred and a precipitate
formed. This was soluble in dilute alkali and neutral salt
solutions, but, in contrast to globulin, not in dilute acids.
This substance was considered to be the precursor of
thrombin and when treated with calcium salts to yield
active thrombin.

Using digestion with pepsin he apparently demonstrated
that the precursor was “nucleo-albumin.” In that process
a precipitate formed which was insoluble in acids but
readily soluble in alkalis and which yielded an ash rich in
phosphorus. Therefore, the precipitate was thought to be
nucleic acid. Pekelharing also mentioned two other similar
methods for the isolation of the precursor. Like the origi-
nal method these two attempted to separate the “nucleo-
albumin” from the precipitated globulins by the addition
of dilute acids in solutions of low salt content.

“Nucleoalbumin™ was soluble in dilute solutions of
sodium chloride but precipitated when cooled to 0°C, and
thus could be separated from the rest of the globulins
which remained in solution, ‘This observation was consist-

€0t with the one previously made by k There-
fore, according to Pekelharing thrombin was the calcium
d of “nucleo-albumin.” No “nucleo-albumin” was

P

fm.:nd in solution in circulating plasma but was thought to
originate from the formed elements, especially from the
m.lcoq"“ and platelets. It was considered possible by
using various anticoagulants (e.g., leech extract or sodium
fuoride) to obtain a plasma which following the removal
of formed elements by centrifugation would not yield a
Precursor or nucleoprotein when treated by the above
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by extraction with sodium sulfate and subsequent precipi-
tation with magnesium sulfate. Thus supposedly two glob-
ulins were produced: “globulin A" which coagulated at
50°C and had no thrombic activity, and “globulin B”
which coagulated at 75°C and was identical with throm-
bin. Halliburton considered that an identical globulin
could be extracted from the stroma of red cells which, as
was well-known, promoted coagulation markedly (370).
However, the proof of the thrombic nature of this globulin
was not compelling. Halliburton pointed out analogies
between cell globulin and thrombin in their reactions to
heat, alcohol, salt precipitation, etc. Other cell globulins
e.g., myosinogen of muscle tissue, were thought to possess
thrombic activity. Therefore, different chemical substances
were thought capable of acting as thrombin. Halliburton
had the idea that during coagulation “cell-globulin-throm-
bin” was transferred from the cellular elements (especially
from the leucocytes) into plasma and combined with fibrin-
ogen.

Pekelharing (210), like Halliburton, identified the active
substance of tissue juice with thrombin or at least with its
precursor. But he did not ascribe to thrombin the chemi-
cal nature of a globulin. Rather he tried to prove that the
precursor of thrombin was a “nucleo-albumin,” (or as we
say nowadays, a nucleoprotein) while active thrombin was
a calcium compound of this protein. Pekelharing took an
important step forward when he successfully isolated this
“nucleo-albumin” not only from tissues but also from those
specimens of blood plasma which could be assumed to con-
tain prothrombin.

Pekelharing (210) fell back upon his earlier observation
that oxalate plasma yielded a substance in the globulin
precipitate which in turn produced thrombin in combina-
tion with calcium (170). He attempted to isolate this pre-
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plastic" properties, but they believed that its effect was
different from that of thrombin since it could not coagulate
salt plasma but intravascularly had a2 much more pro-
nounced effect than thrombin. It was apparent that Halli-
burton had changed his mind completely concerning the
active substance of tissue juice which he now viewed as
nucleoproteins and not as identical with thrombin. In 2
later publication Pekelharing (212) attempted to refute
these objections and others raised by Wright (215).
Later Hammarsten (124) pointed out that thrombin may
not be identical with the nucleoproteincalcium complex
of Pekelharing but may be merely mixed with it. This
argument was justified since very potent thrombin solu-
tions obtained from blood serum contained only traces of
nucleoproteins, while Pekelharing’s nucleoprotein ob-
tained from tissue extracts possessed only minimal throm-
bin activity, Despite these objections Pekelharing and
Hulskamp (213) insisted upon the thrcmblc nature of the

and attemp to that such
substances obtained from the thymus solely by electrolytic
hods showed iderable “fibrinoplastic” activity.

Apparent proof for the thrombic nature of the active
component of tissue juice was obtained in the interesting
investigations by Delezenne (409-413) concerning the co-
agulation of blood in birds, reptiles, frogs, and fish. It has
been commonly assumed that the blood of birds coagulates
very quickly. There are, however, statements in the older
literature to the effect that blood coagulation in birds and
reptiles occurs extremely slowly (see Alexander Schmidt
[54] and Tiegel [447]). These statements remained un-
confirmed. Delezenne was able to show that avian blood
could be maintained fluid outside of the blood vessels
without the addition of an anticoagulant, as long as the
blood was removed through scrupulously clean cannulas
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methods. This will be discussed at length later.

On the other hand oxalate plasma allegedly contained
the precursor of thrombin. Therefore, oxalates and fluor-
ides both of which precipitated calcium salts apparently
worked by different mechanisms since only the fluorides
simultaneously prevented the release of the precursor from
the formed elements into the plasma.

Pekelharing also showed that “nuclec-albumins” ob-
tained from tissue extracts, especially from extracts of thy-
mus and testicle, displayed “fibrinoplastic properties”
when combined with calcium. These “nucleo-albumins”
were also considered by Pekelharing to be precursors of
thrombin since in combination with calcium they could
bring about coagulation both in extravascular and intra-
vascular plasma. The “nucleo-albumins” of the tissues
differed from each other and from the plasma “nucleo-
albumin” in several respects, e.g., in their heat stability.
They lost their “fibrinoplastic activity” at different temp-
eratures. From this it was concluded that there was not just
one thrombin but that the calcium salts of different “nuc-
leo-albumins” could act as thrombin. Even the casein of
milk could under certain conditions apparently show
thrombic properties.

It can be seen that Pekelharing's theory was related to
that of Lilienfeld in many respects. Both authors empha-
sized the importance of nuclear substances in coagulation-
But Lilienfeld did not want his “leuconuclein” identified
with thrombin or prothrombin (433).

Pekelharing's identification of thrombin with a calcium
salt (to which Castellino [188] subscribed in toto) was not
at variance with Hammarsten's idea of the role of the cal-
cium salts in coagulation (165). But there were other ob-
jections to Pekelharing’s theory. Halliburton and Brodie
(371) admitted that “nucleo-albumin” possessed “fibrino-
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blood obviously establishes contact quickly with the tissues
which as noted previously brings about rapid coagulation.
Do the tissues contain thrombin? Delezenne and subse-
quent investigators answered this question in the affirma-
tive. Fuld used goose plasma and muscle extracts to study
the time necessary for thrombin to produce ¢ lati
because the speed of coagulation, often less than one min-
ute, promised more favorable experimental conditions
than the use of artificial coagulation mixtures, Fuld (193)
considered the possibility that muscle extracts contain
“zymoplastic agents” rather than thrombin. However, he
finally concluded otherwise since in his experience the
active component of tissue juice was not heat-resistant,
while Schmidt's “zymoplastic agent™ could withstand boil-
ing,

Using fluoride plasma as an indicator for the presence
of thrombin, Arthus (348, 178, 179) arrived at different
findings concerning the nature of the tissue components
which promoted coagulation. Fluoride plasma (0.3 per
cent sodium fluoride) was much better suited for this pur-
pose than oxalate plasma since fluorides in low concentra-
tion impaired the effect of thrombin very little. Arthus
then confirmed the finding that blood clotted much faster
on extensive contact with tissue or when it flowed over the
skin, than when it was collected into a glass tube directly
from the blood vessel. Likewise tissue extracts greatly ac-
celerated the coagulation of blood §n vitro. What did the
tissues contribute to the blood? According to Arthus tissue
extracts certainly did not contain thrombin since they
were unable to coagulate fluoride plasma which clotted
readily upon the addition of thrombin. Nor did tissue ex-
tracts app 1y contain prot bin, because they re-
mained inactive even after the addition of calcium salts.
Up to this point Arthus’ reasoning was convincing. Then,
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and collected in completely dustfree, carefiilly cleaned
containers. Centrifugation of the blood yielded 2 plasma
which remained fluid for a very long time, often until the
onset of decomposition, While whole blood would readily
clot in the presence of small particles of dust and other im-
purities, the cell-free plasma was much more Tesistant to
these influences. By contrast blood as well as cellfree
plasma clotted with extraordinary rapidity when mixed
with a very small amount of tissue juice. However, as noted
previously, blood would coagulate by itself without the
addition of tissue juice. In centrifuged or sedimented
blood, coagulation began in the leucocyte layer. Blood
from reptiles (41), frogs, and fish (412), i.e., the blood of
all animals with nucleated red cells, reacted similarly.
When, however, the blood of vertebrates was treated in
the same manner as avian blood, coagulation was only
negligibly retarded (413). Delezenne assumed that leuco-
cytes and the other formed elements of oviparous animals
were more resistant to damage by external factors than
those of mammals, and that they released thrombin into
plasma only after a strong stimulus. This assumption ap-
peared to be quite correct.

The important aspects of Delezenne’s tesults were s00n
confirmed by Phisalix (440), Spangaro (287), and Fuld
(198). Avian plasma provided a new tool for the solution
of numerous experimental problems. I was able to dem-
onstrate that it can be easily obtained. This is more than
can be said for the analogue of avian plasma, i.e.,, mam-
malian plasma kept fluid in paraffined tubes according to
the method of Freund. Geese are to be recommended.
Blood can be readily obtained from the carotid artery or
still better from the jugular vein. Chickens often perish
during the blood-letting.

During the clotting of avian blood following injury, the
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significance of the formed elements of blood (454). Plasma,
according to Wooldridge, contained all the factors neces-
sary for coagulation. These factors he called “fibrinogen-A™
and “fibrinogen-B” which combined under certain circum-
stances to form fibrin. “Fibrinogen-A" was obtained as a

precipi from pep plasma after pmlong:d
coo]mg at 0°C. It probably corresponded at least in part
to what other authors have called platelets. Wooldridge
considered that his “fibril -B” in its natural state in
plasma was a precursor of Hammarsten's fibrinogen but
not identical with the latter, This was based on the assump-
tion that thrombin would not clot unaltered “fibrinogen-
B” in plasma but would clot Hammarsten's fibrinogen
because the latter had been modified by repeated salt pre-
cipitation. Wooldridge did not question the existence of
thrombin but considered it a result rather than the cause
of coagulation.

Wooldridge thought that coagulation was actually
brought about by the fibrinogens, especially “fibrinogen-
A,” and its active analogues, “tissue fibrinogens.” The lat-
ter were obtained by extraction of tissue with dilute
sodium chloride solution and subsequent precipitation
with acetic acid, They were considered simply as elements
of tissue, and Wooldridge theorized that the bulk of proto-
plasm consisted of such “fibrinogens.” According to Wool-
dridge they deserved the name “fibrinogens” just as much
as did “fibrinogen-B” of plasma since he thought they
entered into the complex of formed fibrin and were there-
fore used up during coagulation.

Both the fluid state of blood within the vessels and
blood coagulation were considered to be the results of the
interaction between the “fibrinogens,” in which two phases
were to be distinguished, a negative and a positive one.
The negative phase was thought to predominate in cir-
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however, he attempted to explain the effects of the thermo-
1abile clot-promoting substances of tissue by assuming that
tissue extracts possessed the power to initiate and acceler-
ate the release of thrombin from the white blood cells.
This was, however, an inadequate characterization of the
importance of tissue juice, because, as Hewlett (201) had
correctly observed, tissue juice also retained its effective-
ness in completely cell-free plasma such as goose plasma or
that prepared from peptone plasma. Thus, only the nega-
tive part of Arthus’ publications was convincing.

Later Loeb (375) defended the thrombic nature of the
active tissue substances, which he called “koagulins.” They
were not considered completely identical with thrombin
as obtained from blood serum. They were thought to pos-
sess a greater specificity, but their overall effect was con-
sidered to be the same as that of thrombin. Therefore,
Loeb assumed the existence of several active substances
all of which could have thrombic activity.

The preceding paragraphs have dealt with the observa-
tions of those investigators who assumed the active com-
ponent of tissue juice to be thrombin. Other studies which
represented a different point of view and in some respects
deviated considerably from the prevailing concepts should
also be mentioned. Schmidt’s concept of the “zymoplastic
agents” and Lilienfeld's theory have already been dis-
cussed. There were also the studies of Wooldridge and
Wright which will be discussed briefly. It is hardly neces-
sary to go into the details of Wooldridge's peculiar theory
of coagulation since Wooldridge never had a serious dis-
ciple except for Wright, and his theory has long since been
abandoned. Wooldridge's theory, at least in its final ver-
sion, differed from all theories promulgated since the time
of Alexander Schmidt in its denial of the participation of
thrombin in coagulation and its refusal to acknowledge the
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of thrombin whose origin from cellular elements had been
demonstrated by Pekelharing’s observations. Furthermore,
the same workers emphasized that one cannot readily gen-
eralize from experiments with peptone plasma because of
the highly complex conditions found in this plasma. This
was undoubtedly the reason why Wooldridge consistently
interpreted his own accurate observations incorrectly, as
will be pointed out in our discussion on peptone plasma.
Wright (215, 393-396) subsequently attempted to extend
Wooldridge’s theory by more precise investigation of the
changes which occurred in blood after the injection of
“tissue fibrinogen” {or “cell fibrinogen” as he called it).
This will be discussed later. According to Wright, throm-
bin was a mixture of “cell fibrinogen” and calcium salts
(395). Incidentally, at a later date, Wright considered that
the clot-promoting substances did not actually originate
from the cells but came from the contaminating lymph.
Since it was stated in very general terms, this hypothesis was
certainly not acceptable.
The preceding account concerning the clot-promoting
substances in nssue ]uxce lllustm!es the far-reaching and
Iy ir bt ies in the opinions of
dxﬁcrem authors, Pekclharmg (210) Delezenne (409413)
and others claimed that tissues contained thrombin or ity
hmidt (54), Wooldridge (454), Lilienfeld
(433) and Arthus (848) felt that the tissues did not contain
in but rather sut which p d coagula-
tion by others means. Again there was considmble differ-
ence of opinion regarding the details of the process.
Pekelharing (210), Halliburton (371), and Lilienfeld
{(483) considered the active substances of tissues to bhe
nucleoproteins. Schmidt thought they were alcohol-soluble
substances, and Wooldndgc considered them fibrinogen-
ke ys ds. Pekelharing (210), Del (409), and
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culating blood. This reason was given for the observation
that thromboses did not always develop after the injection
of “tissue fibrinogen” into the blood stream, More often
the blood temporarily became incoagulable which was
considered an illustration of the negative phase in the
interaction of the fibrinogens. However, larger amounts
of “tissue fibrinogens™ caused intravascular coagulation,
primarily in the region supplied by the portal vein, In
vitro in peptone plasma only the positive phase of fibrino-
gen interaction was observed. Peptone plasma clotted very
quickly on the addition of “tissue fibrinogen,” even after
the removal of “fibrinogen-A.” Both substances, as well as
“serum fibrinogen” which was obtained from blood serum
by acid precipitation, had the same effect, In normal co-
agulation it was thought that “fibrinogen-A" combined
with “fibrinogen-B.” “Tissue fibrinogens” did not bring
about clotting in some exudates even though the latter
contained “fibrinogen-B.” This finding was simply ascribed
to an alteration in the fibrinogen of these transudates.
“Fibrinogen-B” was thought to occur in many different
forms and by no means to be as constant in its properties
as Hammarsten had assumed.

The discussion of some of the studies (448-454, 391, 392)
which helped Wooldridge in the development of his theory
would carry us too far afield. His earlier studies empha-
sized the significance of lecithin in coagulation in that
“fibrinogen-A" was thought to transfer lecithin to “fibrino-
gen-B.” Wooldridge apparently abandoned this idea later.

Wooldridge's theory of coagulation did not attract fol-
lowers and was soon completely abandoned after his pre-
mature death. Its lack of appeal was duc chiefly to the ob-
jections of Halliburton (197), Pekelharing (210), Krueger
(77), and others, who pointed out that the “tissue fibrino-
gens” and “fibrinogen-A" contain nothing but a precursor
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active form. The serum form is not activated by calcium
salts but rather by alkalis and acids, even in the complete
absence of calcium salts. Fuld (194) and I demonstrated
this in support of Schmidt's assertions. This “pro-enzyme”
(which I originally called “B-prothrombin,” while Fuld
named it “metazyme") is found only in serum and is absent
in all unclotted plasma samples, e.g., oxalate and fluoride
plasma, Thus it appears reasonable that the inactive form
of thrombin is not so much a prothrombin, but a modifi-
cation into which thrombin is converted quickly follow-
ing coagulation. This idea is supported by the observation
that serum contains surprisingly little free thrombin. Shed
blood coagulates in a few minutes although thrombin has
to be formed first. The thrombic activity of relatively fresh
serum is, however, so weak that it requires at least a half
hour to clot a fibrinogen solution. During coagulation a
large amount of thrombin adheres very firmly to the
fibrin and is removed with the latter. Nevertheless, shortly
after coagulation a considerable, or indeed the largest,
portion of the formed thrombin is probably converted into
an inactive form which can be reactivated by alkalis or
acids. The term “metathrombin” seems appropriate for
this substance. The manner in which metathrombin is
formed from thrombin is not known. Condensation, paly-
merization, or similar processes are possible mechanisms.

The chemical properties of metathrombin, e.g., its re-
action to heat, are about the same as those of thrombin,
but it is much more resistant to the damaging effects of
light, air, etc. When serum in an uncovered container is
exposed to air for several days until its thrombin has com-
pletely vanished, it still contains large amounts of meta-
thrombin.

Thrombin which is obtained from bil
activation with alkali quickly deteriorates again and loses
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Conradi (358) felt that the active substances were thermo-
labile, while Schmide and Wooldridge were unable to
destroy their activity by boiling.

These vast differences in opinion were also expressed
in the two most important theories concerning the origin
of thrombin, i.e, in the theory of Alexander Schmidt and
in that of Pekelharing and Hammarsten, The latter theory
(formerly the predominate one) held that the calcium salts
of plasma activated a precursor of thrombin. This precar-
sof, a nucleop in, was considered to be released from
the formed elements into the plasma after blood was shed.
By contrast, Schmidt assumed that prothrombin already
existed in the circulating plasma, and that it was activated
by “zymoplastic agents” without the participation of cal-
cium salts. The “zymoplastic agents” were thought to be
released from the leucocytes only after blood was shed.
Free alkali allegedly augmented this process considerably.

Naturally it was highly desirable to resolve these contra-
dictions as much as possible. Fuld (194), Morawitz (207,
208), and Fuld and Spiro (195) undertook this task. They
arrived independently at results which were identical in
all essentials and which hzlped to eliminate a considerable

ber of the misund

My first paper showed that in part the difference of
opinion concerning the effect of calcium existing between
Schmidt on the one hand, and Arthus, Hammarsten and
Pekelharing on the other, undoubtedly resulted from the
fact that the prothrombin of Schmidt was not identical
with that of the other authors. There seem to be at least
two inactive forms of thrombin, One is found in oxalate
plasma and is activated by calcium salts alone. This was
Pekelharing’s prothrombin, for the time being referred
to as “a-prothrombin.” Another inactive form of thrombin
is found in blood serum in large quantities along with the
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extraction of the tissue, If allowed to stand for any length
of time, such extracts lose their activity even when de-
composition is avoided by the addition of preservatives.
However, after drying in vacuo powdered tissue extracts
retain their activity for a long time.

Do tissue extracts contain thrombin or Pekelharing’s
precursor? The experiments of Fuld and Spiro (195) as
well as my own observations (208) demonstrated that
neither was the case. Tissue extracts from avian liver were
not capable of coagulating Hammarsten’s fibrinogen solu-
tion even in the presence of calcium salts, Serum produced
by the spontaneous clotting of goose blood, on the other
hand, possessed that ability. It was also not possible to clot
fibrinogen solutions, oxalate plasma or fluoride plasma by
the addition of mammalian tissue extracts whether calcium
salts were present or not. Likewise some transudates such
as hydrocoele fluid could not be clotted by similar treat-
ment,

However, the coagulation of whole blood was greatly
augmented by the addition of tissue extracts. These ex-
tracts also initiated coagulation in goose plasma, peptone
plasma, and occasionally in leech extract plasma, but only
in the presence of calcium salts. In decalcified goose and
peptone plasma the tissue extracts were completely in-
active,

‘The thrombic activity of blood serum was greatly en-
hanced by the addition of tissue juice. An increase in the
alkalinity of serum had a similar effect. Despite these sug-
gestive findings it did not appear likely that it was actually
metathrombin which was activated by the added tissue
juice. After all, tissue juice was active only in the presence
of calcium, whereas metathrombin could be activated to

hrombin by alkali in decalcified serum.

R On the basis of these and other less important observa-

tions omitted from this discussion, Fuld and Spiro and 1
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its activity, especially in alkaline media and at higher
temperatures. Whether this constitutes an important dif-
ference between re-activated methathrombin and the
thrombin formed during coagulation remains question-
able. Nor do we know whether thrombin which has been
obtained from metathrombin can be re<converted to the
metathrombin stage. According to personal observations
this does not appear likely. Another striking and unex-
plained fact is the retarding effect of normal serum on the
alkali-activated metathrombin. It is possible that this is an
inhibitor effect.

While proof of the existence of two different inactive
forms of thrombin reconciled some of the apparent con-
tradictions between the statements of Schmidt and those of
later investigators, clarification of the role of the “zymo-
plastic agents™ was still needed. It was necessary to deter-
mine whether “zymoplastic agents” really existed, and if
5o which of the inactive precursors of thrombin they acted
upon. The relationship of calcium salts to the effect of the
“zymoplastic agents” also requires clarification.

There are very few references to Schmide’s “zymoplastic
agents” in the subsequent literature. Lilienfeld (433)
thought that their effect could be attributed to the phos-
phoric acid content. Spiro and Ellinger (289) claimed to
have brought about the coagulation of peptone plasma by
the addition of “zymoplastic agents.” My own efforts to
duplicate Schmidt’s isolation of “zymoplastic agents” from
dried alcoholic cell extracts have been unsuccessful. So
far no explanation has been found for the results which
Schmidt obtained.

On the other hand, it was easy to prove the existence of
clot-promoting, heat-labile substances in all tissues, especi-
ally in those rich in cell nuclei such as the thymus and
lymph glands as well as in the stroma of the red x::.lls.
These substances can be readily obtained by simple saline
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tion in circulating plasma but was produced in vitro from
the formed el chiefly the platelets (480).

These arguments were nullified by the subsequent stud-
ies of Bordet and Gengou (186). These investigators showed,
like Fuld (194), that fluoride plasma contained thrombo-
gen which was relatively completely adsorbed and bound
by the massive precipitate of calcium fluoride which inci-
dentally also removed a portion of the fibrinogen, These
findings compelled me to modify my previous opinions.
Furthermore, the observations of Arthus (182) which de-
nied the pre-existence of thrombogen in circulating blood
were no longer convincing. Arthus pointed out that many
transudates did not contain thrombogen, a fact which
Al der Schmidt and Rauschenbach (82) had long recog-
nized, It could be assumed that the activity of thrombogen
was rather quickly lost in these isolated fluids unless a
further supply was constantly transferred into the transu-
dates from the blood.

Proof that thrombogen is present in fluoride plasma also
influenced my investigations concerning the origin of this
substance (480). As noted previously thrombogen has not
been consistently demonstrated in the tissues investigated,
On the other hand 1 observed that thrombokinase as well
as thrombogen could be found in platelets obtained by
differential centrifugation of fluoride plasma. Since throm-
bogen had been found in fluoride plasma these experi-
ments were no longer convincing, especially since other
personal observations yielded evidence against the pla!c~
lets being the source of thmmbogen Furthermore, in e
perimental phosphorus p thromt occasi
dlsappeared comple(ely from the blood (93), but platelets
remained in appreciable concentrations and showed no
microscopic abnormalities,

It must be regretfully admitted that thus far no defini-
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concluded that tissue juice contains a substance which
leads to the production of thrombin in the presence of
calcium salts and of another substance which is also present
in goose plasma, peptone plasma, and serum. Fuld called
the active “zymoplastic agent” of the cells “cytozyme,”
while T have referred to it as “thrombokinase.” The sub-
stance in plasma has been named “plasmozyme” or “throm-
bogen,”* respectively. In the following paragraphs my
terminology will be tentatively employed without neces-
sarily intending to anticipate a more definitive nomen-
clature,

Thrombokinase can be obtained from all forms of pro-
toplasm and from blood cells, especially platelets and leu-
cocytes. Thrombogen, on the other hand, has so far been
found only in plasma. Since thrombogen is present in all
artificial plasma specimens, Fuld assumed its prior exist-
ence in a soluble state in circulating plasma. Originally I
felt that I had found a thrombogen-free but active solution
in fluoride plasma since the investigations of Pekelharing
(170) and of Arthus (178) had shown that the effect of
fluoride was different from that of oxalate. It was thought
that oxalate plasma clotted readily upon the simple addi-
tion of CaCl, because it contained a precursor of thrombin.
By contrast fluoride blood clotted after the addition of
CaCl, only if diluted with distilled water. Fluoride plasma
remained liquid under the same circumstances. From this
Pekelharing and Arthus concluded that fluoride, in addi-
tion to precipitating calcium, fixed the leucocytes so that
they were unable to release prothrombin into the plasma.
1 demonstrated that fluoride plasma occasionally remained
liquid after the addition of calcium salts or tissue juice
even though active thrombin readily clotted it. The tenta-
tive conclusion was that thrombogen was not found in solu-

» Translators’ nole: In modern terminology “prothrombin™ is used.
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produce thrombin. As soon as thrombin has been pro-
duced, calcium is no longer needed for coagulation, There-
fore, thrombin results from the interaction of at least three
substances.

In the process of thrombin formation the supply of
thromb is never completely ext 1. A considerabl
quantity of it is found in serum after coagulation has taken
place and can be re-activated by the addition of tissue
juice. After coagulation, a sizable portion of the thrombin
produced is quickly converted into the inactive form,
metathrombin, which can be converted into thrombin
again by means of alkali or acid. The entire process of
thrombin formation according to Fuld (194) is graphically
presented in Figure 2. This outline contains some points
which have not been proved, but it presents the known
facts in the best possible manner.

The presence of thrombin precursors in various body

(Plasma) Cells
Thrombogen® Thrombokinase
Throtibogen® Galdum
als
“Thrombin
Thrombia Meththrombin
Alkalis (Adds)
“Thrombin

Fic. 2. ® Trenslators’ nofe: The popular modern term i “prothrombin™
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tive information has been obtained conceming the source
of thrombogen or the pre-existence of the latter in cir-
culating blood. According to Fuld, the pre-existence of
thrombogen in circulating blood is highly probable, par-
ticularly since thromboses accur following the injection of
thrombokinase. Perhaps detailed hematological investi-
gation of the thrombogen-free blood produced by phos-
phorus poisoning will clarify this matter.

The question regarding the origin of thrombokinase can
be answered more readily. Its chief source in mammals is
probably from platelets whenever coagulation occurs
normally. It is not simply a coincidence that fluids which
do not contain platelets (e.g., lymph and possibly oviparous
blood) coagulate only very slowly even under favorable
conditions or else remain entirely liquid. It seems reason-
ably safe to assume that thrombokinase in such fluids origi-
nates from the leucocytes which release the active sub-
stances much more slowly than the very labile platelets do.

Thus the process of coagulation, according to the ideas
of Fuld and Spiro (195) and myself, can be formulated ap-
proximately as follows: Fibrinogen, calcium salts, and
probably also thrombogen exist in the plasma of circulat-
ing blood. Outside of the vessels the formed elements, es-
pecially the platelets, are disrupted by contact with foreign
surfaces and therefore yield thrombokinase into the
plasma. Thromboki: in conjunction with thrombog,
and calcium salts forms thrombin., Because the chemical
nature of enzymes is unknown, we have no detailed knowl-
edge concerning the interaction of these three substances.
We do not know whether thrombokinase is incorporated
into the thrombin molecule in the manner of an ambo-
cepter nor the role played by the calcium salts. Atany rate,
it is certain that calcium salts must be present at the mo-
ment that thrombokinase and thrombogen interact to
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parently erred in identifying metathrombin with pro-
hrombin. That 1 bin could be activated in the
absence of calcium salts probably explains Schmidt’s denial
of the importance of the calcium salts. The results Schmidt
obtained with alcoholic cell extracts remain unexplained.

Those investigators who believed that tissue extracts
contained thrombin or its precursor which could be acti-
vated by calcium salts, used substrates which contained
prothrombin such as goose plasma and peptone plasma in
their experiments, This explanation, however, does not
apply to the results obtained by Pelelharing and Huis-
kamp (213). These investigators were able to coagulate
fibrinogen solutions prepared by Hammarsten’s method
by adding nucleoproteins from the thymus gland. It can
be assumed that their fibrinogen solutions were not com-
pletely free of prothrombin, Moreover, thymic extracts
frequently contain small amounts of prothrombin which
might have originated from the blood or lymph remaining
in the tissue. Frequently, however, they contained no pro-
thrombin in which case even very potent thymic extracts
did not initiate coagulation of a fibrinogen solution despite
the presence of calcium salts.

Schmidt’s prothrombin is without doubt identical with
thrombogen. Pekelharing'’s concept of prothrombin in-
cluded tk bogen and tk bokinase without calcium
salts. Since Pekelharing’s prothrombin consisted of two
factors, its nucleop in nature is lly doubtful. It
is nevertheless quite possible that thrombokinase is a
nucleoprotein. It shows striking similarities to this type of
protein and by prolonged cooling can apparently be com-
Pletely precipi d with the leop ins from peptone
and oxalate plasma, This precipitate (“fibrinogen-A,” pro-
thrombin) was observed by Wooldridge (454), Hammar-
sten (165), and Pekelharing in a finely granular form re-
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fluids is shown in Table I. It becomes clear from the pre-
ceding considerations that circulating blood remains liquid
because of the absence of thrombokinase, or because the
latter is liberated so slowly that it is rendered inactive by
anticoagulants, This phenomenon will be discussed in a
subsequent chapter.

The preceding account shows that by and large there

TABLE 1

Throm- | Throm- | Throm- | Melo-
bogen* | bokinase bin | thrombin

Circulating plasma 42 — ‘ — -
Exudates (ascites) + | - |- _
Hydrocoele fiuid -] - } - J -
Oxalate plasma ] + + - l -
Goose plasma ‘, + - - -
Serum + +? + +
Thrombin solution of Schmidt | ? ? + -
Fluoride plasma + _ - -

* Translators' note: The popular modern term is “prothrombin.”

exists a striking analogy between modern ideas concerning
the origin of thrombin and Alexander Schmidt's little-
recognized theory of the “zymoplastic agents.” Thrombo-
gen is identical with Schmidt's prothrombin* and throm-
bokinase with the “zymoplastic agents.” But Schmidt ap-

® Tyanslators’ note: Although Morawitr subsequently used the term
“thrombogen"” in this monograph, we have chosen the more popular modern
term “prothrombin.”
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contact with non-paraffined surfaces, ie., with wettable
surfaces. It is clear that the effect of contact with the glass
surface was not mediated through the disintegration of the
formed elements, because there were none left in the
plasma. Nor did contact with the glass surface set off the
effect of any “pre-formed” thrombin upon fibrinogen since
there was no active thrombin in “paraffin plasma” a fact
which could be demonstrated by the removal of calcium
salts. Decalcified “paraffin plasma” no longer coagulated
upon contact with foreign bodies. These experiments
showed that the production of thrombin from its plas-
matic precursors is initiated or at least enhanced by con-
tact with foreign surfaces.

In my opinion the experiments of Bordet and Gengou
(185) are extremely significant in explaining the liquid
state of blood. It is most likely that some thrombokinase is
constantly escaping into the circulating plasma. This
would produce fatal thromboses if the body did not possess
a mechanism to counteract such danger. One of the safe-
guards may be the absence of contact with wettable sur-
faces in the circulation. Other safeguards and defense
mechanisms will be discussed later.

‘The preceding outline of the production of thrombin
according to the studies of Fuld and Spiro (195) and myself
(208) might be criticized because the theory appears ex-
tremely complicated. Of course, it was not intended to be
final and definitive. It must be admitted that for the time
being this version best explains the observed ph
Aboave all it has the great advantage of reconciling the

dictory views of difft scholars.

That this theory has been challenged cannot be denied.
Loeb stoutly upheld the lmpommce of the tissue “koagu-
lins” as thrombins and doubted the significance of the cal-
clum salts (436). As far as the first point is concerned,
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sembling platelets. This provides another clue concerning
the origin of thrombokinase. There is considerable evi-
dence against the identification of thrombokinase with
nucleoproteins, However, the striking fact remains that,
according to Pekelharing and Fuld, body fluids which do
not contain thrombokinase also lack cold-precipitable
nucleoproteins. The same applies to goose plasma, fluoride
plasma, and leech extract plasma. While this may not be
just coincidence, there need not necessarily be a causal
relationship. The disruption of formed elements may ex-
plain this phenomenon.

Prothrombin certainly has nothing to do with nucleo-
proteins and cannot be precipitated by cooling. Just as puz-
zling as the nature of the precursor of thrombin is the
mode of action of thrombokinase. Thus far no one has
been able to determine whether the reaction is enzymatic
or stoichiometric. My personal observations support the
latter possibility (328). It must be admitted that the matter
is not settled.

The presence in plasma of prothrombin, thrombokinase,
and calcium salts does not suffice for the formation of
thrombin. A fourth factor is needed, namely contact with
a wettable surface. This is important not only for the re-
lease of thrombokinase from the formed elements but also
for the origin of thrombin in the plasma. This was dem-
onstrated by the interesting experiments of Bordet and
Gengou (185) which I have been able to confirm, When
blood was collected in paraffined containers according to
Freund’s method (161), prolonged centrifugation yielded
a plasma which was completely devoid of formed elements
and platelets although the latter probably partially dis-
integrated during the preparation of the plasma. This
plasma remained liquid as long as it was in contact wi}h
paraffined surfaces only. However, it quickly coagulated in
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contact with non-paraffined surfaces, i.e., with wettable
surfaces. It is clear that the effect of contact with the glass
surface was not mediated through the disintegration of the
formed elements, because there were none left in the
plasma. Nor did contact with the glass surface set off the
effect of any “pre-formed” thrombin upon fibrinogen since
there was no active thrombin in “parafin plasma” a fact
which could be demonstrated by the removal of calcium
salts. Decalcified “'paraffin plasma” no longer coagulated
upon contact with foreign bodies. These experiments
showed that the production of thrombin from its plas-
matic precursors is initiated or at least enhanced by con-
tact with foreign surfaces,

In my opinion the experiments of Bordet and Gengou
(185) are extremely significant in explaining the liquid
state of blood. It is most likely that some thrombokinase is
constantly escaping into the circulating plasma. This
would produce fatal thromboses if the body did not possess
2 mechanism to counteract such danger. One of the safe-
guards may be the absence of contact with wettable sur-
faces in the circulation. Other safeguards and defense
mechanisms will be discussed later.

The preceding outline of the production of thrombin
according to the studies of Fuld and Spiro (195) and myself
(208) might be criticized because the theory appears ex-
tremely complicated. Of course, it was not intended to be
final and definitive. It must be admitted that for the time
being this version best explains the observed ph
Above all it has the great advantage of reconciling the
o dictory views of di schalars.

That this theory has been challenged cannot be denied.
Loch stoutly upheld the 1mportznce of the tissue “koagu-
ling” as th and doubted the significance of the cal-
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sembling platelets. This provides another clue concerning
the origin of thrombokinase. There is considerable evi-
dence against the identification of thrombokinase with
nucleoproteins. However, the striking fact remains that,
according to Pekelharing and Fuld, body fluids which do
not contain thrombokinase also lack cold-precipitable
nucleoproteins. The same applies to goose plasma, fluoride
plasma, and leech extract plasma, While this may not be
just coincidence, there need not necessarily be a causal
relationship. The disruption of formed elements may ex-
plain this phenomenon.

Prothrombin certainly has nothing to do with nucleo-
proteins and cannot be precipitated by cooling. Just as puz-
zling as the nature of the precursor of thrombin is the
mode of action of thrombokinase. Thus far no one has
been able to determine whether the reaction is enzymatic
or stoichiometric. My personal observations support the
latter possibility (328). It must be admitted that the matter
is not settled.

The presence in plasma of prothrombin, thrombokinase,
and calcium salts does not suffice for the formation of
thrombin. A fourth factor is needed, namely contact with
a wettable surface. This is important not only for the re-
lease of thrombokinase from the formed elements but also
for the origin of thrombin in the plasma, This was dem-
onstrated by the interesting experiments of Bordet and
Gengou (185) which I have been able to confirm. When
blood was collected in paraffined containers according to
Freund’s method (161), prolonged centrifugation yielded
a plasma which was completely devoid of formed elements
and platelets although the latter probably partially dis-
integrated during the preparation of the plasma, ‘This
plasma remained liquid as long as it was in contact with
paraffined surfaces only. However, it quickly coagulated in
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contact with non-paraffined surfaces, ie., with wettable
surfaces. It is clear that the effect of contact with the glass
surface was not mediated through the disintegration of the
formed elements, because there were none Icft in the
plasma. Nor did contact with the glass surface sct off the
effect of any “pre-formed” thrombin upan fibrinogen since
there was no active thrombin in “paraffin plasma” a fact
which could be demonstrated by the removal of calcium
salts. Decalcified “paraffin plasma”™ no longer coagulated
upon contact with foreign bodies, These experiments
showed that the production of thrombin from its plas-
matic precursors is initiated or at least enhanced by con-
tact with foreign surfaces.

In my opinion the experiments of Bordet and Gengou
(185) are extremely significant in explaining the liquid
state of blood. It is most likely that some thrombokinase is
constantly escaping into the circulating plasma. This
would produce fatal thromboses if the body did not possess
a mechanism to counteract such danger. One of the safe-
guards may be the absence of contact with wettable sur-
faces in the circulation. Other safeguards and defense
mechanisms will be discussed fater.

The preceding outline of the production of thrombin
according to the studies of Fuld and Spira (195) and myself
(208) might be criticized because the theory appears ex-
tremely complicated. Of course, it was not intended to be
final and definitive. It must be admitted that for the time
being this version best explains the observed phenomena.
Above all it has the great advantage of reconciling the
contradictory views of different scholars.

That this theory has been challenged cannot be denied.
Lo:b stou(ly uphcld the importance of the tissue “koagu-
ling hrombins and doubted the significance of the cal-
cium sahs (486). As far as the first point is concerned,
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Loeb’s arguments were not well founded, at least not in the
case of the vertebrates. It is preferable not to enter into 2
discussion of the matter at this point. The role of the
calcium salts, according to the observations of Fuld (194)
and myself (208), is diametrically opposite to that ascribed
to them by Loeb. Further experimentation is necessary to
clarify these discrepancies.

At this point a few remarks can be inserted concerning
the specificity of thrombin and of its precursors. Duclaux
(3) thought that thrombin did not possess a species speci-
ficity in the vertebrates. Bordet and Gengou (302) and Fuld
(193) took issue with this view. The experiments of Loeb
(875) showed that Duclaux's theory was correct and that
specificity existed only between vertebrates and inverte-
brates. By contrast thrombokinase possesses a distinct speci-
ficity within the vertebrates. Loeb’s observations were
completely confirmed by Muraschew (209). Other scattered
references to thrombin lacked coherence and, unless they
dealt with morphological problems or anticoagulants,
could not be organized under specific headings. '

A very interesting phenomenon which has not been suf-
ficiently clarified is the shortening of the clotting time fol-
lowing massive hemorrhage—a matter of great physio-
logical significance. This phenomenon had already been
recognized by Alexander Schmidt and was more recently
investigated by Arloing (398), Arthus (401), and Milian
(488). It can be readily ascertained that this change in the
clotting time was considerable and certainly not due to
faulty technique. The clotting time often shortened from
seven minutes to less than one minute, It might be as-
sumed that this remarkable phenomenon is based on
changes in the production of thrombin, but the details
are unknown. This protective mechanism is said to be
absent in some cases of hemophilia, even when the patient
had a normal baseline clotting time. This has been held
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responsible for the great difficulty encountered in control-
ling hemophilic bleeding.

Another interesting ph is the coagulation be-
havior of cadaver blood. The cause has not been suffici-
ently studied. Pathologists know that the blood in the
vessels of a cadaver at times clots extensively, and at other
times remains essentially fluid. When removed from the
vessels, the blood in most instances coagulates although
very slowly. Earlier investigators, who were still under the
influence of the theory of the “fibrinocrasias,”* placed
great emphasis on the amount and arrangement of blood
clots in the cadaver (Wunderlich [40]).

As far as I know, Schmidt is the only one who devoted
2 brief discussion to this phenomenon and its etiology. He
believed that the leucocytes in the vessels of the cadaver
die without releasing their thrombin or * plasti
agents” into the plasma. Current knowledge suggests ad-
ditional possibilities. The problem is certainly worthy of
experimental study.

An important question concerns the influence of the
amount of thrombin upon the clotting time. Problems in
methodology make this difficult to solve. Fuld (193) alone
presented precise data concerning this particular field.
Previous investigators such as Duclaux (3) and Arthus (178)
assumed a direct proportionality. Fuld, however, showed
that doubling the amount of thrombin while keeping the
amount of fibrinogen constant anly accelerated the coagu-
lation time one and one-half times. This applied only to
large 2amounts of thrombin. With a small concentration of
thrombin and a long coagulation time, the influence of
the amount of thrombin was much more pronounced, and
an almost direct proportionality existed.

Fuld’s observations without doubt furnished further

* Translators® note; This term can be best defined as implying patho-
logical alterations in the blood clot.
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proof for the enzymatic nature of the coagulation process.
However, they cannot be unequivocally utilized as 2 dem-
onstration of the thrombin clotting time, because Fuld
used muscle juice for his thrombin solution and goose
plasma for the substrate. He did not then know the nature
of mustle juice and thought it contained thrombin. The
clotting times he observed concerned thus not only the
time required for the second stage but also for the first
stage of coagulation (i.e,, the production of thrombin). A
repetition of the experiments using thrombin and fibrino-
gen solutions would be desirable.

Arthus (180) provided data concerning the time neces-
sary for the formation of thrombin in shed blood. He
stopped the formation of thrombin in shed blood at vari-
ous intervals of time by the addition of sodium fluoride
and compared the amounts of thrombin produced. He
observed a rapid increase in thrombin just before the first
appearance of coagulation which lasted until shortly after
the appearance of the first clots.



Chapter V

FIBRINOGEN AND FIBRIN (THE SECOND
PHASE OF BLOOD COAGULATION)

AMMARSTEN'S investigations which had been re-

peatedly confirmed, clearly d rated that the
second phase of coagulation consisted of the transforma-
tion of a plasma protein, fibrinogen, into an insoluble
form, fibrin, by the action of thrombin. No mode of forma.
tion of fibrin other than by the action of thrombin is
known,

According to Hammarsten fibrinogen should be classi-
fied with the globulins (120, 121) since it is insoluble in
water, soluble in dilute solutions of neutral salts, and pre-
cipitated from plasma during dialysis. It is distinguishable
from the other globulins of blood plasma by its lower
temperature of “heat-coagulation.” It is precipitated from
weak salt solutions and from blood plasma at 56°C, and
from an 8 to 10 per cent sodium chloride solution at 52°
to 55°C according to Hammarsten and Frédéricq (112).

Furthermore, fibrinogen is more easily salted out by
sodium chloride than are the globulins. The bulk of fibtin-
ogen is precipitated by 50 per cent saturation with sodium
chloride, This was the basis for the method of isolating
fibrinogen in a pure state which was first used by Hammar-
sten, In contrast to the globulins fibrinogen pletely
Precipitates upon 100 per cent saturation with sodium
chloride.

According to Hammarsten the empirical formula of
fibrinogen is: G, 52.93 per cent; H, 6.9 per cent; N, 16.6

Kt
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per cent; S, 1.25 per cent; O, 22.26 per cent. Its C, H, and
O content is somewhat higher than that of its product,
fibrin. According to Mittelbach the optical rotation of
fibrinogen is & (D) = minus 52.5° (142).

Fibrinogen has a tendency to become insoluble when
precipitated from solution, particularly when precipitated
with water or dilute acids, Furthermore, in preparing fi-
brinogen by the salt precipitation method a considerable
amount may be lost due to its insolubility, The prepara-
tion of a fibrinogen solution which has to be purified three
or four times is a difficult undertaking as my own experi-
ence has shown. For the technique of producing a fibrin-
ogen solution see the studies of Hammarsten (165) and
Morawitz (207). Insoluble fibrinogen is by no means identi-
cal with fibrin.

‘Whether fibrin can be considered a protein in the strict
sense of the term is doubtful. As Schwalbe (11) pointed
out, in contrast to other proteins it did not pass through
a Chamberland filter but remained behind in the form of
a sticky sediment which soon plugged the filter pores com-
pletely. The most striking property of fibrinogen is its
transformation into fibrin by the action of thrombin.
Hammarsten established the fact that fibrinogen is the
sole precursor of fibrin,

This emphasizes the physiological importance of fibrin-
ogen and the reason that the origin and production of this
protein have been studied with great interest for a long
time. Two opposing theories have dominated this field.
Prévost and Dumas (35), and more recently Heynsius
(128, 129) and Mosso (148), championed the earlier belicf
that fibrinogen or soluble fibrin, was not present in cir-
culating plasma but originated in shed blood by the re-
lease of a protein from the red blood cells. Mosso on the
basis of microscopic observations claimed that the red cells
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iost their pigment and subsequently fused into a hyaline
mass, the fibrin coagulum. Heynsius thought he found 91
per cent of the fibrin in the red cell layer of sedimented
horse blood and only 9 per cent in the plasma. These ob-
servations resulted from the faulty methods of identifying
fibrinogen and fibrin in use at that time. Alexander
Schmidt proved conclusively that the red cell layer actually
contained very little fibrin,

Undoubtedly a fibrinogen-like substance can be ex-
tracted from red cells with dilute salt solution especially
from the nucleated red cells of the lower vertebrates. Lan-
dois (134), called this “stromafibrin” and Semmer, a disci-
ple of Schmidt, investigated this substance (87). This
“stromafibrin” was also found after freezing and thawing
of the blood cells, and after hemolysis in heterologous
serum.

A similar hyaline, fibrous substance was isolated from
certain leucocytes. There was, however, no proof that these
substances were identical with fibrinogen. Landois thought
that “‘stromafibrin” and plasma fibrin were different sub-
stances. This was undoubtedly true since this thick, tena-
cious and fibrous material consisted mainly of nucleopro-
teins. The same can be said of those substances which
Wooldridge (454) collectively called “tissue fibrinogens,”
whose significance has already been discussed. The nature
of the fibrinogen which Semmer (87) isolated from the
blood cells of frogs is a bit obscure to say the least,

In addition to the red cells, leucocytes and platelets have
also been considered as possible sources of fibrinogen. Mor-
phologists, in particular, have alluded to observations
which seemed to indicate that fibrinogen or fibrin origi-
nated from extravascular disintegration of these cellular
elements. Buerker (460) very recently restated the same
opinion. He attempted to relate fibrin to the products of
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extravascular disintegration of platelets. He tried to dem-
onstrate that the amount of fibrin formed depended upon
the number of available platelets, and that it was mathe-
matically possible that all of the fibrin could be derived
from the sum total of the platelets.

The idea that fibrin originates from extravascular dis-
integration of the formed elements, denying as it were the
pre-existence of fibrin in circulating blood, is essentially
incorrect. Nowadays this concept is probably not upheld
by a single chemist. It is acceptable only insofar as num-
erous histological observations have shown that in normal
blood coagulation some of the cellular elements, especially
the platelets, disintegrate and are incorporated as a hya-
line or granular material into the mass of fibrin which is
thus increased in bulk. However, there has been no proof
that those granular masses are really fibrin and this seems
highly improbable, For the time being we must consider
these granular masses as impurities.

Furthermore, 2ll other observations support the con-
tention that fibrinogen already exists as such in the circu-
lating plasma. From the time of the well.known experi-
ment of Johannes Mueller (33) this theory has been com-
monly accepted. Actually, it is not at all difficult to prove
that the circulating plasma must contain fibrinogen. A
large accumulation of quantitative data has shown that
the amount of fibrinogen in plasma probably does not in-
crease appreciably in shed blood.

The pre-existence of fibrinogen in the plasma can be
proved in many ways, The fact that various hypocellular
transudates (especially equine peritoneal and pericardial
fluid) contain fibrinogen supports this conclusion. Fluoride
plasma contains a normal amount of fibrinogen even after
it has been completely freed of all formed elements by
centrifugation. Since leucocytes and platelets are well-pre-
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served in fluoride plasma, there is no extensive breakdown
of the cellular elements to release fibrinogen. There is no
point in provndmg addmoml supporl [or a fact which
must now be considered completely d.

But if fibrinogen does not result from extravascular
disintegration of the formed clements, the question re-
mains: Where does it come from? This is intimately asso-
ciated with the problem of the origin of the blood proteins
in general which has not yet been solved.

Alexander Schmidt's ideas concerning the origin of fi-
brinogen have already been mentioned. Schmidt felt that
fibrinogen originated from intracellular “cytoglobin”
through the intermediate step of “paraglobulin.” This re-
mains mere hypothesis, There has been no further sup-
porting data for the origin of fibrinogen from “paraglobu-
lin” except that Dastre observed that fibrinogen can as-
sume globulin-like properties under certain circumstances
(96). Most observations do not favor the proposition that
fibrinogen as such originates from the cellular elements.

More recent studies appear likely to yield specific infor-
mation concerning the origin of fibrinogen. The first deals
with those conditions in which fibrinogen is totally absent
in circulating blood in which case blood naturally does
not coagulate. Incoagulable blood prepared by certain
methods (e.g., peptone blood, leech extract blood) contains
a normal concentration of fibrinogen. The incoagulability
of such plasma specimens is therefore not due to a lack
of the substrate of coagulation. Only under very specific
experimental conditions is fibrinogen lacking in the blood.

This occurs first of all in expcrimcmal phosphorus
Wimﬂlﬂg, as shown by the investigations of Corin and
Ansiaux (93), Jakoby (182), and Loeb (436). Experiments
in dogs showed that as phosphotus intoxication pro-
gressed, fibrinog d from the blood.

PP
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Finally, shortly before death no fibrinogen was left, espe-
cially if the poisoning was not acute but was prolonged
over a period of eight to fourteen days. The blood became
completely incoagulable. Indeed, old, partially healed
wounds frequently started to bleed vigorously again. This
suggested that the blood in phosphorus poisoning was
capable of dissolving thromboses. Indeed, Jakoby found
that its fibrinolytic activity was greatly increased. Two
reasons were given for the incoagulability of the bloed in
phosphorus poisoning. Not only was fibrinogen considered
absent but there was also an approximately equal reduc-
tion in the concentration of prothrombin (the precursor
of thrombin) whereas thrombokinase remained normal.
Therefore, blood may still contain some fibrinogen and
yet not clot spontaneously, but such blood coagulates on
the addition of thrombin. The other blood proteins, espe-
cially the globulins, are not materially reduced in phos-
phorus poisoning as I have been able to demonstrate re-
peatedly.

These observations apparently indicated that the liver
plays an important role in the formation of fibrinogen
since it suffers the greatest functional damage in phos-
phorus poisoning. The same occurred in chloroform
poisoning in which fibrinogen is likewise supposed to be
absent. For the latter finding we are indebted to Doyon
who considered the liver the primary source of fibrinogen,
especially since he could extract a fibrinogen-like sub-
stance from it (106).

The observed phenomena, however, do not necessarily
lead to this conclusion, According to Jakoby, the increased
fibrinolytic enzyme activity found in the blood in phos-
phorus poisoning destroys the fibrinogen. Therefore, the
formation of fibrinogen is not necessarily impaired, but
its destruction could be accelerated. We do not know the
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origin of the fibrinolytic enzyme; it could be an auto-
Iytic enzyme from the liver. It is not at all improbable
that the enzyme is present in normal blood and that in
certain circumstances there is a lack of normal inhibitors
which otherwise might hold the fibrinolytic activity in
check. In summary, observations on the blood in phos-
phorus poisoning have not yielded conclusive information
concerning the origin of fibrinogen.

Another method for removing fibrinogen from the blood
has been presented by Dastre (96). He removed blood from
adog, defibrinated it, and reinjected it intravenously. After
this had been repeated a number of times there was no
detectable fibrinogen left in the blood which consequently
became incoagulable, This situation, however, prevailed
only for a short time. After 24 to 48 hours the fibrinogen
re-appeared and often in greater concentration than be-
fore the experiment. Mathews confirmed this observation
and pted to find by ing various organs from
these afibrinogenemic animals those which were import-
ant for the reproduction of fibrinogen (141). He found
that only by extirpation of the entire intestinal tract was
the re-appearance of fibrinogen materially hindered. This
led him to conclude that the most important source of
fibrinogen was the intestinal tract. Incidentally, the pro-
duction of fibrinogen still occurs during starvation.

In confirmation of the findings of Paviov and Bohr
(402), Mathews found thae if the entire contents of the
peritoneal cavity were excluded from the circulation, the
blood in the anterior part of the animal became very hy-
Pacoagulable. However, this defect was not the result of a
fack of fibrinogen. (Furthermore, Bohr’s observations were
seriously questioned by Contejean [311})

. Mathew’s conclusion concerning the importance of the
Intestina) tract is not entirely convincing since such radi-
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cal extirpation constitutes a stress so severe that the func-
tion of other organs may also be seriously impaired. In
addition the animals survived but a short time. It should
also be mentioned that according to Falk no fibrinogen
can be found in the capillary blood of cadavers {108). This
observation is thirty-five years old and requires confirma-
tion. The preceding account shows that investigations on
blood which had been artificially rendered fibrinogen-free
although interesting, did not yield reliable information
concerning the site of formation of fibrinogen.

Other authors experimented with the perfusion of vari-
ous organs. Nasse stated that perfusion of an extremity of
a dog with serum yielded a coagulable fluid (8). Mathews,
on the other hand, was unable to confirm this observation.
My own experiments with perfusion of the liver yielded
only negative results.

More reliable information resulted from investigations
based on quantitative analyses of fibrinogen in various
conditions. Numerous analyses date back to the days of
humoral pathology. The investigations of Simon, Leh-
mann, Bacquerel and Rodier, Andral and Gavarret have
been cited in Wunderlich’s book (40). ‘These experiments
showed that the fibrin content of blood was variable but
duplicate determinations usually checked within 2 to 5
per cent. Some di pecially croup
and acute polyarthrms, were accompanied by a » considera-
ble increase in the fibrinogen concentration. Andral and
Gavarret found as much as 1 per cent fibrin in the blood
in one case of pneumonia.

‘These older investigations and more Tecent ones such

as those of Dastre (96-100) and Pfeiffer (145 147) must be
mterpretcd with considerable caution in any attempt to
determine the origin of fibrinogen since they were based
on fibrin analyses rather than on quantitative determina-
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tions of fibrinogen. Hammarsten pointed out that all of
the fibrinogen is not necessarily converted to fibrin, but
that the amount of fibtin also depends on many other fac-
tors.

For this reason the studies of Dastre (100) concerning
the site of the formation of fibrin are not entirely con-
vincing. He took quantitative fibrin analyses in arterial
and venous blood as his point of departure. He found, in
agreement with earlier observers whom he cited (Leh-
mann, Brown-Séquard, C. Bernard and Simon), that the
blood of the mesenteric vein contained much more fibrin
than the corresponding arterial blood. This observation
was later confirmed by Mathews (141). In agreement with
Mathews' earlier opinion Dastre concluded that the in-
testine was the main site of fibrinogen formation. Accord-
ing to Dastre, the lung and the skin were also capable of
producing fibrinogen under certain circumstances. How-
ever, his data were not particularly convincing, nor has
his thesis concerning the destruction of fibrinogen in the
liver been completely proved.

Most of the more recent studies suggest a relationship
between the white blood cells and fibrinogen. Even in
earlier studies there were interesting references to an in-
crease in fibrin in those diseases which are accompanied by
leucocytosis while the increase did not occur in abdominal
typhoid, or at any rate was negligible. These observations
were in essence confirmed by Pfeiffer (145). He distin-
guished two groups of diseases. Typhoid, malaria, sepsis,
and nephritis occurred without an increase in the fibrin
foncenm\don, while pncumonia, polyanhriv.is, etc. (L.e.,
infectious disease which are accompanied by leukocytosis),
showed an increase. Leukemia, on the other hand, did not
show an appreciable increase in fibrin (146). Pfeiffer at-
tributed this to the functional derangement of the leu-
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cocytes in leukemics. Samson-Himmelstjerna previously
attributed the frequently prolonged coagulation of leu-
kemic blood to the same derangement in the leucocytes
(86).

Recent investigations are more conclusive since they
were no longer based on quantitative analysis of fibrin
but rather on that of fibrinogen. A method for quantita-
tive fibrinogen analysis was devised and standardized by
Reye (150). Based on a suggestion by Hofmeister, Reye
used ammonium sulfate in the separation of fibrinogen
from other globulins, He found that the range of precipi-
tation of fibrinogen in plasma diluted five times approxi-
mated between 13 and 28 per cent saturation with am-
monium sulfate. The precipitation of the other globulins
first began at 29 per cent. That this procedure guaranteed
a sufficiently precise separation from the serum globulins
was confirmed by Schwalbe (11) and others. Saturated
solutions of sodium sulfate can also be used advantageously
for the isolation of fibrinogen.

Reye’s method, as later experiments proved, led to con-
siderable progress since fibrinogen analysis by means of
coagulation did not produce satisfactory results because
the fibrinogen did not ily 1 pletely as
was stressed by Hayem (125) in dxscussmg the observation
of Arthus (92). The salt precipitation method was used
in quantitative fibrinogen analyses by Lewinski (136),
Langstein and Mayer (135), and more recently by P. T.
Mueller (144) Langstein and Mayer found a consxdemb]c
increase in fibrinogen in p 1 and strep
infections (135).

The above observations emphasized the close relation-
ship between leucocytes and lymphatic tissue on the one
hand and the formation of fibrinogen on the other. Mat-
hews stated dogmatically that the fibrinogen concentration
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was a measure of the rate of disintegration of the leucocytes
in the body. This statement is scarcely acceptable if only
the circulating leucocytes are considered since Pfeiffer
had already pointed out that not all instances of leucocy-
tosis are accompanied by an increase in the fibrinogen
concentration of blood (145). Mueller’s studies, on the
other hand, made it appear very probable that fibrinogen
may be formed in the lymphoid as well as in the myeloid
tissue (144). He examined the fibrinogen concentration in
the blood and in the bone marrow of animals which had
been injected with various pathogenic agents. He found
only a modest increase of fibrinogen in the blood, but
discovered that quue often the fibrinogen content of the
marrow had i d excessively—indeed, lly to
many times its normal value. This increase was so great
that it could not be explained simply by the varying blood
or lymph content of the marrow. Mueller’s findings (144)
are very convincing. The only qualification that might be
entertained is that one could not be absolutely certain of
the complete absence of other proteins in the “fibrinogen
fraction” of the marrow. However, this is not an important
point since after coagulation by blood serum, bone marrow
aspirate did not contain proteins which precipitated within
the range of the fibrinogen fraction. Mueller’s studies
actually represented an important step forward since they
strongly implicated the bone marrow and lymphoid tissue
as sources of fibrinogen, Thus he furnished a splendid

planation for the freq oc of
leucocytosis and of an increase in fibrinogen since both
conditions may be related to stimulation of the blood-
forming organs.

The second phase of coagulation consists of the trans-
formation of fibrinogen into fibrin. Unfortunately, the
mechanisms and chemical processes involved in this trans-




90 The Chemistry of Blood Coagulation

formation remain unexplained. The early theory of Alex-
ander Schmidt that fibrin resulted from a synthesis of
fibrinogen and the “fibrinoplastic substance” had been
disproved by the research of Hammarsten, The latter also
demonstrated that fibrin is not a calcium salt of fibrinogen
as Arthus and Pekelharing had assumed.

There remain only two theories to be discussed con-
cerning the change in fibrinogen during its conversion to
fibrin, Some investigators thought that this involved a
hydrolytic splitting of fibrinogen into fibrin and a soluble
globulin which was called “fibrinoglobulin” by Hammar-
sten who first described it (122). Apparently this globulin
was regularly found in pure fibrinogen solutions following
coagulation and could also be found in blood serum,
though in very small amounts. It was supposedly readily
distinguished from serum globulin because it was precipi-
tated more easily by neutral salts (a characteristic similar
to that of fibrinogen), and it had a lower temperature of
“heat-coagulation” (65° to 66°C).

The significance of this protein has not been definitely
established. Because fibrinogen and “fibrinoglobulin” were
precipitated under similar circumstances it was not possi-
ble to determine with certainty whether “fibrinoglobulin”
existed in the fibrinogen solution as an impurity prior to
coagulation or whether it originated from fibrinogen dur-
ing coagulation.

Originally Hammarsten favored the belief that during
coagulation there was a hydrolytic separation of fibrino-
gen into fibrin and “fibrinoglobulin.” This ption was
supported by his observation that the concentration of
fibrin in coagulated fluid was always less than the original
fibrinogen concentration. However, Hammarsten later
abandoned this theory of hydrolytic separation. He
found that 100 per cent fibrinogen yielded greatly varying
amounts of fibrin whose percentages ranged between 61
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and 94. This, of course, rendered a hydrolytic process
highly improbable. I en then d that “fib-
rinoglobulin” was nothing but a portion of the formed
fibrin which corresponded to the previously mentioned
“soluble fibrin” and was present in varying proportions
depending upon the amount of anticoagulants present in
the solution.

Hammarsten’s earlier theory was later energetically de-
fended by Schmiedeberg (152) and Heubner (127). Heub-
ner attempted to prove that no more than half of the
available fibrinogen was converted into fibrin during co-
agulation. Hammarsten’s variable results were explained
by the assumption that his fibrin was not pure and con-
tained impurities which could be removed by a very di-
lute ammonia solution. Heubner considered Hammar-
sten’s variable results no reason to abandon the attractive
theory of hydrolytic splitting of fibrinogen since his own
analyses of the elements of fibrinogen, fibrin and “fibrino-
globulin” could be very easily reconciled with this theory.
However, this did not fully settle the question. In a more
recent study Huiskamp (131) showed that “fibrinoglobu-
lin” need not necessarily be of importance for coagulation
since using sodium fluoride precipitation it was possible
to obtain fibrinogen solutions which did not yield “fibrino-
globulin” during physiological coagulation or upon “heat-
coagulation.” He luded that “fibrinoglobulin™ did
not originate during coagulation, but already existed in
the fibrinogen solution, either as a simple contaminant or
more probably in some Joose bond with fibrinogen.

Moreover, all of the facts assembled to date do not make
it imperative to assume a splitting of fibrinogen during
coagulation. A better assumption is that fibrin originates
from fibrinogen by an intra-molecular shift, and that a
portion of the formed fibrin remains in solution. In agree-
ment with Duclaux (3) this could be viewed as 2 process
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resembling  “heat-coagulation.” Indeed, Hammarsten,
whose best efforts were dedicated to research on the second
phase of coagulation, considered this the more probable
explanation.

Fick (192) questioned the entire concept that the coagu-
lation enzymes had to combine with each molecule of the
coagulation substrate (fibrinogen) in the same manner
that other hydrolytic enzymes combine with each molecul
of the substrate (e.g., casein). Rather he thought that once
2 fibrinogen molecule was converted to fibrin by thrombin
it influenced neighboring unaltered molecules producing
an instantaneous gelling of the entire solution by a con-
tact-like effect without any further participation of throm-
bin. Latschenberger (204) and Walther (214), however,
showed that this theory did not tally with all the known
facts. The best working hypothesis is that every fibrinogen
molecule establishes contact with thrombin even though
the manner in which fibrinogen is transformed during
coagulation has not been ascertained.

The characteristics of fibrin, the end-product of the
transformation of fibrinogen, are so well-known that there
is no need to stress any but the main features. During
spontaneous coagulation fibrin is laid down in the form
of a fragile mesh which encloses the blood cells and seem-
ingly changes the blood into a solid mass. When blood is
stirred during coagulation the fibrin is obtained in the
form of tough, elastic, white fibrous masses which contain
only a few red cells. When coagulation occurs slowly, giv-
ing the blood cells time to sink to the bottom, a poorly
cellular fibrin mass forms in the supernatent. This type
of fibrin clot has been called a “chickenfat clot” or “crusta

” and was considered of great importance in
humoral patholcgy.

The retraction of fibrin clots is a very interesting phe-
nomenon. Following coagulation the blood clot consisting
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of the fibrin network and the blood cells, sooner or later
separates from the walls of the container and shrinks,
squeezing out a clear, yellowish liquid, the blood serum.
This phenomenon of tetraction has not been sufficiently
studied. It was formerly attributed to the elasticity of thc
fibrin network. This exp ion is app ly i
since retraction occurs only when there are blood cells in
the fibrin-network but not following the coagulation of
cell-free plasma. Alexander Schmidt made this observation
but attributed it to physical alteration in the fibrin which
in turn he blamed on the delayed coagulation of cell-free
plasma (54). However, not all of the observed phenomena
could be explained by this interp ion. Fuld (193),
Delezenne (410), and Spangaro (388) found that avian
plasma coagulated very rapidly upon the addition of tissue
juice but the clot did not retract. Fuld pointed out that
cell-free mammalian plasma behaved similarly, These find-
ings certainly suggested that the formed elements were as
lmponant for clot retraction as the elasuc:ty of the ﬁbnn
It is possible that the morphologi
the elasticity of fibrin in a purely mechanical fashion, or
that they were involved in some chemical process, possibly
a weak fibrinolysis. However, the manner in which they
influence clot retraction remains unknown. In some situ-
ations clot retraction did not occur despite the presence of
blood cells. Hayem showed that this was the case in some
forms of severe anemia and hemorrhagic diathesis, but
even in such cases retraction was not always absent.
Fibrin has the peculiar property of absorbing enzymes
{e.g., thrombin) in rather large quantities. The absorp-
tion of enzymes may lead to the phenomenon which has
been referved to as “fibrinolysis.” In reference to its solu-
b:hty fibrin behaves similar to other precipitated proteins
in that it is insoluble in water, and dissolves only very
slowly in 1 per cent hydrochloric acid and sodium hydrox-
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ide solutions. Most neutral salt solutions whether dilute
or concentrated dissolve fibrin faster than acid or alkali do.
Serum likewise dissolves formed fibrin at a variable rate.
This can often be observed in the blood of birds and frogs
and not infrequently in mammalian blood. Fibrinolysis in
the blood is very apparent in experimental phosphorus
poisoning as long as the blood is still coagulable. In such
cases Jakoby found that the complete dissolution of a large
clot took place in but a few hours (132). Even when added
to normal blood, the serum in phosphorus poisoning
showed marked fibrinolytic activity. Dastre demonstrated
that fibrinolysis occurred in normal blood and varied con-
siderably in intensity but often amounted to 8 per cent in
18 hours, enough to be a potential source of considerable
error in the quantitative analysis of fibrin (98). The
studies of Dastre and of Arthus and Huber (218) showed
that fibrinolysis could not be explained by the effect of
bacteria since it also occurred in sterile blood. It is Iogical
to assume that this phenomenon resulted from the effect
of a fibrinolytic enzyme. This idea is supported by the
variations in intensity of the phenomenon.

‘The occurrence of fibrinolysis in salt solutions of blood
is somewhat more difficult to explain. First jt must be
noted that fibrin from different species of animals does
not react in the same manner with various solvents as
demonstrated by Fermi (110). Denis pointed out that in
one and the same animal the solubility of fibrin varied
with the vessel from which the blood was removed (102,
103). Fibrinolysis also occurred with greatly varying in-
tensity in salt solutions of plasma as well as of whole blood.
It proceded much faster at 40°G than at lower tempera-
tutes, a finding which does not necessarily establish its
enzymatic nature. A striking finding was that fibrinolysis
often occurred more rapidly in strong salt solutions {e.g.,
a 10 to 15 per cent solution of sodium chloride) than in
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weaker ones. The enzymatic nature of the process appears
confirmed by some observations by Plész (148). T myself
observed an extraordinarily intense fibrinolysis in experi-
ments on fibrinogen solutions in which marked disintegra-
tion of the blood cells had occurred. Fibrinolysis was
stronger in fibrinogen solutions than in whole plasma.
Whether the salt concentration was the critical factor or
whether anti-enzy or other inhibi were d
during the isolation of the fibrinogen, remains unan-
swered.

Not all investigators believe that the dissolution of
fibrin in salt solutions is an enzymatic process. Lis
{137), in particular, argued against this idea, and Salkow—
ski (151) attributed the digestion of the fibrin to bacterial
enzymes. Salkowski’s idea at best probably applies only to
a limited number of the recorded cases. Finally, Denys
and de Marbaix (104) found that the dissolution of fibrin
was augmented by the addition of chloroform, ether, alco-
hol, and similar substances, They ascribed a direct enzy-
matic effect to these substances.

Although fibrinolysis is not completely understood the
preceding paragraphs indicate that many observations (par-
ticularly those of Dastre [98]) can best be explained by
assuming the existence of a fibrinolytic enzyme. Green
(116), Halliburton (197), and Dastre (98) believed that
fibrinolysis resulted in the formation of two globulins,
one of which might possibly originate from the trapped
leucocytes or other substances emeshed in the clot. The
two globulins were allegedly distinguished chiefly by their
different solubilities, and could not be re-converted to
fibrin by the addition of thrombin. According to Halli-
burton (197) their peratures of “heat- lation™
varied between 60° and 75°G depending upon the salt
solution used.




Chapter VI

ANTICOAGULANTS (PEPTONE AND
SIMILAR SUBSTANCES; LEECH
EXTRACT AND OTHER
ANTITHROMBINS)

HE PRECEDING chapters have shown that the coagula-
Ttion of blood is a highly complicated enzymatic proc-
ess. The situation is further complicated by the effects of
anticoagulant substances which undoubtedly also play a
role in normal coagulation. Their significance has, how-
ever, not been established, Therefore, it seems advisable
to document the effects of artificial anticoagulants, or
“thrombases,” as Duclaux called these substances (3). Such
an investigation should yield important clues concerning
the antithrombin of blood and the coagulation process
itself.

Coagulation depends on the collaboration of many dif-
ferent substances—at least two precursors of thrombin as
well as soluble calcium salts and fibrinogen. Therefore,
the inhibition of coagulation can be brought about in
many different ways, depending primarily on the site of
action of the particular anticoagulant. It is incumbent
upon the investigator to ascertain the cause of impaired
coagulation in each instance with the greatest possible
accuracy.

Some anticoagulant substances have already been men-
tioned briefly in the preceding pages. It is an old observa-
tion that neutral salts in appropnate con¢entration pre-
gulation. Al Schmidt and, more recently,

96
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Bordet and Gengou (185) showed that neutral salts in-
hibited particularly the production of thrombin from its
precursors, and in stronger concentration also suppressed
the effect of the formed thrombin.

Oxalates, fluorides, citrates and soaps (i.e., salts which
neutralize calcium salts) act in a different manner and re-
quire much smaller concentrations. As demonstrated
eatlier their anticoagulant activity also depends wpon pre-
venting the formation of thrombin. The clot-inhibitory
effect of bile salts which von Samson (85) and Nauck (81)
investigated may be based on a similar principle. The cool-
ing of plasma which Alexander Schmidt frequently and
successfully employed to prolong lation, is primarily
based upon retardation of thrombin production. This was
confirmed by the results of Bordet and Gengou.

There are many other ways of inhibiting coagulation.
The addition of alkali, acid, sugar solution, or a large
volume of water inhibits coagulation (Stodel [446]). When
the carbonic acid concentration of the blood is high, clot-
ting likewise is impaired. It is not always possible to eluci-
date the cause of the inhibitory action. At present such
measures are not of very great theoretical significance.

Observations supporting the existence of clot-inhibitors
in a more specific sense of the word are much more im-
portant for the theory of coagulation. According to Ar-
thus (1) the numerous anticoagulants of this type could be
divided into two groups. The first group consisted of those
which had no anticoagulant effect per se but only brought
about the development of inhibitors in the body through
the mediation of intact organs. The prototype of this group
is peptone. Various organ extracts also belong in this cate-
gory. The second group included anticoagulants which
were active without assistance from the body, and thus
were effective in vitro as well as in vivo. These were leech
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extract, cobra venom, “histone,” and “cytoglobin.” The
last two proteins have already been discussed. No specific
information is available concerning their activity. The
anticoagulants of blood and tissue also belong in the sec-
ond group although little is known about them.

SEcTION 1: The Effect of Intravascular Injections
of Peptone

Schmidt-Muehlheim, working in Ludwig's laboratory,
found that under certain circumstances intravenous injec-
tions of Witte's peptone rendered the blood of dogs inco-
agulable (285). At about the same time a similar discovery
was made by Albertoni (217). This interesting observation
was soon confirmed and extended by Fano (256). The
literature on peptone blood has since grown enormously,
especially through the efforts of the French workers. At
present this is the most thoroughly investigated field of
blood coagulation.

In order to render blood incoagulable about 0.3 gm of
peptone per kg weight of the dog had to be injected.
Furthermore, the injection had to be given very quickly
and the dog to be fasting. When the same amount of pep-
tone was injected slowly or when the animal was not fast-
ing, the result was no more than a prolongation of coagu-
lation. It was alsa necessary to use the intravenous route
of injection. Contejean (238) found that intraperitoneal
injections of much larger amounts had no effect.

Not 2ll dogs reacted similarly to the injection. In some
animals the previously mentioned amount only produced
a more or less insignificant prolongation of coagulation.
Indeed, according to Thompson (291), some dogs demon-
strated such a great resistance that even a dose of 0.5 gm
per kg had no anticoagulant effect. However, Gley (263)
showed that this resistance is strictly a relative one since
very large amounts retarded coagulation in all dogs.
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Cats reacted to peptone injections in a manner similar
to dogs. Rabbits and guinea pigs were extraordinarily re-
sistant, a fact already known to earlier investigators. Gley
(265) and more recently, Persano (282) found that much
larger amounts of peptone, often more than 1 gm/kg, were
needed to retard coagulation appreciably in these animals.

The tremendously variable reactions of different animals
emphasize that the peptone effect is not as simple as that
of oxalate and other anticoagulant salts. The failure of
the blood to coagulate after peptone injections is not due
to peptone per se. Participation of the body is necessary.
In vitro much larger doses of peptone were required to
produce an anticoagulant effect than in vivo, a fact which
was known to an earlier generation of investigators as
shown by the observations of Shore (286), Dastre and
Floresco (245), Camus and Gley (229), and Gley (265). All
of these observers agreed that the amount of peptone
needed to produce an anticoagulant effect in vitro was ten
to fifteen times greater than that needed on injection into
the body. There must therefore exist in peptone a sub-
stance which on reaction with the body hampers coagula-
tion in some manner.

Witte’s peptone is by no means a uniform substance. It
is largely composed of a mixture of albumoses and pep-
tones. Therefore, it was important to attempt to isolate
the active component. The findings of Schmidt-Muehlheim
{285) and Fano {256) suggested that the active substance
was formed during peptic digestion of proteins. On the
other hand, “tryptone,” the product of pancreatic diges-
tion, did not influence coagulation. Pick and Spiro (283)
subsequently confirmed this observation. Arthus and
Huber (218), however, produced anticoagulant gelatoses
and caseoses by tryptic digestion of gelatin and casein.
The contradictory results obtained may have been due to
different intensity of the tryptic digestion. Since the al-



100 The Chemistry of Blood Coagulation

bumoses of Arthus and Huber had only a slight inhibitory
effect, we may assume that trypsin destroyed the active
component. Albumoses produced by hydrochloric acid
digestion without pepsin had an anticoagulant effect as
shown by Pick and Spiro, but those produced by digestion
with alkali were ineffective. It is conceivable that the ac-
tive component was destroyed by the alkali. Except for
this it appears rather stable and is heat-resistant.

Attempts to ascribe the observed effect to a definite
fraction of the albumoses have not yielded uniform results.
It is difficult to compare the experiments of different work-
ers since they were undertaken with diverse methods, and
a uniform nomenclature was not employed. Pollitzer*
thought he found the active substance in a “heterc-albu-
mose” fraction, while Grosjean {276) focused attention on
his so-called “propeptone” which was effective in much
smaller amounts than the Witte peptone. The more re-
cent tendency has been to disregard the albumose fractions
and to implicate some impurity as the cause of the anti-
coagulant effect of peptone. Recently, however, Zaleski
(294) has attributed the anticoagulant effect to the albu-
moses, especially the so-called “hemi-albumose.” The in-
teresting studies of Fiquet (261) and Thompson (291), on
the other hand, indicated that the effect progressively
decreased and finally vanished completely upon careful
purification of the proteoses, Pick and Spiro (283) believed
that the anticoagulant effect could not be attributed to any
appreciable degree to various albumose fractions, They
also felt that it could be inactivated by alcohol which
coagulated the albumoses. Pick and Spiro concluded that
the active comp was only a i which they
called “peptozyme.” This term will henceforth be used in

» pollitzer, S.: On the physiological action of peptones and albumoses,
7. Physiol. 7:283, 1886.
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this paper. This may not be entirely accurate since because
of its heat stability, peptozyme can hardly be termed an
enzyme,

As previously stated, peptozyme is not an g
per se since in vitro it was almost totally ineffective. It
brought about incoagulability only by a reaction with the
body. Therefore, the mechanism of the peptone effect is
very complicated. Information concerning it is still most
readily obtained by investigation of the incoagulable pep-
tone blood itself.

‘These investigations have not yet yielded completely
satisfactory results. This is partly because of the complexity
of the matter, but also because of the fact that the proper-
ties of peptone plasma are not entirely constant. Thac
properties vary with the i ity of the pep -
tion, the nutritional status of the experimental animal,
and many other factors,

In many instances peptone blood clotted spontaneously
sooner or later. As Fano (256) found it could always be
coagulated by neutralization by acid, or the addition of
water, a stream of carbon dioxide, or neutral salts, ie.,
by many different processes. Fano claimed that plasma be-
haved differently than blood since the more it was freed
of formed elements, the less readily plasma was clotted by
the above procedures. Athanasiu and Carvallo (223) made
the same observation. Wooldridge’s observations sug-
gested that cell-free peptone plasma could be coagulated
as readily as peptone blood by dilution, carbonic acid,
etc., unless it had been previously freed of Wooldridge's
granular material which was precipitated at about 0°C.
This sub, which Wooldridge called “fibrinogen-A”
was previ di d in conjunction with his theory
of coagulauon‘ After removal of this substance (which
conld then no longer be considered an intact formed ele-
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ment) peptone blood could no longer be coagulated by any
of the above procedures. However, the addition of “tissue
fibrinogen” brought about the formation of fibrin, Wool-
dridge considered that “‘tissue fibrinogen” had the same
effect as “fibrinogen-A” and therefore could combine with
“fibrinogen-B” (the fibrinogen of other workers) to form
fibrin. According to Wooldridge thrombin did not clot
peptone plasma. Fano (256) also concluded that thrombin
was not always capable of coagulating peptone blood in
contrast to the findings of Schmidt-Muehlheim (285).

It is easy to see that this is a very complex situation.
There is no wonder that attempts to explain the peculi-
arities of peptone plasma have yielded varying results.

Pekelharing (170, 210) followed Wooldridge in starting
with the assumption that a clot-accelerating substance, the
so-called “fibrinogen-A,” was precipitated from peptone
plasma upon cocling. As stated earlier this substance was,
according to Pekelharing, a nucleoprotein and the pre-
cursor of thrombin. It yielded thrombin on the addition
of calcium salts. When this substance was removed, plasma
no longer clotted spontaneously even though it contained
fibrinogen. By contrast the addition of thrombin clotted
peptone plasma normally as observed by Pekelharing (210)
in opposition to the views of Wooldridge (454) and Fino
(256). The negative findings of the latter two investigators
can be explained by the impotency of the thrombin solu-
tions they employed. According to Pekelharing peptone
plasma remained Auid because it was free of thrombin and
only contained the precursor of the latter. Why is it that
the precursor did not spontaneously convert to thrombin
but only after certain procedures such as dilution and
nentralization? Pekelharing believed that this was due to
the fact that the albumoses bound the calcium salts loosely.
He pointed out that the injection of albumoses pro-
duced a picture of intoxication similar to that following

7
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the injection of calcium-precipitating salts, such as oxa-
lates and soaps. This was further supported by his obser-
vation that the simultaneous injection of calcium salis and
peptone did not render the blood incoagulable.

The views of Pekelharing are untenable. If the situation
were so simple, the albumoses would have to have the
same effect in witro as in vivo. Furthermore, Arthus (1)
pointed out that the different reactions of the dog and
rabbit could not be explained by Pekelharing’s simple
hypothesis.

There were also objections scemingly less justified to
the first of Pekelharing’s theories. Dastre and Floresco
(245) in particular, felt that while peptone plasma did
not contain prothrombin, it did contain free thrombin
since peptone plasma clotted equine pericardial fluid
which contains no thrombin. That thrombin did not clot
peptone plasma was attributed to the absence of certain
basic substances necessary for coagulation. Dastre and
Floresco (245) attributed the incoagulability of peptone
plasma to an increase in alkalinity. This was by no means
adequately proved. Athanasiu and Carvallo (224) opposed
this viewpoint, asserting that peptone plasma could not
possibly contain thrombin since it clotted regularly upon
the addition of thrombin. Above all, a very potent throm-
bin solution had to be used since peptone plasma con-
tained varying amounts of an antithrombin. The quantity
of the antithrombin apparently depended upon the in-
tensity of the peptone intoxication, Schmidt-Muehlheim
(285), Grosjean (276), and Ledoux (325) had already noted
the presence of this heat-labile ant
investigators studied the origin of this substance very thor-
oughly. This will be discussed later. It is my personal
opinion that not all the peculiarities of peptone plasma
can be explained by the discovery of an anticoagulant.

This was clearly shown by the more recent studies by
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ment) peptone blood could no longer be coagulated by any
of the above procedures. However, the addition of "tissue
fibrinogen” brought about the formation of fibrin. Wool-
dridge considered that “tissue fibrinogen” had the same
effect as “fibrinogen-A" and therefore could combine with
“fibrinogen-B” (the fibrinogen of other workers) to form
fibrin. According to Wooldridge thrombin did not clot
peptone plasma. Fano (256) also concluded that thrombin
was not always capable of coagulating peptone blood in
contrast to the findings of Schmidt-Muehlheim (285).

It is easy to see that this is a very complex situation.
There is no wonder that attempts to explain the peculi-
arities of peptone plasma have yielded varying results.

Peketharing (170, 210) followed Wooldridge in starting
with the assumption that a clot-accelerating substance, the
so-called “fibrinogen-A,” was precipitated from peptone
plasma upon cooling. As stated earlier this substance was,
according to Pekelharing, a nucleoprotein and the pre-
cursor of thrombin. It yielded thrombin on the addition
of calcium salts, When this substance was removed, plasma
no longer clotted spontaneously even though it contained
fibrinogen. By contrast the addition of thrombin clotted
peptone plasma normally as observed by Pekelharing (210)
in opposition to the views of Wooldridge (454) and Fino
(256). The negative findings of the Jatter two investigators
can be explained by the impotency of the thrombin solu-
tions they employed. According to Pekelharing peptone
plasma remained fluid because it was free of thrombin and
only contained the precursor of the latter. Why is it that
the precursor did not spontaneously convert to thrombin
but only after certain procedures such as dilution and
neutralization? Pekelharing believed that this was due to
the fact that the albumoses bound the calcium salts loosely.
He pointed out that the injection of albumoses pro-
duced a picture of intoxication similar to that following
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and thrombokinase as was previously men-
noncd After the removal of the precipitate peptone
plasma (which still contained prothrombin) no longer co-
agulated except upon the addition of thrombokinase. It
was no longer coagulated by dilution or other procedures.
Calcium salts were also found in peptone plasma. To date
there is no proof that they are either bound or present in
2 non-ionized form.

It is clear that peptone plasma contains all the known
factors needed for the production of thrombin. Neverthe-
less, thrombin formation was absent. As yet there is no
information concerning the failure of these substances to
react. This observation is reminiscent of the statement by
Bordet and Gengou (185) concerning the reaction of cell-
free plasma in paraffined containers. Under those circum-
stances all the factors necessary for coagulation were also
present, but thrombin formation twas absent until the
plasma was placed in contact with a wettable surface.

Be that as it may, it appears certain that there are two
reasons for the incoagulability of peptone blood. The im-
portant factor is the absence of thrombin formation for
unknown reasons. In addition the presence of an anti-

lant is also signify Al ding to the concurring
observauons of Fuld and Spiro (195) and Momwm (328)
this anti should be idered an
and not an antithrombokinase. It is isfac-

tory to assume the presence of two independent anticoagu-
lants. However, this cannot be avoided. It is quite possible
that a simple connection exists between these two phe-
nomena. It must be stressed that the inhibitor must re-
sult from the action of “peptozyme” and not from an anti-
thrombin normally present in blood. This can be concluded
from the numerous interesting studies of French scientists
which concerned the origin of this antithrombin.

The first attempt to find the site of the formation of
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Fuld and Spiro (195) and by my own investigations (328).
In these studies the investigators' ideas concerning the
origin of thrombin from several substances were applied
to the problem of peptone plasma. These experiments
demonstrated first of all that the peptone plasma un-
doubtedly contains an anticoag in varying

These investigators believed that this substance was obvi-
ously a product of the body and originated in all proba-
bility through the effect of the “peptozyme” upon the
organs of the body. The anticoagulant was considered an
antithrombin since it could neutralize a certain amount of
thrombin. But how could some relatively mild procedures
which seemed hardly capable of injuring the rather dur-
able inhibitor bring about coagulation in peptone plasma?
The presence of an inhibitor alone did not suffice to ex-
plain this phenomenon, These investigators relied on
Pekelharing’s explanation that the formation of thrombin
did not take place in peptone plasma (170). They thought
that peptone plasma actually contained no thrombin. This
idea was apparently proved by the fact that decalcified
peptone plasma was not affected by any of the procedures
which brought about coagulation of peptone plasma that
was not decalcified.

What was the reason for the absence of thrombin? Does
peptone plasma lack any of the three factors necessary for
the formation of active thrombin? Prothrombin was un-
doubtedly present since the plasma coagulated readily
upon the addition of thrombokinase, i.e., tissue juice. This
had been proved by the observations of Wooldridge (454),
Hewlett {201), and many others, Was thrombokinase per-
haps lacking? This could not be demonstrated since other-
wise completely acellular and platelet-free plasma would
not be coagulated by neutralization or dilution. In fact
the presence of thrombokinase in peptone plasnfa could
be proved. The precipi btained at 0°C co d nu-
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This assumption was further supported by the ohservations
of several investigators (e.g., Spiro and Ellinger [289]) that
the lymph of the thoracic duct was the first to become in-
coagulable after peptone injections, The previously de-
scribed investigations, however, gave no information as to
what actually eccurred in the liver.

This was a question to which Delezenne dedicated his
efforts (250). He found that perfusion of the liver following
peptone injections yielded an anticoagulant in the perfu-
sate. This perfusate was capable of prolonging or com-
pletely inhibiting the coagulation of normal blood in
vitro. Ten or twenty drops of the perfusate sufficed to
keep 10 cc of blood in a liquid state for many hours or
indeed for days. The intensity of the anticoagulant effect
was extremely variable and depended upon many factors.
The liver of starved dogs yielded a more effective anti-
coagulant solution than that of dogs which were killed
in a postabsorptive state. The first portions of the per-
fusate seem to have more activity than those removed
later. This apparently indicated that the ability of the
liver to produce the anticoagulant was limited. Perfusion
of other organs never yielded an anticoagulant. The anti-
coagulant not only affected the coagulation of canine
blood but also that of other animals,

‘What mechanism brought about the production of this
anticoagulant? Delezenne (252, 253) thought that the leu-
cocytes played the most important role. He chose as his
point of departure the observation of von Samson (85)
that peptone injections resulted in a marked, temporary
leucopenia, This is an established fact which has been re-
peatedly confirmed by such workers as Wright (293) and
Athanasiu and Carvallo (219). Delezenne assumed that this
not only concerned an altered distribution but also an ac-
tual disintegration of the leucocytes. He thought that this
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the antithrombin was undertaken by Contejean (236). He
carried out numerous experiments involving extirpation
of various organs and concluded that following peptone
injections, the liver and perhaps also the intestine were
chiefly responsible for the formation of the antithrombin.
At any rate, they played a significant role in the origin of
the anticoagulant effect, even though as mentioned pre-
viously this was not necessarily considered synonymous
with the formation of an antithrombin. Contejean did
not assign the role to the liver exclusively but thought
that all cells participated in the process to a greater or
lesser degree. Other investigators were of the opinion that
the liver was solely responsible for the incoagulability of
the blood after the peptone injection. It must be admitted
that the uniform results obtained by Gley (266, 268, 269),
Gley and Pachon (262, 264, 267), and Hédon and Dele-
zenne (277) provided compelling proof for this hypothesis.
Gley and Gley and Pachon either excluded the liver from
the circulation or damaged it in many different ways and
under such circumstances found that the peptone effect
was always absent. This occurred in destruction of the
liver by the injection of acids into the ductus choledochus,
by extirpation of the liver, and by ligation of the lymphatic
vessels of the liver. The last observation was not confirmed
by Starling (290) and Delezenne (250). Hédon and Dele-
zenne indicated that the peptone effect was absent after
the creation of an Eck fistula. Even the nervous system of
the liver seemed to take part. According to Contejean
(287) and Gley and Pachon (267) extirpating the coeliac
plexus or damaging it by the injection of cocaine inhibited
or considerably reduced the anticoagulant effect of pep-
tone injections.

These studies indicated with considerable certainty that
the liver plays an important part in the peptozyme effect.
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organ. However, as has been demonstrated there can be
no doubt that peptone plasma contains thrombokinase,
pethaps even in normal amounts. This deprives Dele-
2enne’s theory of part of jts basis. Furthermore, “histone”
has not been demonstrated in peptone plasma, and the
properties of this plasma were not identical with those of
the “histone” plasma of Lilienfeld (433), a fact which Ar-
thus correctly stressed. Delezenne’s studies, thus, have
shown no more than that the antithrombin of peptone
plasma originated in the liver, perhaps due to the par-
ticipation of the leucocytes. No explanation exists for the
absence of thrombin formation in peptone plasma even
though the latter contains all of the necessary components
for thrombin formation. It is clear that the mechanism
of the peptone effect has not been satisfactorily explained.

There is room for a few remarks concerning the prop-
erties of the antithrombin. Its chemical nature remains
unknown, but even such a simple problem as its heat-
resistance has not been answered unequivocally. In a dry
state it certainly tolerates temperatures as high as 120°
to 140°C as the observations of Camus have shown (231).
Even in solution the antithrombin is only slightly dam-
aged by boiling according to Delezenne (250). On this

basis Del identified this sut e with the anti-
coagulant of the leech. By contrast Fano claimed that the
antithrombin is not heatresi (256). It is possible

that the negative results of Fano could be explained by
tl:xc adsorption of the antithrombin on the protein pre-
cipitate,

A peculiar, poorly understood phenomenon is the re-
sistance to the action of peptozyme. A distinction must
be made between acquired and natural resistance. Nat-
ural immunity is found to 2 certain extent in rabbits and
in some dogs. Acquired resistance is regularly present
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disintegration of white cells permitted anticoagulants as
well as procoagulants to be released into the plasma, The
clot-promoting substances (which he considered akin to
Lilienfeld’s “leuconuclein” [433]) were thought to be re-
tained or inactivated by the liver. On the other hand, the
anticoagulant, “histone,” apparently passed the liver un-
altered. Thus, peptone plasma was thought to have prop-
erties similar to those of the “histone” plasma of Lilien-
feld. The individual experiments upon which Delezenne's
theory was founded will not be discussed in further detail.
Briefly, his ideas were largely based on the observation
that only perfusates containing leucocytes yielded the
anticoagulant, and on some observations on leucocytotoxic
sera which like peptone inhibited coagulation. The in-
terpretations of Delezenne were not entirely satisfactory.
Arthus (1) presented data which could not be readily rec-
onciled with Delezenne's theory. First of all there was no
decisive proof that peptone injections produced a leuco-
lysis. Many investigators, especially Athanasiu and Car-
vallo (221), and more recently Ruechel and Spitta (483),
tried to demonstrate that the leucopenia was not due to
disintegration of leucocytes but rather to an altered dis-
tribution of these cells, especially to an accumulation of
white cells in the splanchnic region which was severely
damaged by peptone injections with a concomitant fall
in blood pressure. The striking mobility of the leucocytes
in peptone blood which Fano (256) and Athanasiu and
Carvallo emphasized certainly did not suggest that these
cells were damaged. But even if the occurrence of leuco-
lysis is assumed, Delezenne’s investigations did not com-
pletely explain the peculiar properties of peptone plasma.
According to Delezenne the “leuconuclein™ (which corre-
sponds to thrombokinase) was retained in the liver, and
only the anticoagulant, “histone,” passed through that
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ural immunity is found to a certain extent in rabbits and
in some dogs. Acquired resistance is regularly present




110 The Chemistry of Blood Coagulation

after the peptone effect has worn off, and usually persists
for no more than 24 hours. Following a peptone injection
the blood regains its coagulability usnally in about 2 hours
if a medium-sized dose is used but within the next 24
hours it is not possible to inhibit coagulation by another
injection of peptone. Schmidt-Muehlheim (285) was fa-
miliar with this phenomenon of resistance. Although it
has since been thoroughly investigated, a satisfactory ex-
planation is still lacking. Fano (256) tried to explain this
by an hypothesis which is reminiscent of Pasteur’s theory
of exhaustion. He theorized that the first injection ex-
hausted the material necessary to produce the anticoagu-
lant which was then re-formed only stowly. More recently
Nolf expressed a similar opinion.

Most observers do not accept Fano’s interpretation,
chiefly because it was possible to induce resistance to
peptozyme without a preceding stage of incoagulability.
This apparently excluded the mechanism of exhaustion
of the anticoagulant as a possibility. Gley and LeBas (273)
maintained that very small amounts of peptone, which do
not alter the coagulability of the blood, can invoke 2
phase of resistance against an otherwise effective amount.
According to Fano, tryptone was capable of inducing 2
state of Tesistance against peptone injections without al-
tering the coagulability of the blood. There were addi-
tional ways of immunizing dogs against subsequent pep-
tone injections. Gley alluded to the protective effect of a
preceding injection of rabbit serum, and Contejean (238)
to the prior administration of peptone blood itself. These
facts do not support Fano's theory of exhaustion.

The attempt to base the refractory state on changes in
the leucocytes also yielded negative results. It might be
presumed that the second injection could not bring about
lysis of the leukocytes and that therefore, according to
Delezenne’s thesis, no more anticoagulant could be re-
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leased. But this is not tenable either since Athanasiu and
Carvallo (223) showed that the second injection of peptone
which produced no anticoagulant effect still resulted in a
leucopenia.

Finally, there remained the possibility that an antibody
was formed against the anticoagulant of peptone blood.
The situation could be compared to that of antitoxic im-
munity. Spiro and Ellinger (289) first emphasized this pos-
sibility after they rejected Fano's theory of exhaustion as
improbable. The opinion of Spiro and Ellinger at present
must be considered as the most acceptable.

In general, the peptone effect is still in need of explana-
tion. Peptone plasma resembles in many respects goose
plasma produced according to the method of Delezenne
from which it is differentiated chiefly by the presence of
thrombokinase in the former. As will be seen later an in-
hibitor was also found in the normal goose plasma al-
though apparently not in such large amounts. The injec-
tion of peptone into birds resulted in the appearance of
a very potent antithrombin according to Spangaro (287,
288), Fuld and Spiro (195), and the present author (208).
Such goose plasma clotted just about as readily as normal
plasma on the addition of tissue juice but much less readi-
ly when thrombin in the form of normal goose serum was
added, This situation is in harmony with the observations
made on mammals after pepwne injections.

Transle * Add many workers*
have presented evidence that the anucoagulam, heparin,
is present in peptone blood, and that its presence is chiefly
or totally responsible for the coagulation defect in peptone
* Howell, W. H: The purification of heparin and its presence in blood,

Am. J. Physiol,, 71:553, 1625,
Fuchs, H. J : Ueber die Beteiligung des Komplements bei der Blutgerin-
nung. Arch, Exper. Path. u, Pharmacol , 145:108, 1929,

Quick, A, ] : On the coagulation defect in peptonc shack. 4m. J Physiol.,
176:533, 1936
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blood, When one considers the many variables which may
influence the anticoagulant activity of heparin®, the con-
flicting evidence presented by earlier workers is readily
understood. Wilandert in addition has shown that exten-
sive damage occurs to the hepatic mast cells of dogs during
peptone shock, thus giving a likely explanation for the
importance of the liver in releasing heparin to produce
the coagulation defect in pep shock.

Section 2: The Anticoagulant Activity of Substances of
the Peptone Group and the In Vivo Action
of Tissue Juice

Under the name of “peptone-like” substances Delezenne
(315) grouped various agents which on injection had an
anticoagulant effect similar to that of peptone but were
inactive in vitro. The oldest known substance was the
serum of Murenide.} Mosso (330-332) found that the
intravenous injection of small amounts of eel serum was
very toxic to dogs and in addition to other phenomena
brought about a striking fall in blood pressure and pro-
longed incoagulability of the blood—findings similar to
those brought about by peptone. Mosso attributed this to 2
heat-labile protein, “Ichthyotoxicum.” Springfeld (342)
confirmed the findings of Mosso, but Delezenne (315) was
the first to attempt clarification of the mechanism of
action. Eel serum was active in amounts of 0.01 to 0.03 cc
but only on intravenous injection and not in wvitro or by
intraperitoneal injection. The mechanism of action was
thought to resemble that of peptone since perfusion ex-
periments apparently demonstrated that the liver under
the influence of the eel serum and in conjunction with

* Hartmann, R. C: A critique of the “heparin tolerance” test. Bull. Ayer
Clin. Lab,, 4:43, 1952 (May).

+Wilander, tudien ucber Heparin. Skandinav, Arch. Physiol., 81:
supple. 15, 1939.

1 This refers to the family of Moray eels.
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leucocytes produced an anticoagulant. The similarity to
peptone extended to the finding that eel serum produced
a state of incoagulability in dogs much more readily than
in rabbits.

Delezenne (315) likewise studied the anticoagulant ac-
tivity of various organ-extracts such as crab muscle and
snail extract. Heidenhain (424) clarified the peculiar phys-
iological action of these agents. Similar active substances
were studied in lower animals by Abelous and Billard
(295, 296), Camus (307), Camus and Lequeux (308), and
Couvreur (313).

Most of these extracts had in common the property that
they accelerated coagulation in vitro but on injection into
the body dered the blood i gulable. Just as in the
case of peptone it was shown that the liver was essential
for the production of the anticoagulant. These agents also
produced a marked leucopenia further supporting the
analogy to peptone. The resemblance goes even farther.
Delezenne showed that a previous injection of one of
these substances protected the animal from an injection
of peptone and vice versa,

All of this made it quite apparent that the action of
peptone and these other substances was very similar. Do
all of the substances of the peptone-group contain xhe
same active sub ‘This was
possible but did not nccessanly follow since peptozyme
was heat-stable, whereas the active substance in eel serum
was destroyed by heat according to Mosso (330).

Experience has shown that chemically different sub-
stances possess the same ability to produce alterations in
the body which bring about the inhibition of coagulation.
This seems all the more plausible since not only different
tissues but, according to Camus (309, 310), milk and vari-
ous vegetable products (312, 322) may have an anticoagu-
lant effect when injected into the vessels. According to
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Albertoni (297), Salvioli (340), and Dastre and Floresco
(314) similar properties are found in many soluble en-
zymes.

Does the blaod in all these cases mimic peptone blood?
According to Delezenne (314) it is possible. It has, how-
ever, not been proved, More recent observations on the
intravascular eflect of organ extracts seem to indicate that
the incoagulable blood need not always have the exact
properties of peptone blood.

‘That the injection of tissue juice, i.e., thrombokinase,
frequently causes intravascular clotting has already been
mentioned. This is obvious since thrombokinase in circu-
lating blood interacts with calcium salts and prothrombin
to form thrombin and therefore produces thromboses just
as in extravasemlar plasma. The studies of Wooldridge
(454), Groth (63), Wright (394), and others have shown
that the body undoubtedly possesses the ability to coun-
teract a dangerous degree of thrombin formation in the
circnlating blood. Coagulation does not always occur upon
injection of thrombokinase. Often the thromboses are re-
stricted to certain vascular areas, especially the portal sys-
tem. Blood collected following such an injection remained
liquid or coagulated only very slowly. In such circum-
stances thrombokinase injected into the circulation had
exactly the opposite effect as in vitro. What are the rea-
sons for the formation of thromboses on the one hand,
and the incoagulability of the blood on the other? The
extent and ease with which thromb formed depended
primarily upon the amount of thrombokinase injected
and the type of animal used. According to Wooldridge and
Pekelharing (210) it was much easier to produce intra-
vascular thromboses in rabbits than in dogs. Small
amounts of tissue juice produced only a more or less
strong negative phase. Certain other factors, e.g. the
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CO, content of the blood, also augmented the occurrence
of thromboses, as Wright's experiments with asphyxiated
and apneic animals have shown (393). For that reason
thromboses were supposed to occur most frequently in the
blood of the portal system whiclt is so to speak strikingly
“venous” in character.

The occurrence of intravascular clotting after injec-
tions of thrombokinase can be readily understood. It is
more difficult to explain the negative phase of the reaction.
Pekelharing and Wright attributed the phenomenon to
the separation of an albumose from the tissue nucleopro-
tein, and thereby made an analogy to peptone plasma.
Since it has been shown that the albumoses did not directly
cause the prolongation of clotting in pep plasma, and
since the incoagulable plasma was not regularly shown to
contain albumoses (Halliburton and Brodie {371}, Mar-
tin [378]), this explanation can be disregarded

Does thrombokinase possibly have an effect similar to
that of peptozyme, or in other words, does the incoagula-
ble plasma following the injection of kinase (“kinase
plasma™) have properties like peptone plasma? This re-
mains controversial. Wooldridge (454) apparently thought
that the two plasmas were not identical since tissue juice
coagulated peptone plasma readily but clotted “kinase
plasma” only with great difficulty. Groth (63) made the
same observation while Wright (395) ascribed the inhibi-
tion of coagulation in both plasmas to identical causes.
The newer studies of Boggs (351) seem to indicate that
such is not the case since “kinase plasma” did not coagu-
late after dilution with water, neutralization with acetic
acid, or upon addition of calcium chloride. Upon addi-
tion of thrombin it coagulated, however, more readily
than peptone plasma, whereas thrombokinase, in con-
trast 1o its effect on peptone plasma, was barely able to
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make “kinase plasma” clot. Boggs, finally, confirmed an
old observation of Wooldridge that “kinase plasma” co-
agulated upon the addition of peptone plasma. This ap-
parently proved that “kinase plasma” and peptone plasma
were not identical. The former does not contain, like the
latter, an antithrombin, but possibly an antikinase. There
is, however, too little known in this field to allow one to
draw definite conclusions.

It is interesting that an injection of kinase (ie., tissue
juice) produced an immunity of sorts. This fact, too, was
indicated in Bogg’s confirmation of Wooldridge's eatlier
observations. Repeated injections of progressively increas-
ing amounts of tissue juice in rapid succession did not
produce intravascular thromboses in rabbits, even when
eventually ten to twenty times the usually lethal amount
was injected. The blood merely became completely
incoagulable.

It is still too early to explain the cause of impaired
coagulation following injection of tissue juice. One can-
not even decide whether the inhibitor is produced by the
body as in the case of peptone plasma or originates in the
tissue juice itself. In addition to thrombokinase the tissues
contain heat-resistant, anticoagulant substances according
to Lilienfeld (433), Conradi (358), and Dastre and Flo-
resco {361).

It is clear that the influence of the body on the coagu-
lability of the blood is still far from being satisfactorily
clarified. This remains 2 very complex matter. There un-
doubtedly exists a relationship between the blood and
the parenchymatous organs which, under certain condi-
tions, influences the coagulability of the blood by the pro-
duction and release of anticoagulants. It remains unde-
cided whether these substances are already present in the
tissues or whether they are antibodies produced against
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the different precursors of thrombin. Nor is any informa-
tion available as to whether or how the organs under
normal circumstances contribute toward maintaining the
liquid state of blood as well as its coagulability.

In connection with the reaction of the blood following
injections of tissue juice it should be noted that Halli-
burton and Pickering (372) obtained very similar results
by injections of synthetic colloids produced by the method
of Grimaux (369). These colloids were basically conden-
sation products of different amino acids and certainly con-
tained no thrombokinase since the way in which they
were produced would guarantee the absence of the latter.
Despite this the results were said to be quite similar to
thase brought about by the intravencus injection of tissue
juice. They brought about either intravascular cnagula«

tion or a ive phase of lation. A to
Plckenng (384) in vitro these collmds had only an mhxblt-
ing effect. No expl ion of this p has been

forthcoming. Halliburton and Pickering intimated that
injection of these substances, just like the injection of
Peptone or tissue juice, produced a leucopenia. However,
they justifiably showed no inclination to ascribe the ob-
served effects to the destruction of leucocytes,

Secrion 3: Sub which act as Anticoagulants both
In Vivo and In Vitro (Hirudin, Snake Venom, and the
Antithrombins of Blood and Tissue}

The preceding sections have dealt with substances which
although not antithrombins per se can produce anticoag-
ulants in the body. By contrast, 2 number of substances
were known which inhibited coagulation in vivo and in
vitro in a similar manner. It is clear that the action of the
latter group can be much more readily explained than
that of the former,
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lief was confirmed by Dickinson and later by Fuld and
Spiro (195) and my own experiments (328). These studies
left no doubt that hirudin could neutralize thrumbm, and
that it ined an antithrombin of approxi; the
same quantitative effect. One drop of leech extract, for
example, neutralized the effect of 10 drops of blood serum
but not that of 20 drops. Pekelharing (210), however,
claimed that an additional factor was responsible for the
anticoagulant effect of the leech extract. He thought that
leech extract prevented the escape of a thrombin pre-
cursor (i.e, thrombokinase) from the formed elements.
This may have been related to the observation that leech
extract preserved the formed elements particularly well.
‘This was invoked as the reason for the finding that cold-
precipitable nucleoprotein, the precursor of thrombin,
could not be demonstrated in lcech extract plasma. When,
however, the formed elements in incoagulable hirudin
blood were destroyed by the addition of water, the pre-
cursor apparently entered the plasma and coagulation
took place, Hirudin plasma, in contrast to peptone plasma,
did not clot upon the addition of acetic acid or by dilu-
tion with water. Hirudin also did not bind calcium salts.
The ability of hirudin to fix thrombokinase was not com-
pletely and satisfactorily demonstrated since under cer-
tain conditions it was possible to obtain a precipitate con-
taining nucleoprotein from the hirudin plasma, This was,
however, only of secondary importance as far as the func-
tion of hirudin was concerned, The properties of hirudin
plasma can be very well explained by the assumption that
the liberation of thrombokinase into the plasma and the
formation of thrombin takes place anyway to a greater or
lesser extent, whereas, the formed thrombin is neutralized
by hirudin.

The reaction of hirudin plasma to the addition of
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The oldest and best-known of these substances is hirn-
din, the anticoagulant of the leech. It has been known for
a long time that the triangular wounds produced by
therapentic leech bites continue bleeding for a long time.
This fact used to be ascribed to the shape of the wound,
until Haycraft (324) in 1884 proved that leeches contain
an anticoagulant. This apparently originates in the mouth
glands of the leech and is thus found only in the anterior
part of the animal. Minor effects in the posterior part of
the body were ascribed to the presence of hirudin in the
intestinal tract. Haycraft characterised hirudin as a heat-
Tesistant, water-soluble substance which was excreted un-
changed in the urine following injection into the body.
It received its name from Jakoby and Franz (520). In Dick-
inson’s method potent extracts were prepared by drying
leech heads which had been preserved in alcohol (317).
The heads were then pulverized and extracted with water
for several hours, using 5 to 10 cc of water per head.

The isolation of hirudin in a pure state has often been
attempted. The earlier experiments of Dickinson, Bock
(300), and others did not lead to satisfactory results. Dick-
inson intimated that hirudin was a protein. Later, Franz
(320) devised a successful method for isolating pure hiru-
din which was further refined by Bodong (301). The
process was largely based on removal of the protein from
the leech extract by chloroform extraction, heating, and
subsequent dialysis. According to Franz, hirudin, which
does not dialyze (or at best moderately so), is a secondary
albumose.

Hirudin has both an intra- and extravascular anticoag-
ulant effect. Haycraft speculated on the nature of the
anticoagulant effect, believing hirudin contained an anti-
thrombin which either united with thrombin to form an
inactive compound or else destroyed the latter. This be-
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All anticoagulants found in blood-sucking animals are
probably of great significance for the nutrition of the
animals and in their physiological behavior closely related
to hirudin. The existence of such substances in ticks
{ixodes ricinus [338)) and in anchylostomum caninnm
(326) is well-known. Undoubtedly most blood-suckers are
provided with mechanisms designed to keep the blood
liquid in the intestinal tract.

Lilienfeld's histone chloride (433) might also possibly
be compared to hirudin. Since there is, however, no re-
cent information concerning histone plasma, no definite
statement can be made.

So far, discussion has been limited to anticoagulants
which can be considered antithrombins in the narrower
sense of the term (i.e., substances which can bind thrombin
and possibly also prothrombin). There exists, however, 2
substance in some snake venoms which is undounbtedly an
antikinase,

It is an old observation that the blood of animals which
have been killed by snake bites sometimes does not clot.
This was pointed out by Fontana (319) and later confirmed
by Brainard (304), Weir-Mitchell (346), and Halford (323),
who investigated various American and Australian snake
venoms. These investigators pointed out that after an in-
jection of snake venom prolonged coagulation occurred,
particularly when the poison had the opportunity to mix
extensively with the blood. On the ather hand, animals
which died immediately after the injection frequently
showed multiple intravascular thromboses.

Heidenschild (66), Feoktistow (318), Martin (327),
Stephens and Myers (343), and I paid particular attention
to this problem. Heidenschild, a disciple of Alexander
Schmidt, attributed the incoagulability of the blood after
an injection of the venoms of Naja and Crotalus to a
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thrombokinase has been investigated by ‘the author (328).
Hirndin plasma occasionally coagulated upon the addi-
tion of small amounts of tissue juice; in other instances it
remained liquid even upon the addition of large amounts.
This depended upon the amount of hirudin added. When
little hirudin was present, the added thrombokinase
formed so much thrombin from prothrombin that the
antithrombic activity was completely overcome. On the
other hand, even very large amounts of tissue juice did
not produce enough thrombin to bring about coagulation
when there was a large amount of hirudin in the plasma
since the amount of prothrombin in plasma was not un-
limited. This proved clearly, as did the experiments of
Fuld and Spiro (195), that the relationship between throm-
bokinase and hirudin is not one of neutralization, Hirudin
like the anticoagulants of peptone plasma, neutralized only
thrombin and perhaps also prothrombin, Despite their
similar action, the two antithrombins need not be identi-
calin nature as Delezenne believed (250).

Recently Bodong (301) expressed the opinion that hiru-
din altered fibrinogen and thereby produced incoagula-
bility of the plasma, The uniformly different results of
all earlier investigators contradict this.

Ledoux (325) was unable to bring about resistance to
the effect of leech extract. Some inkling of an acquired
resistance was observed by Contejean (311). Subsequently,
Wendelstadt (345) succeeded in demonstrating an ac-
quired resistance. He was actually able to produce an
antibody of the third class.

Finally it should be mentioned that according to Bosc
and Delezenne (303), hirudin blood had a very striking
resistance to bacterial action. These two scholars ascribed
this to the release of alexines from the leucocytes into the

plasma.
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of cobra venom into the circulation resulted only in the
negative phase. Intravascular thromboses were not found.
Thus there is no reason to assume the formation of active
substances by the body as was the case following peptone
injections. The incoagulability of the blood can be readily
explained by the presence of antikinase in cobra venom.
The incoagulable plasma produced by the injection of
cobra venom resembled more closely “kinase plasma” than
peptone plasma. It coagulated readily upon the addition
of thrombin, less so when mixed with tissue juice, and
could not be regularly clotted by dilution, neutralization,
or addition of calcium chloride. These differences vis-d-vis
peptone plasma could be largely explained by the exist-
ence of an antithrombin in the peptone plasma on the
one hand, and on the other by the presence of an anti-
kinase in the venom plasma and perhaps also in the kinase
plasma.

The different results obtained by Martin (327) stem
from the probabality that not all snake venoms are alike
in their physiological activity. It is quite possible that
stronger or weaker hemolysis plays a part. Phisalix (336)
hypothesized a relationship between the anticoagulant
effect of snake venom, hemolysis, and the release of anti-
coagulant substances from the erythrocytes. This inter-
pretation seems faulty since the effect is distinctly present
in artificial coagulation systems in the absence of the
formed elements, and also in rabbit blood in which there
occurs but very little hemolysis. Furthermore, it has been
general experience that the destruction of the red cells
primarily prod which p clotting.
The action of Schmidt’s “cytoglobin,” as 1 have alveady
theorized, is probably similar to that of cobra venom. It
probably also contains an antikinase.

Finally, there exists a group of anticoagulants which
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change in the protoplasm of the leucocytes. He thought
that the protoplasm of the white cells could no longer
be broken down, whereas the blood plasma remained un-
altered and still possessed the ability to extract thrombin
from normal protoplasm. The plasma coagulated upon
the addition of normal lymphocytes or tissue juice.

The effect of the venom of an Australian snake (pseu-
dechis porphyraceus) was very thoroughly investigated by
Martin (327). He found a very significant correlation be-
tween the intravascular effect of the venom and that of
the tissue juice. Large amounts of venom produced wide-
spread intravascular coagulation, whereas that portion
of the blood which was not clotted became incoagulable.
Small amounts produced only the negative phase. This
incoagulable blood resembled peptone blood since it still
clotted upon the addition of thrombin and of tissue juice,
and upon dilution with water. In vitro the venom had
a moderately retarding effect upon coagulation, It did not
contain nucleo-albumin (thrombokinase). Martin believed
that the positive phase was brought about by a destruc-
tion of the formed elements. Stephens and Myers (343)
found that cobra venom prevented coagulation in vilro,
and that this could be nullified by the immune (anti-
snake) serum of Calmette.

According to my observations venom contains an anti-
kinase. The effect of active thrombin present in serum
was not materially diminished by cobra venom, but the
coagulation of blood mixed with cobra venom at the time
of collection was completely inhibited. There was a quan-
titative relationship between cobra venom and thrombo-
kinase activity. The addition of sufficient thrombokinase
overcame the anticoagulant effect. It is impossible to state
whether or not the release of the thrombokinase from the
formed elements was inhibited by the venom. Injections
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the thrombins. However, the experimental conditions se-
lected for the solution of this problem were not very con-
vincing. This inhibitor could have been an antikinase.
Bordet and Gengou (30") did not present any evxd:nce for
the presence of antithrombins in normal circul blood.

The author (207) has made a few observations which
seem to support the existence of such substances. Oxalate
and fluoride plasma coagulated very poorly upon the addi-
tion of serum, a fact which had been observed by earlier
investigators. This had been explained by the anticoagu-
lant effect of oxalate. However, I have shown that this ob-
servation does not remotely suffice to explain the hypo-
coagulability of these plasmas. It must be assumed that
there are anticoagulants present which inhibit thrombin
almost quantitatively. The incomplete coagulation of
oxalate and fluoride plasmas on the addition of a little
thrombin is similar to the behavior of peptone plasma.
This observation supports the hypothesis that such anti-
thrombins exist. A natural assumption is that such anti-
thrombins are not only present in extravascular plasma
but also in the circulating blood.

The studies of Fuld (194), Loeb (436), and Muraschew
{209) provided additional proof for the existence of an an-
tithrombin in goose plasma, so that there exists little doubt
that normal plasma contains anticoagulants as much as
does goose plasma prepared without the addition of anti-

Those sub ly do not originate
from vascular endothelium. Loeb was unable to extract
anncoagulams from vascular endothelium and found only

ki Nothmg conclusive can be said about the
perties of these anticoag; since knowledge concern-
mg them is fragmentary.

Should antithrombins actually exist in the circulating
blood, as appears highly probable, much would be gained
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probably possess greater physiological significance than all
the preceding ones and of which unfortunately very little
is known. These are the antithrombins of tissues and
blood.

Alexander Schmidt (54) postulated that the presence of
clot-retarding substances was probably necessary for the
preservation of the fluid state of the blood, but he was
unable to demonstrate “cytoglobin” in the circulating
blood. His disciple, v.z. Muehlen (80), discovered that so-
called “kinase plasma” coagulated on prolonged dialysis
and on the addition of sodium chloride. Schmidt found
that it was possible by dialysis to remove substances from
the blood which prevented the activation of metathrombin
by alkali. His data were confirmed by Fuld (194) and my-
self (208). According to Schmidt anticoagulants were very
probably present in the circulating blood.

Conradi described an anticoagulant in autolyzed tissue
juice. During antiseptic autolysis the thrombokinase ac-
tivity of tissue juice was rapidly reduced whereupon the
latter soon displayed distinet anticoagulant properties in
vitro. Autolysed tissue juice from lymph glands, ovaries
and yeast cells were most effective in this Tespect. The in-
hibitor was heatresistant, dialyzable, and could be pre-
cipitated by alcohol. Conradi was unable to demonstrate
the presence of this inhibitor in the blood, nor did he find
a heat-resistant antithrombin forming during the autolysis
of blood.

By means of immunizing injections of rabbit serum
into guinea pigs Bordet and Gengou (302) produced a
relatively heat-resi: but weak inhibitor which reduced
or inhibited the coagulant effect of rabbit serum on goose
plasma. This inhibitor was effective only against the clot-
accelerating substances present in Tabbit serum. This find-
ing furnished a clue concerning the species specificity of
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Chapter VII

CLOT-PROMOTING SUBSTANCES
(CALCIUM AND GELATIN)

HILE the number of substances which inhibit or
delay coagulation is very great, it is unfortunate
that only 2 few substances are known which promote co-
agulation without simul ly producing thromb
in the circulating blood. Even now the physician possesses
few means to increase the coagulability of blood which
would be highly desirable in diseases like hemophilia,
hemorrhagic diatheses, leukemia, and aneurysms. The in-
travenous injection of thrombokinase to increase the co-
agulability of the blood is naturally entirely out of the
question since it would result in intravascular thromboses,
or might even result in a total reversal of the desired effect
by rendering the blood incoagulable, Local application of
thrombokinase is theoretically justified as a means of stop-
ping bleeding. However, it has not yet been possible to pro-
duce very potent, aseptic and stable solutions. The local
application of tt bin is not very promising because of
th i P Y of the ilabl luti
Experience with the internal use of calcium salts as a
means of increasing coagulability has been favorable.
‘Wright (177) was the first to recommend the use of calcium
chloride. Boggs claimed that the internal use of calcium
chloride, or even better calcium lactate, shortened the co-
agulation time whether these compounds were taken orally
or intravenously (351). However, the results were not very
striking, particularly when the oral route was used. It is
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toward an understanding of the liquid state of the blood.
It must be admitted, however, that the maintenance of the
liquid state of the blood can also be explained in the ab-
sence of antithrombins, According to the studies of Bordet
and Gengou (185), the plasmatic precursor of thrombin
yields thrombin rapidly only in the presence of wettable
foreign surfaces. A reasonable assumption is that despite
the presence of proth bin and small of throm-
bokinase in blood plasma, no thrombin is formed in the
circulation.

Loeb’s discovery that incoagulable phosphorus blood
did not contain an inhibitor seemed to contradict the
thesis that antithrombin js present in circulating blood.
Phosphorus blood, however, seems to lack other enzyme
inhibitors. Its chemical composition differs so markedly
from the normal that studies of this plasma might best
be omitted.

The investigations of the anticoagulants discussed in the
preceding chapter show clearly that we are still in the
dark in this field. It is very probable that anticoagulants
play a much more significant role in normal coagulation
than was assumed in the past. Many observations which
have been difficult to interpret can probably be best ex-
plained by the presence of such substances. One example
is the marked variations in the coagulation time deter-
mination, Table II giving the type and mechanism of ac-
tion of various anticoagulants has been taken from a paper
by the author (829).
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injections of small amounts of gelatin (0.4 gm per kg).
Lancereaux and Paulesco (374) demonstrated later that the
clot-promoting effect was present not only after intra-
venous but also after subcutancous injections of gelatin.

Naturally such an jmportant discovery was immediately
seized upon with great interest. There have been many
clinical reports concerning the use of subcutaneous gelatin
for hemorrhage, most of them favorable, It is therefore all
the more striking that experimental attempts to verify the
results of Dastre and Floresco led to opposite conclusions.
Camus and Gley (355) attributed the results of Dastre and
Floresco to the acid content of the gelatin, They denied the

ble results of subc or intraperitoneal gela-
tin injections. In general negative findings were also ob-
tained by Tévoelgyi (390), Maviani (377), Sackur,* and
Steensma (389). Indeed, Brat (353) found that glutone in-
hibited or delayed coagulation just as peptone did. Zibell
(397) and Gley and Richaud (368) attributed the slight ac-
celeration of coagulation to the calcium content of gelatin
which amounted to 1 per cent or greater. In checking the
findings of Dastre and Floresco, Boggs (851) was unable to
obtain consistent results. In a number of experiments with
subcutaneous and intravenous injections into rabbits
Boggs noted a distinct shortening of the coagulation time
from 6 to 14-1 minutes. These findings were well outside
of the margin of error. This reduction in clotting time
lasted several days. On the other hand, similar experi-
ments yielded negative results.

The attempts of other investigators to confirm and
clarify the action of gelatin also yielded inconsistent re-
sults. Therefore, Gebele (366) concluded on the basis of
clinical and experimental studies that parenteral gelatin

*# Sackur: Gelatine und Blutgerinnung. Mitteil. 6. d. Grenzgeb. d. Med.
« Chir, 8.188, 1901



130 The Chemistry of Blood Coagulation

difficult to give a theoretical explanation for the effect of
the calcium salts. The effect might be partly explained by
the possibility that an increase in calcium ions in the blood
accelerates the production and activity of thrombin, If such
were the case, it would have to be assumed that blood does
not normally contain the optimum amount of calcium salts
necessary for coagulation.

Gelatin injections to improve coagulation have found
much wider acceptance in medical circles. The literature
in this field, especially the clinical reports, assumes that
the experimental basis has been completely clarified and
that all the clinical results are uniform. In truth there is
no problem in the entire field of coagulation evoking a
wider divergence of opinion than that concerning the effect
of gelatin. No one knows how gelatin accelerates coagula-
tion. Indeed, many investigators are not even sure that it
does shorten the clotting time.

According to von Boltenstern (352) gelatin was widely
used in former days as a local hemostyptic. It subsequently
fell into disuse until Dastre and Floresco (360) in 1895
and 1896 discovered the clot-promoting propensities of an
intravenous injection of gelatin, At the same time Carnot
(356) also recommended gelatin as a local hemostyptic.
During experiments concerning alterations in gelatin in
the circulation, Dastre and Floresco noted a strong clot-
accelerating effect following the injection of gelatin. Dogs
weighing 15 kg were given intravenous infusions of 80
to 400 cc of an 8 per cent gelatin solution. Blood appar-
ently coagulated at times within 10 seconds even though it
was kept at 38°C, so that a simple congealing of the gelatin
by cold was eliminated as the explanation for the phenom-
enon. They also found that gelatin had a clot; promotmg
effect in vitro although this was not as striking. The anti-
coagulant effect of peptone could be blocked by subsequent
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Personally, I consider Kaposi's criticism of the earlier
:xperimcms more important than his later results. The
dictory findings of i investij s can be
p:mly explained by dxﬁcrences in the types of gelatin used.
Brat's glutone, for example, is a gelatose. It has been known
since the investigations of Arthus and Huber (218) that
gelatoses behave like alb i.c., as anti
Merck’s liquid sterilized gelatin is also rich in gelatose and
poorly suited for such experiments. The gelatins which are
liquid at ordinary temperatures are ded for local
use only since the local effect is probably primarily based
on the conglutination of blood cells. Only those gelatins
which remain solid at ordinary temperatures should be
given subcutaneously. This is 2 matter which must be
watched with greater care in future experiments concern-
ing the gelatin effect.

Another source of error is found in the clotting time

i Depending on the hods used the re-
sults of various auzhors differ considerably, even in regard
to what constitutes the range of the clotting time of normal
blood. This naturally creates certain difficulties in evaluat-
ing the gelatin effect.

Kaposi's criticisms, unfortunately, settled only part of
the argument. Boggs experimented with a great variety of
gelatins without success. The mistakes in clotting time de-
terminations which were undoubtedly present also did not
explain entirely the contradictory results of various
authors. Boggs (351), who used the apparatus of Brodie-
Russell (404), and Buerker (460) claimed that it was pos-
sible to obtain consistent results for the clotting time if a
well-standardized method was used and differences in temp-
erature and other factors were carefully controlled. This
should preclude serious error, and only great differences in
clotting time would be of importance in this question
anyway.
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did not promote clotting until the body had lost a large
amount of blood, approximately one-fourth to one-fifth of
the total blood volume, Under such circumstances there
was an unexplained increase in the coagulability of the
blood as the experiments of Arloing (398) and others had
already demonstrated. Gelatin injections could then
further shorten the coagulation time but were ineffective
without prior extensive loss of blood. Moll, on the other
hand, concluded that the clot-promoting effect of gelatin
was not manifested so much by a reduction in the clotting
time but rather that gelatin injections brought about leu-
cocytosis and an increase of fibrinogen which was ascer-
tained by the method of Reye (150). In Moll's opinion the
hemostatic effect consisted primarily in an increase in pre-
cipitated fibrin and greater stability of the thrombus,
whereas this was not necessarily accompanied by a reduc-
tion in the clotting time (381).

Shortly thereafter Kaposi (373) critically reviewed the
studies on gelatin. His personal experience supported the
view that gelatin was clot-promoting. He found that gela-
tin injections restored the coagulability of animal blood
which had previously been rendered incoagulable by hi-
rudin. He felt that the agglutination of blood corpuscles
(already mentioned by Sackur*) which occurred upon the
addition of gelatin and other colloids might very well
staunch the flow of blood by plugging the Iumina of smal-
ler vessels. Furthermore, abolition of the hirudin effect
by means of gelatin had already been unsuccessfully at-
tempted by Steensma (389) and Boggs (351). Kaposi, in the
belief that his experiments supported his theory of the clot-
promoting effect of gelatin, maintained that gelatin was
effective by increasing or accelerating the production of

thrombin.

« See footnote page 131,



Chapter VII

CHANGES IN THE MORPHOLOGICAL
ELEMENTS OF BLOOD DURING
COAGULATION

T Is NOT my intention to deal with the extensive litera-
I ture concerning morphological alterations occurring
during coagulation. However, this report would be incom-
plete if it did not emphasize a few points which inci-
dentally also play a significant role in the chemistry of co-
agulation.

‘There can no longer be any doubt that the cellular ele-
ments in one way or another participate in coagulation.
Wooldridge's belief that all factors necessary for coagula-
tion were present in the circulating plasma has never been
widely accepted and can be dismissed with the explanation
that Wooldridge worked with peptone plasma which differs
markedly from normal circulating plasma. All other ob-
servations support the idea that the formed elements par-
ticipate in coagulation, One need only think of the situa-
tion found in goose plasma, the coagulation of sedimented
horse plasma in which the first clots are formed within
and above the layer of the formed elements, and other
phenomena, which could hardly be explained unless one
assumed the participation of the formed elements.

Certain questions remain: What do the formed elements
release into the plasma? Which of the formed elements are

ively or primarily involved? Both questi have
been answered partially by chemical and morphological
studies so that some conclusions can be given.

185
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The foregoing shows that the ideas concerning gelatin,
more than any other aspect of blood coagulation, need pre-
cise experimental study. It should first be ascertained
whether gelatin in vitro or in vivo actually accelerates
clotting in normal individuals or under specific experi-
mental conditions. Only when this question has been satis-
factorily answered, can an attempt be made to investigate
the cause of the phenomenon.

Finally, it should be mentioned that Landau* isolated a
clot-promoting substance, “stagnin.” Since this was ob-
tained by autolysis of splenic tissue, it should contain the
antithrombin of Conradi (358) which is said to form dur-
ing autolysis. Further information concerning the effect of
stagnin is lacking.

* Landau, T.: Ein neues, durch Autolyse der Milz gewonnenes Blut-
stillungsmittel (Stagnin). Berliner kiin. Wehnschr., 41:577, 1904
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takes place prior to or simultaneous with coagulation. This
question temains undecided. The studies of Dastre (461,
462), Arthus (181), Ruechel and Spitta (483), and Bayon
(458) (despite the energetic opposition of Krueger [79])
were responsible for the belief that no breakdown of feu-
cocytes occurred in normal coagulation and that the minu-
tion of leucocytes in peptone blood did not necessarily
imply destruction of these elements. It has always appeared
to me that as Schmidt has occasionally intimated the en-
tire problem of the disi ion of the leucocytes is
not as important as many have thought. The hypothesis
that the formation of thrombin is ultimately a function of
the leucocytes is not impaired by the absence of breakdown
of these elements. The possibility remains that there is
secretion of the active agent without gross anatomical
change,

Are we at all certain that the leucocytes aclually play
the important role in coagulation which many
have ascribed to them? Prior to the discovery of the blcod
platelets the participation of the leucocytes in coagulation
could be reasonably accepted since certain phenomena
such as the beginning of coagulation in the leucocytic layer
of sedimented, cooled horse blood were otherwise inex-
plicable. Even after the discovery of the platelets the pos-
sible participation of the leucocytes in coagulation could
not be denied. Goose plasma in which no platelets have
been found, often coagulated spontaneously without the
addition of tissue juice. In this case after prior sedimenta-
tion, coagulation began in the leucocytic layer, which oc-
casionally could be lifted out as a flat saucer-shaped clot,
while the plasma above it and the layer of blood cells
underneath were still completely liquid. Even more im-
pressive were observations on the coagulation of lymph
which often did not contain formed elements other than
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It has already been pointed aut above that of the sub-
stances needed for coagulation, fibrinogen and calcium
salts are present in the circulating plasma whereas throm-
bin is lacking. If the classical theory of the thrombin nature
of coagulation (which best fits known facts) is 1o be taken
as a point of departure, the significance of the formed
elements must be sought chiefly in the release of one or
both of the precursors of thrombin. The origin of throm-
bokinase from the formed elements can hardly be doubted
in view of the existence of types of plasma such as goose and
fluoride plasma which do not contain sufficient thrombo-
kinase and therefore remain liquid. The question con-
cerning the pre-existence of prothrombin in circulating
blood is much more difficult to answer. However, as men-
tioned previously, there exists no compelling reason to
doubt the pre-existence of this substance since all plasmas,
regardless of their origin, contain prothrombin. My sug-
gestion (480) that prothrombin originates from platelets
still needs verification for reasons previously discussed.
Tentatively the assumption can be made that prothrombin
exists in circulating plasma whether it originates from the
formed elements of the blood or from certain organs. The
function of the formed elements, therefore, is that of re-
leasing thrombokinase into the plasma,

In order to decide which of the formed elements is
chiefly or exclusively concerned with coagulation one must
return to the older studies of Alexander Schmidt and
Mantegazza (140). Both men were of the opinion that the
leucocytes were the chief agent in coagulation. Schmidt
stated that thrombin or the “zymoplastic agent” originated
from leucocytes and were released by the extravascular
‘breakdown of these cells.

Both assumptions have been attacked. Many authors re-
main unconvinced that disintegration of the Jeucocytes
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lation was inhibited by appropriate measures, such as dilu-
tion with a calcium solution. This situation may, accord-
ing to Loeb, explain the low fibrin content of platelet
thrombi.

Even though the agglutination of platelets need not al-
ways go hand in hand with coagulation, this observation
still indicates the probable participation of these elements.
This is all the more likely since as shown earlier, platelets
like other protoplasmic material, contain thrombokinase.
The question arises as to which formed elcmem is more
important in normal lation latel
The problcm of the origin of platelets will not be taken
up here since it is of little significance for this discussion.

In my opinion most observations indicate a greater
significance of platelets than leucocytes in the coagulation
of mammalian blood. First of all it must be accepted that

latelets disi during lation and that unlike
lcucocytes they are extremely unstable elements. Is the
disappearance of the platelets a cause or 2 result of coagula-
tion? Offhand the first possibility does not appear likely
since both prothrombin and thrombokinase are present
in oxalate plasma even though platelets appear quite well
preserved. There is no proof that the disintegration of
platelets is absolutely necessary for the origin of thrombin,

Microscopic cbservation has shown that platelets fre.
quently form so-called clotting centers, i.e., foci from which
the formed fibrin threads emanate. This observation is not
very informative, because Bordet and Gengou (185) found
that any foreign body can form such a clotting center in
cell-free plasma obtained by centrifuging blood in paraf-
fined vessels.

Nor do the observations of Pratt {482) concerning the
number of platelets and the clotting time demonstrate any
relationship between the two. Nevertheless, one must note
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white blood cells. Loewit (478), Mosen (481), and others
were unable to demonstrate the presence of platelets in
Iymph. There can then be no doubt that coagulation can
occur in fluids which contain only leucocytes and no other
formed elements.

This is borne out by the interesting observations on co-
agulation in the lower animals for which we are indebted
to men like Griesbach (466, 467), Bottazzi (403), Ducceschi
(416), and in particular Loeb (434-437). In certain crus-
taceans (limulus) coagulation occurred in two stages. The
first stage consisted of changes in the leucocyte-like amoe-
bocytes of the blood which upon contact with foreign
surfaces, extend pseudopods which in turn were woven
into a dense mesh (plasmoschise). The second stage Te-
sembled more closely coagulation in vertebrates. A clot
formed which seemed to depend on the precipitation of a
fibrin-like substance from the plasma. This second stage
of coagulation might be brought about by an enzyme, It is
similar to coagulation in higher animals since it could be
prevented by calcium-precipitating substances. On the
other hand the first stage, the agglutination of the amoebo-
cytes occurred in the absence of oxalate-precipitable cal-
cium salts according to Loeb.

Observations made on invertebrates can be applied to
vertebrates only with extreme caution. Some analogous
conclusions, however, appear justified since the investiga-
tions of Ducceschi (416) and Loeb indicated that verte-
brates do not completely lack the first phase of coagulation
which occurs in the invertebrates, Shortly before coagula-
tion there appeared in vertebrate blood macroscopically
visible, miliary clumps which adhered to the vessels and
consisted chiefly of platelets, and to a lesser extent of
leucocytes. Coagulation did not necessarily follow this ag-
glutination. The agglutination occurred even when coagu-
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regard to the significance of the platelets (454). This gran-
ular substance is undoubtedly of great importance in
coagulation.

As yet there is no absolute proof that in normal coagula-
tion of mammalian blood the platelets rather than the
leucocytes are of chief importance in the production of
thrombin. On the other hand it can be taken for granted
that the leucocytes also participate in coagulation since
ftuids which contain only leucocytes also clot even though
more slowly.

That the erythrocytes have a significant role has not
been convincingly demonstrated. I was able to show that
the stroma of the ted cells contains thrombokinase (208).
However, it is doubtful that the erythrocytes play an
important role in normal coagulation. There is no need
for this assumption, unless one believes, with Arnold and
his followers (11) that the platelets originate primarily
from the erythrocytes.

This short synopsis shows that the modern coagulation
theory not only harmonizes numerous contradictions
regarding the chemical aspects of coagulation, but that
it is also able to eliminate much of the sharp divergence
of opinion resulting from morphological investigations.
No one formed element is of exclusive importance in
coagulation. It is no longer a question of leucocytes vs.
platelets since both as producers of thrombin can take
part in coagulation.
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that prolonged clotting and platelet deficiency occur to-
gether in some pathological situations, an observation the
author himself was once able to verify.

Other observations support the importance of the plate-
lets. One of these concerns the previously mentioned fact
that only those body fluids which contain platelets coagu-
late quickly without the addition of tissue juice whereas
goose plasma and lymph are distinguished by slow coagula-
tion. The slow clotting of lymph must not be ascribed to
its low fibrinogen content since other fluids with low
fibrinogen concentration coagulate rapidly upon addition
of adequate thrombin according to Dastre (96).

The significance of the platelets has also been demon-
strated by the experiment of Bizzozero, who was the first
to attempt to render blood platelet-free. This was done by
numerous phlebotomies and re-injection of the blood
after it had been whipped. The blood which now circu-
lated contained virtually no platelets and coagulated only
very slowly which nevertheless indicated that it still con-
tained some fibrinogen, The author can vouch for the
slow coagulation of such blood. It is, however, uncertain
that prolonged coagulation can be primarily attributed
to the reduced number of platelets since the experimental
conditions were very complicated.

More convincing is the experiment of Buerker (460).
He caught a drop of blood on a paraffin block. No coagula-
tion occurred. On gradual sedimentation the lighter plate-
lets collected in the upper part of the drop. When the tip
of the drop was touched with a cover-glass, microscopic
observation showed that the formed elements in the plasma
were almost exclusively platelets. Coagulation then fol-
Jowed very rapidly. Wooldridge's beliefs conceming
“fibrinogen-A" which was precipitated from the plasma
as platelet-like granules should be further mentioned with
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Tegard to the significance of the platelets (454). This gran-
ular substance is undoubtedly of great importance in
coagulation.

As yet there is no absolute proof that in normal coagula-
tion of mammalian blood the platelets rather than the
leucocytes are of chief importance in the production of
thrombin, On the other hand it can be taken for granted
that the leucocytes also participate in coagulation since
fluids which contain only leucocytes also clot even though
more slowly,

That the erythrocytes have a significant role has not
been convincingly demonstrated. I was able to show that
the stroma of the red cells contains thrombokinase (208).
However, it is doubtful that the erythrocytes play an
important role in normal coagulation. There is no need
for this assumption, unless one believes, with Amold and
his followers (11) that the platelets originate primarily
from the erythrocytes.

‘This short synopsis shows that the modern coagulation
theory not only harmonizes numerous contradictions
regarding the chemical aspects of coagulation, but that
it is also able to eliminate much of the sharp divergence
of opinion resulting from morphological investigations.
No one formed element is of exclusive importance in
coagulation. It is no longer a question of leucocytes vs.
platelets since both as producers of thrombin can take
part in coagulation.



Chapter IX

CONCLUSION

N CONCLUSION the present concept of blood coagulation
I can be summarized as follows: Fibrinogen, calcium
salts, and probably also prothrombin as well as 2 limited
amount of anticoagulants (antithrombins) are present in
the plasma of the circulating blood. The formed élements,
platelets and leucocytes, contain thrombokinase. The con-
stant disintegration of formed elements in the circulating
blood probably releases a small amount of thrombokinase
into the plasma. This amount is either so small that the
available antithrombins suffice to inactivate the resulting
thrombin, or thrombokinase can not combine with the
calcium salts and prothrombin to form thrombin in the
absence of a wettable foreign surface. Both possibilities are
acceptable. In the event of damage to the vascular wall
which renders it a wettable foreign surface there occurs
in this locale an agglutination of platelets and leucocytes
which need not necessarily lead to true coagulation if the
lesion is minor.

The manner and extent to which coagulability of the
blood is influenced by the organs through which it flows
can not presently be stated. That the parenchymatous
organs contribute to the maintenance of the liquid state
of blood and possibly also to its coagulability is highly
probable in view of observations of the peptozyme effect
and other phenomena.

When the blood leaves the vessels it comes in most
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instances in contact with wettable foreign matter like
tissues or other surfaces, Once again agglutination of the
platelets and of a number of leucocytes occurs. But the
stimulus of contact with the foreign surface continues and
results in a massive release of thrombokinase into the
plasma. When blood establishes contact with destroyed
tissue, such as the surface of a wound, thrombokinase need
not exclusively come from the formed clements of the
blood. It can partly emanate from the destroyed cells them-
selves in which case coagulation occurs all the more
rapidly. This phenomenon apparently plays an important
role in the spontaneous coagulation of avian blood follow-
ing injury.

When thrombokinase is released into the plasma, it
activates prothrombin in the presence of calcium salts.
This process is augmented by the presence of foreign
bodies, mechanical influences, etc. Thrombin is formed
in such amounts that the awailable anticoagulants no
longer suffice to inactivate it. In normal coagulation only
part of the prothrombin is converted to thrombin. The
formed thrombin begins to alter the fibrinogen in which
case there probably first forms an intermediate liquid
product and subsequently solid fibrin. As the production
of thrombin continues, the first signs of coagulation ap-
pear. The production of thrombin is then suddenly halted,
either because the supply of thrombokinase is exhausted,
or because inhibitors again become operative or aug-
mented. The large amount of thrombin produced during
coagu]anon then disappears except for a slight residunm

very little th bin is found in the serum.
That part of the thrombin which adheres very solidly to
the resulting clot is removed with the latter. The greatest
part, however, is converted rapidly to an inactive form of
thrombin, metathrombin. ‘The blood serum squeezed out
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of the clot therefore contains a small amount of thrombin
and large quantities of prothrombin and metathrombin.
In addition anticoagulants probably exist in the serum as
well as thrombokinase, and these substances may balance
each other.

The ideas discussed here are not necessarily definitive.
They best express the known facts interpretated on the
basis of the prevalent belief in the enzymatic nature of co-
agulation.



A SELECTED GLOSSARY

Noter A standard index for this monograph seemed of hittle
walue since the important terms were used repeatedly
throughout the text, A glossary appeared to be of more
benefit, chiefly to explain that part of the terminology now
obsolete, Several of the more impartant topics not noted in
the table of contents are indexed in the glossary. A few
general medical terms are defined to aid the biologist and
the biochemist. With respect to cestain terms used repeatedly
throughout the text, no attempt was made to list all of the
numerous pages on which they occurred

A

Apglutination (p. 132): The collec-
tion into clumps of cells distrib-
uted fn a fluid.

aprothrombin (p. 64): Obsolete
term. Morawitz originally used
this term to refer to plasma
prothrombin in contrast to meta-
thrombin  present in  serum
after coagulation See B pro-
thrombin,

Albomin {p. 9) A modem defini-
tion would be that plasma pro-
tein soluble in one-half saturated
solution of ammonium sulfate in
contradistinetion 10 globulins
which are insoluble under such
arcumstances, Albumin  consti-
tutes approximately 60% of pro-
teins ju normal human plasma, A
former loose definition embraced
the generally more soluble pot-
tion of plasma proteins in the
sense that they were less easily

precipitated by a variety of salt
solutiony

Albumose (pp. 42, 99, 118): Any
primary product of the digestion
of an albumin, Differs from al-
bumin in not being coagulable by
heat. The albumoses are con-
verted by further digestion into
peptones.

Alexines (p. 120) Nonm-specific
thermolabile ferment-like sub
stances found in blood plasma, In
the presence of a specific sensi-
tizer they exert a lytic action
on bacteria and other cells. Also
called complement, Leucocytic
alexin (leukin) by contrast is xela-
tively heatstable, In general the
use of these terms is now obsolete.

Amino acids (pp. 27, 117): Organic
acids in which one or more hy-
drogen atoms have been replaced
by an amino group. One variety,
the g-amino acids, are considered
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of the clot therefore contains a small amount of thrombin
and large quantities of prothrombin and metathrombin,
In addition anticoagulants probably exist in the serum as
well as thrombokinase, and these substances may balance
each other.

The ideas discussed here are not necessarily definitive.
They best express the known facts interpretated on the
basis of the prevalent belief in the enzymatic nature of co-
agulation.



Glossary

for Schmidts claim that it js 2
precursor of Gbrinogen, Con-
sidered to be only contaminated
nudleoprotein by Morawitz,
Cytozyme {p. 68): Fuld's term for
the clot-promoting substance in
tissues. Probably cotresponds to
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P.79): A soluble protein in blood
plasma which is converted into
the fibrin clot by the action of
thrombin (fbrin ferment).
Fibrinogen-A {pp. 61-63, 101-102,
140): Wooldridge's term for a
substance obtained 38 a granular

or

D
Ductus Choledochus (p. 106): Com-
mon bile duct,

E
Eck Fisla (p. 106): An artificial
communication between the por-
tal vein and the inferior vena

Endothelivm, Vasaular (p. 125):
Refers to the layer of cells lin-
ing the inner surface of blood
vessels,

¥

Fibrin (p. 4, Chapt V, p. 49). A
whitish, fnsoluble protein formed
from fbrinogen by the action of
thrombin (Ebrin ferment) as in
the clotting of blood. Fibrin
formy the essential portion of the
blood clot.

Fibrin Ferment (pp. 11, 15, Chapt.
IV): Schmidr's original term for
thrombin,

Fibrin Generators {pp. 12, 15): Re-
fers to the two substances (fi-
brinogen and “fibrinoplastic sub.
stance™)  which  zccording  to
Schmiden first eoagulation theory
combined chemically to form the
Sbrin clot. An obsolete theory.

Fibrinocrasias: See p. 77

Fibrinogen (pp. 7, 11, Chapt. V.,

from peptone plasmz
after prolonged cooling at 0°C.
This was probably really an ac-
cumulation of blood platelets,

FibrinogenB (pp. 61, 102): Woal-
dridge term which corresponds
to the plasma Sbrinogen of other
workers,

Fibrivoglobulin (pp. 23, 90, OI):
Term used by Hammarsten for a
globulin-like product of Lbrino-
gen found in blood serum after
coagulation. Probably cither ror
responded to “soluble fibrin” or
was 2 nonspecific contaminant.

Fibrinoplastic Substance (pp. 12, 19,
29): Temm originally used by
Schmidt 1o denote the substance
in blood serum which produced
clotting by combining with -
brinogen. Schmidt thought this
substance  originated from the
formed elements of blood. The
Sibrinoplastic substance was ob-
tained from duluted blood serum
by precipitation with CO, Ac-
tually this was probably serum
globulin {older term “paraglobu-
lin") and any coagulant activity
measured in Schmidt's experi-
ments was likely due to con-
taminating thrombin. Schmidt
dropped the theory of the Sbrino-
plastic substance after his dis-
covery of fibrin ferment (throm-
bin).
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to be the basic “building blocks”
of proteins,

Amocbocytes (p. 138): Large nu-
cleated blood cells in certain
lower animals which may have
Iunctions similar to the mam-
malian platelet in sealing rents
in vessels by agglutination,

Anchyclostomum Caninum (p, 121):
Hookworm, with seference 10 the
type infesting dogs.

Ancurysm (p. 120): A sac formed
by dilatation of the walls of an
artery. Usually filled with blood
or blood clots.

Antibody (p. 111): A specific sub-
stance produced in and by the
body as a reaction to the presence
of an antigen.

Antithrombin (pp. 103, 109, 111): A
substance which inhibits the ac-
tion of thrombin.

Apneic (p. 115): Refers to the tran-
sient cessation of breathing
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the presence of calcium forms an
insoluble curd.

Cascoses (p. 93): A proteose pro-
duced during the digestion of
casein, Obsolete term.

Cell Fibrinogen (pp. 53, 63): See
tissue fibrinogen.

Cellglobulin (p. 53): An obsolete
term for the clot-promoting sub-
stances in tissues. In 2 generic
sense probably corresponds to
tissue thromboplastin,

Chickenfat Clot: See p. 92.

Chyle (p. 17): The milky fuid
taken up by the intestinal lacteals
after digestion. It consists of
lymph and emulsified fat. It
passes into the blood stream via
the thoracic duct.

Cocliac Plexus (p. 106): Same as the
solar plexus. A network of nerves
and ganglia adjacent to the
stomach and giving off nerves o
all of the abdominal organs.

Ascites (p. 72): TI
of serous fluid in the abdominal
cavity.

Autolysis (pp 85, 124, 126): The
spontaneous  disintegration  of
tissues or cells by the action of
their own (autogenous) enzymes.

B

pprothrombin (p. 65): Morawitz’
original term for metathrombin,

[

Casein (pp. 20, 39, 99): A phospho-
protein, the principal protein of
milk, and the basis of curd and
of cheese. Caseln is changed by
rennin into paracasein which in

(p. 139): Aggl
tion which is augmented by col-
loids such as plasma proteins,
gelatin, etc,

Crotalus (p, 121): A genus of rattle-
snakes,

Crustaceans {p. 138): A large dlass
of animals including certain
shell-fish and water Beas.

Crusta Inflammatoria: See p. 92.

Cytoglobin (pp. 31-34, 48): Term
used by Alexander Schmidt for
an anticoagulant substance isor
lated by aqueous extraction of
alcohol-dried cells, Considered to
be albumin-like and to contain
a large amount of phosphorus
Probably has no role in physio-
logical coagulation. No evidence
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fn the tunica vaginalis of the
testicle.

1

Lehthyotoxicum (p. 112): A poison-
ous principle which can be ob-
tained from various fish.

X

Kinase Plasma (pp. 115, 116, 124,
126): The plasma obtalned fol-
lowing the intravenous injection
of thrombokinase (thromboplas-
tin).

Koagulin {pp 53, 60, 75): Clot-pro-
moting substance in tissue iso-
Tated by Loeb, who consi its
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Leucopenia (p. 27): Reduetion in
the number of white blood celts.

Limulus {p. 138): Pertains 1o king
cral

bs.

Lymph (pp. 13, 17, 107) A trans-
parent, slightly yellow liquid
which fills the Iymphatie vessels.
It is occasionally lightrose in
color due to red cells or opales
cent due to fat particles.

M

Mast Cells (p. 112)- Tissue basophuls,
Large cells containing coarse
basaphilic grarmlts They occur

activity to be thrombic in nature.
Probably corresponds to throm-
bokinase.

L

Laked Blood (p. 24): A term applied
10 blood in which the hemoglobin
has been separated from the red
cells.

Lecithin (p. 62): A phosphollpxd.
Prevent  particularly
ussue, semen and to a lesxt( -
tent in blood and bile.

Leucolysis (p, 108): The destruction
of lencocytes.

Leuconuclein (pp. 42, 108): Al-
though this substance was origi-
nally considered to be an acid
nucleoprotein, it was probably
vimply a nudeic acid. The ap-
parent protein nature may have
been merely due to failure to
remove contaminating  protein.
Lilienfeld ascnbed a procoagu-
lant activity to leuconuclein. At
present this would probably be
described  generically s tissue
thromboplastin, Obsolete term.

tissue.
These cells are thought to con-
tin heparin, the anticozgulant
present in peptone shock,

Metathrombin (pp. 6567, 71, 143):
A hypothetical substance into
which thrombin changes on
standing following coagulation. It
may agamn be activated to throm-
bin by the action of alkalis or

acids.

Metaryme (p. 65) Probably cor-
responds to metathrombin

Miliary (p. 138): Resembling a mil-
let sced. Refers to small, scattered
particles, substances of lesions.

Myosinogen (p. 59): Obsolete term
for a protein now called myosin
which is present in muscle.

N

Naja (p. 121y Cobra di capello
(hooded cobra)

Negative Phase (pp. 61, 115, 122,
123) Impaired coagulability of
the blood following intravenous
injection of certain substances,
g, tissue extracts.
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Fibrinolysis (pp. 84, 9395 The
splitting up of fibrin by enzymatic
action,

Fibrinolytic Enzyme (p. 10): Any en-
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H
Heat-coagulation: See footnote, p.
1.

Hemophilia (pp. 76, 120): An

zyme which produces
Formed Elements (p. 16): The solid
components of blood (red and
white cells, plateletsy as con-
trasted to the liquid plasma.

G

Gelatose (pp. 99, 133): An albumose
formed by hydrolyzing gelatin by
acids, alkalis, or enzymes.

Globulin: A class of proteins char-
acterized by insolubility in water
and solubility in some weak nen-
tral salt solutions. (In modemn
terminology this would apply
only to euglobulins. Another

disorder
by delayed clotting of the blood
and  consequent difficulty in
checking hemorrhage. Typically
it is inherited by males through
the mother as 2 sex-linked char-
acter.

Hemostatic (p. 132): Refers to the
arrest of (excessive) bleeding.

Hemostyptic (p. 130): Same as hemo-
static.

Heparin (p. 111): An 2cid muco-
polysaccharide occurring in vari-
ous tissues, but most abundantly
in liver and lung. Acts as a po-
tem anticoagulant,

b (p. 100): A mix-

variety, p is solu-
ble in water but not in one-half
saturated ammonium sulfate so-
lution) Serum globulins consti-
wte about 40% of the plasma
proteins in health. Serum globu-
lins were formerly referred to as
“pataglobulin.”

Globulin A (p. 54): Substance iso-
lated by Halliburton from Iym-
phocytes. This substance had no
thrombic activity in contrast ta
Globulin B.

Globulin B (p. 54): Substance iso-
lated by Halliburton from lym-
phocytes which he claimed was
identical with thrombin. This
substance, however, probably cor-
responded  to  thromboplastin
{thrombokinase).

Glutone (pp. 181, 135)- A gelatose.

Gypsum (p. 35): Hydrous calcium
sulfate, The mineral from which
plaster of paris is made,

ture of 2lbumoses. Obsolete term.

Hirudin (p. 117): The anticoagu-
lant of the Jeech.

Histone (pp. 4244, 108, 109, 121):
A simple protein soluble in water
and jnsoluble in dilute ammonia
Combined with leukonudlein it
forms  nuclechistone,  Blood
treated with large amounts of
histone s altered so that it
coagulates with difficulty. See also
nucleohistone and leukonuclein.

Humoral Pathology (p. 3): Refers
to the obsolete doctrine that all
disease arises from some imbal-
ance in the body humors (blood,
phlegm, yellow bile, and black
bile).

Hyaline (p. 8I): A glassy, translu-
cent {or almost translucentj sub-
stance.

Hydrocoele (pp. 8, 12, 35, 72): A
circumscribed collection of ftuid
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in the tunica vaginalis of the
testicle.

1

Lhthyotoxicum (p, 112): A poison-
ous principle which ean be ob-
tained from various fish,

-3

Kinase Plasma (pp. 115, 116, 124,
126): The plasma obtained fol-
lowing the intravenous injection
of thrombokinase (throrboplas-
tin).

Koagulla {pp. 53, 60, 75): Clot-pro-
moting substance in tissue iso-
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Lencopenia (p, 27): Reduction in
the number of white blood cells
Limulus (p. 138): Pertains to king-

crabs,

Lymph (pp. 18, 17, 107): A trans-
parent, slightly yellow liquid
which fills the lymphatic vessels.
It is occasionally light-rose in
color due to red cells or opales
cent due to fat particles,

M

Mast Cells (p. 112): Tissue basophils.
Large cells containing coarse

tated by Loeb, who considered jts
actipity to be thrombic in nature.
Probably corresponds to throm-
bokinase.

L

Laked Blood (p. 24): A term applied
10 blood in which the hemoglobin
has been separated From the red

cells,
Ledithin (p. 62): A

phospholipid.
Present i

particulatly in nerve

tissue, semen and to a lesser ex-
tent in blood and bile.

Leucolysis (p. 108): The destruction
of lencocytes,

Leuconnclein (pp. 42, 108): Al
though this substance was origi-
nally considered to be an acid
nucleoprotein, it was probably
simply a nucleic acd, The ap-
Parent protein nature may have
been merely due to failure to
Temove  contaminating  protein,
Lilienfeld ascribed a procoagu-
lant actvity to Jeuconuclein. At
present this would probably be
described generically as tissue
thromboplastin, Obsolete  term.

basophilic granules, They occur
i in ive tissue.
These cells are thought to con-
tain heparin, the antcoagulant
present in peptone shock.
Metathrombin (pp. 65-67, 71, 143):
A hypothctical substance into
which  thrombin  changes on
sanding following coagulation, It
may aguin be activated to throm.
bin by the action of alkatis or

acids.

Metazyme (p. 65): Probably cor-
responds to metathrombin.

Mitiary (p. 138): Resembling a mil-
Tet seed. Refers to small, scattered
particles, substances or lesions.

Myosinogen (p 5): Obsolete term
for a proten now called myosin
which is present in muscle

N

Naja {p. 121): Cobra di capello
(hooded cobra).

Negative Phase (pp. 61, 115, 122,
123): Impaired coagulability of
the blood following intravenous
injection of certain substances,
eg., tissue extracts.
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Nucleoalbumin (pp. 53-55): Older
term used for nucleoprotein,

Nudleohistone (pp. 42, 43, 53): See
histone and leuconuclein. Nu-
cleohistone was thought to be the
combination of these two sub-
stances, Obsolete term,

[+]

Optical Rotation (p, 80): The rota-
tion of the plane of polarized
light by the asymmetry of a
molecule. This property is spe-
cific for each substance and can
be used for its identification.

P

Paracasein (p. 39): Cascin is con-
verted into paracasein by the ac-
tion of rennin. In the presence of
caldium, paracasein is then pre-
cipitated as an insoluble curd.

Paraglobulin (pp. 10, 19, 29, 32):
Commonly refers to the serum
globulins, Also at times used in
reference to globulins in blood
cells, lymph, and connective tis-
sue, Obsolete term.

Parenchymatous (p. 116): Pertain-
ing to parenchyma, the essential
or functioval elements of an or-
gan as distinguished from its
stroma or framework.

Parenteral {p, 131): Not through
the alimentary canal, ie., either
subcutaneous, intramuscular, or
intravenous.

Peptone (p. 62, Chapt. VI, pp. 96-
112): A product of extensive hy-
drolysis of a native protein by an
acid or by an enzyme.

Peptone Plasma: The hypo- or in-
coagulable plasma obtained fol-
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lowing an intravenous injection
of peptone,

Peptone, Witte’s (p. 98): A proprie-
tory dry peptone prepared from
fibrin,

Peptozyme (pp. 100, 104, 105): The
hypothetical active principle in
peptone thought to produce the
coagulation defect (heparin) in
peptone shock. .

Pericardial (p. 12): Pertaining &
the pericardium, the membra-
nous sac which invests the heart.

Peritoneal (p. 12): Pertaining to the
serous membrane which lines the
abdominal wall and invests the
contained viscera.

Plasmin: See p. 10.

Plasmoschise: See p. 138

Plasmoryme (p. 63): Older term for
prothrombin used by Fuld.

Platelet (p. 137): A blood platelet;
one of the small colotless corpus-
cles in the blood of all mammals
in the form of oval or round
discs approximately 3 u in di-
ameter. Presumably derived as
fragments of cytoplasm from the
megakaryocytes of bone marrow.

Portal System (p. 114): Pertains to
the venous drainage system of the
abdominal organs.

Positive Phase (p. 62)° Pertains to
the production of intravascular
thromboses following the intra-
venous injection of certain sub-
stances (e.g., tssue extracts) in
contrast to the impaired coagula-
bility (negative phase) seen at
other times.

Preglobulin (p. $2): A protein
Schmidt derived from cytoglobin
by decomposition with acids.
Sehmidt considered preglobulin &
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precursor of fbrinogen, but this
was an erroneous theory.

Proeuzyme (p. 65): The precursor
of an ensyme,

Propeptone (p. 100): Term used by
Grosjean for a product of the
digestion of certain proteins,

Pmphmc Fluids: See pp. 12, 18, 29,

I'ml.hmmbin (p. 30): The popular,
modern term for the plamatic
precursor  of thrombin. (Also
called thrombogen, serozyme).

Protoryme (p. 26): Rauschenbach’s
term for a precursor of fibrin fer-
ment (thrombin) which he pos-
tulated existed in all tissucs.
Probably corresponds to throm-
bokinase.

Pseudechis porphyraceus (p. 122):
Australian black snake.

Pscudopod (p. 138): A temporanly
protruded portion of the cyto-
plasm of a cell.

R

Renain (p. 11): The milk curdting
ferment found chiefly in gastric
juice Also called chymosin,

Retraction, Clot: See p 92.

5

Serofibrin (p 10) Term Denis orig-
inalty used for what he subse-
quently called “plasmin” and
eventually correctly termed fi-
brinogen.

Serous Fluids: See p. 12.

Serum Eibrinogen (p. 62): Name
given by Wooldridge to 2 sub-
stance isolated from blood serum
by acid precipitation. Exact nature
of this substance is not clear.
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Serum Globulin {p. 14): See glob-

ulin.

Soluble Fibrin (pp. 8, 17, 22): As
fnitially used by Buchanan this
probably implied unaltered f-
brinogen. As used by subsequent
workers It designates an inter-
mediate product in the conversion
of (tiquid) fbrinogen to the solid
clot (brin). Also called profibrin

Stagnin: See p, 184,

Stroma (p 23): The tissue which
forms the ground substance,
framework or matrix of an organ;
also that portion of the red blood
cell which remains after hemo-
globin and fuid have been re-
moved.

Stromafibrin (p. 81): A term that
has been applied to 2 fbrinogen-
like substance extracted from red
blood cells with dilute salt solu-
tion,

T

Thrombases (p 96): Originally used
to denote artifical anticoagulants
by Duclaux, Also has been used
synonymously with thrombin,

Thrombin (pp. 11, 30, Chapt. IV,
p 51) The enzyme present in
shed but {presumably) not in cir-
culating blood which converts fi-
brinogen to fibnn Synonym* fi-
brin ferment

Thrombogen (pp. 68, 72): Synonym
for prothrombin.

Thrombokinase (pp. 30, 68, I14):
The substance which acts to
convert prothrombin to throm.
bin. Synonymous with thrombo-
plastin, but certain workers pre-
fer o use the sufix “-ase” to
emphasize their belief 1 the
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enzymatic nature of the process,
Synonyms:  “zymoplastic  sub-

stance,” “cytozyme.”

Thrombeplastin (p. 30): In general
now used synonymously with
thrombokinase,

Thrombosin (pp. 42, 46, 49): A
principle derived from fibrinogen
and itself convertible into fibrin,
Lilienfeld and Arthus believed
that fibrin was a calcium salt of
fibrinogen or a “thrombosin.”
Hammarsten later showed that
thrombosin was nothing other
than fibrinogen precipitated by
calcium salts in 2 solution of low
salt content.

Thrombosis (p. 114): Formation of
a thrombus, a plug or clot, in a
blood vessel or in one of the
cavities of the heart, formed by
the coagulation of the blood,

Thrombns (p. 132): Se¢ thrombosis.

Tissue Fibrinogen (pp. 53, 61, 63,
81): Wooldridge considered that
the bulk of protoplasm consisted
of tissue fibrinogens which inter-
acted with fibrinogen-A and fi-
brinogen-B in blood ta form -
brin, Tissue fibrinogen probably
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Wooldridge's theory was not sus-
ceptible to proof and was quickly
abandoned.

Tissue Globulin (p. 53): Clot-ac-
celerating substance isolated from
tissizes by Halliburton and Friend.
Probably corresponds to throm-
‘boplastin.

Tissue Nucleoprotein (p. 53): An-
other synonym for a clot-promot-
ing substance isolated from tis-
sues. Probably thromboplastin.

Trypsin (p. 100): The main pro-
teolytic enzyme of pancreatic se-
ecretion. It digests proteins to
peptones  and  polypeptides
through a series of reactions.

Tryptone (pp. 99, 110): Any pep-
tone produced by the digestion
of protein by trypsin. Also used
in a more general sense to denote
the products of pancreatic di-
gestion.

z

Zymoplastic Agent (pp. 30, 45, 50,
53, 60, 136): Term introduced by
Alexander Schmidt. Refers to the
clot-promoting  substance(s) in
tissues. Synonyms: thromboplas-
tin, i

P to
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