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I INTRODUCTION

A Purpose and Scope of Thesls

This thesis, "The Agglutination of Formed klements in
the Blood of Invertebrates", is intended to cover in some
detall the role that cellular elements found in the blood
and coelomic fluids of invertebrates play in clot formation
and in some closely related phenomena. Since the rather
broad taxonomic term "invertebrstes" includes a great number
of extremely diverse groups of enimals, it seems mos t sult-
able to follow a generasl phylogenetic plan in srranging the
material, especlally since most of the investigators in this
and releted fields have each studled only one or a few close-
ly related specles. Thus, most of the experimental work in
this branch of physiology of invertebrate blood and body
fluids falls into a few large subdivisions,

The animals most carefully studied with respect to
hemostasls, blood coagulation, and cell agglutination are
some Crustacea and also the Limulus, &8 species of arthropod
now classified with the Merostomata. These animals are the
most sultable of all invertebrates for such experimental
work, being readily availsble and comparatively large. They
have a relatively well-sdvanced cilrculatory system contain-
ing coplous amounts of blood and cellular elements.

Many Investigators have studled blood clotting in the



insects, but due, no doubt, to the great difficulty of ob-
teining more then a drop or two of blood from any but the
largest of them, this work consists for the most part of
simple descriptions of the clotting process wlth relatively
little study of the chemical and physical factors involved.

There 1s also a serlies of observations on the annelids
and on the echinoderms, some experimental studles of & few
representative mollusks and of the ascidians (lower chordates) ,
and a few lsolated notes on scorpions, spiders, brachiopods,
and sponges.

The agglutinatlon process 1s not limited to the animals
having a discrete circulatory system, but may occur in the
annelids and echinoderms among the cells in the coelomlec
spaces, Thus, 1t seems appropriate to lnclude work on
agglutination of cells in generai, since the coelomic cells
of many invertebrates parallel in function those found in
vertebrate and inver tebrate blodd.

The relationship of agglutination to plasma cosgula-
tion in the formswhich have both mechanisms is very close,
and 1t appears 1lmpossible to give an adequate treatment of |
one without discussing the other, especially in view of
thelr very close rélationship in the vertebrates.

The sources of the materlal presented here are, for the
most part, original papers. Many references were obtained
from various revlews of the subject, in particulsr, those of

Silberberg (1938), Rustum Maluf (1939), Mellanby (1939),

no



Rapp (1947), and Glavind (1948). Many of the more recent

references were found through a study of Bilologlcal Abstracts.

The remalnder of the material was found through the short
reviews or references to previous work which are in most
original pepers. Seversl textbooks oi physiology were studied
to get a general background for this work, in particular those
of Dahigren and Kepner (1908) and of Rogers (1938). The ma-
terial on agglutlination, coagulation, and hemostasis in the
vertebrates was obtalned from recent reviews, in particular
those or Lutz (1951) and Quick (1951), but informstion was
also obtained from the reviews of Silberberg (1938), Quick
(1942), Glavind (1948), and Ferguson (1949).

The sclentific terms used sre, for the most part, those
of the original authors although many have been changed to
more modern equivalents. Although it 1s not always possible
to make 2 clear distinetlon between agglutination and coagu-
lation, I have used the first term to mean the coming together
of discrete cells and the second to mean the solidification

or jelling of a liquid,

B General Discussion

1. Vertebrates

There are, in general, three types of hemostatic mechan-

isms in enimals, namely, contraction of smooth muscles



surrounding a cut blood vessel or wound, agglutination of
formed elements in the blood, and coagulation of the blood
plasma. All these are found in the vertebrates, but we are
particulerly interested in the part played by the f ormed
elements. In mammals there are essentlally three kinds of
blood corpuscles: +the red blood corpuscles, the leukocytes,
and the blood platelets. The red cells (Ferguson, 1949 a,
and Iutz, 1951) usually become entangled within fibrin clots
and may be caused to mass together by various serologlcal
agents (agglutinins) but are relatively unimportant in
hemostasis. The leukocytes have recently been found (Lutz,
1951) to form thrombi and emboli under certain conditions
but have not yet been shown to have any important role in
blood clotting. The platelets, however, are belleved
(Quick, 1951, and Lutz, 1951) to be active both as s tructural
components of the clot and a2s releasers of importent sub-
stances which act on certain plasme proteins.

Platelet agglutination and fibrin formetion are extreme=-
1y closely integrated, and any scheme to explain blood cloti-
ting must deel with both reactions. Until rather recently,
Schmidt's classical coagulation theory was considered the
best simple explanation, and most of the experimental work
done before the last year or two has been interpreted on
this basis. It consisted of two steps:

(1) prothrombin <4 calcium ions & thromboplastin —>
» thrombin



(2) fibrinogen + thrombin — fibrin
Prothrombin, calcium lons, end 1ibrinogen were believed to
occur free in the blood plasma, while thromboplastin occurred
in tissue cells and in the platelets, being released upon
thelr breskdown.

The most recent modification of this scheme 1s thet of
Quick (1951). (See chart on page 6.) Several new sub-
stances have been postulated, the most Important belng
thromboplastinogenase (in the platelets) and thromboplastinogen
(in the plesmas). Thromboplastin now 1s considered e plasma
substance rather than a platelet constituent, although 1t
may occur in body tissue cells. Formerly Quick (1942) be-
lieved that the platelets agglutinated under the influence
of fibrin deposited on thelr surfaces, but he (1951) now
trinks that thrombin has a direct labilizing actlion on the
platelets. He belleves that hemostaslis depends on a slow,
continuous production of thrombin which labilizes the plate-
lets, thus continulng their agglutination and lysis and
supPlying a vesoconstrictor, Fibrin 1tself is not essential.
Hemostasls is thought to occur in the following steps:

l. The cut vessel undergoes a reflex constriction
indsependent of the platelets.

2. A locelized platelet thrombus is formed.
d. Vasoconstrictor substances diffuse out.

4. The endothellal surfaces become sticky and are
glued together.

5 The blood flow is slowed and more platelets adhere
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to the injured wsll end agglutinate, gradually
forming s white thrombus.

A red (fibrin) clot may be formed as thrombin is expressed
from the white (platelet) clot during fetraction, but the red
clot is not essential to hemostasis. Clot retraction de-
pends on the presence of platelets,and it does not occur in

a fibrin clot in their absence.

Several substances have been found to have an anti-
coagulant effect. The decalcifying agents, 1including the
cltrates, oxalates, and fluorides, act by removing the cal-
cium necessary for the prothrombin complex. Two other anti-
coagulants, heparin and hirudin, act by neutralizing pro-
thrombin, while heparin mey also deactivate thrombin,
(Heparin requires a plasma co-factor, Albumin X, for its
action,) Another substence, Dicoumarol, used clinlcally as
an anticoagulant has no direct effect on the clotting process
but ects indirectly by interfering with prothrombin synthesis.,

Hirudin seems ungeble to prevent platelets from agglutins-
tion, but heparin scts in a varieble manner. Quick (1951)
believes that heparin preserves the platelets by deactivat-
ing the lasbllizing thrombin. However, according to Lutz
(1951) heparin can cause spontaneous platelet or leukocyte
agglutination in vivo. Dicoumsrol completely prevents plate-
let clot formation in vivo, but 1t cen csuse intravascular
agglutination of the leukocytes, Many other factors are

known to increase the stickiness of the platelets. Thrombo;



cytosin (a 1lipid in subcuteneous fat), a variety of patholo-
glcal conditions, cellular breakdown anywhere in the body,
and certain dietary constituents (milk fat end egg yolk)
have this effect.

2. Invertebrates

In the invertebrates, muscular contraction, cell agglu-
tination, and plasma coagulation are all found, plus a
fourth hemostatic mechanism, autotomy. However, they usual-
ly are not all present and developed in any one animel. It
1s thus possible to select a sultable form to study a par-
ticular process, as did Leo Loeb in hls studies of amebocyte
agglutination, amebold movement, and tissue formeation, us-

ing the merostomatan, Limulus polyphemus.

Autotomy, or the bresking off of an injured part of the
body volunterily a2t a joint where there is a very narrow and
easlly closed blood channel, is found in meny of the arthro-

pods, Thus, the crab, Mais squinado, (Parsons and Parsons,

1923) commonly prevents loss of blood by this method.
Constrictlion of the smooth muscle of the body wall is
used by certaln soft-bodied forms to reduce the size of a
wound. The Cephalopoda, for example, caen largely prevent
bleeding by this method, although thelr blood cells agglu-
tinate, forming a small clot (Parsons and Parsons, 1923).

The two mechanisms which coneern us most are (1)



agglutination of the formed elements of the blood or body
fluid, and (2) coagulation of the blood plasma., Although
autotomy 1s important among certailn crustaceans, and the
muscles surrounding a wound contract 1n many soft-bodied
forms, such as the mollusks, the most general method of he-
mostasis 1s clot formation. This, also, 1s the method of
primery importance among the vertebrates.

Almost all invertebrates studled seem to have some sort
of fres-floating cells in their coelomic fluid and In their
blood, if present. These cells may be of various sizes,
shapes, colors, and functions, but some of them usually can
agglutinate to form some sort of cell mass or clot. The
cells with this property arse usually amebold, often lack
pigments (leukocytes), and have hyaline protoplasm, although
granules of verious colors may be present. They ars often
also phagocytic, but not necessarily so. In some animals
many cells are normally found reversibly agglutinasted inside
the body, or readily stick togethér when stlimulated by vari-
ous factors; in others they do not usually join together or
even exhipit amebold movement 1n vivo, for example the amebo-
cytes of Limulus (Loeb, 1902). However, in most animals the
blood c¢ells, upon leaving the body, rapidly develop strong
tendencies toward clot formation, They become sticky, send
out long processes, and rapldly join on contact to form a
solid and often homogeneous mass of cell material. In ani

mals where the plasma gels also, the cells may act by
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liberating bilts of protoplasm which clot in the plasma, or by
liberating s substance which effects the camgulation of the
plasma 1tself,

Blood plasma coagulation is found only in relatively
few of the higher invertebrates, chlefly among the arthro-
pods, although Ohuye (1937 c¢) reports the cosgulation of
cell-free coelomle fluld removed from an annelid. Blood
coagulation has been studled in some detall in certaln
animals, some very careful work having been done with the
lobster, the crayfish, and the Japanese share crab. Accord-
ing to Glavind (1948), the coagulation of lobster blood
occurs in a single step. An enzyme, "lobster coagulin®,
found in blood cells and in body tissue acts on lobster
fibrinogen in the presence of calcium lons to convert it to
insoluble fibrin. This fibrin 1s not the same as vertebrate
fibrin, but differs from 1t somewhat in both its chemical
and physical properties. For other Crustacea and for ine
sects, the mechanism has been less ecarefully worked out,
with Beard (1950) observing that in the Japanese beetle
there is a true coagulation of the blood which is inhibited
or activated by various enzymes from body tissues; but the
role of blood cells in this process 1s not yet known, and

calcium does not seem to be necessary.
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IT 1LOWER INVERTEBRATES

A Protozoa

Certain protozoan cells may be agglutineted by various
types of immune substances (Chandler, 1949), move actively
about by means of pseudopodia, and ingest solid particles.
Such activities of unicellular animels are somewhat similar
to those of isolated metazoan cells under certein conditions.
However, a detalled study of protozoan physiology 1s beyond

the scope of this paper.

B Yorifera

The Porilfera have cells which can agglutinate in some=
what the same manner as those in the tlood and body fluid
of phylogenetically higher animals., Galtsoff (1925) de=~

scribed an investlgation using the sponge Microciona prolil-

fera, He separated the cells of the sponge, alloﬁing then
to float free in sea water. The archeocytes (the most
ebundant cells) assumed a globular form. On touching a
surface they put out pseudopodia and began to move. Another
type of cell, the collencytes, also rounded off, moving

when contacting a solid surface. The other cells showed

no ameboild moveﬁent.

when two archeocytes sccildentally touched, the external



hyaline cell protoplasm spread out and flowed around the
two cells, but the inner granular protoplasm did not coa-
lesce. The sgegregate then proceeded to move by means of
pseudopodia made of the common hyaline protoplasm. The
archeocytes were "sticky", and inert objects would edhers
to them and be dragged along; thelr activity was sensitive
to a variety of chemical and physical factars. The cells

of Microclona prolifera would not agglutinate with those

of Cliona sulphurea.

Within two hours the cells had settled to form a broken

membrane which soon broke Iinto many irreguler pieces.

These gradually contracted so that within five or six hours

there were balls of agglutinated cells uniformly distributed
ovaer the surface. These continued to move and coalesce for

about 24 hours and then began to redevelop into sponges.

¢ Coelenterata

The Coelenterata are probably the simplest anlmals to
have any free-floating cells in the body cavity (gastro-
vascular cavity), but sccording to Rogers (1938) these have
no clotting power, However, Villson (1911l) observed that if

he broke up the hydrolds of elther Pennarla tlarella or

Eudendrium carneum into cells or small cell aggregates,

these would quickly begin to fuse. They formed large solld

masses, showlng no celltbgnndapieS, and these masses later

12



dirferentiated ectoderm and entoderm and developed into

normal hydrenths.

D Some Other Animals

There seems to have been little work done on cell age
glutination in many invertebrate phyla, eand the few obser-
vations recorded show only & lack of such phenomena., Even in
some animals which have a coelom or a blood vascular system
the contained cells have not been carefully studied., Vith
respect to the nematodes, Chandler (1949) states merely that
there are a few large phagdoytio cells in the coelom, the
"selomocytes"., Chitwood and Chitwood (1937-1942) do not
mention these. The nemerteans have s few blood cells sccord-

ing %o Hogers (1838), but little is known sbout them,

£ ﬁrzozos

cuenot (1891) noted thet the coelomic cavity of Bowere

benkia imbricata sontelned 2 few small ameboid oells.'

(These were also found within the various orgsns,) These
cells jolned to form small groups which then put forth

common pseudopodia, In the body cavity of Plumatella

frutlcose he noted very large amebocytes on the surfaces

of the organs.

13



¥ Breghiopoda

About the lowest invertebrates on the phylogenetic tree
which have a definite blood cell agglutination are the brach-
iopods. Ohuye (1936 d) studied the formed elements of the

coelomic fluld and blood of Terebratalia coreanica and

listed six types of cells, three of which showed a tendency
to agglutinate. There were, using his designations, (1)
hyaline amebocytes, which were phagocytlc and showed a
tendency to agglutinate by fuzlon of their pseudopods,
(2) coarsely granular amebocytes, which showed phagooytilc
actlvity and would agglutinate less actlvsly, (3) finely
granular smebocytes, infrequently found, (4) emebocytes
with red granules, rare 1n the coelom but abundant in the
blood vessels, (5) amebocytes with orange granules, also
more common in the blood vessels, which showed relatively
active amebold movement and would agglutinate with other
kinds of cells, and (6) smebocytes with brown granules,
found in the intercellular spaces,

In 2 later publication Ohuye (1927 b) studied the

celluler elements in the coelomic fluld of Coptothyris

grayl esnd of Linguls unguls (g. anatina). He described
eight types of cells in Coptothyris; six similer to those of

Terobratalia, veslcular cells ("signet ring" shape), and

spindle todies or fusiform corpuscles, In Lingule, Ohuye

14
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dessribed five types of corpuscles. They were (1) red

blood eorpuscles, (2) hyaline ameboeytes, rarely found,

(3) eosinophilis granulocytes, which were smeboid, phagoeytis,
and tended to agglutinate, (4) some rare basophiliec granulo-
cytes which resembled the eosinophilic ones, and (5) spindle
bodies. 1In both of these publications Ohuye was primarily

interested in cytology rather than agglutination.

IIT MOLLUSCAN-ANNELID STEM

The Mollugks and the annelids both have considerably
well-developed blood vascular systems. In both phyla ag-
glutination of the formed elementa in blood or body fluid
is common, and some annellds seem to have a true angulation

of the coelomlisc fluid.
A Mollugca
Jones (1846) was one of tﬁe earliest workers to study

" agglutination in molluscan blood. He cbserved two specles;

the whelk, Buccinum megnum end the mussel, Mytilus edulis,

eand he found granular cells in the blood of both animals,
In collected blood these cells shot out processes and
sgglutineted upon contact. He also described cells with a

prominent nucleus which did not take part in this process,



Bottazzl (1902) worked with the blood of Aplysia

depilans, Aplysia limacins, Eledone moschata, Octopus

vulgarig and Octopus macropus. He noted agglutinstion of

blood cells and the absence of a true plasma coagulation.
(This was later confirmed by Cuénot (189%5, Nolf (1909 b),
Parsons and Parsons (1923), snd Zunz (1933)). He tried
injecting peptone solutions into Aplysia and the octopl and
found that this did not affect the agglutination of the
leukocytes, (He found that peptone would prevent the
coagulation of crustacean blood plasma 1f added in vitro.
Nolf (1909 a) tested the blood of various invertebrates
for thrombin or 1ts constituents. He added the blood and

leukocytes of Octopus wvulgaris and Eledone moschata to

fibrinogen from cattle but could not precipitste fibrin,
He also tested the blood of the gastropod Aplysia and the

lamellibranch Pectunculus violescens and Capsa fragilis,
obtaining similar negative results.
Drew (1910) studied the blood of the lamellibranch

Cardium norveglicum and found that the only cellular elements

were amsebocytes with short pseudopods. He tried to dlscover
what factors caused the blood cells to sgglutinste and found
thet 1f he shook the fresh blood in a tube, stirred it with
a forelgn body, oar allowed it to contact a rough surface,
the cells would coslesce. He built a plasticené cell with
converging walls (see diagram on page/7) snd allowed the

blood to flow out of it as if it were a wound. He found

16
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that If the corpuscles were flowing out slowly and with
1ittle force they might touch a rough or foreign surface
thres or four times before becoming sticky and adhering to
the surface, but that 1f the blood was flowling rapidly, the
first or second contact was sufficient to meke the cell
adhere, He noted that contact with a polished surface was
less likely to lead to adherence and, furthermore, thet once
a cell had sdhered to the walls of the chamber it would
stick to any other amebocyte that might touch it. He found
that if two sgglutinated corpuscles were separated, they
would remain connected by a strand of protoplasm which would
soon contract and thicken. He found that the change in the
blood ecsells leading to agglutiﬁation was not due to contact
with air, sea water, or hypotonic or hypertonic salt solu-
tions., He also discovered that the amebocytes were phago-
cytle and would engulf bacteria, but that once agglutinated,
they lost this ability.

Drew went further in his observations and studled the
role of the amebocytes in wound-haaling. Using the technique
of cutting the foot of a clam and leter fixlng and section-
ing it, he discovered that within one or two hours there
were agglutinated messes of leukocytes with connecting bands
on.the edgss of the wound, They soon completely blocked the
wound, As the wound became older the mass of cells became
structureless and was invaded by phagocytic and connective

tissue corpuscles, muscle flbers grew across the wound, and
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finally the surface epithelium covered the cute.

Goodrich (1919) showed that the leukocytes of Ostres
and Mytllus, as well as those of other invertebrates, did
not have lobular or thread-like pseudopodia as had been
commonly supposed. He found (staining the cells with ilodine
in potassium lodide) that the pseudopods were fine motile
membranes which tended to extend over foreign surfaces,
Ohuye (1934 b) confirmed his results, but most of the workers
describe blood cells as they esppear using other techniques.

Orton (1923) studied the blood of oysters and found
two cellular elements; large granular cells and smaller
hyaline cells. He found that both sorts were actively
ameéboid and would readily agglutinate to form long chains.
He noticed that in sea water the cells would join to farm a
network. Unlike Drew (1910), he believed that the contact
of escaping blood cells with sea water was the stimulus
that led to agglutination. He also noticed that the cells
functioned in food sbsorption and in excreting metals.

Ellis, Melrick, and Ellis (1950) observed the presence
of a cell clot in blood from 27 species of North American
fresh-water mussels but did no experimental wark on agglutina-
tion,

Tekatsukl (1934) studled the oyster Ostrea edulis, de-

soribing the same two types of cells as had Orton. He found
that the granular leukocytes would readily unite, retaining
discrete cell boundaries except in the center of the clot,
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He noted that the smaller "lymphocytes" were less active.

He found that the blood cells were sensitive to various
reagents and in work similar to that of Loeb (1922 b) on
Limulus studled the effects of hypotonic and hypertonic
solutions, of aclds and alkalls., He noted that fat solvents,
such as chloroform, could be used temporarily to stop cell
movement, (He confirmed Orton's observation that the blood
cells were important in digestion and excretion, noting
that they ejected wastes directly from the body).

Ohuye (1937 a) studied the body fluids of the mussels

Arce Inflata and Glyclmeris vestitus, which have red blood

cells. 1In Arca he found two types of blood cells; (1) leu-

. koocytes which were actively ameboid and phagocytic, and (2)
rare granular amebocytaslwith similar properties. 1In
Glycimeris he found hyaline amebocytes and two types of
granular smebocytes but did not discuss thelr functions.

The most recent wark on molluskan blood is probably

that of Steauber (1950), who studied the phagocytic activity
of the blood cells of the oyster, Ostrea virginica in

€liminating injected India ink,

B Gephyreen Worms

There have been only a few cbservations on the Gephyrean
worms (Echiuroldeas, Prispuloidee, Sipunculoidea). Bottezzi

. (1902) noted that if the body fluid of Sipunculus nudus wes
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removed, the lymphocytes would eadhere by slender processes
and settle to the bottom but no plasma clot would be formed,

and Nolf (1909 &) observed that Sipunculus nudus body fluid

would not change mammaliaen filbrinogen to fibrin. Kyono
(1929) studied some Sipunculoidea and observed (1) large
colorless leukocytes, (2) small colorless leukocytes, and
(3) some smaller leukocytes.

Ohuye (1937 d) studied the cells in the coelomic fluid
of two Echliuroids and a Sipunculeid worm. In the euchiuroi-

deans, Urechls unicinctus and Thalessema gogoshimense he

noted four kinds of cells. There were (1) hysline cells,

emeboid and phagocytioc, (2) finely granular ameboid cells,
(3) coarsely granular ameboid cells, end (4) compartmental
cells similar to those of some ascidians. In the sipuncu-

loid, Physcolcsoma scolops he noted several kinds of cells

also: (1) hyeline amebocytes like those in Urechis and
Thalassema, (2) small acidophilic granulocytes with blunt

pseudopodia, (3) large acidophilic grenulocytes similar to
earthworm lamprocytes end showing no movement of phagocytic
activity, end (4) beasiphilic greanulocytes similar to the
small scidophilic cells, He also noted "urns", made up of
a group of céells having en opening with a ciliated border
through which waste metertals snd other substances were
ingested. Ohuye did not discuss the agglutination of any

of these elements.



C Annelida

Agglutination has been studled to some extent in the
blood and body fluids of the various annelids, but little
work has been done on the factors involved.

One of the earliest observations on annelid bloodlwas
that of Jones (1846), who noticed that the earthworm had
several kinds of cells. There were finely granular cells
with fine processes snd coarsely granulesr cells as well as
some other types. He also observed the presence of smell
blood cells in the medicinal leech.

@eddes (1880 a) in the course of some investigations
on invertebrate clotting noted thaet the coelomic fluid
corpuscles of the earthworm would form clumps (plasmodie)
in yitro.

cuenot (1891 a) published a series of observations which
covered in a general waey a varlety of specles. In the poly-
chaetes he noted that the cells found in the blood and
coelomic flulds differed from species to species, but thet
most specles had non-colored amebocytes and elso red cells
in-the blood, with the amebocytes also being present in the
general body cavity. He noted that when the coelomic liquid
was moving, the corpuscles were fusiform, but if the liquid

was at rest, they emitted pssudopodia. In Dasybranchus

caducus he observed that the red cells often formed large

masses in the living snimel. In the blood of the Polychaeta
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he found that the amebocytes were smaller then those of the

coelom, In the specles, Amphlglene medlterranea, he found

amebold reddish cells which, if the blood vessel were dis=
turbed, emitted long pseudopodis, Furthermore, he found
that in those worms he examined with colorless blood,
(Phyllodocliens and Syllidiens) the blood had the seme cellu-
lar constituents as the body fluld. He also found a few
specles of polychaetes which had no amebocytes in the blood
at all,

Cuénot also examined many Oligochaetes. He found that
in general, the coelomic fluid was colorless and had meny
corpuscles, He noted that the blood contained reddish
amébocytes, their number varying in the verious species
observed,

He examined some of the Hirudinea, and found that their
blood would not clot on removal from the snimal. He found
species-to-specles varistions in the types of blood cells,
but concluded that in the leeches there were two general
types of blood cells: (1) cells wlth non-colored granules
which he considered food storage cells, and (2) cells with
yellow granules,

Griffiths (1891) decided that the blood of annelids
did not show a true coagulation but that it did contain
some fibrin.

The first investigation which went into some detail

concerning clotting in annelids was that of Keng (1895).
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He studied the coelomic fluld of the earthworm, Lumbricus

terrestris, describing it as being a milky fluid containing

crystals, pigments, various living orgenisms (probably
parasites) and several types of corpuscles: (1) smell non-
granular cells, (2) iarga hyeline cells which were phagocytic
end had short thick pseudopodia, (3) smell granular ameboid
cells which had fine pseudopodia, and (4) large granular
cells nﬁich were the most numerous and were ameboid with
f1l1iform pseudopodia. These cells could also be found in the
intremusculer spsces. Keng noticed that when the fluid was
removed from the body, me t of the cells showed great activi-
ty, and some of the granulsr cells elongated greatly and
fused with extensions of other cells to form a plasmodial
network. He found that the different types of cells readily
fused, farming a dense plasmodial mass having cells with
projecting pseudopodias snd vacuoles on 1ts borders. He

found that adding water or other flulds or touching the cells
would cause them to become vacuolated, emit pseudopodia, and
agglutinate to form a clot.

On studylng the relation of the coelomic cells to dew-
fensive mechanlsms, he found thet the granulsr cells would
surround bacilli but would not ingest them, while the hysline
cells would iIngest the bacilli and digest them. He noticed
that if & worm was irriteted, it would exerete ccelomic fluid
from the dorsal pores. This fluld became mixed with sticky

threeds of mucin, forming e plasmodium,
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Benham (1901) investigated the coelomic fluid of two

earthworms, Octochaetus multiporus and Acanthodrilus ennec-

tens, He found that Octochszetus had opaque, white coslomic

fluld which was excreted t hrough the dorsal pores in small
guantities if the worm was roughly handled and would also be
ejected if the worm was placed 1In weak alcohol, or acetlc
acid vapor. If the surface of the worm was cut, the fluld
would be discharged from the immedlate neighborhobd. The
fluid was thlck and set at once, forming a sticky mess,

The Acanthodrilus discharged sbundant coelomic fluild on

slight handling and this fluid was also thick but hardened
to a flrm, chalky mass. The cells in 1t formed a plasmodium
and soon died.

In both worms the cells described in the coelomic fluild
were as follows: (1) amebocytes with pseudopodia, (2) large
and non-motile oleocytes with olly globules, (3) large, non-
motile lemprocytes with vacuoles, and (4) small, hyaline
linocytes containing a thread which would come out of the

cells upon chemical treatment. Octochaetus coelomic fluid

contasined some long spindle-shaﬁad cells which crept along
the b Ody wall,
In Acanthrodrilus, the cells in the coelomlc fluid would

adhere, forming clumps of from 6 to 12 cells. In Octochaetus

the cells remained separate and the amebocytes in the ex-
creted fluid remained alive and motile. Although the fluid

rapidly cocagulated, "fibrin" threads were only seen after
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some time and they seemed to connect the cells. In two other
specles of the genus Qctochaetus the coelomic fluld was found
to be similesr,

Nolf (1909 2) noticed that the cells in the visceral

fluid of the Polychaetes Glycera siphonostoma and Dasybranchus

caducus would rapidly coalesce in little clumps when the
fluid was removed from the worms. He tried to change
memmalian fibrinogen to fibrin by adding this fluid to 1t
but was unsuccessful,

Goodrich, (1919) studied the forms of leukocyte pseudo-
podis, cbserving cells of the Polychaete, Arenicola, and
of the Oligochaete, Lumbricus.

Faure-Fremiet (1925) observed the amebocytes of the
warms, Arenlcola marina and Nepthys. He showed that the

transference of these cells from a passlive to an actively
moving state upon removal from the body was not necessarlly
followed by the death of the cell, but that in vitro the
cells would form rather well-organized pseudo~tissues in a
suitable environment and gradually approach their original
condition, Fauré-Fremlet and Wallich (1925) noted that
isolated smebocytes of these worms showed random, disorgenized
movement, They also studied other factors affecting amebold
movemeént and tissue culture of these cells,

Kindred (1929) studied the cellular elements in the

perivisceral fluid of an Oligochaete, Pheretima indica,

finding flve types of cells, two of them phagocytic; but he



did not discuss agglutination.
Ohuye studied the coelomic corpuscles of several annelids.

He examined (1934 b) the earthworm, Drawida hattamimizu,

finding five general types of cells: (1) lymphocytes which
were actlvely phagocytic and would agglutinate EE vitro,
keeping dlstinct cell boundaries, (2) monocytes which were
phagocytlc and amebold and tended to agglutinate in plasmodia
without cell boundaries, (3) granulocytes, (4) lamproocytes,
and (5) a few linocytes and occasional detached tissue cells,
He confirmed Goodrich's observation (1919) that the pseudo-
podia were membranous or petalold rather than lobate.

Ohuye (1937 c) studied the earthworm, Pheretima sieboldil,

finding that the coelomic fluild could be discharged from
both the dorsal pores and the mouth., He classified the
cellular elements as (1) lymphocytes, (2) granulocytes,

(3) lamproocytes, the most abundant type, (4) linocytes,

(5) oleocytes, and (6) a few other cells. He found that the
body fluid was opaque when first obtained and that it soon
coagulated, deforming the cells in it by the pressure exerted.
He found that if he withdrew the body fluild with a syringe
(not exposing it to air) 1t would not clot. He noted that
the formed clot would stain intensely, using Welgert's

method of filbrin staining. The lymphocytes and granulocytes
would agglutinate outside the animal body, but Ohuye believed
this phenomenon had no relation to the coagulation of the

fluid, as the coelomic fluild would coagulate even after
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removal of the formed elements., He belleved that further
study should be undertaken to find out why the body fluild
coagulates only in certain annelids.

In a study of cell elements in body fluid, Ohuye (1937 a)
found two types of cells in the coelomic fluid of & poly-
chaete, Terebella 8p. He noted (1) spindle-shaped amebo-
cytes which exhiblted amebold movement on standing and

(2) some scarce granulocytes, but he did not discuss their
functions.
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IV ARTHROPODA
Introduction: The Arthropoda, as befits the most

abundant and successful invertebrate multicellular animals,
have been studied in greater detall than have other groups.
Most of what we know about invertebrate blood clotting comes
from work done with this phylum and, except for a few of the
annelids, arthropods are the only invertebrates to exhlbit
not only cell agglutination but a true coagulation of the

blood plasma.

A Limulus

Limulus polyphemus 1s a rather primitive erthropod of

large size commonly found on the eastern shore of North
Amerlca. The physlology of 1its blood has been extensively
studled especlally by Leo Loeb who found this animel ad-
mirably sulted to studles on blood cell agglutination.

One of the first men to studyJLimulus blood was Howell
(1886), who noted that the blood fluid soon clots outside
the body and that the clot consists of coalesced blood
corpuscles. He also tested the effects of various substances
and temperatures on clot formation,

Loeb (1902) noted that Limulus had only one type of
blood cell; splndle-shaped and granular, showing little
amebold or phagocytlic activity within the animsl., On
collecting some blood, he observed that the blood cells,
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which he caelled "amebocytes" underwent a series of changes
leading to a variety of forms, but which could be summarized
as (1) a partial or complete liquefaction of the cell proto-
plasm, forming pseudopodis and droplets which broke off,
leading to a lysls of the cell (especially marked in those
cells which had contacted the cut tissue of the animal or
the walls of the container), and (2) a coagulation of the
cell protoplasm (both within the cells and floating free in
the plasma) producing a mass of fibers. Many of the fibers
consisted of strings of agglutinated cells. When collected
in sea water (1904 b) the amebocytes were connected by fine
gtrands formed of protoplasm from the cells., In distilled
water the cells would swell and agglutinate, and Loeb found
it possible to draw out the cell protoplesm into threads,
using fine needles. If the blood were collected on a slide
(1902) end the cells allowed to coalesce, fibers could be
produced by merely lifting or sliding the cover glass.

Loeb considered the Limulus or horseshoe cocrab to be a
crustacean and studled its blood slong with that of the
Crustacea. He applied the results of work on Limulus blood
cells to Crustacean physiology and his ideas sbout crustean
blood cells were formulated largely on the basls of this
study. Loeb extended these theories to explain the activity
of vertebrate blood cells, embryonic cells, and c onnective

tissue cells.
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He observed (1904 b) that lobster blood clotted in two
steps; a "first cosgulatlon" made up of agglutinated cells
and coagulated cytoplasm and a "second coasgulation" which
was a true precipitation of cell-free plasma fibrin, and he
believed that the clot of Limulus blood was homologous to
the crustacean "first coagulation". He found that removing
calcium with oxalate solution would not prevent the clot
formation in the Limulug although it would prevent the
"second coagulation" in Crustacea. However, much stronger
MgS0, or oxalate solutions would preserve the cells intact.

He found that there were substances (1904 b) in crab

Callinectes) or lobster (Homarus) blood c¢ells and muscle

tissue thet would cesuse cell-free plasma of silther species
to coagulate. However, using these extracts he was unable
to demonstrate any plasma clotting in Limulus. He found

that 1f he collected Limulus blood in saturated MgSO, to
prevent clotting and added just enough distilled water so
that the cells would become s ticky and could be filtered
out, the plasma would never produce a clot. If the bload
was dlluted Instead wlthout filtration a diffuse coagulum of
fibers was formed from the lysed cells., Limulus amebocytes
(1905 ¢) acted exactly the same in muscle extracts of either
Limulus or lobster as they did in sea water.

Saturated salt solutions or even simple dilutions would
prevent Limulus blood from forming & clot. Loeb (1903)

found that pyrrhol, resorcin, end hydroquinon hed =



an inhibltory effect, and that adrenalin chloride, pilo=
carpine, and atropine were weak inhibitors. Clot formation
could a2lso be prevented by heating the blood for 30 to 40
minutes at 50-54°C.

Loeb found (1905 a) that there were several factors
that caused the amebocytes to leave their normal inactive
state. He found thet passage through a narrow wound, bresk-
ing through the surface layer of a solution when dropped on
a slide, the mechanical shock of the blood falling on a
surface, and contacting a solid body on the slide all
tended to cause the previously mentioned changes. He found
(1905 a) that if he withdrew the blood from the heart with
e clean metal cannula snd dropped 1t on a clean slide most
of the cells would keep an oval or round shape and would
not agglutinate although the cells in contact with the glass
would slowly spread out over the surface. He tried with-
drawing the blood through an oiled cannula and transferring
it into olive 01l and found that he could preserve the cells
intact for about a half hour, If the blood was removed from
the hemocoel rather than from the heart the cells were some-
what sticky and would agglutinate. Collecting the cells
into gelatin (1903) would also partially inhibit clot forma-
tion. The cells would swell and agglutinate but would re-
main intact.

Loeb (1902) observed that if he put some foreign body

(silk thread, gauze, bits of agar, pleces of coagulated
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egg white) into the hemocoel of Limulus, the amebocytes
would mass about the forelgn body but would not penetrate
it, unlike certain mammalien blood cells. He also noticed
that experimental wounds did not heal. If he injected sea
water into a Limulus (1905 ¢) the blood would clot inside
the body, but if distilled water was injected the blood
would not clot and only a local coagulum would be farmed
about the needle hole,

Although Loeb used the term "oell-fibriﬂ'to describe
the clot produced by Limulus blood cells, Alsberg and Clark
(1908) made a biochemical examination of the cell clot of
Limulus and gould not find any fibrin.

TLoeb (1903) discovered that if Limulus smeboeytes were
carefully collected they could be grown in Limulus plasme
and studled st length. He found (1920C) that blood serum
differed in various Individuels as shown by the growth of
emebocytes in their serum and that (1927) the amebocytes
from different animals 2l1sc differed.

Continuing earlier work (1905 &), he studied the effects
of osmotic pressure, pH, end various chemicals on the enebo-
cytes.in tissue culture. He noted (1927, 1928) that condi-
tions which tended to harden the cell protoplesm diminished
the tendency to agglutihation and ameboid movement. Strong
isotonic scid solutions, alkasll in isotonic NaCl, hypertonic
gsolutions 1n generesl, the sulfate sodlum ions, and cold

temperatures all hed this effect., If the cell protoplasm



was softened and made more liguid the cells were more likely
to agglutinate, end hypotonic solutions in general, potassium
ions, ammonium ions, nitrete ions, Limulus blood serum, al-
kali solutions, and high temperatures caused this resctlion,
(Loeb's pesper of 1928 did not contain any new material but
served to 1llustrate his earlier publication of 1927.)

Loeb (1921 s, b) decided that the changes in the amebo-
cytes which led to agglutination were the same es those lesd-
ing to smeboid movement. Both phenomena were closely related
to colloidal changes in the cuter layers of the cell proto-
plasm (1922 a, 1927). He believed the difference between
the two phenomens was merely that (1922 a) i1f the whole
surface of the cell were affected, agglutination would re-
sult, whlle amebold movement was closely associsted with
local areaes of greater fluldity. He belleved that the cells
had some independent power of movement, with surfece forces
controlllng them only when in the more liguid state. Loeb
(1927) believed that upon stimulation, the smebocytes would
(1) teke up fluig, (2) soften, (3) extend and harden, end
(4) become elastic and contract. The cells thus spproached
the physical properties of true fibrin. Loeb (1921 b,

1922 v, 1927) explained clot retraction, which occurs in the
cell-clot of Limulus, as belng ceused by gelation of the
expanded smebocytes and their pseudopodls iInto an elastic
mass whose tension provided the energy for en elastic

contraction of the cytoplasm,

34
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Loeb end Genther (1926 a) showed that this was the only
sort of response the asmebocytes could show to any stimulat-
ing agent although the extent and character of the reaction
veried. They showed (1926 b) that the age of the amebocytes
could modify the cell response, with the younger cells being
more sble tc elter their fluldity reversibly, while the
older cells were more flaccid.

One of the major differences between Limulus smebocytes
and other sorts of cells (Loeb and Genther 1926 c) was that
the amebocytes were permeable to more substances.

Loeb (1927) never observed any phagocytic activity of
the emebocytes. He belleved that phagocytcsis was not
simply a matter of greater surface activity on the part of
the cell but that a local softening of the phagocytic cell

occurs following contact with the foreign body.

B Other Chelicerata

l. Pyncnogonldia

There has been very little work done on the physiology
of blood clotting of Chelicerata other thean Limulus. Cuénot
(1891 a) studled the blood of several Pyncnogonidis (Ammothea
fibulifera, Phoxichilidium exiguum, end Nymphon sp.) and

observed that there were amebocytes present in the blood.

They were oval and smooth in cirouleting blood but if stopped

by an obstacle put forth pseudopodis.
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2. Scorpionidis

cuénot (1891 a) studied two scorpions living in different

hebitats, Buthus occitanus and Scorplis europaeus, and observed

slightly ameboid cells and food storage cells in the b lood.
He observed that the blood when removed from the body rapidly
formed a coagulum like that of the Crustacea, conteining
amébocytes and fibrin,

3. Aremeids

Jones (1846) observed the blood of a spider and noted
cells which put forth pseudopodia when the blcod was shed.

Blackwall (1852) observed blood clotting in seversl
spéciea of splders. He allowed the splders to wound each
other as part of a study of spider Yenom and observed that
the blood of all species formed a clot. He noted that the

clot of Tegenarie civilis and Epeira disdema were rapidly

forﬁed, those of Ciniflo atrox and Lycosa egretyca more

slowly, and that of Segestria senoculata blood only after

some time,

Cuenot (1891 a) studied the splders Tegenaries domestica

and gpaira diedema and noted that the blood formed a fibrin

clot enclosing most of the smebocytes. He confirmed Jones!
observation thet the smebocytes would put forth short pseudo-
podia when in contact with the glass of the collecting slide.
He also noted a few large cells which he believed were con-
cerned in food storage. |

Yeager and Knight (1933) observed the blood of several
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unspeciried splders, observing sgglutination of the blood

cells with subsequent gelling of the cell protoplasm. How-

ever, they did not find any true coagulation of the plasma,
In a2 more recent study, Deevey (1941) observed the blood

cells of the Heitlen Tarantule, Phormictopus cancerides.

She found several types of cells: (1) leukocytes, (2)
chromophobes, (3) basophils, (4) weak eosinophils, (5)
eosinophils, (6) leberidocytes, and (7) cyst cells. There
were several types of leukocytes. The larger ones would
flatten on contacting a surface, and these cells were actlve
in phagocytosis and in blood coagulation., The hyeline leuko-
cytes were most Importent in csusing the other leukocytes to
sgglutinate. The eosinophil cells were phagocytic and
ameboid, and the chromophobes were slightly asmebold. Deevey
observed that blood clotting would not occur if the blood
were collected immedistely after the death of the spider,
She was uneble to declde whether Tarantula blood coasgulation
was entirely a cellular phenomenon or whether the plasmsa
elsgo took part.

4, Phalangida

cuénot (1891 a) studied some FPhelangida, noticing that
Phalengium opilio blood contained cells similar to those of

the spiders, but did not mention clotting.

5. Tardigrads

Shipley (1909) studied the Tardigrada and noted that
the blood was a clear fluid which did not coegulate when



water was sdded. He observed numerous corpuscles packed

with food reserves.

38
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¢ Crustacea

The physiology of crustacean blood has been more
intensively and carefully studied than that of eny other
group of Iinvertebrates. Not only have detalled studies
been made of the functions of the blood cells in the
commoner Crustacea, but the factors producing and modifying
plasma clotting have been extensively investigated.

Probably the first study of crustacean blood cells
was that of Jones (1846). He cbserved thest there were
two kinds of corpuscles in crab and lobster blood. On
removing blood from a cradb the cells put forth processes
and agglutinated, forming an essentlally cellular clot.

He notlced that lobster blood was about the same, but
that the clot was larger and firmer,
Fredericq (1879) proved that the clot of lobster blood

starts from agglutinetion of the blood ecells. The plasma
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released from this "first coagulation" would later coegulate,
forming a "second coagulation". The "second cosgulation"
resembled that of memmallian fibrin, for 1t could be prevented
by adding certain salt solutions, while cell agglutination
could not.

Geddes (1880 a) studied the blood of the crebs Carcinus

maenas and Cencer pagurus and of the lobster Homarus vulgsris,

He noticed two types of creb blood corpuscles; a coarsely
granular kind that would not joln together and a finely
granular kind which would sgglutinate in vlitro. He thought
that invertebrate blood clots were alweys formed in part by
fused ameboid c¢cells and he used the word "plasmodium" to
describe such a fused mass.

Pouchet (1882) observed that some crustaceans could re-
move an injured leg with no loss of blood (sutotomy). He

also noted that the clot of Palinurus vulgaris blood is a

gelatinous mass and that the corpuscles of Palaemon serratus

have smooth and reguler shapes while within the circulstory
gystem,

In work with hirudin from the medicinal leech, Haycraft
(1884) observed that this substance would not inhibit the
clottling of cruqtacean blood.

Halliburton, one of the more important early English
investigators, (1885) studied blood clotting in Homarus

vulgaris, Carcinus maenus, Astacus fluviatilis, and Nephrops

norveglcus. He noted that if the "first clot" is removed a
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"second clot" will form, but that serum from that ¢ lot would
not coagulate. However, he believed that both the "first"

and "second" clots were identical, belng steps 1ln a single
process. He thought that the "first clot" wes not made up
only of agglutinated cells, but 1included fibrin, fa he was
able to prevent both clots by adding strong Mgso4 golutions.
He observed that the clot finally produced consisted of cells
(which had collected together and had shot out long processes)
and of fibrin threads.

Halllburton was mainly interested in trying to prepare
invertebrate "thrombin". He tested cat, horse, lobster,
crab, and crayfish blood and observed that extracts of
mammalian oF crustacean blood could csuse the plasma of
either to clot, He belleved the coagulating substances were
found in the leukocytes.

- Howell (1886) was probably the first American to con-
tribute to this field. He observed the blue crab Callinectes

hastatus, finding two types of blood corpuscles. He noted

that both kinds of blood cell would actively agglutinate in

shed blood. He also noted that the plasma gells completely.
Haycraft and Carlier (1888) introduced the technique

of collecting blood into oll., They found that cosgulation

of crab blood depended on 1ts contacting the cut edge of the

wound and observed that I1f the blood was removed with a

pipette and put Iinto oll, the corpuscles would not agglutinate

and no c¢lot would be formed for about half an hour, However,
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1f the blood was collected on glass, the corpuscles would
gsoon farm & branching networke.

Cuenot (1891 b) observed great differences in the clot#-

ting ability of the blood of various Crustacea. He belleved
that both clots ("first" and "second") were part of a single
process 1in which fibrin is laid down. He also noted that the
blood of some crustaceans kept in captivity gradually lost
the ability to coagulate. He thought that the blood proteins,
such as fibrinogen, were belng used as nutrient.

Heim (1892) studied the blood of some decapods and
observed that bhe "first clot" was made up of cells, while
the "second clot" contained fibrin., He noted that the two

. clots were chemically different, and he found that strong
salt solutions which could not prevent the "first clot"
could easily prevent the "second". He also showed that
calcium ions were necessary for the "second clot" but not
for the "first",

Heim prepared "thrombin" aend "fibrinogen" from crusta-
cean blood and found, as did Halliburton (1885), thet lobster
of memmalian "thrombin" could clot the blood of either ani-
mal, He also prepared "thrombin ferment" from lobster
muscle, |

Upon observing the blood of various crustaceans, Heinm

noted that Platycareinus (Cencer) pegurus, Maila squinado,

Carcinus meenas, Galathea strigosa, and Astacus fluviatilis

. have only the "first clot", while Homarus vulgaris, Palinurus
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vulgaris, and Portunus puber have both the cell clot and a

plasma fibrin coagulation.

Another of the more extensive early papers was that of
Hardy (1892). On studying the blood of the Crayfish,
Astacus he found two types of blood cell: (1) explosive
corpuscles which would disintegrate upon contact with foreign
bodies, and (2) eosinophiliccells which were not as sensi-
tive and were found in only sbout one-third the sbundance of
the others, He slso noted that some abnormal animsls had a
few basophilic cells. Hardy observed that the majority of
the blood cells, even in apparently healthy animals, werse
found adhering to the walls of the hemocoel, Upon stimula-
tion by elther touching a forelgn body or being near other
disintegrated explosive cells, the explosive cells would
shoot out extremely. finé pseudopodia; and blebs of cyto-
plasm would go along'these, ezpanﬁ, and burst. Sometimes
there would only be blunt processes or vesicles on the sur-
face of the cells which would swell and burst. The plasme
would then clot, enclosing the eosinophiles, which were
ameboid but didn't seem to tske much part in clot formation.
Hardy belleved that a "fibrin ferment" was liberated from the
explosive cells which actéd on fibrinogen in the plasma. He
found that 1odine, which prevented solution of the granules
in these cells, would prevent clotting, but that osmic acig,
which preserved the cells intact but sllowed their granules

to dissolve out, would not. He also noted that the explosive



cells were phagocytlic although the aosinoﬁhiles were not,
and that the explosive cells could fuse to form large phago-
eytic plasmodisa,

Hardy elso studied the blood of the water flea, Daphnia,
and observed that its blood cells were amebold with baso-
philiec granular protoplasm, He noticed that inside the
animals (which are guite transparent) these cells were of
very varlable adhesliveness, and that sometimes only one part
of the cell would be sticky and the cell would detach itself
from the hemocoel wall except for a thin protoplasmic strand.
At any particuler time, most of the cells would not be free-
floating. He further discovered that any sort of irritation
to the animal or weak electrical stimulation would cause all
the corpuscles in the neighborhood to adhere to the body wall.
He observed that the increase in adheslveness of these cells
158 agsSocliated with irregularity of form and inereased cell
movement. These cells, as Metchnikoff (1892) had observed,
were phagocytlec and they would norﬁslly Ingest and digest fat
droplets., Hardy noted that if the animal were injured, the
blood cells would rapidly disintegrate end disappear. He
thought that Daphnla and Astacus showed an evolutionary
sequence of blood cell development,

Bot tazzl (1902) observed blood clots of several

ecrustaceans, noting that Palinurus end Homsrus blood forms

a solid clot, but that the clot of Mala blood is semi-

liquid. He observed that oxalate would not prevent the
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"first clot" but only the "second", but 1like Halliburton
(1885) he believed that both clots were formed essentially
by the same process, He injected 10% peptone solutions into
lela end Palinurus but found this did not affect blood clot &
ting. Mixing the solution with the blood also had no effect.
However, if the blood was collected directly into the pep-
tone solution cosgulation was prevented. He glso observed
that peptone could prevent the formation of blood cell
"plasmodis" (clots) in many other marine invertebrates.

Ducceschl (1903) observed that cocain hydrochloride
prevented the agglutination of invertebrate blood corpuscles,
It could be mixed with the blood in vitro or injected into
the animal. Plasma cosgulation would also be pravented'
temporarily by the preserving effect on the corpuscles.

In 1903, Loeb began to study the biood of the Crustacea.
He also studied Limulus (which he believed to be a crustacean)
Although his German pspers asre better known, those published
concurrently in English seem, judging from reviews of his
work, to contaln essentielly the same material, although
perhaps in less detaill.

He (1903) compared the clots of the horseshoe crab

Limulus, the lobster, Homerus americanus and the spider crab,

Platyonchus ocellatus, noting (as previously mentioned) that

horseshoe crab blood formed only a large "first coagulum®.
The lobster and the crab had a similar "first clot", but the

lobster also showed a secondary coagulation of precipitated
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plesma protein., Loeb showed (1904 b) that the first coagulum
congsisted solely of agglutinated cells or of thelr solidifled
protoplasm, while tha second cosgulum wes of plasme fibrin,
He also noted that vertebrate blood platelets could agglutinate
independently of fibrin cosgulation and thought that thrombl
within the body might be formed in this manner.

Loeb (1903) discovered that removal of the first clot
of lobster blood inhibited formetion of the second and that
if he diluted the serum left from the "first clot", the
fluid would coagulaﬁe when shreds of the first coagulum or of
lobster muscle were added. He observed that pileces of rab-
bit, rat, or frog fibrin had no effect on lobster plasms
coagulation, and decided that the enzyme that caused the
lobster plasma to clot was essentially different from the
"coagullns" of vertebretes. He observed that the serum
from the "second clot" would not coagulate.

Loeb (1903) also noted thet calcium was essentisl far
the second clotting of lobster blood but not for the first.

In a seriles of investigations Loeb (1904 b) found that
he could prevent the second coagulation of lobster blood by
diluting it wlth distilled water and then filtering to re-
move the agglutinated cells. Adding a plece of "cell-
fibrin" (part of "first clot") or of lobster muscle would

produce clotting. He treated the blood of Callinectes

hastatus simllarly but was unable to prevent the plasma from

clotting. If he received the blood into water at 70-80°C
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and then filtered, the plasma would not clot until a plece

of Callinectes cell-fibrin or muscle was added. Loeb carrled

out slmilar experiments using other crustaceans. However,
he could never get Limulus serum to clot by adding any cell
or muscle extracts, thus demonstrating a lack of fibrinogen
in the plasma.

Loeb (1904 a) examined various invertebrates in an
effort to discover the nature of the blood-coagulating en-
gymes found in body tissues and In the blood cell., Tosting

the "tissue coagulins" from Homarus and Callinectes muscle,

he found a partiasl specles difference, for although either
muscle extract could clot either blood plasma, the sction

was more pronounced in the homospecific preparation., Muscle
substances of animala other than arthropods had no effect
upon lobster plasma, but extracts of the eggs of some non-
arthropod invertebrates had a weak clotting effect on lobster
plasma. Loeb found that the specificity of "blood coagulins"
from the leukocytes was less distinct than that of the "tissue
coaguilna". He also noted that clots of verteﬁrate blood

had no effect on lobster plasma,

In a more careful examination of "tissue cosgulin®" and
"plood coagulin", Loeb (1906) came to the conclusion that
they were two different substances, for he observed thet the
tissue coagullins showed greater stablility on heating and were
more specifically adepted than the "blood coagulins". The

"tissue coagulins" required calcium whereas the "blood



coagulins" did not,

Loeb (1907) discovered a coagulation-inhibitor in lobster
muscle. He discovered (1903) that pieces of lobster hepato-
pancreas could prevent plasma clotting and that hirudin
(1905 b) had no effect. He also (1904 a) noted that chemical-
ly inert powdered bodies which asccelerated the clotting of
vertebrate blood had no effect on that of arthropods.

Loeb (1922 a, 1927) studied cell agglutination most
extensively in the Limulus, deciding (as earlier mentioned)
that agglutination depended upon changes 1n the consistency
of the outer layers of the cell protoplasm. These changes
were related to an uptake of water when the cells were stimu-
lated by varlious substances or by friction. He explained the
behavior of crustacean blood cells largely on the basis of
such experiments, for he found 1t impossible to grow crusta-
ecean cells in tissue culture (1921 b).

Nolf (1909 a, b) carried out a series of investigations
in which he tested many earlier theorles. He first tried
(by adding various types of invertebrate whole blood or cell-
free plasma to fibrinogen prepsred from cattle) to demonstrate
" thrombin or a prothrombin-thromboplastin complex., Unlike
Halliburton (1885) end Heim (1892) he was unable to find
such substances in the invertebrates tested, including the

crustaceans Palinurus vulgaris and Maia squinado. Like Helm,

he noted that the blood of Palinurus clots in two steps like

that of the lobster to give e dense clot, but that Maia blood
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showed only a rapid agglutination of the cellular elements
with no subsequent plasma coaguletion. On adding Mala blood
to mammalian fibrinogen he noted that no fibrin would be
precipitated although the Mala blood celles would agglutinate.

He noted asutotomy in Palinurus wvulguris snd observed

that if a small wound wes mede in this enimel, the clot of
agglutinated cells that formed on the edges of the wound
was usuelly sufficient to stop loss of blood. He confirmed
Loeb's observation (1903) on the anticoagulant activity of
hepato-pancreatic extracts,

Nolf srrived at a theory of crustecesn blood coagulation
somewhe t like that of Loeb, end the two theories are quite
easlly compsred if one substitutes "coegulins" (Loeb) for
"p.fibrinogen" (Nolf) and "fibrinogen" (Loeb) for "B-
fibrinogen" (Nolf), Nolf thought that the cosgulation of
plesma on the Crustaces was caused by the muitual precipilta-

tion of two substeances, "A-fibrinogen", found in extracts of

'1eukocytas eand muscles end to a smell degree in the plasma,

and of B -fibrinogen", abundant in normal blood plasma, He
believed that their union to form insoluble fibrin was
possible only in the presence of calcium ions. Unlike Loeb
(1906) he believed thet "tissue coasgulin' and "blood coagu-
1in" was & single substance.

In compering various speclies, he found that "A-fibrino-
gen (muscle extracts) of all specles exsmined, including not

only decapods but slso stomatopodes and isopods, would csuse
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the "B-fibrinogen" (cell-free plasma) of Palinurus vulgeris

or of Celapps granulata to coagulate. However, he noted

that vertebrste thrombin had no effect on crustaceesn B-
fibrinogen".

Nolf observed that the gelation of the plasms is pre-
ceded in whole blood by an egglutination of the blood cells
which ultimately destroy themselves in forming the clot.
However he believed that agglutination could exist only in
those species which had plasma poor in "B-fibrinogen" (so
that the plasma gel would not immedietely prevent cell
movements). He thought that agglutination of the blood
cells was slways due to a coagulation of "B-fibrinogen" on
the surfece and in the cortical protoplasm of the cells to
give fibrin. BHe belleved that this coating of fibrin was
the cause of both agglutinstion and lysis.

John Tailt end his assoclates studied blood clotting and
the functioning of the blood cells in a wide assortment of
Crustacea, extending the earlier work of Hardy (1892). Tait
(1908) studied the agglutination of blood corpuscles in the
amphipod Gemmerus. He noted that if he cut the antennse of
an animal (partly esphyxisted to prevent movement) the cells
would adhere tc the cut end, forming & clump or mass which
stopped blood flow. Later the cells would bresk down and
fuse., The corpuscles would also plle up in the antennae
neer a wound, and he noted that some snimals had their

antennae fillled with agglutinated blood corpuscles, despite
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a lack of any visible injury.
In a more extensive series of investigstions (1910 a)
he studied a varilety of isopods snd amphipods. On obtain-

ing blood from a cut antenna of the isopod Ligla ocesnica

he observed three types of corpuscles: (1) eosinophiles,
(2) basophiles, and (3) explosive corpuscles, 8ll of which
had been observed by Hardy (1892). He noticed thet when the
blood was collected the explosive cells would rupture (as
described by Hardy) and the immediate srea about each cell
would become filled with a granular coagulum. He noted
also that all the explosive cells in any film of blood would
rupture simultaneously. Studying the 1sopods Onlscus and
Idotes, Talt observed the seme process, About 20 minutes
after this first cosgulation, all the remeining pleasme would
gel.

In further work on Gammarus marinus, Tait (1910 a)

noticed that in certain animels the cells near a wound (cut
antenna) would agglutinate and break down, forming a globu-
lar mass of homogenecus material to which other cells would
become attached, As noted by Hardy (in the crayfish), the
coagulum material seemed to hasten the cytolysis end fusion
of the embedded cells. Tait observed that in the Gammarus
the leukocytes tended to rupture if near a wound, unlike the
blood cells in Astacus (crayfish) end Ligla which did so on
contacting a foreign object. In most of the animals only a

simple agglutination could be cbserved and Talt never succeeded
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in demonstrating explosive cells in Gammerus marinus when

the blood was collected onic a slide.
Tait (1910 b) compared two speciles of Gammarus, finding

that Gammarus merinus blood usually formed a clot consisting

only of agglutinated cells, while Gammarus locusta blood

formed s globule of cocagulated protein associsfed with
"explosion" of the blood cells as did the blood of Ligie.

Soon afterwards Tait (1911) grouped meny species of
crustaceans on the basis of the type of blood clot they
exhibited in vitro. He recognized three types: (A) simple
agglutination of the corpuscles, (B) aggiutination of tﬁe
corpuscles with subsequent gelling of the plesma, and (C)
an insignificant cell agglutination with a plasme gel occurr-
ing in two stages: (1) locslized clots about specislized
cells, and (2) coegulation of all the remaining plasma,

Type C clotting required the least blood to detect and
was found in isopods énd often iIn smphipods. Types A end
B could not be demonstrated to be elther present or lacking
using the small amounts of blood found in crustaceans other
than the Decapoda. (For a tsble of his results see pages.eﬁﬁql

Tait found no correlation of sutotomy with the type of
blood coagulation. He found a rather vague correlation
between the type of blood clotting and the taxonomic classi-
fication, but there were many exceptions,

In 2 later series of investigations (1918) Tait studied

the blood cells of three crustaceans having type C clotting:



Types of Blood Clotting

in the Crustacea

Type A
Decapoda
secapoaa,
Cancer peagurus, Mala squinado, Inachus dorynchus,
Macropoda rostratus, Hyas coarctatus
Iype B
Decapoda
Cercinus masenus (mostly fluid), Palsemon serratus,
Portunus puber, Homarus vulgaris (solid)
(Order indicates increasing amounts snd firmness
of clots.)
Type C
Isopoda
present: Conilera cylindracea, Idolea beltica,
Idolea emarginata, Ligia oceanica, Oniscus,
several specles of Porcello
absent: Gnathla maxlillaris, Dynamene rubra
Sphaeroma serrstum, Jeera marina
Anphlpoda
present: Gammarus locuste (in vitro)
absent:. Gammarus merinus, Gammarus polex,
Orchestia littorea, Caprella
Mysidacea

absent: a gspeciles of Mysis
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Deceapoda I

present: Astacus fluviatililis, Pellnurus vulgerils

absent: Pandalus montazul, Pandalus brevirostris, |
Hippolyte verians, Hippolyte viridis, Palzemon |
serratus, Crangon vulgaris, Homarus vulgaris,
Galathea squamifera, Galathea strigosa, Porcellana
longlcornis, Porcellana platycheles, Eupagurus I
bernhardus, Eupagurus prildeauxli, Ebalia tuberossa,
Corystes cassivelaunus, Carcinus maenas, Portunus
puber, Portunus marmoreus, Portunus arcuatus, ‘
Portunus depurator, Atelecyclus septemdentatus, '
Cencer pegurus, Xantho hydrophilus, Xantho incisusJ
Inachus dorynchus, Macropodla rostratus, Hyas I
coarctatus, Mela squinado

g;achiura V
probably not |
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Palinurus, Astacus, end Ligia. Studying the cells of Ligia

(Tait 1910 a) he divided the eosinophilesinto hyaline thig-
mocytes and granuler thigmocytes or amebocytes.

Both types of thigmocytes (or touch-sensitive cells)
would put forth pseudopodia and flow out when in contact
with a foreign substance such as glass, He noted that only
the granular cells could retract their protoplasm after
spreading out and that the hyaline ones could not. He be-
lieved thet this spreading out of the hyaline thigmocytes
was due purely to surfece tension,

Observing the thigmotactic cells in Ligla and in Astacus,
Talt noticed thet they were phagocytic, the hyaline thig-
mocytes being more merkedly so. He theorized that cell
agglutination and phagocytosie were different aspects of the
seme baslic phenomenon, end believed that the relative sur-
face tensions of the cell eand the foreign body (in sggluti-
nation the "foreign body" was snother cell) caused the cell
to flow around the other materisl. He belleved that phago-
cytosis and sgglutination, like the tendency of the cells
to spread out on glass, was not dependent on ameboid move=
ment, and he worked out a series of examples which showed
that phagocytic activity could be caused by surface tension
relationships, but he belleved thet 1t might slso occur
where specific surface activity relationships were lacking.
Tait extended his hypothesis to include smphibian spindle
cells and memmallian pletelets, believing that any cell which



would adhere to such materials as glass would slso be phago-
cytic. The differential adhesiveness of the Crustacesn blood
cells was 1n very sensitive baslance, easily altered by
various factors.

Tait eand Gunn (1918) carried out a further study of the
blood of Astacus fluviatllis. They noted that the hysline

thigmocytes would undergc a cytolysis similer to that of the
explesive cells efter spreading out and fusing. The granulsr
thigmocytes or amebocytes were actlvely smeboid within the
enimal., The amebocytes could alsoc be lysed, but only by
relatively severe mechanical or osmotic pressures.

Talt and Gunn 5elievad that the Tirst clot' formed in
Astacus was ceused by "thrombin material" being set free
from the lysed explosive cells and acting on a small amount
of plasma, &nd that the "second clot" was caused by thigmo-
cytes breaking and relessing "thrombin", which caused the
remaining plesma fibrinogen to coagulate (the amebocytes did
not produce any "thrombin"). They noted thet the cells
would not sgglutinate and no clot would be formed 1f the
blood were collected in oil end they observed that small
non-greasy particles would cause a decreasse in the number of
circulating blood corpuscles if injected into the hemocoel
but that injecting olly substances did not have this effect.

Goodrich (1919) observed the blood cells of Carcinas
maensas, FEupagurus pridesuxil and Aatécus fluviatilis in his

studles of pseudopodial forme.

56
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Parsons eand Parsons (1923) confirmed earlier reports of

the lack of plesme clotting in Masle squinado and observed

eutotomy in this enimal. They aslso observed the blood of

Palinurus vulgeris but did not add any new information on

blood clotting.
Gruzewska (1932) studied the clotting of cell-free
plagma in several crustaceans confirming earlier observa.

tions. On studying a group of crebs (Carcinus msenas) he

observed as great individual variation in btlood clotting as
could be found between dif ferent specles. He also noted
marked changes iIn the blood correlated with the moulting
cycle.

Zungz (1932) studied the blocod of Maia squinado end

Palinurus vulgerls, confirming esrller work on the nature of

the clot formed. He collected the blood in mineral oil and
centrifuged. The oll retarded cell agglutination, and the
cell-free supernatant would not coagulate. He confirmed
Heim's observation (1891) thet citrate would not prevent
cell agglutination and Loeb's observation (1804 b) that
muscle extract of these animels added to cell-free plasme
would cause a clot to be formed. He also observed that
vertebrate thrombin prepsrations with added calcium had no
effect on crustacean plasma, even 1f the thrombin was from
fish blood. Fish muscle extract also had no effect.
Numenoi (1938) studled the blood of the Japansse shore

crab, Ligis exotlca. He was primarily interested im chemical




factors snd temperature affecting coagulation of the plasma
and did not investigate the role of the cellular elements.
In particular, he studied the effects of temperature adapta=-
tion., Upon adapting the crebs to temperatures of 10°, 200,
and 30°C, he discovered that for all crabs, the fastest
blood cosgulation occurred at about 35°C, but that at colder
temperatures the blood of cold-adapted snimals clotted more
slowly than that of warm-edspted ones. At higher tempera-
tures the blood of warm-adapted crebs coaguleted more slowly
(see graph on page 57). Studying the coagulant enzyme in
Ligia exotica, he notlced that the temperature coefficient

of enzyme activity was not uniform, being 1.47 in the 10°C=-
adapted animals, 1.40 in the 20°C-adapted ones, and only
0.42 in the Sooc-adapted crabs. He notlced also that heat
would destroy the enzyme, but that freezing stopped its
activity reversibly. Numenol noted that the cosgulation
rate of Ligla blood varied at different times of the year,
being more repld in the winter, but he thought that the
concentration of the blood constituents might play a part
in this change for the crabs were marine iIn the summer and
Eerrestrial in the winter.

He studied the cocegulation-inhibiting activity of
hepato-pancreatic extract, finding 1t active In all speciles
studied except one (see table on page 60). He noted that
bolling or freezing was without any effect on undiluted

hepeto-pancreatic fluld (prepered by allowing the organ to
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Anticoagulant Effect of Crustacean

Hepato-pancreatic Extract

specles studied anticoagulant power of "igla
exotlica hepato-pencreatic
fluld on blood of species

studied
Xanthodius distinguendus A 4
Sesarma dehaani -+ -+
Sesarma heematocheir + +
Macrochelra kaempferil —
Penulirus jeponicus -+ 4
specles studied anticoagulent power of hepato-

pencreatic fluid of speciles

studied on Ligia exotica blood

Xenthodius distinguendus -+
Sesarma dehaani -4
Sesarma haematochelr -+
Macrochelira kaempferil -4
Panulirus jJaponicus o

adapted from Numanoi (1938)
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undergo spontaneous sutolysis) and that addition of calcium
to the blood would not prevent the fluld's inhibitory acti-
vity. He found that both heparin and birudin could completely
inhibit Ligls exotica blood clotting at dilutions of 1:400,

in contrast to the reports of Heyeraft (1884) and Loeb
(1905 b).

Numanol mentioned the blood cells only very briefly,
noting merely that Teit's explosive cells (1918) were never

found in Ligia exotica blood treated wlth hepato-pancreatic

fluid,

Lochhead and Lochhead (1941) studied the blood of
Artemia, the brine shrimp. They notlced that Artemia, like
Dephnis (observed by Hardy, 1892) had only one type of
blood cell. These cellﬁ were colofless, nucleated, amebold,
and phagocytic, end were of various sizes . They observed
that the cells would undergo various changes when in contact
with air, some of them disintegrating. In sea water, a
wide variation in the staebllity of the cells was noted,
along with a slight tendency toward sgglutinaetion. Within
the animal, the blood cells were elongated. while in
circulating blood, but became amebold when statlionary. If
the animal were narcotlized, these cells became spherical.

If the shrimp were wounded, the blood cells agglutinated to
form a plug in which most of the cells reteined their
individuelity, the plasma taking no active part in this

process. Wound repalr was brought sbout by a syncytisl
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tissue formed of flattened blood cells.
wolvekamp end kKryt (1947) studied the blood of some
crustaceans but added nothing to our knowledge of clotting.
Glavind (1948) carried out a series of investigations

on blood coaguleation in the European lobster, Homarus vul-

geris. He tested the hypotheses of Loeb and Nolf, who be-
lieved thet lobster blood plasma coagulsted in & single stage,
unlike the plasma of vertebrates. He confirmed thelr views
and noted that calcium lons were always required, He then
investigated whether "tissue coagulin" and "blood coagulin"
were different enzymes as Loeb (1906) had suggested, or a
single substance (A-fibrinogen) as Nolf (1909 a) believed.
He confirmed Nolr''s view and in doing so showed that differ-
ences between the coagullns of different specles were merely
quantitative, all snimals studied having a common coagulin
substance (see tebles on page &3 ).

Glavind compared the properties of lobster coagulin with
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|

Homarus vulgaris + + — & ik
Nephrops norvegicus e - — I
Astacus fluviatilis e — w
Carcinus maenas - i I
Cancer pagurus = ~F

adepted from Glavind (1948)‘

e

——— e —

|
qggtting Time for Plasma of Lobster i

and Neohrops Norvegicus on the Addition of

Muscle Extracts from the Two Animals

——

|
/0.2 m1 citrated plasma + 0.1 ml non-dlalyzed muscle extract
k —+ 0.1 ml 3 per-cent calcium chloride solution

|
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those of vertebrate thrombin and thromboplastin. He found
that lobster coagulln resembled thromboplastin in occurring
in muscles and in blood cells and in requiring calclum lons.
for its activity. On the other hand, lobster coegulin re-
sembled thrombin in acting directly on the corresponding
fibrinogen. Glavind repeated the work of Halliburton (1885),
who had found thet "thrombin" of lobster, crab, and crayfish
blood could coagulate cat plasme and that vertebrate thrombin
could coagulaste crustacean blood. Glavind could not find any
evidence of such activity and decided that the earlier con-
clusions were false,

He studied the properties of lobster fibrinogen in some
detall, Blood levels of lohster fibrinogen showed much
greater variation than those of human fibrinogen, and Glavind
found, like Cuenot (1891 b), that lobsters kept in captivity
soon lost much of thelr fibrinogen, often to such an extent
thet the blood could not clot. This low level of blood
fibrinogen was paralleled by atrophy of the musculature,
decrease in blood cell count (as measured by blood cell
volume) and & decrease in the hemocyanin level (as messured
by color). Glavind noted slso that clots from cell-free ‘
plasma did not contract, indiceting that clot retraction 1is
dependent upon cellular blood constituents in the Crustacea
as it is in vertebrates (Quick, 1942). He confirmed Loeb's
discovery (1907) of s coagulation-inhibiting substance in

lobster muscle,
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Glavind studled clotting in severasl other crustaceans.

He noted that Nephrops norvegicus blood rapldly clotted as

firmly as that of the lobster, and that Cancer pagurus

blood gave a softer and slower-forming clot. Blood of

Carcinus maenas slowly produced e fairly firm clot. These

clots were produced by mixing muscle extracts and calcium
salts with cell-free citrated plasma.

He studlied the blood of the crayfish, Astacus fluviatilis,

using 1dentical methods, but 1ts muscle extract had no effect.
However, using lobster coagulin (muscle extract) a clot was
formed although it was somewhat softer then thet of the lob«:
ster., Glavind noted that the blood cell count of these
animels was very low (they were starving) and that the blood
of animals kept long in captivity would not clot at all, |
He believed that the lack of activity of crayfish muscle
extract was due to the poor condition of the animals, but
thought that possibly some physiological difference between
this fresh-water animal snd the marine crustaceans might
cause the fresh-water extraction method used to be ineffective.
Glavind found that heparin or hirudin could completely
prevent the clotting of cell-free oxeslated lobster plasma
to which calcium 1ons and lobster muscle extract were added
(see tables on pages 6 amd 67), He noted that whole cray-
fish or lobster blood would clot even when the blood was
collected into 10% heparin solution, giving s final concentra-

tion of 3.3% heparin, although clotting time was delayed (see



Influence of Hirudin on the Clotting Time

of Lobster Plasma

/0.2 ml citreted plesma + O.l ml non-dialyzed lobster

' muscle extract + 0.1 ml 0.75 per-cent calcium chloride |
\ solution containing hirudin in the amounts {

\ indicated in the flrst column /
Mg, hirudin per ml. Clotting time
‘§g612psglutiog_ in seconds
T ol s o SR -— —Nn0 coggulation
in 24 hours
Ll e o i o e e . D LD
Ot == =~ ~ — ~~180
QB o= r= b i o e e . 2 80

adapted from Glavind (1948)
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Influence of Heparin on the Clottinz Time

of Lobster Plasma

/0.2 ml oxalated plasma 4+ 0.1 ml non-dialyzed lobster
muscle extract 4+ 0.1 ml O0.75 per-cent calcium chloride
golution conteining heparin in the amounts

indicated in first column /
Mg. heperin per ml. Clotting time
Call, solution in seconds
50 0mmmm e e not coagulated
after 12 hours
35 0= mm e e 2
. P O 2040
15 0 i o o o i 780
10 0mmmmm e e e e e 360
T o Bmmm e 300
o [ S — 300
R T 180
B | B i B e S e S i 180
S T e ——— 180

‘ . - adapted from Glavind (1948)
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teble on page 69). He did not think thet this discrepsncy
proved 8 difference between tissue and blood coegulins but
only indicated that blood cells probably had a far higher
concentration of the coasgulin than dld muscle tilssue,

Glavind also studied the effects of heparin on agglutl-
nation of the blood corpuscles, Glavind snd Plum (unpublished)
noticed that 1n man the concentration of heparin needed to
prevent agglutination of the platelets in vitro was about
1000 times as great as that needed to prevent plasms coagu-
lation, The concentration needed to prevent platelet agglu-
tinstion was similar to that needed to prevent clotting of
the lobster plasma. Glavind (1948) noted that lobster blood
cells would agglutinate in shed blood even when the blood
was collected into 10% heparin solution, as reported sbove.
He did not examine blood cells in the crustaceans carefully,
but sssumed that the three types of cells described by Tailt
end gunn (1918) in the crayfish were also present in the
lobster.

Hensill (1948) observed blood clotting in some American
Pacific Coast decepods. He noted that the blood of the crab,

Hemigrapsus nudus coaguleted at once upon withdrawal and

that the cells dld not agglutinate but became vacuolated and
disintegrated. He found that sultable preperations of
sodium hydrosulfite would prevent both cellular disintegra-

tion and blood coagulation. The blood of Cancer antennarlus

formed & clot by an agglutination of the blood cells and
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Influer_zge of H_g_gar-in on the Spontaneous Clottling Time

of Crayfish Blood

/’2 drops heparin dissolved in distilled weter in the con-)

\ centrations indicated in the first column |
+ 4 drops crayfish blood /
Mg. heparin in 0.1 Clotting time in seconds for
ml. distilled water crayfish number
_]:_I _g__‘. _}_'
Qe o e i e e B ) o e e i D e i i ] B
G e i s e e BBy e e i i o Bl i 485
L= e . e GED = e e ) i i = 4B

adapted from Glavind (1948)



70

this also could be prevented with NaHSOgz. Hens11ll studiled
many Other decapods, obtaining comparable results using
this salt. He observed that the most effective concentra-

tion and pH value varied from species to species.

D Chilopoda snd Diplopoda

Cuénot (1891 a) observed the blood of two centipedes,

Scutiger coleoptrata and Scolopendra cingulata. He found

ovoid and slightly amebold cells in the blood and some very
infrequent storage amebocytes. He found that the blood of
these two animals coagulated rapidly to & gelatinous mess
(fibrin) enclosing many corpuscles,

Yeager and Knight (1933) studied the blood of the milli-

pede, Spirobolus marginatus. They observed an agglutination

and coagulation of the blood cells but no plasme clotting.
Rogers (1938) reported that the myriapods hed three

general types of blood cells; one, smeboid.
E Insecta

Thelinseeta, like the crustaceans, have been carefully
investigated with respect to theilr blood physiology. How-
ever, unlike many crustaceans, insects are qulite small and
work with them 1s thus comparatively difficult,. _

One of the first studies of insect blood cells wes that
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of Jones (1846). He found that the blood of verious beetles
eand of both the chrysalis and caterpillar of the cabbage
butterfly contained two types of cells similar to those 1n
other invertebrates, as well as some other cells, oil drop-
lets, eand granules, ‘

Poulton (1885) studied insect blood clotting and the
formation of a dark coagulum. He thought the clotting
process was chlefly an oxidatlon.

Griffiths (1891) carried out = serieé of biochemical
studles on invertebrate blood, during which he observed that
insect blood may or msy not clot, depending on the specles
observed,

In the same Yyear, Cuenot (1891 a) published an extensive
report on the blood and body fluilds of Invertebrates. He
studled clotting in a wide assortment of 1lnsects, finding
great variations emong the different specles (see table on
page '~ ). He observed that the clot was made up of a plasma
"fibrin" gel, containing smebocytes and a granular precipi-
tate, which he called "uridine". He observed smebocytes
and other types of blood cells in 8ll insects studied ex-

cept the larvae of Chironomus plumosus and some related

Diptera in which cells seemed to be absent.
Barratt and Arnold (1910) studied two beetles, Dytlscus
marginalls and Hydrophilus pliceus. They observed that the

blood of these insects dild not coagulate on standing, and

they noted fine grsnules (1-2 micra in dismeter) and two



Life Stage

ad%lt _________
!

-----------

———————————
___________
___________

Numerals

Fibrin_ﬁormation in Insect Blood

Insect Fibrin
~—-—-=Baturnia pyri---cecemmmm e 2
-—---BombyXx rubrle-ecccecce e e 0
~===Bombyx trifoliececmmcc e 0
--==Vanessa antlope--cecmemccmnuaacaoo 0
---=-Bombyx castrensig--ceecmmcmcccaa-- 2
----Chelonia cajam—ccmcmm e - 0
---=eloe proscarabeuS-—----—-—---caee-- 3
~===BOmMbyX QUErCUS==-m- e e e e c e —m e 0
-—-—-=Pleérlis brassit--cccccccra == 0
——==Plerls ropafeeme e 0
---=-Libelluls depresg@e---eeeemmmem——e 0
-~---Hydrophlilus plceuS-—--wc-ceccaaaaa- 0
-~~=Blaps mortisagg-eeememcmmnccaaaaa 0
---=Dytiscus marginalig---ceceeeecmaaa-- 9}
--—-=Nepa Cclnereg—————m——m e —— i)
--=-=Notonecta glauCle—cemeccmm e 0
—=-~Chelonia pudlic@e--cccmc e maaaa 3
——--Liparis dispareee cmc e e e 2
~----Harpygia vinulg--—------ececme——- o)
---=feschna grandlg---cceccccmmccc e Q
---=Hylotoma rosgge-ec-eceeec e 2
--=-=5aturnia cynthle-—-ccmcmccecaeee 0
----5Stenobothrus parsllelusSs————-———-- 0
---=-Gryllotalpa vulgaris-————ecceceeeae-a 3
--==Acronycta rumicls-—-ceccmmmccccaao 0
—=—-Pentatoma grisegem—emec e cm e e 0
~=-=Chironomus plUumMoOSUS=m=e-cccmmca——- 0
~—--Deilephela eloENOr—mmm e e e e 0
--==Deilephela euphorbisg-—eemmme—-— (?)

denote relatlve amounts of fibrin formed.

adavted from Cudnot (1%91a)
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types of cells in the blood: (1) phagocytes, and (2) small
round cells.

Glaser (1917) tried to grow insect blood cells in vitro,
discovering that this method succeeded only with smebocytes,
for all other types of cells falled to grow.

Tait (1918) observed cosckroach blood cells and studied
theilr movement., He found non-ameboid "hyaline thigmocytes"
end ameboid "granular thigmocytes" .end noted that the ameboid
cells had more power of independent movement than did the
corresponding cells of the crayfish. He thought that the
cells moved by changing their surface tension in certain
areas and allowlng the resultant forces to pull a2 part of
the more liquid cytoplasm forward. He noted that these cells
could only protrude pseudopodla when in contact with some
foreign body.

Glaser (1918) grew blood cells of a grasshopper (Melano=-

pus ﬂlanis), the army worm, and the gypsy moth caterpilllar

in tissue culture but could not observe any svidence of
phagoeytic activity. He also observed a lack of phagocytic
activity of grasshopper cells in vivo but noted the presence
of immune substances in the blood serum.

Bishop (1923) studied the body fluld of the honey bee
larve and observed an absence of clotting ability.

At the same time, Palllot (1923) dlscovered that 1f

nucleic acid was injected into an insect (Agrotis pronubana)

the blood would not clot end the cells would remain active



and normal in vitro, allowing careful study.

Snodgrass (1924) studied the role of the leukocytes
during metamorphosis, He observed that they were not con-
cerned with the breaskdown of larval tissue in the apple

maggot, Rhagoletis pomonella.

Muttkowski carried out an important series of investiga-
tions on the blood of some insects. In general, he found
(1924 a) two types of cells: (1) amebocytes with granular
endoplasm and thin ezxtoplasm which were highly thigmotaxic
and were often found adhering to surfaces in the body, and
(2) chromophil leukocytes which stained deeply with aniline
dyes. He separated the leukocytes 1lnto several types:

(1) secretory, (2) transporting, (3) phagocytic, (4) splan-
chnocytic, and (5) degenerating. He noted the occasional
presence of other types of cells and of non-cellular material
in the blood,

Muttkowskl (1924 b) studied blood clotting in several
specles of 1nsecfs. He found that oxalate would not pre-
vent the clot from forming when added elther in vivo or in

vitro and that dilute acetic acid would prevent clot ting

temporarily, but the blood would clot as the acld evaporated.
He postulated that the clot was made up largely of gelatin
although other constituents of the blood, such as fibrin,
were also concerned. He believed that the gelatin was

secreted by the amebocytes and that a thin film of gelatin

T4

surrounding the leukocytes was necessary for their agglutination.
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He observed this gelation in the blood of Dytiscus, Aeshns,

Hydrophilus, Leptinotarsa, Plerls rapae, Deilephlla, and

tent caterpillars.

He observed that in clot formation the amebocytes sent
out pseudopods which interlaced to form a network on the
surface and bottom of the blood droplet on which other cells
and fat droplets were caught. The chromophil leukocytes
agglutinated at the same time and then sank down and were
caught in the amebocyte network and in a fibrin mesh. The
emebocytes and thelir pseudopodla then contracted and a sub-
stance which he thought wes gelatin was secreted into vacuoles
by the smebocytes. He thought that the amebocytes dried the
clot by imbibing the remaining fluld plasma and that the
leukocytes secreted a substance into the plasme which did
not form the clot but perhaps prepsred the plasma for in-
hibition. The amebocytes graduaslly shrunk, leaving a sur-
rounding film of gelatin. Muttkowskl observed that larger
clots would be formed on a warmed or well-lit slide. He
noticed that after the death of an insect the blood cells
sgglutinated in the animal, and the clot persisted until
histolysis set in.

Since oxalates would not prevent plasms cosgulation,
Muttkowskl thought tlet the elements which he believed com-
bined to farm the fibrin (thrombin and fibrinogen) were in
8 very close complex in insect blood.

Mut tkowski found no correlation betvieen the type of clot
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farmed and the habltat of the insect but observed that 1in
larvae there were fewer corpuscles end plessme coegulation
(gelatln) wes relstively more important than in adults.

He noted that the insects having longer-lived edults (Dytis-
cus, Hydrophilus, Belostoma, snd the scarabeid beetles) had

a greater reletive number of corpuscles in the blood snd a
greater volume of plasma than was found in the shorter-
lived forms.

Heber (1926) studled the blood of the cockroach

Blatella germenlica. Like Muttkowskil, he believed that all

components of the blood were concerned in the clotting pro-
cess, In some insects he observed granuler leukocytes, in
others the blood cells were hysline and granules were found
free in the plasma. Haber thought thet many of the types of
corpuscles observed were merely different stages in the
developmental cycle of a single variety of cell, He also
observed some cells which he thought might be homologous to
vertebrate blood platelets. The quantity of plasms varied
with the nutritionel condition of the 1lnsect and fewer
corpuscles were found in sterving animals. When the blood
was shed, the tlood cells sent out pseudopodis which inter-
laced snd fused, Fibrin formed in the Interstices of the
clot, Later, the elements of the clot contracted, squeezing
out a clear serum.

Yeager, Shull, and Farrar (1932) studied blood clotting

in another cockrosch, Periplanate orlentalis, elso observing
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Periplanata fuliginosa. They observed the blood in sn oil-

water system and noted that certein spindle-shesped cells
rounded up end then put forth pseudopodia end agglutinated,
The clumps of cells became granular maesses, connected by
pseudopodis and brosder bands of disintegrated cells. A

" granular precipltate appeared, first in the clumps snd later
in the whole plasme, and they belleved 1t might be derived
from the cells. A second group of blood cells did not round
up and their cytoplesm remained fluid. They beceme sttached
to the other cells and la ter disintegreted and their cyto-
plasm gelled,

They noted that heating the enimels at 60°C for ten
minutes prevented both coagulation and cell agglutinastion.
At 70°C the blood gelled in the insects, They proved that
the formetion of the coagulum depended on the presence of
unstable blood cells, far in filtered blood they could
never observe sny fibrous coagulum. They confirmed
Muttkowski's (1924 bt) observation that oxalate had no effect
on blood clotting (as did Loeb (1903) using Limulus), sand
they believed that the cell-clot contalned fibrin or had
similar properties. They believed thet the gelstinous mem-
brane noted Ey Mut tkowskl was ceused by & drying of the
plasma rather than by the plasma being imbibed by blood cells.

Shull, Riley, and Richaerdson (1932) tested the effects
o: 34 toxlc gases on the blood of Periplanatas orientalis.

Most:Of the compounds did not produce eny visible effect on
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the blood or on its clotting abllity, but a few compounds
caused & chenge in 1ts volume or cell count. Acetlc acid-
killed insects bad blood which would not clot, and the cells
appeared to be fixed within the animal,

Yeaeger and Knight (1933) exemined blood coagulation in
a wlde variety of insects of varlous classes, collecting the
blood into & drop of oill, They clessified the insects into
three types (see table on pages 7% ¢ocd3). Group 1 had as
its type specles the honey bee lsrva. There was no coagule-
tion of the blood but only a few cells having a slight ten-
dency to agglutinate. Group 2 had as its type specles

Periplanata orientallis. The blood cells would round up and

then put forth pseudopodia, sgglutinate, and disintegrate,
and the cytoplasm would cosgulate. There was no coagulation
of the plasma. A precipitete might be formed in the blood
but 1t would not form a clot. Group 3 had as 1ts type
species the cricket, Gryssus assimills pennsylvanicsa. The

plasma coagulated to form a fibrous clot, 2 heavy granuler
precipitete being observed. The cells were embedded in the
plasma but did not seem to take any active part in the clott-
ing.

Not all insect blood clotting exactly followed these

three genersl descriptions. Fa 1instance, in Belostoma

fluminea (#roup 3) the blood had reletively few cells and

they did not agglutinate, but a granular precipitate was

formed colncldent with the lysis of certein cells, after
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Insect Blood Coagulation

Group 1

K

Gt
2

Ae-bdult

I._Larva

Order Species Devel-~ |Number Cell Plasma | Plasma
OpME e of Coagu~ | Coapu-| Ppte.
tal Cells Lum lum

vy =4
suage
Notonecta Spes A few nons none | slight?
backswimmer
My=mus persicae, A LTew none ]I none none
aphid
Aphis maidis, A fow none none none
aphid
et N 5 . . - . o
Homoptera Labidomera clavicollis, A few none none none
beetle
Tetraopus tetracpthalmus, | A few none none none
longhorn beetle
Saperda Sp. L moderate | none none 1one
longhorn beetls
51y +oara hy F " - -
Lepidopter Samia cecropia, F few none none none
moth (aggls)

6L
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Gamponotus herculeanus A few none none none
subsp. pennsyl., ant
Camponotus sp., A few none none none
ant
Apis mellifica, L few none none none
Hymenoptera | honsybee
Apis mellifilca, A Tew nons none none
honeybee
hymenopterous parasite L few none none | slight?
Group 2
Order Species Devel- |Number |Cell | Plasme | Plasma
Opien- of Coagu- | Coagu~-| Ppte
tal Cells Tum Tum
Stage
Anabrus simplsx N-A ma.ry oceurs none none
Hormon cricket
Orthoptera Udeopsylla rcbusta, A many occurs none | occurs
camel cricket
Melanoplus differentialis,|N-A mode to | occurs none | occurs
grasshopier many

08



Scudderia sp,. N moderate | occurs nona occurs
Katydid

Orthoptera
Diapheromera femorata it many occurs none | occurs
walking stick
Tibicen Sp.«, A many oceurs none | none
cicada

Homoptera .
Aphis rumicis, A? few slight? | none | none
aphid
Carabidae; L moderate | cccurs none | occurs
ground beetle
Calasoma calidum Fab. A moderate | occurs none | occurs
ground beelle
flateridae, L many occurs 1one | occurs
wireworm
Alobates pennsylvanica A many oceurs none | occurs

; o L

Terniebrionidse; beetle

Coleoptera Phyllophaga sp., L moderate | occurs none | none
lay beetle
Phyllophaga Spe, L many ocecurs none | none
May beetle
Geotrupes splendidus, A few oceurs none | nonae
scarabid bestle
Leptinotarsa decimlineata| few slight none | none

potato beetle

(aggl.)

18
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Coleoptera Anisodactylus verticalis fey occurs none none
Lec., carabid heetle
Lepidoptera sp. L moderate| occurs | none none
Eucosoma otiosana L moderate| slight | none none
¥
\af 'E;l N )
Geometridaes L many occurs | none none
msasuring worm
Noctuidare; A few occurs none none
moth ?
Nephelodes emmendonis L margy occurs | none none
Lepidoptera | cut-wori
Sphinx moth A moderate| occurs | none oceurs
Samia cecropia, L many occurs | none none
moth
Bombyx mori, § many occurs | none occurs
ailkworm
Hesperidae; I moderate| occurs | none none
skipper
Diptera Chironimidae; I eIy ocecurs | none none
midge
T, nany ceurs | none occur

Hymenoptera

A



Group 3

Order Species Devel~ | Humber Cell Plagma | Plasma
OIS 1- of coagu- | coagu~| Ppt.
tal Cells Tum Yam
Stage

Belostoma fluminae, | few occurs | occurs | occurs
water bug (eyto-

Hemiptera 1lysis ?)
Acanthocephala terminalis, A moderate | occurs | occurs | occurs
Coreidae

Orthoptera Gryllus assimilis pennsyl- | N-A many occurs | occurs | occurs
vanicus, field cricket
Cucujus clavipes L many occurs | occurs | occurs
Phyllophaga futilis, A many occurs | oceurs | occurs
liay bestle

Coleoptera fusca, A mary occurs | occurs| occurs
Fhyllophaga rugosa, A many occurs | occurs| occurs
May UD?bI?

Lepidoptera | Datana sp., L many occurs occurs | occurs

{

adapted from Y=a

Enight (1933

¢8
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which the plasma clotted. In insects where the blood cells
agglutinated there were two different sorts of clots formed.
In some insects the cells lost their individuality, forming
a granulsr mass, whille 1n others the cells remained distinct.
Yeager and Knight found that the tlood clotting pilcture
of an insect could not be carrelated with its taxonomic
grouping, They noted e sessonal variation in the fleld
cricket. In the spring and summer the plasma coagulasted as
previously described but in the fall the cells formed a clot
and a precipitate was formed but the plasma did not coagulate.
The extent of clot formation in the fall varied greatly smong
different individuals, They noted that crickets ceught in
the spring could be kept in captivity, but that those caught
in the fall soon dled, (All other insects examined were
caught in the spring snd summer,)

Shull and Rice (1933), using Blatta germanica and

Periplanata orientalls, noted that by tresting the roaches

with acetic acid va?ar under contrclled conditions any de-
sired degree of clot inhibiltion might be obtained. They
could inhibit clot formation for up to 24 hours without
soon killing the 1lnsect. They noted that the effects of
the acld differed greatly among different individuals,
Tauber and Yeager (1934) performed 221 cell counts on

Gryllus assimllis pennsylvanica blood, using acetic scid as

an senti-coagulant. They noted a trimodal distribution ocurve

but could not correlate it with any definite known factors,



although they belleved that a possible variation might be due
t0 the presence of two broods of crickets a season in the

locality.
Fisher (1935) studied the cockroach Blatta orientalis,

using the elot-inhibiting method of Shull and Rice (1933)
and obtaining similar results, He noticed that iIf blood was
completely inhibited from clotting the corpuscles showed no
change of shepe when removed from the insect, He found that
cell appesarance was 8 good indicator of the extent of clot
inhibition,

Murrey and Tiegs(1935) studied the blood cells of the

rice weevil, Celsndra oryzese,and noted two types of cells,

some phagocytic and some not. They studled the role of
bloocd cells in metamorphosis and like Snodgrass (1924) could
not find any clear evidence for phagocytosis of the larval
tissues, deciding that this varled in diiferent species.

Shull (1936) studied the effects of fatty acid vapors
in inhibiting blood cosguletion in Blatta orientalis. He

found that vapor of formlc, acetic, propionic, butyric, and

veleric acid hed an inhibitory effect, while that of capry-

lic and pelargonic aclds did not. He observed that the length

of treatment needed to prevent clotting varied inversely with
the temperature and directly with the physical properties

of the acid, complete inhibition occurring only after exz-
posures which killed the insect. Like Shull, Riley and .

Richardson (1932) he believed that the carboxyl radical
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fixed the blood cells inside the body.
In the same year, Fisher (1936) tested the effects of
some toxic substances on the blood cell count of Blatta

orientalis. He found that HON end ether had the ssme effects

as scetic aeid; while arsenic, mercurous chloride, and cer-
bon disulfide caused agglutination of the cells.
wigglesworth (1937) studied the response oif Rhodnius
prolixus to experimentally inflicted wounds. He listed
several steps 1in recovery:
l. Actlvation of the surrounding cells.

2. Migration of the epidermal cells and their crowding
around the site of Injury.

3. Accumulation of hematocytes.
4., Spreading of the epldermal cells over the defect.

5. Cell divislon in the surrounding Zone to replace
the emigrated cells,

6. ©Secretion of a new ocuticle,

7. Formation éf a new basement membrane.

8. Return to the resting stﬁte.
He noted that the blood did not clot, but that any which
spread to the surface of the wounded srea slowly dried and
was converted to cuticulin, benesth which chitiﬂ was lald
down, The blood cells sccumulated along the cut margin of
the incision within a few hours. In a day or two they
formed a solid plug over the perforation, being distributed
more sparsely over the surrounding activated area, However,

if the cut did not penetrste the basement membrane, blood
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cells would not sccurmulate. Both accumulation and migration
of the blood cells were found to be due to chemotactic in-
fluences of substances from the wounded tlssues.

Babers (1938) noted that heating at 60°C for one
mimite prevent clot formation in the blood of the southern

armyworm, Prodenis eridania. He alsoc noted that there was

no trypein in the blood. On adding Prodenia hemolymph to
horse serum thrombin or fibrinogen, no clot was formed.

Mellanhy (1939) stated in a review that blood clotting
was not necessary in insects, for the hemolymph was at less
than atmospheric pressure and tended to remain within the
body., He noted that some insects used a mechenism of reflex
bleeding in which they excreted a small amount of unpslate
eble blood through the pores or through the mouth to dis-
courage predators, This blood was sucked back into the
body when certain muscles were relaxed. Any sort of blood
clotting would seriously interfere with this reaction,

Beard (1949) studied the third instar larva of Popillia
Japonica end observed that although the hemolymph coagulated
promptly on leaving a wound, 1t had no statistically signi-

ficant effect in reducing hemorrhage.

Resrd (1950) carried out sn extensive series of investi-

gations on insect hemolymph coagulation,‘atudying the larva

of Popilllis japonica (Japsnese bteetle) and the larva of

gallerie mellonella (wax-moth). These two insects were

found to have fundamentally different types of coegulation,
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for Popillis blood cosgulated on exposure to air, enclosing
the hemocytes which did not sgglutinate (Group 3 of Yeager
and Knight, 1933) while the clotting of hemolymph of

Galleria usuelly involved the cells, which agglutinated to
form & flocculent precipitate (Group 1, of Yeager and Knight)
However, &all three types of clotting could be observed in
various wax-moths., If the blood waﬁ not dis turbed, sometimes
there would be no clot formation at &ll. At other times,

the plasma would become somewhat viscous. Differences could
not be correlated with any changes, sessonal or otherwise,

in these insects.

Beard (1950) confirmed Muttkowski's observetion (1924)
that calcium was not essentisl to clotting in insects. He
confirmed Babers'! discovery (1938) that thrombin wes not
necessary and found thet neither hirudin nor heparin had any
inhibitory effects. As result of these observations he dew
cided that clotting in the 1nsects was of no survival value,
but was an incldental phenomenon,

Beerd (1950) carried out a series of experimental
modifications of the clotting process. Using Fopillis blood
he found that he could prevent coagulation by Yeager and
Knight's (1933) heat treatment, Upon adding a drop of un=-
treasted hemolymph, the whole mass cdagulated. (He noted a
slight tendency of the cells to agglutinate if plasma
coagulation was prevented). If he mixed untreated Popillia

hemolymph with hest-treated Galleris hemolymph, the cells



89

agglutinated end the plasme gelled, However, exposing Popilla
hemolymph to high temperatures after removel from the body
did not prevent cosgulation, Beard belleved that perhaps the
heat-gsensitive system was assoclated with some body tlssues
other than those cut in collecting the bloods He noted (in
contrest to Muttkowski's view, 1924) that the gel of
Popillia blood did not conteln any gelatin,

Beard (1950) studied the effects of cold. After freez-
ing and then thawing a Popillia grub, its hemolymph wmld
not coagulate, If hemolymph was allowed to fall from an
animal onto a freezing cold surface and later thawed, nelther
cell agglutination nor plasme coagulation would occur., When
a drop of such frozen hemolymph was mixed with untreated
hemolymph the response was varisble. Beard thought that
perhaps thls was due to an antlcoagulent substance released
from the tlssues, for the cold-treated hemolymph conteined
cell fregments, He noted that saline extracts of macerated
body-wall tissue reduced the viscosity of the clot when
added to hemolymph. |

Beard (1950) tested the sffects of ultrasonic waves on
clotting. On exposing Popillis larvae to s frequency of 400
kilocycles per second, the hemolymph was reversibly pre-
vented fromcdlotting, but after the hemolymph was removed from
the body, it could never recover its clotting ability. If
treated hemolymph was mixed with that of untreated insects,

no inhibitory tendency could be demonstrated, Popillia



hemolymph treated in vitro showed no inhibition of clotting,
but if some grub tissue were added before treatment, clot=-
{ing wes inhibited. Beard found that ultrasonic-wave treat-
ment of Gallerila cesused the hemolymph to lose 1ts tendency to
increase in viscoslty and prevented cell agglutination. In
vitro trestment had no effaect.

"hen Beard added Popillia hemolymph treated in vivo to
untreated hemolymph, while treating the mixture in vitro,
cosgulation was prevented. The same technique did not pre-
vent clot formation if wax-moth blood was used.

Beard tested the effects of varlous substances on the
blood. He found that heparin, hirudin, citrates, and oxa-

. lates (and Dicoumarol) had no effect on Popillia blood,
Chemicals did not necessarily have the same effect on the
blood of both species, and he could not find any common
factor in those chemicéls wich prevented clotting. Some
chemlcals could inhibilt plesme gelation without inhibiting
cell agglutination.

Beard observed that pseudopod formation by the blood
cells might facilitatg thelr adhesion. Inhibitors of cell
sgglutination did not e ¢t by preventing this but, presumably,
by eltering the whole cell or the cell membrane in other ways.

He thought that the data of Yeéger and Knight (1933)
suggested that cell agglutination was dependent on the
number of circulating hemocytes and that dilution alone

. could prevent this.



Besrd suggested that the plasma coagulation in insects
was a polymerization, asnd he noted the presence of a muco-
polysaccharide, using Hale's test (1946). However, he be-
lieved that this gelation was probably not simply e poly-
merization or change-of-.state phenomenon but e complex reac-
tion quite dissimllar to that of mammellan blood. He thought
that cell agglutination and plasma coagulation were essentiala
ly separate phenomena, although the cells might be involved
in some unknown manner in the coagulation.

Levenbook (1950) observed the blood of the horse bot-
fly, Gastrophilus intestinalis, noting that it clotted at

room temperature. Very few cells were observed and he
thought the clot was a coagulation of the plasma elements.
Interestingly enough, Hunzinger, S#illman, and Viollier
(1950) noted that supersonic vibratlons could cause a
.lengthening of clotting time of human blood in the presence
of thromboplastin and calcium lons, indicating an inactiva-
tion of the prothrombin system. A decrease in active
fibrinogen was noted, the fibrinogen becomling somehow de-

natured and inactivated,
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V Echinodermata

The echinoderms, having been used extensively in vari-
ous types of bilological research, are a group of invertebrates
whose body fluid cells have been studled more intensively
than one might expect.

Geddes (1880 a, b) studied the agglutination of blood
and coelomic fluld cells in many invertebrates. He ob=
served that 1f the body fluld was removed from a sea urchin

(Echinus sphaera, Toxopneustes lividus, or Spatangus purpureus)

the corpuscles separated to form a clot which rapidly con-
tracted. The clot did not contain any fibrin but was made
up mostly of white corpuscles which fused to form a homo=
geneous mass. This mass or "plasmodium" then put forth long
anastomos ing projectlons, If the animals were kept a long
time, masses of cells might be found in vitro.

Geddes observed several sorts of cells in the sea
urchins. There were (1) whita.ameboid co rpuscles which
formed most of the clot, (2) cells with‘a vibratile flagel-
lum which were similar to the smebold cells and were ameboid
within & clot, (3) a very rare type of white corpuscle, and
(4) brown-pigmented cells which were actively ameboid. The
white amebold corpuscles were found in all speciles examined,
but the other cells were more variasble, and he noted that
Spatangus blood contained many green-gray vesicles which
easlly disintegrated. Eplthellal cells, sex cells, and
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parassites were also found.

In Toxopneustes some types of cells were found in the

ambulacral system but not in the blood or perivisceral
fluid, while in Spatangus all three flulds contalned the
same cellular elements,

Schiifer (1882) studled the perivisceral fluid of a sea
urchin a nd found that MgSO, solutions could prevent clot=.
ting. He noted that flltered fluid would not clot, but he
believed that the cells acted by exuding a coagulable
material which he belleved was not fibrin but was simlilar to
macine .

Howell (1886) studied the holothuroidian Thyonella
sammata. He observed red corpuscles, white corpuscles, and
other sorts snd, like Geddes (1880 b) believed that the
‘white corpuscles would send out pseudopodia and fuse, en-
trapping the red corpuscles and other cells,

Haycraft and Carlier (1888) observed that if they
pipetted the coelomic fluld of & sea urchlin iInto oil, no
clot would be formed for 30 to 40 minutes.

Griffiths (1891) believed the perivisceral fluid of
the echinoderms contained fibrin, but Bottazzi (1902),
studying clotting in the Holothuroidea, confirmed Howell's
(1886) and Geddes' (1880 a, b) theorles that the clot was
formed of agglutinated cells, He could find neither fibrin
nor fibrin threasds in the fluid.

Nolf (1909 a) observed that if he sdded the visceral



fluid of the sea urchin, Sphoerechinus granularis, to

mammalian fibrinogen, the cells would agglutinate but the
fibrinogen would not be affected.

Goodrich (1919) studied the perivisceral fluld cells
of Echinus, noting that their pseudopodia were fine mem-
branous structures.

Theél (1921) studied clotting in some Holothurideae,
concluding #hat there was some flbrin materiel in the
coelomic fluild which contributed to the leukocytic cell-
clot, He thought that clliasted cells which kept the fluld
in motion prevented any fibrous coagulation in vivo, al-
though plasmodlia could still be formed., He notliced that
the leukocytes were important in excretion and food trans-
port and that they formed a syncytisl membrane to repair
wounds., He believed they might even be able to secrsete
spicules to replace damsged areas of the skeleton.

Kindred (1921) studied the periviscseral fluld cells

of Arbacia punctulata and found two types of amebocytes:

The homogeneous amebocytas, the leukocytes, agglutinated
in vitro enclosing the other amebocytes which stuck to
them. The leukocytes beceme very elongated and in an hour
and a half thelr pseudopodla had formed threads which
connected the cells, forming a meshwork. In hanging-drop
preparations, only those leukocytes in contact with the
glass were active in clot formation and they were sticky,

tending to adhere to each other, If a plece of the
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peristomial membrane or the test was removed, the leukocytes
formed a clot, closing the wound. They were actively phago-
eytic in vivo, readily ingesting injected ink particles.
Kindred (1924) observed the perivisceral fluld cells
of a wide variety of echinoderms (see table on page 76). All
the animals had clear leukocytes which were phagocytic and
thromboblastic and, 1in sdma species, scleroblastic. Certain
highly mascular Holothruoldea had some cells with hemoglobin.
Amebocytes with colorless granules were obseryved In the
-Ophiuroidea, Echinoidea, and Holothuroldea and amebocytes
with red granules were observed in Echinoidea, Vibratile
corpuscles (with flagella) were found in the Ophiuroidesa
and Echinoidea, but in only one holothuroid. Kindred
noticed that the amebocytes used flaps of ectoplasm to
pull small particles into themselves for digestion. He
found some flat cells with filariform processes flosting
passively in the fluld which were usually joined in a
syncytium.
Metalnikov and Rapkine (1925) observed that the larva

of Paracentrotus lividus exhibited two growth periods of the

mesenchyme, one before and one after the invagination of the
entoderm. Usling Chinese 1nk, they found that the cells

from the first growth were not phagocytic while those from
the second group were.

Faure-Fremiet (1925)f} grew vesicular amebocytes of a

starfish in a tissue culture and noted that they formed a



List of Echinoderms Studied by Kindred (1924)

Asteroldea

Ophiuroidea

Echinoldea

Bvesterias troschelll
Solaster simpsonii
Dermagter imbricata
Pigester ochracens
Leptasterias hexactils
Henricla leviusculsa
Pycnopodia heliantholdes

Cphiopholis aculeata

Strongylocentrotus drobachiensis
Strongylocentratus franciscanus
Echinarachnius eccentricens

Holothuroidea

Cucumaria japonica
Cucumaria chronjhelmii
Stilchopus californicus

adapted Trom Kindred (1924)

96



97

simple network of fine lamellae.
Kewamoto (1927) studied the varlous body fluids of

Caudina chilensis, a holothurid. He found several types of

cells: (1) red ameboid corpuscles, (2) white corpuscles
containing spherules, (3) brown smeboid corpuscles, (4)
crystal-contalning corpuscles, (5) minute corpuscles, and
(6) fusiform corpuscles. The cells agglutinated but there
was never any coagulation of the blood or coelomic fluid.

Ohuye (1934 a) studled the same animal, confirming
Kawamoto's description of the cells in the body fluid but
divided the white cells into (1) leukocytes and (2) amebo-
cytes wilth spherules, Using vital dyes, he demonstrated
that the cell clot was composed chiefly of léukocytas (white
corpuscles). Within the clot these cells usually lost their
characteristic form and those in the center of the clot had
no pssudopodla. He did not observe any true fusion of these
cells but always found a visible boundary between the cells.
In vivo they were actlvely phagocytic. The fusiform cells
were observed both with pseudopodia and without them. The
amebocytes with spherules contalined food particles but were
not active in phagocytosis, although those with brown
spherules occasionally ingested the dye particles.

Obhuye next studled (1936 b) the holothurid, Molpadia
roretzii, The coelomlc cells were essentially the same as

those described by Kawamoto (1927) in Caudina chilensis,

but there were slso colorless granular amebold cells
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(Kindred's (1924) amebocytes with colorless granules),
spindle cells, end vesicular cells (signetering). The
_hyaline amebold cells (leukocytes) were active end phago-
cytiec. The colorless granular amebocytes were less active
but would agglutinate in vitro. The brown cells were motile
and phagocytic, and the vesicular cells were motile.

Ohuye (1936 c¢) studied the coelomic cells of an ecﬁ%id,

Temnopleurus hardwickii. He listed (1) hyaline amebocytes,

(2) coarsely granular amebocytes, (3) finely granular asmebo-
cytes, (4) brown amebocytes which were phagocytic, (5)
veslocular amebocytes, and (6) compartmental amebocytes. When
the coelomic fluid was removed from the body, a firm coagu-
lum of blood cells was formed. The hyaline amebocytes
were especlally active, fusing to form a network in which
distinct cell boundarles were not observed. The other types
of cells kept distinct formse.

Donnellon (1938) studied clot formation in Arbacia

punctulata, observing that the clot consisted of maessed

leukocytes. He confirmed Schéfer's observation (1882) that
filtered perivisceral fluid would not clot. Donnellon
observed that cell extracts caused boﬁ& ﬁallular agglutina-
tion and release of the cell granules when added to peri-
visceral fluld, On further study he noted that tissue ex-
tracts from many invertehrates, potassium, caloium, and
strontium salts, fat solvents, rapild temperature changes,

any foreign body, mechanical or electrical stimuletion,



ultra-violet irrsdistion, end hypertonic sea water all could
stimulate ¢lottinge On the other hand, MgSO,, NgCl,, NgCl,
in tissue extracts, 3% formalin, 10% peptone, ses water of
pPH 4,2-4.6, and oxalate or citrate prevented cell agglutins-
tion, Oxalaste and ciltrate prevented agglutination even in
the presence of most of the clotting agents but did not
prevent agglutination if fat solvents were used,

Donnellon repeated the experiments of Lillie (1909),
who found that reagents which caused pigment liberation also
caused agglutination of whole Arenlicoles laervae., Donnellon
found that thils agglutination could be prevented by first
oxalating or cltrating the larvae.

As & result of his work, Donnellon concludeﬁ that
calcium, a tlssue factor, end an agglutinin substance were
all necessary to clot formation in the see urchin, and that
pigment granule breskdown wes related to cell agglutination,

Liebman (1950) classifled the leukocytes of Arbacia

punctulate into two main categories: (1) trephocytes, which

are greanular, non-motlile or poorly smeboild, and have nitri-
tive functions, end (2) phagocytes. The trephocytes had
green, red, or.oolorless granules and were important in the
syntheslils and transport of food in the animel. The phago-
cytes were of several types: flagellated, amebold, fibro-
blastic, and petalold,with the smeboid and petelold cells
having the greatest phagocytic ability,
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vI LOWER CHORDATES

Biologists studying morphology, embryology, end evolu-
tionary problems have been especlally interested in the
invertebraete Chordata., The few non-vertebrste animals of
this phyium (Hemichordata, Tunicata, Cephalochordata) ex-
hibit meny of the typleal chordate characteristics In com-
paratively simple and unspeclalized forms. However, the
many special modifications peculiér to these anlimals have
made them quite unlike their hypothetical generslized sn-
cestors.

cuenot (1891 ¢) studied the blood cells of a tunicate,

Ascidls mentula. He described four types of smebocytes in

the blood and noted thet the orange~colored cells were not
found 1n the circulating blood but only in limited aress.
Nolf (1909 a) woarked with several of these animals,
being chiefly interested 1n trying to demonstrate thrombin
in thelr blood plasma and cells. He was unsble to demonstrate

any thrombin-like asctivity of Amphioxus or Cyona intestinalis

blood when mlixed with memmalian fibrinogen preparaticns,
However, he could not remove blood or lymph from an Amphiloxus
and had %o use a homogenate of the whole animal. Since
similar homogenates of fish, whose blood was shown to con=-
tein thrombin, had no effect either, Nolf believed that
tissue substances inactivated the thrombin. His experiments

with Amphioxus were thus inconclusive.
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Hecht (1918)'dbaerved the blood of the tunicate,

Ascidie atra. He found colorless plasma and several types

of blood cells. There were two types of unpigmented cells:

a homogeneous end readlly amebold sort, and & spherical sort
(probaebly several kinds) lacking any ectivity. The pigmented
cells were 8ll much alike, were slightly amebold, snd con-
tained green, orange, or blue granules. The green corpuscles
were the most sbundant and were found in all parts of the
circulatory system. The blue cells were less sbundant and
were derived from the green cells. The orange cells were
found (1like cuéﬁot, 1891 ¢) only in certein areas,

Blood clotting was caused by an agglutination of the
green and unpigmented corpuscles, plasma coaguletion being
entirely lacking. The cells agglutinated on contact with
sea water, but could also agglutinate inside the animal,
for 1f the snimals were wounded, the cells would agglutinate
before leaving the blood vessels., If uninjured animaels were
roughly handled, the blood cells would reversibly agglutinate
within the body. Hecht belleved thet in vivo clotting was
due to the release of some chemlcel into the plasma, for the
blood would only clot four or five times in vivo. After
that, stimulation of the animsl was without effect,

Hecht noticed that in sea water the cells sank to the
bottom of the container and agglutinated to give balls which
spread out to become discs; The sctivity of these cells was

similer to that observed in sponge and hydroid cells by



Wilson (1911), but no sort of orgenism was ever regenerated,
Parsons and Parsons (1923) observed the blood of

Phallusie memmilleta (mammalata) but did not observe clot

formetion (confirmed by Rogers, 1938).
George (1926) studied the blood of Perophora viridis.

He observed (1) green cells which were sometimes ameboid,
(2) infrequent orange cells, (3) colorless morula cells, (4)
granuler ameboid cells which were not phagocytic, (5) com-
partmental amebold cells, and (6) signet-ring type cells,
sometimes ameboid, which were senescent compartmental cells,
The compartmental amebold cells were thigmotactic and
flattened out and became actlively amebold upon contasct with
glass., They were attracted to other cells. George studied
(1930 a, b) the cells of some other ascidians and found
them rather similsr. Species observed were: Phallusis

nigra (Ascidla atra), Ecteinascidia turbinata, Clavelina

oblongata, Symplegme viride, Phallusis hygomiana, end Styela
plicata.

Ohuye (1936 a) studied the Japanese tunicates, Cynthia

roretzl, Styela clava, Chelysoma siboja, and Corella japonlca

var, asamushi, He found green amebold cells, orange smeboid

cells, brown cells, morula cells, grayish-olive cells, hya-
line phagocytic and amebold cells, compartmental cells,
gremlar phagocytic and amebold cells, and veslcular cells.
The vesicular and compartmental cells were asmebold when young.

Ho noted that the blood plasma of these animals did not
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coagulate and that the amebold cells were constantly farming
clumps. These cell-clots were not true plasmodia, although
the more central cells were somewhat indistinct. The finely
granular smebocytes were the most active cells, both in

movement and phagocytosise.
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VII DISCUSSION

It is apparent that no single scheme or theory can hope
at this time to explain all we know about the blood clot ting
process, The meny variations in thls mechanism as exhiblted
by the different invertebrates and by the vertebrates pre-
clude any simplé explanation, However, there are a few
general polnts of Interest.

Cell clot formation seems to be composed of two related
phenomena which may or may not occur together. They are (1)
agglutination and (2) lysis. Agglutination of the cells
without accompanying lysis is probably the simplest sart of
clotting which the blood components can bring about. In such
animals as Daphnia and the tunicates thils is the only blood
clotting mechanism, |

In many animals somewhat more advanced in evolution,
the blood cells tend to be especlially predlsposed towsrd
lysis. In the crustaceans thls takes the form of a release
of small blebs of protoplasm llke those released under simi-
lar circumstances by the blood platelets (Quick, 1942).

Such lysis 1s often accompanied or preceded by cell agglu-
tination, but 1t may ocour separately. In animals in which
the plasma coagulates cell agglutination is not found as

- often, being Ilmpeded by the rapild blood coagulation.
Following lysis of the blood cells there is some sort

of gel farmation. In some animals, for instance Limulus,
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only the cell protoplasm solidifles. In others, the plasma
proteins also take part 1n clot formation. Although Loeb
seems to feel that coagulation of the cell protoplasm occurs
independently of the plasma, other writers, Talt 1n particu-
lar, believe that the so-called "cell coagulation" is really
a small-scale plasma gelling caused by release of & substance
from the destfoyed cells. Two different types of blood cells
seem to be necessary for Astacus blood clotting, one causing
a local coagulation and the other a more general plasma clot.

In the crustaceans (and in vertebrates) it hss been
proven that the blood cells release substances which cause
the plasma proteins to gel. However, the relationships of
the cellular elements to the plasma coagulation found in
insect blood are stlll obscure, although a generalized clot
formation following lysing of widely separated blood cells
(similar to the phenomenon notliced by Tait in certain
crustaceans) has been sesn in at 1eqst one gpoecies of insect
by Yeager and Knight (1933).

On the basls of Loeb's work with Limulus amebocytes,
Tait's bellef that the "first coagulation" in the Crustacea
is brought about by certaln blood cells releasing substances
which cause only a localized plasms gelation appears far-
fetched. It seems more likely that the explosive cells of
the crayfish release some cytoplasm upon lysis which itself
coagulates. However, the formation of the fibrils of coagu-

lum greatly resembles that of the more general "second



cosgulation" as well as the analogous process of fibrin
thread formation upon lysis of mammalian platelets.

A close psrallel between the plasma clotting found in
invertebrates and that in the vertebrates should not be
expected, for the only invertebrate chordates which have
been successfully studied (the tunicates) completely lack
such a process, The hemostatic mechenlism of plasma coagu-
lation probably arose quite separately in the two groups.

Plesma clotting seems %o be lacking in most invertebrate
animals but 1s found in som¥é arthropods and a few annelids.
The type of coagulation in the crustaceans resembles that of
mammallan blood in meany respects, but exhibits important
dirferences, For instance, the whole prothrombin-thrombin
mechanism seems to be entirely lacking, the coagulins from
both blood ecells and body tissue cells acting directly on
the fibrinogen. Furthermore, the fibrinogen and fibrin
found here resemble those of mammals in some chemical and
physical aspects but are far from identical. The blood
proteins found in these two groups of animals are completely
~unable to substitute for each other,

In insects, the plasma coagulation process as developed
in the ¢rustacea 1s lacking. The proteins (and perhaps other
substances of the blood plasms) form a firm gel . under cer-
tain clrcumstances, but the mechanism is clearly different.
A general relatlonship between the specialized sort of
colloldal protein change found in vertebrate blood clotting
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and the less understood processes In insects is suggested
by experiments which show that supersonic vibrations ine-
hibit both insect and human blood clotting.

Most investigators have found the decalcifying agents
to be without effect on invertebrate blood cells except when
used in such large concentrations that they have a direct
osmotic or poisoning effect. However, Donnellon's work
(1938) indicates that calclum may be involved in some way
in cell agglutination as well as in plasma coagulation.

The role of plasma constituents, especlally various ioniec
substances, 1n cellular agglutination has not yet been
sufficiently studied, Furthermore, the work of Lillie
(1909) suggests that cell agglutination is the result of
surface activity changes not 1n any way limited to blood
cells, although such cells are more sensitive to certain
stimuli. 1In general, cellular agglutination and cell lysis
seem to be caused by changes at the cell isurface. Such
changes in turn depend upon the permeability of the cell
meémbrane, as influenced by certain plasma or environmental
factors, and may be related to a release of sticky sub-
stances onto the cell. Such sticky material may be derived
either from the surrounding plasma or from the cell itself,

A careful evaluation of the data on invertebrate blood
cell agglutination and lysis on the basis of what we know
of similar phenomena in the vertebrates would be somewhat

premature, for our theories of mammslisn platelet and
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leukocyte activity are still in a state of flux (compare
Quick 1951 and Lutz, 1951 with Sllberberg, 1938 or with
Quick, 1942). With respect to the platelets, for instance,
Quick's latest theory (1951) that a coating of thrombin
causes them to become sticky and agglutinate, and that
heparin prevents this agglutination by removing or inactivat-
ing the thrombin is in need of conslderaeble modificatlon,
Iutz (1951) has shown that heparin actually initiates plate-
let agglutination in vivo. From our knowledge of invertebrate
blood cells, it seems more logical to suppose that while
thrombin may be concerned at times In the activation of the
platelet response, these cells may react in & similar man-
ner to the presence of many other substances (as do the
amebocytes of most invertebrates).

Hellbrunn and ¥ilson (1948) observed that heparin can
sometimes prevent protoplasmic clotting, in particular the

gelation of the Chaetopterus egg preceding formation of the

mitotle spindle. Perhaps the present confused picture re-
garding the effects of heparin on both invertebrate end
vertebrate blood systems might be made clearer by further
work using materials other than blood components.

The echinoderm theory of chordate development does not
seem to be affected by knowledge obtained in blood clotting
studies. Neither echinoderms nor lower chordates seem to
possess a true plasma coagulation, having only the more

primitive blood cell sgglutination process, Ascidians and
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echinoderms resemble each other in having s rather wlde
variety of blood cell types, but the specific sorts of blood
cells found in these two groups also occur in other Invertebrate
phyla. That no obvlous similarities between the blood cells
and plasma of echinoderms and of the lower chordates has beeén
found reflects, perhaps, the essentlially generalized condil-
tion of their blood.

Much of the support for this theory of chordate evolu-
tion has been obtained by work in serology. Wilhelmi (1942)
prepared tissue extracts from various animals eand injected
them into rabbits to produce specific antibody preparations,
By the use of precipitin tests, he showed that the relation-
ship between echinoderm and prochordate sera was closer than
that between annelld or arthropod and prochordate sera,
Among the echinoderms, the holothuroids seemed closest to
the protochordates, especislly to the hemichordates.

Using a direct spermatozoa or erythrocyte agglutination
method, Tyler and Metz (1945) demonstrated that Panilurus

interruptus serum contains several naturasl heteroagglutinins.

In general, they found that all specles of a taxonomlc class
behaved alike to this serum, any one specles absorbing the
ggglutinins for all animals in 1ts group. Although most of
the agglutinins were class-specific, they found that mammals
and echinoidea had a single agglutinin substance in common.
All vertebrates seemed to possess at least one reactant

found 1n the echinoderms. Tyler and Metz thought that many
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such reactants may have been lost in evolution, for teleosts
and amphibians share a common agglutinin substance with the
ascldians which is absent among the amnlotes.

In spite of the great diverslty found among the inverte-
brate metazoans, several authors, in particuler Llebmann
(1946, 1947), have tried to classify their blood and body
fluid cells according to a general scheme. Liebmann
believes that all these cells are either phagocytic or
nutritive in function, and he 1s able to demonstrate this
general division in ell animals studied. Unfartunately,

he has not been Interested in agglutination.

VIIT SUMMAKY

l. The processes of blood plasma coagulation in the
vertebrates and in the invertebrates are two

separate phenomena,

2. The plasma coagulation found in crustaceans shows
some parallels to that of mammalian blood plasma

but seems to have srisen quite independently.,

3, FPlasma coagulation in other invertebrates is either
completely lacking or else is a complex phenomenon
occurring in random specles. Among the insects, 1t
seems to be a fortultous process, lacking any true

physiological function,
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9.
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Simple cellular sgglutination is found in most

invertebrates but is not universal.

The changes in the blood cells causing them to
agglutinate may also lead to thelr lysis, which is
ordinarily followed by & coagulation of the cell
protoplasm and of some or all of the surrounding

blood plasma.

These blood cell phenomena gare an expression of
certain properties common to all cells but some
blood cells are far more sensitive to the

preclpltating factors,

These precipitating factors act primarily at the
cell membrane to increase cellular permeability,
perhaps by lonlc transfer. They may also cause
certain materials to be precipitated or released
onto the exterior of the cells, thus changling the

cell membrane in that way.

Cytoplasmic gelling and plasma gelling may be
baslcally simllsr, elthough the relatlionships are
as yet obscure.

There seems toc be no evidence arrived at from blood
clotting svudies which indlcates a particular
phylogenetic relationship between the echinoderms

and the chordates, However, studies using specific
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antisere and agglutinins seem to demonstrate a
closer relationship of chordates to echinoderms

than to any other 1lnvertebrate group.

The many sorts of blood c¢ells found among the
verious animels show marked differences from one
enother, Howvever, most blood cell types cen be

collected into a relatively few main groups.
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Abstract !

The purpose of this thesis is to discuss the role of inT
vertebrate blood and body fluld cells in clot formetion and H
related phenomena. Invertebrate blood physiology has been
most extensively investligated in some crustaceans aad in !
Limulus, a merostomatan. The insects heve also been studiedh
a good deal, and there has been some work on the annellds, h
mollusks, echinoderms, tunicates (ascidians), and others. ”

The three most imnortant hemostatic devices in verte- |

brates are (1) smooth muscle contraction, (2) blood cell

azglutination, and (3) plasma coagulation. Among the mammal

isn blood cells only the platelets are important in clot

formation, although the leukocytes may sometimes be involved|

According to the most recent theory, memmalian blood clots
as follows:
1. Thromboplastinogensse (platelet enzyme factor) acts

on thronboplastinozen (plasma factor) to zgive throm-
boplastin.

2. Thromboplastin + prothrombin complex = thrombia. i
3. Thrombin acts on fibrinogen to give fibrin. I

4., Thrombin labilizes platelets to give thromboplastin%
ogenase . i

In invertebrestes the same three besic nemnstatic mecha-F
|

nisms are found, although not usuzlly all-tosgether. Autotom&
|

is sometimes oresent also. Verlous sorts of cells are usualpk

|
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in vivo, but usually aggzlutinste when out of the body, and

cells are present they usually have some aggzlutineting abilis

|

ly found in the blood or body fluid. They may not be amebolh

they may facilltate plasma coagulation.

Upon artificial separation, some of the tissue cells in

the Porifera and Coelenterate zgzlutinete to form small masses.

I'ne simplest invertebrates to show an agglutination of nstu-
rally free-floating body fluld cells are the Bryozoa, and the

Brachiopoda are the simplest to show an agglutinstion of

blood cells,
The Mollusca have abundant blood cells, which reasdily |

|

azglutinate 1n vitro, forming networks end chains. J1hese

|
cel!s are important both in hemostesls and ia wound hesling.

Plasma coagulation is completely lacking.

The Geohyrean worms have & varlety of body fluid cell |

types, some of which may coalesce in vitro. ,
The blood cells of the Annelida vary markedly among thei
different species, some anlimals lackins them entirely. When
r

ty. Meany earthworms eject coelomic fluid through the dorsalf
nores when irritated. This fluld soon solidifies, usually

from the egzlutination of 1lts cells, but in at leest one

earthworm, Pherstima siseboldl, it can coagulate even if the

cells are removed.
The arthroood whose blood has been most extenslvely

studled is the Limulus. Although its blocd cells are usual-

1y non-motile in vivo, they coalesce upon leaving the body |

1
|
|
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to form an elastlc clot and willl slso surround any foreign |

material placed 1in the animel's hemocoel. Limulus has only

one kind of blood cell, end if the cells are carefully col-

lected they may be grown in tissue culture., Contact of the

blood with most foreign materiels or eany kind of shock causeh
(2)]

These cells are unusualh

the cells to (1) become liguefied, leading to lysis, and

undergo a porotoplasmic coagulation.

1y permeagble to many substances, and thelir agglutinetion is
closely releted to colloldel caeanses 1la the outer layers of
ths cell »rotoolasm.

The other Uhelicerata hcve besn studied only rarely.
Jell clottingz has been observed 1n some scorplons and spiders,
but the occurrence of plasma coegulation is still in doubt.

Much experimental work has been done on the blood of ths

W

Crusteceans. Two main stepns have been observed 1an these anil
mals' blood clotting, slthoush meny species exhibit oaly the
"first coesgulation", caused by a cell agslutination similar

to that found in Limulus. The "second co:zgulstion" is a

true plesma coagulation. Various theories have besn »nut

most recent

J

|I
view is that a coagulin substance 1s Tound in blood cells anQ
|

forth to explain Crustacean blood clotting. The

in some body tissues.

This coagulin acts on the plasme fi-

brinogen in the vpresence of calclum Lo vnrecipiteate

Tibrin

These blood oroteins seem to be z2llike in all Crusteceans in

which they are found. However, they are unllke the analogoup

memmalian blood components. The presence of blood cell ag-




glutination, cell lysis, and plasma clottling cannot be corre:
lated with taxonomlc relations. I

Blood clotting has been extensively studied in insects.|

In many specles the cells will agglutinate to form a clot,

and a true plasma coagulation 1s often observed. LHowever,

this vplasma coagulation occurs 1ln a random assortment of

:
svecles and 1ife stazes snd does not seem to heve any vhyslo-
|

logical significance. It differs from that of the crustaceai

]
|
|
|

18

in not beinz inhibited by decalcifying agents. }
Meny sorts o blood and body fluld cells are found in L

|
Most investigators belleve that the clot J

the echinoderms.
formed by the vnerivisceral fluld consists solely of aggluti-‘

s tisst
|

nated cel's. Recent work seems to show thet calcium,
factor, and an agglutinin substance are all essential.
| The only lnvertebrate Chordeta whose blood hzs been
extensively studied are the tunicates. In these gnimals
plasma coezgulation 1s entirely absent, but the blo-d cells

readlily eagglutinate both in vivo and outslide the body.

Althoush plasma coagulation of crustaceans shows some
varellels to that of mammallan blocd, the two processes seam“

to heve arisen independently and show esgsential differences.

ie

Plasma coagulati-n in other invertebrates 1is lacking or else
se=zms to be an sccidental phenomenon.
Simple blood cell agglutination, sometimes followed by

lysls, 1is found 1in most 1lnvertebrate animals., Cell 1lysis 1ig|




XX

usually followed by coagulation of the cytonlasm and some-
timee by a general plasma coagulation. These blood cell
changes are caused primerily by factors which act on the

cell membrane, althoush sticky materials may also be invelved.
Similar chanzes may eccur 1in other blolegicel systems. Al-
thouzh thelr respective blood cells show no special resem-
blance, serological evidence lndicates that the Chordates

are more closely allled te the Echinoderms than to any other
invertebretes. There are meny different sorts of inverte-
brate bleod cells, but most of them can be classifled inte

a few main groups.



