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The effect of tonlcity on the rate and amount of hils-
tamine released from several in vitro preparations was studied.
In hypertonic (1.2M) solutions of sucrose or mannitol, basic
histamine liberators released significantly less histamine from
dog liver particles, isolated mast cells, perfused guinea pilg
lungs, and perfused cat paws, than they did in isotonic solutions.
When surface-active compounds were used &8s nistamine liberators,
no significant differences were found in the amount of histamine
released in the two kinds of solution. The anaphylactic re-
action and anaphylatoxin were examined for their ability to
release histamine from guinea pig lungs perfused with isotonic
and hypertonic Tyrode. The results were similar to those:
observed winen bvasic liberators were used. The findings are
discussed in the light of thelr application to the mode of
histamine binding, and to the mechanism of its release.

The ability of soluble antigen-antibody complexes to
release histamine, both in vivo and in vitro is reported and

discussed.
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Literature Review

A. Sites of Histamine in the Body

1. Mast Cells | .

In 1953 Riley and West (1953a;b) publishéd é series of
papers in which they showed a convincing correlation petween
thé relative number of mast cells and the histamine content of
various tissues. Since that‘time workers in the'field of
histamine research have beeﬁ consciously concerned with mast
cells, thelr granules or tlssues that are rich in mast cells.
Because of the physidiogical Implications of'théir findings,
plus the fact that many of the observations méde in'this in-
vestigation were made using isolated mast cells and their gran-
ules, this thesis will beglin with a fairly detalled summary of
the literature about these cells. Mast cells have been much
8tudlied over the past sixty years and have been the object of
several reviews, first by Michels (1937) and more recentiy by
Riley (1954), Padawer (1957), and Fulton et al. (1957).

a. Morphology

The first problem to confront the writer is to deflne
a mast cell. Ehrlich (1879) first described them as cells of
the connective tissue, densely packed with granules which
stain metachromatically with toluidine blue and certain‘other
basic dyes. He belleved them to be over-nourlshed celis and
so conferred on them the name '"Mastzellen'". The cells were
actually discovered by several other workers some years

earlier, but it remained for Ehrlich to describe thelr meta-




chromatic stainlng properties. Some years later he described
similar cells in the blood (loc. cit. Riley 1954) but he noted
that they had different origins.from the tissue mast cells.
Asboe-Hansen (1954) has recently defined mast cells as "mesen-
chymal cells which contain cytoplasmic granules and a substance
with mucopolysaccharide characteristics”. Higginbotham and
Dougherty (1956) have shown that cells staining metachromatically
can be evoked by thé.injection of various polysaccharides and
their complexes with basic substances. This process, which they
refer to as "micellophagosis", leads to the formation of cells
they have termed as quasi mast cells. It is iﬁferred fhat this
process operates physiologically in the generation of tissue
mast cells. In later reports (Higginbotham & Dougherty 1955;
Higginbotham, Dougherty & Jee 1956) these workers showed that
fibroblasts ingest native granules from disrupted mast cells

and ultimately become indistinguishable from the mast cells.
Dougherty and Schneebell (1958), using microcinematographic
techniques, were able to show this process of granule ingestion
by fibroblasts in living isolated loose connective tissues of
mice.

Riley, on the other hand, observed that young mast cells
do not stain metachromatically (Riley 1953b). However, some
workers might argue that these cells are precursors and not
true mast cells. Perhaps the best defination for mast cells
would be: cells of the connective tissue heavily packed with
cytoplasmic granules which contain physiologically active

substances.




Mast cells are quite varilable in size and shape. Bloom
(1942) observed mast cells in dog mast cell tumors (mastocytoma).
The cells varied from round to oval, polygonal, spindleshaped
and rodshaped, According to Blpom,’Friberg, and Larrson (1956)
thelr size averages from 7 to 13 n. These figures agree with
those of earlier workers (Michels 1937). The cell membrane is
a thin structure of about 50 to 60 &. Bloom and his co-workers
were not able, in this study, to detect a double structured
membrane, although the same authors had earlier reported that
mast cells of dog mastocytomas possess a typlcal double mem-

" brane (Bloom, Friberg & Larrson 1956). The electron microscope
reveals a great number of finger-liike protrusions from the cell
membrane varying from 0.3 to 0.7 u in length and 0.06 to 0.08 nu
in thickness (Bloom, Friberg & Larrson 1956). The significance
of these protrusions is as yet unknown, but they are certainly
not unique to mast cells. Similar processes have been observed
in the cells of thyroid (Braunsteiner, Fellinger & Pakesch 1953),
gall bladder (Dalton, Kahler & Lloyd 1951), in the epithelium
of the resplratory passages (Bloom & Engstrdm 1953), in cells
of the inner ear (Engstrdm & Wersall 1953), cells of Henle's
loop (Dalton, Kahler & Lloyd 1951) as well as other cells.

The nucleus is usually round to oval and 4 to 6 p in
diameter (Fulton et al. 1957). Quite often it can not be seen
because of the large number of heavily stalining granules. These
granules have also been observed with the electron microscope.
Asboe-Hansen (1954) reported them to be plobular and consistently

0.3 u, while Bloom (Bloom, Friberg & Larrson 1956) found them
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to vary between 0.6 and 0.7 p in dog mast cells. Nakajima (1928)
did not measure the size of the granules but he did observe

that their size varied in different species. Zollinger (1950),
using the light microscope, considered them to be giant mito-
chondria, but later work with the electron microscope (Rogers
1956) revealed mltochondria which were distinct from the gran-

ules.

b. Origin

The bntogeny of tissue mast cells has not been definltely
established. They are first recognized in late embryonic life
but their origin is uncertain (Hjelmann 1954). It is generally
stated that mast cells occur in tissues in close apposition to
small blood vessels. This is interpreted by some to be due to
the fact that mast cells are derived from precursors located
in the adventitia of blood vessels and that they gradﬁally move
away 1Into avascular areas in the connective tissues (Riley 1953Db;
Fawcett 1955). Others believe that they develop from fibroblasts
(Montagna & Malaragno 1953). |

Mast cells apparently multiply by cellular division,
since both midotic and amitotic forms have béen seen in
dog mastocytomas (Bloom 1952)»and tissue cultures of human
skin (Zitcer et al. 1953; Zitcer & Kirk 1954). While Fawcett
(1955) did not see any forms of cellular division in rat
mesentary, he did note that following recovery ffom the action
of 48/80 mast cells are found in closely approximated palrs.
From these findings he suggests that cell division rather than

cell differentliation is the usual mechanism for maintalnence




of normal numbers .of mast cells in adult rats. The same

type of distribution has been reported to occur in hamster
cheek pouch followlng X-irradiation (Fulton et él. 1957).
Nakajima (1928) had earlier reported seeing mitosis in the
mast cells of warious laboratory animals. Arguments against
cellular division were presented by Cramer and Simpson (1944)
who were unable to find any mitotic forms in a series of skin

carcinomas they induced, and by Padawer who found no decrease

in mast cell numbers in rats treated with colchicine (Padawer &

Gordon 1955) and other antimitotic agents (Padawer 1957).

c. Cytological Properties

Montagna and Nobeck (1948) made an extensive study of
the cytology of mast cells in man, rat, hamster, dog and mouse.
They found alkaline phosphate to be associated with the gran-
ules,whlle acid phosphate was present in both the granules and
nucleus. Other enzymes found in the granules were cytochrome
oxidase, lipase, and a pseudo peroxidase. Investigating the
mast cells of man, rhesus monkey and rat, Wislockl and Dempsey
(1946) could not detect the presence of glycogen in the cells;
a finding which confirms the work of Nakajima (1928). In addi-
tion, they observed that ribonuclease did not affect the gran-
ules. Zollinger (1950) reaffirmed the fact that the granules
were not disrupted by ribonuclease, and he also showed that
basophilia is not abolished by desoxyribonuclease either. In
fixed tissues hyaluronidase does not alter the metachromasia
(Wislocki & Dempsey 1946), but the local injection of hyalu-

ronidase in biopsy of human skin is said to cause dissolution
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of the granules (Asboe-Hansen 1954). .Compﬁon (1952), however,
could find no evidence for this in:the hamster. Nakajima (1928)
reported that mast cell granules are highly susceptible to the

action of both pepsin and trypsin.

d. Distribution

Mast cells occur in all regions of the body.. Their
abundance 1s roughly related to the amount of connec%ive tissue
present (Nakajima 1928). They have been found in testis, ovary,
salivary glands, lymph nodes, liver, spleen, pancreas, heart,
prostate, bladder, lung, and omentum of various ahimals includ-
ing man (Michels 1937); as well as skin, thymus, uterus, mama,
and tongue (Staemmler 1921). There is a total absence of mast

cells in scar tissue, cartilage, and bone, and few or none are

. present in uterine mucosa and placenta. Nakajima (1928), how-

ever, repbrted a fair abundance of mast cells in bone marrow.
Recently mast cells were found in the '"gastric section" of
stomachs of albino rats (Campbell, Conroy & Sgouris 1952),
pfesumably.as a result of diagpedesis.

In general,; parenchymatous organs are poor in mast
cells, exclusive of the connective tissue of the capsule and
trabeculae (Riley & West 1953b). The exception to this rule is
the wide spread distribution of mast cells throughouﬁ the

parenchyma of dog liver (Nakajima 1928).

e, Mast Cells and Heparin

In a histological investigation of mast cells, Holmgren
and Wilander (1937) found that toluidine blue developed the

same color with mast cell granules as i1t does wlth nheparin.




They further noted that the dye precipitated out heparin from
dilute solutions and removed 1t from heparinized blood. The
extreme affinity of toluidine blue for heparin, plus the
specificity of the staining reaction, suggested to these work-
ers that mast cells contained heparin. Jorpes and hls assoclates
(Jorpes, Holmgren & Wilander 1937) analyzed the heparin and
mast cell content of large blood vessels. They found that the
amount of heparin obtained was in proportion to the number of
mast cells. Wilander (1938) continued the study to show that
this correlation exists in other tissues. O0Oliver, Bloom and
Mangiera (1947) reported the presence of an extremely high
concentration of heparin in a dog mastocytoma. Cass and her
associates (Cass et al. 1954) have also shown that mast cell
tumors are very rich in heparin. A subcutaneous mastocytoma
in a dog contained 30 times more heparin than corresponding
normal tissue.

Heparin 1is released during anaphylaxis in dogs but its
release depends on the presence of the liver (Jagques & Waters
1941), Extensive damage to mast cells of the liver was found
after the shock.

While it is unanimously agreed that heparin 1s contain-
ed in tissue mast cells, 1ts location within the cells is still
a matter of controversy. K8ksal (1953b)has isolated mast cell
granules from mouse subcutaneous tissue and found them to con-
tain a heparin like substance. Riley (1956) believes that mast
cell granules are not mere polymerizations of heparin, but
rather intracellular osmometers from which heparin can be

released. Heparin is present 1n the large granule fractlion of




dog liver homogenates and can be released by the same physical
and chemical procedures that release histamine (Grossberg,
Garcia~Arocha & McIlreath 1956). It is associated with the
granules of rat peritoneal mast cells, but in this instance

can only be released by the most severe chemical treatment
(Garcia-Arocha 1958). Friberg (Friberg, Graf & iberg 1951)

has also expressed the opinion that heparin is contained within
the.mast cell granules.

Julén and her assoclates (Julén, Snellman & Sylvén 1950)
have fractilonated cells from ox liver capsule and state dogma-
tically that heparin is in the intergranular cytoplasm. The
metachromasia of the granuleé, fhey say, ls due to aggregates of
métachrométic material attached to the granule wall, from whlch
it can easily be washed off. Correspondingly, Hedbom and
Snellman (1955) found much less heparin in purified mast cell
granules than in the fresh unfractionated tissue. The present
author is somewhat skeptical of their results because according
vto thelr scheme, they sedeminted the granules by centrifuging

at 850 g., a force which will not separate even larger particles.

f. Mast Cells and Histamine

Riley reported that stilbamidine, a known histamine
liberator, glven in lethal doses to rats produced fluorescent
spots along the blood vessels of loose connective tissue, an
area where mast cells may be found (Riley 1953b). He and
West (l953b) found that the histamine content of such tissues
was reduced following disruption &f mast cells by stilbamidine.
A comparative study of mast cell abundance and histamine qontent

of various tissues (Riley and West 1953 a,b) showed a very strong




correlation between these two. The correlation was strength-
ened further by investigations made on mastocytomas 1in dogs
which showed histamine to be present'in very high concentra-
tions (Cass, et al. 1954; Bloom, Friberg & Larrson 1956;
Larrson 1957). More recently high concentrations of histamine
have been found in mast cell tumors in mice (Furth, Hagen &
Hirsch 1957). The mous2 tumor is transplaﬁtable and contains
concentrations of histamine as high as 4.2 mg./gm. of tissue.
Dunn .and Fotter (1957) have also reported on a transplantable
mastocytoma in the mouse, but in this case, no intensely
granulated cells were evenkfound in the transplants of the
tumor.

Meanwhlle Graham and her co—workers, investigating the
" distribution of histamine in blood elements of humans, found
fifty times more histamine in the basophils, weight for welght,
than in any other type of leucocyte (Graham et al. 1952). This
observation led them to investigate what correlation might
exlist between histamine and tissue basophils. Mast cells were
counted in dog skin and the histamine content of the various
layers was determined. It was found that both the histamilne
concentration and the mast cell count were highest in the outer
layer. They calculated that if all the histamine were assigned
to mast cells, the average content of a single cell would be
6 uug. (Graham et al. 1953). This value, together with an
estimate of the mast cell size, indicates a content of about
1% histamine or a cell concentration of 100 mM/Kg. In a
continuation of this study (Graham et al. 1955) they reported

a confirmation of Riley and West's' correlation of histamine
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and mast cells in the dog liver capsule.

While only one report of mast cell tumors in man has
been made (Hissard, Moncourlier & Jacquet 1950), there is a
more common pathological'condition known as urticaria pilgmentosa
which resembles a mastocytoma, One such lesion removed from |
a child contained 950 ug. of histamine per‘gm. of‘tissue
(Riley and West 1953a). The tissue was composed almost entire-
ly of mast cells and 1t was completely'dévoid of eosinophils.
Many cells were pleomorphilc, and mitotic forms were occaslon-
ally seen. |

Provided with such a rich source of histaﬁine, many
workers began to use mast cells to study the problems related
to the mode of binding and release of this amine. Mota (1953)
injected 48/80 and stilbamidine into the peritoneal cavity of
rats. Histological examination of the mesentery following the
treatment revealed that the mast cells were disrupted and their
granules extruded. He also observed the action of 48/80 under
the light microscope, in which he described a bubbling of the
mast cell surface for a few seconds. Benditt et al. (1954)
were able to show that ovomucold injected intravenously into
~rats caused a dlsruption of mast cells in the skin of the dor-
sum of the fobt, and the production of edema. Later, they
showed thét histamine 1s released from mast cells of rat peri-
toneal cavity after freezing and thawing the ceiis (Benditt
et al. 1955).

Fawcett (1955) obtalned mast cells from rat peritoneal
cavity and found them to be rich in histamine. He also injected

water and U48/80 into the cavity and found large quantities of
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histamine in the fluid. Histologlcal examination showed dis-
ruption of mast cells. When 48/80 was injected subsequent to
distilled water treatment, it released no histamine. Norton
(1954) also showed that 48/80 disrupts rat peritoneal mast
cells, however, she did not make any determinations concerning
histamine release.

Padawer (1955) has developed a method for the puri-
fication of mast cells obtained by peritoneal lavage in rats.
The method has been modified by Glick and his associates
(Glick, Bonting & DenBoer 1956) and by Benditt (Benditt et al.
1955). Other workers (Schayer 1958; Garcia-~Arocha 1958) have
preferred to use the unpurified washings of rat peritoneum.
Incubation of such cell suspensions with various histamine
liberators results in the discharge of large amounts of his-

tamine (Garcia-Arocha 1958; McIlreath this thesis).

g. Mast Cells and Serotonin

Direct analysis of mast cells obtained from rat peri-
toneal fluild (Benditt et al. 1955) shows that they contain
about 0.7 ne. of serotonin (5-hydroxytryptamine) per cubic
millimeter of cells. Parrat: and West (1957) have confirmed
the association of serotonin with tissue mast cells in rats and
mice. They also notedvthat this amine 1s not concentrated in
mast cells of guinea plg, dog, man, rabbit, cow, hamster and cat.
Indeed, even in rat skin where over 50% of the total serotonin
of this animal is located, there seem to be places other than
mast cells where serotonin 1s located. More recently Cass,
Marshall and Riley (1958) have found serotonin to be present

in a rat mastocytoma,.
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Lagunoff and his associates (1957) reported that a mat-
erial which acted like serotonin on the rat colon appeared in
rat skin which had been incubated with 5-hydroxytryptophan.
Similar results were obtained With mast cell suspeﬂsions from
rat peritoneum. It was concluded from these studies that
serotonin is produced in mast célls of rats. |

Bhattacharya and Lewis (1956b) found that ‘an intraperi-
toneal injection of 48/80 in rats disrupted mast cells, causing
a liberation of both histamine and serotonin. When 48/80 was
injected into the perfused'hindquarters of rats both amines
appeared in the perfusate, but 48/80 released only histamine
from perfused tissues‘of fabbits, cats, and dogs(Ehattacharya
& Lewis 1956a). Serotonin was also released from perfused rat
intestine by 48/80 or, if the animal had been sensitized, by
the specific antigen (Garcia-Arocha 1958).

Mast cell tumors of mice contain large amounts of sero-
tonin and histamine, while those of dogs are rich only in his-
tamine (Sjoerdsma, Waalkes & Weissbach 1957).. The same authors
showed that skin from humans with urticaria pigmentosa contalns
much histamine but very little serotonin. Carcinold tumors,
on the other hand, are well known to contain large quantities
of serotonin but only small amounts of histamine (Page 1958).

It is surprising that although serotonin ls a known
constituent of mast cells in the rat, its subcutaneous injectlon
in this species causes mast cell disintegration (Rowley &
Benditt 1956). Asboe-Hansen (1956) reported that its intra-
peritoneal injection in hamsters resulted in damage and de-

granulation to mast cells, and Feldberg and Smith (1953) found
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serotonin released histamine from perfused skln flaps Qf
cats and dogs.

Mota (1957) has shown that mast cells in the rat are
disrupted during the anaphyléctic reaction. Coupled with this
is the findlng of Garcia-Arocha (1958) that the addition of the
specific antigen to perfused intestine of sensitized rats re-
leases serotonin. This evidence may explain the papadox re—
ported by Kellaway (1930), that while rat uterus relaxes upon
the addition of histamine, it contrécts in a Schultz-Dale
reaction: for serotonin powerfully stimulates the smooth
muscle of this tlissue. Recently Fink (1956) has attributed the
uterine contraction of a Schultz-Dale reaction in ﬁouse to the
‘action of released serotonin,

It appears from the foregoing review that serotonin is
specifically associated with mast cells only in the rat and
the mouse among the common laboratory animals. Serotdnin is
indeed released in rabbits during anaphylaxis (Waalkes et al.
1957) but quite likely it comes from platelets (Humphrey &

Jaques 1955) and not from mast cells.,

h. Theories Concerning the Function of Mast Cells

Theories concerning the function of the metachromatic
granules in the mast cells are almost as numerous as the cells
themselves. Michels (1937) in his monumental review of mast
cells enumerated 25 theories concerning their function, and
5 more with regard to the cguse of the metachromasia. However,
it would be of little value to 1list them here. Since that time
- workers have been more cautious. Jorpes (1946) has referred

to these cells as heparinocytes, and believes they function in
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the production and secretion of heparin. Asboe-Hansen prefers
to think that mast cells are concerned with the production of
hyaluronic acid. He postulates that under hormonal influence
mast cells secrete hyaluronic acid, perhaps by way of a heparin
precursor (Asboe-Hansen 1954). 1In spite of the convincing
evlidence for the presence of histamine in the mast cells, Riley
(1954) believes the riddle of the mast cells is still unsolved.
There can be no doubt that mast cells can discharge their
potent constituents in response to a variety of pathological

or pharmacological stimuli; but evidence 1is sadly lacking that

such a discharge occurs in response to any physiological stimulus.

2. Histamline in Cells Distinet From Mast Cells

a. Blood

In their original publication, Barsoum and Gaddum (1935)
found six times as much histamlne in the blood cells than in
the plasma of the rabbit. Code (1937) made a detalled study
of histamine in blood. He noted that when precautions were
taken against trauma, clotting and deterloration of blood,
much lower quantities of histamine were found in the plasma.
Thls is especially true in rabbit blood, however, even when
extreme care 1is taken some histamine is still present in the
plasma of dogs, cats, rats, guilnea pigs, and rabbits (Emmelin
1945). The histamine content of red cells is also very léw.
Code (1937) extracted histamine from pure red cells and found
only very small amounts present. In addltion, patients wlth
erythremia, (a disease in which red cells are present in ex-
cessive numbers) have normal quantities of histamine in their

blood (Valentine, Pearce & Dawrence 1950).
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Platelets from the blood of most animals contain very
little histamine (Code 1952). The exception is the rabbit.
Code (1937) obtained deposits of rabbit platelets and found
them to contain histamlne, but he was reluctant to draw any con-
clusions from this observation. Later, Zon, Ceder and Crigler
(1942) performed a series of experiments using anti-platelet
sera. They found a definite correlation between the concen-
tration of histamine and the number of platelets. Other
workers, (Grafa & Rocha e Silva 1945; Rocha e Silva, Grana &
Porta 1945; Humphrey & Jagues 1955) have obtalned evidence that
most of the blood histamine of rabbits is located in platelets.

In other species, which all have low blood histamine
levels compared to rabbits, seventy to one hundred percent of
the extractable blood histamine is contained in the white cells
(Code 1937). This observation has been confirmed many times
.(Minard 1941; Rose & Weil 1939); The non-granular series of
leucocytes, however, contain insignificant amounts of'histamine.
Examination of pleural exudates containing 70-80% neutrophils,
showed these cells to contain little histamine (Code 1937).

Graham and her associlates (Graham et al. 1952) have
made a study of the distribution of histamine in blood elements.
They have found that basophils of normal humans contain 50
times more histamine than any other type cell. Moreover, in
patients with myelogenous leukemia these cells contailn 90%
of the total blood histamine. It should be remembered that

there is a definite histological resemblence between basophlls
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and tissue mast cells, indeed some workers have even referred
to them as circulating mast cells.

The case for eosinophils has been valiantly defended
by Code (1956), but the evidence stated above against their
being the major site of histamine storage in the blood is, I

feel, too strong.

b. Other Cells

There can be little doubt that histamine is not exclus-
ively contalned in mast cells, as has been shown 1n the above
section. Even 1f one were to overlook histamine in blood,
there are still tissues in the body -~ the stomach mucosa for
example - which are rich in histamine but contain few mast
cells., As yet no one has been able to assoclate histamine
with any cellular component other than mast cells. Riley
and West (1956) have suggested the goblet cells of the stomach
mucosa as a possibility but only on the basis of their meta-
chromasia. This by 1tself can not be considered éS‘a serious
- argument, since cartilage which also staiﬁs metachromatically
contains no histamine.

B. The Release of Histamine by Various Means

Histamine release both in vivo and in vitro has been
studied extensively for many years. Analysis of the procedures
used to bring about the discharge of histamine from its cellu-~
lar sites can yleld frultful information concerning not only
its mode of binding but also the mechanism by which it 1is
released. The means avallable to liberate histamine are

extremely varlable, ranging from agents which cause general
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cellular destruction to highly specifilc compounds which appear
to act only on cells (or cell particles) which contain his-
tamine and heparin. Since the studies outlined in this thesis
consist in the use of several different means of releasing
histamine it seems worthwhile to review the various methods

of releasing histamine.

1. The Angphylactic Reaction

The literature prior to 1940 regarding experimental
anaphylaxis has been thoroughly reviewed by Dragstedt (1941)
and Feldberg (1941). I shall therefore limit myself, for the
most part, to a review of the more recent work done in this
field. However, to refresh the reader it would first seem
appropriate to cite some of the work which ultimately led to
the final proof that histamine 1s released during anaphylaxis.

The first detalled analysis of anaphylaxis was made by
Portier and Richet (1902). Later their observations were ex-
tended by Biedl and Kraus (1909) and Arthus (1909, 1910a,b).
In thelr investigation of the symptomology of anaphylactic
shock, the latter authors emphasized the fact that the sud-
den drop in blood pressure was not of cardiac origin. Dale
and Laidlaw (1910) expressed "as a point of interest and
possible significance" the resemblance between the pharmaco~
logical actions of hiétamine and those seen in anaphylaxis.
However, at tThat time it had not been established that hist-
amine was present in normal tissues, and it did not seem like~
ly that sufficient amounts could be formed to account for the

immediate and profound symptoms in anaphylaxis.
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Manwaring and his assoclates (1925) reported that a
smooth muscle stimulating substance was released during ana-
phylactic shock in dogs. Their conclusion was based on the
fact that the blood from shocked animals could cause contrac-
tions of the urinary bladder and intestine when injected 1nto a
normal dog.

After Best and his associates (1927) had firmly estab-
lished that histamine is a normal constituent of normal
animal tissues, Watanabe (1931) analyzed the liver from shocked
and non-shooked dogs for thelr histamine content. He found
approximately four times as much histamine in three non-shocked
dog livers than in four shocked dog livers. However, 1in the
light of later findings (Feldberg & Kellaway 1937), that there
%are extreme variations in the amount of histamine normally
pfesent in any organ, these results seem to hold little signifi-
cancé. l

Further evidence supporting the view that histamine is
released during anaphylaxis was provided by Dragstedt and
Gebauer-Feulnegg (1932). They observed in thoracic duct lymph
':ofvshbcked dogs, the sudden appearance of a smooth muscle
stimulant which possessed many of the properties of hlstamine.
Fourbyears later a histamine-llke substance, whose activity
could be abolished by histamlnase, was detected in the blood
of shocked dogs (Dragstedt & Mead 1936). Code (1939) found
increased amounts of histamine 1n the blood from shocked guinea
pigs. Still later Ojers, Holmes and Dragstedt (1941) demon-
strated that histamine 1s discharged from dog llver durling ana-

phylaxis. Before they injected the antigen, a plece of liver
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was removed and 1ts histamine extracted. A second plece was
removed twenty minutes after the injection. A significant
decrease was found in the liver histamine following the in-
Jectlon of the antlgen; in one experiment the histamine con-~
tent dropped from 60 to 6 pg/gm. of liver.

Many reports of histamine release from sensitized
tissue in vitro can be found in the literature. Bartosch, Feld-
berg and Nagel (1932) detected increased amounts of histamine
in the effluent of perfused guinea plg lungs following the
addition of the specific antigen. Schild (l936a) confirmed
these findingé. He was also able to show that more histamine
appeared in the perfusate than could be accoﬁnted for by the
conversion of histidine present in the antigen he used (egg
‘white). Other perfused organs from which antigen has been
shown to release histamine are dog liver (Scroggie & Jaques
1949); dog skin (Feldberg & Schachter 1952); rabbit skin, liver
and intestine (Schachter 1953) and rat intestine (Garcia-Arocha
1958).

Ungar and Parrot (1936) showed that it was sufficient
merely to place a piece of sensitized guineaApig lung in con-
tact with the antigen in vitro to bring about the discharge
of histamine. Schild (1939) developed this simple diffusion
technique to detect histamine liberation fpom isolated tissue.
With 1t he was able to show quantitatively that histamine was
set free from a variety of tissues by the action of the anti-
gen. He observed too that no correlation existed between the

histamine content of a tissue and the amount released by the
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antigen. Emmelin, Kahlson and Lindstrom (1941) used similar ¢
techniques to demonstrate histamine liberation from sensitized
dog tissue.

Histamine can also be discharged from blood cells of
sensitized rabbits into the piasma when the specific antigen
1s incubated with whole rabbit blood. Katz (1940) was the
first to show this type of in-vitro anaphylaxis. His results
were confirmed and extended by Dragstedt (Dragstedt et al. 1940);
Rose and Browne (1941); and Carryer and Code (1950).

More recently Humphrey and Jaques (1955) showed that
histamine and serotonin are released from platelets of sen~
sifized rabbits in the presence of plasma and the specific
antigen. They emphasized the importance of plasma in the
reaction, for even heating the plasma to 56°C. for 30 minutes
or removing the calcium ions from it abolishes the reaction.

Rose (Rose & Weil 1939; Rose 1941) reported a reduction
in the concentration of histamine 1n the whole blood of in-
tact rabbits during anaphylaxis. These findings can be ex-
.plained on tﬁe basis of diffusion into the tissues of histamine
released from the platelets or by the simultaneous trapping of
platelet thrombi in various organs (Fidler & Waters 1946).

A major contribution to the study of histamine rélease
in anaphylaxis has been made by Mongar and Schild. In a re- .
cent series of publications they have made a detailed study
of 1in vitro anaphylaxis in guinea plg tissues. They found
that histamine can be readily released from finely minced
lung tissue from sensitized guinea plgs when 1t is incubated

with the specific antigen (Mongar & Schild 1954, 1955a). The
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amount of release is roughly dependent on the‘tissue fragment
size; the smaller the fragments the less the release. If the
tissue is homogenized and the intracellular particles incubated
with the antigen no histamine release occurs. Grossberg (1954)
had earlier made the same observation using dog liver particles.

In a continuation of the study (Mongar & Schild 1955b; 1957)
they investigated the effects of chemical inhibitors of ana-
phylaxis, as well as oxygen lack, in an attempt to determine
the varlious steps involﬁéd in the anaphylactic reaction. The
substances tested, which included metabolic inhibitors and
antipyretics all inhibited histamine liberation even though
desensitization occured with some of the agents. Histamine
release induced b organic bases was potentiated by theée com~
pounds, indicating to Mongar and Schild that the mechaniSm of
histamine release in anaphylaxis differs from that caused by
the histamine llberators.

Anaphylactic shock has been experimentally investigated
in a wide variety of animals and histamine release has been
demonstrated in mostAof the aﬁimals. Of those used by early
workers, only rats seemed to be resistant to anaphylaxis
(Longcope 1922).. These conclusions wefe most probably the re-
sult of poor sensiltization of animals, because later work
(Parker & Parker 1924) revealed that anaphylactic shock could
be produced in these animals. In recent years anaphylactic
shock in rats has been observed by several workers (Halpern
et al. 1955; Mota 1957} Sanyal & West 1958; Garcia-Arocha 1958).
However, the reaction in rats is distinct from that in other

species in that serotonin as well as histamine is released
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(Sanyal & West 1958; Garcia-Arocha 1958).

2. Anaphylatoxin

The first experiments concerning anaphylatoxin were made
by Friedberger (1909). He found that when the precipitate ob-
tained by mixing antigen with antisera was incubated with nor-
mal guinea plg serum a toxlc principle was formed. Injection of
the activated serum into a normal guinea pig led to a shock
condition which was almost ldentical with anaphylactic shock.

He named the toxic principle responsible for the shock ana-
phylatoxin. .

Bordet (1913) added to the facts concerning the genesis
of anaphylatoxin. He found that it was not necessary to use
antigen and antisera. Incubation of normal guinea plg serum
with agar or starch was sufficient to activate anaphylatoxin,
which he believed to exist 1In normal serum in the form of a.
precursor or matrix. Four years later Novy and deKrﬁif (1917)
discovered variations in the potency of anaphylatoxins pre-
pared from different specles. They observed that anaphylatoxin
prepared from rat serum was four to ten times more potent than
that produced from guinea pig serum, while those obtained from
oxen, horse, dog and man were even less actlve.

In 1950 Hahn and Oberdorf (1950) showed that antihistamin-
ics prevent the snock produced in guinea pigs by the intra-
venous injectlion of anaphylatoxin. This observation prompted
Rocha e'Silva (Rocha e Silva et al. 1951; Rocha e Silva 1952;
Rocha e Silva & Aronson 1952) to look for histamine in the
perfusate of organs injected with anaphylatoxin. Large quant-

ities of histamine, as nigh as 100 upg., were found to be re-.
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leased from lsolated guinea pig lungs perfused with Tyrode
following the injection of 4 ml. of rat serum anaphylatoxin.
Rocha e Silva and his colleagues noted that heating the serum
to 55 = 60°C. for one hour completely destroyed its capacity to
be activeted. However, after the serum had been activated, 1t
Qould be heéted to 69°C. for one hour without destroyinglmore
than half of i1ts activity. The anaphylatoxin is non-dialysable
and appears to be a protein since precipitation of the protelns
by ammonium Suiphate or ethyl alcohol lnactivates the serum.
Anotherfinteresttg observation made by Rocha e Silva and his
co-workers was that cltrated blood could not be activated to
any great extent. The effect of the citrate is not due, they
sald, to the removal of calcium, lons gince blood decalcified
by treatment with a cation exchange resin retains its capa-
bilitity to be activated. Rothschlld and Rocha e Silva (1954)
made a systematic study of the effect of lonlc strength on
plasma activation. Thelir results showed that the inhibitory
action of several anions paralleled fheir position in the
lyotropic series. Mota (1957) reported that anaphylatoxin
produces no mast cell alteration in rats either following its
intravenous injection or its incubatlion with rat mesentery.
However, when anaphylatoxin was'incubated with guinea pig
mesentery "very conspicuous alterations of mast cells occur".
Thé exact meaning of the findings obtained in experi-~
ments using anaphylatoxin is not clear. Friedberger believed
anaphylatoxin was formed durling anaphylactlc shock, and on this
~assumption he developed the humoral theory of anaphylaxis.

However, later work, particularly that of Schultz (1910),
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Dale (1913), Bartosch et al. (1932) and Jaques and Waters
(1941), which showed that blood is not necessary for the pro-
duction of anaphylaxis cast doubt on the Friedberger theory.

Iﬁ defenée of 1it, oné might argue that a great deal of plasma
protein, including presumably some anaphylatoxin precursor

is left in the interstitial fluld of any tissue, however well
its blood vessels have been rinsed free of blood by perfusion.

" One thing is clear, at any rate, and that is that anaphylatokin,
particularly that prepared from rat serum, is a potent his-

tamine liberator.

3. The Soluble Antigen -~ Antibody Complex

Within the last year several publications have appeared
reporting the production of anaphylaxis in non~sensitized
animals through the use of soluble antigen—antibody complexes,
The first and most extensive of these reports was made by
Germuth and Mckinnon (1957). They inveétigated the effect of
antigen-antibody complexes on intact unsensitized guinea pigs.
Their results show that when the complex 1s dissolved in an
excess of antigen, its intravenous injection caused symptoms of
severe anaphylactic shock to develop. Only rarely did super-
nate fluid from mixtures of antigen and antibody prepared in
excess antibody give rise to any symptoms. These observations
demonstrate two very striking facts; 1. the shocking property
of antigen-antibody mixtures is due to the presence of soluble
antigen-antlbody complexes, and 2. anaphylactic shock does not
require interaction of the antigen with antibody "fixed" in the

tissues.
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Tokuda and Weisser (1958) produced anaphylaxis in white
micé with soluble antigen-antibody complexes. They prepared
the complex in two ways. In one method they incubated rabbit
antisera with excess antigen., The amount of antigen used was
eight times the amount determined to be present in a pre-
ciplitate formed at the zone of equivalence. The second method
used was to incubate the antisera with enougn antigen to obtain
the precipitate at the zone of equivalence. The precipitate
was washed twice with cold physlological saline and then in-
cubated with excess antigen in saline. The animals reacted
in the same way uniformally to the injection of complexes
prepared by these two methads. However, the complex prepared
by the first method kllled a higher percentage of the animals
injected.

Although the second type of complex was not as lethal,
it represents a more pure solution since it does not contaln
any of the other plasma proteins. This is particularly import-
ant in preparations such as perfused cat skin which sometimes
shows histamine release when foreign proteins are injected for
the first time (PFeldberg & Schachter 1952).

The only other report concerning soluble complexes to
which the author 1s aware was made by Ishizaka and Campbell
(1958), who investigated the skin reactive properties of
soluble complexes. They found that intradermal injections of
mixtures of antisera and excess antigen into previously
blued guinea plgs caused a typlcal local skin reaction to
occur. Thelr results were not too impresslive because 1nject-

ing normal serum or antisera also produced some diffusion of
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dye into the skin. To overcome this difficulty they separated
out the various protein components of the antisera by starch
electrophoresis. A slow © globulin fraction was found to poss-
ess skin reactive properties when mixed with excess antigen.
When a mixture of this fraction contalned an excess of antili-
body, no local skin reaction occured.

It is not surprising that normal sera or antisera pro-
duced local skin reactions. Bliss and his associates (Bliss
& Stewart 1957; Bliss et al. 1957; Bliss et al. 1959; Bliss
and Walker 1959) have shown that homologous, non-autologous
plasma from dogs and man contain a factor which produces an
Increase in permeability and the formation of a wheal when
‘injected intradermally. They have conclusively shown that in
dogs the local skin reactions produced by these plasmas are
due to the release of histamine by the above mentioned factor.
Once again these results point to the advantage of using sol-
uble complexes prepared accordlng to the second method of
Tokuda and-Weisser.

Thus far all the published reports concerning the use
of soluble complexes deal only with symptoms which resemble
those seen in anaphylaxis. In the experimental section of
thls thesis it will be shown that soluble complexes pre;
pared in excess antlgen are aﬁle to release histaminé both

in vivo and in vitro.

4, Chemical Agents

a. Basic substances

The first evidence that tissue histamine could be

released by comparatively small doses of a simple well-defined
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chemical compound was provided by Alam and his co-workers
(Alam et al. 1939) when they found curare caused histamine to
be released from dog skeletal muscle. They also noted that
following repeated injection of curare the histamine content of
the muséle was reduced. Several years later, Schild and Greg-
ory (1947) reported that strychnine possessed the same powers.
In the same year MacIntosh and Paton (1947) showed that many
other organic bases were histamine liberators; and a little
later (1949) published an extensive and thorough report of
histamine release in intact dogs and cats using a series of
diamines, diamidines, diguanidines, diisothioureas and mono-
amidines. Intravenous injection of these compounds resulted
in the appearance of increased amounts of histamine 1n the
plasma. In addition their injection closely mimicked the
symptoms of anaphylaxis -~ a sudden but somewhat delayed drop
in blood pressure, and in the dog, incoagulability of bloogd.
Many other compounds have since been added to the
original 1list of basic histamine liberators. Paton (1951)
reported that compound 48/80, which 1s a mixture of low polymers
of p-methoxy-N-methylphenylethylamine, caused a typlcal delayed
depressor response when injected lntravenously into dogs or
cats. Together with Feldberg (Feldberg & Paton 1951) he showed
that 48/80 was very efficient in releasing histamine from
perfused cat skin. One molecule of 48/80 under favorable
circumstances released from 10 to 100 molecules of histamlne.
In spite of the fact that its exact formula 1s still

unknown, 48/80 has become one of the most widely used of all




28
histamine liberators. Its activity has been reported 1n£
cat skin, muscle and lung (Feldberg & Mongar 1954), perfused
cat paws (H8gberg et al. 1956), rat lungs, hindquarters,
~1lntestine and isolated mast cells (Feldberg & Mongar 19545
Bhattacharya & Leﬁis 1956a;'Garcia-Arocha 1958; McIlreath,
this thesls) and gulnea pig lung, hindquarters, and intra-
cellular particles (Fél&berg & Mongar 1954; Mongar & Schild
1956).. In addition many authors have observed mast cell dis-
integration in rat mesentery, both in vivo and in vitro, fol-
iowing contact of fhe tissue with 48/80 (Mota et al. 1953;
Norton 1954; Fawcett 1955; HSgberg & Uvnis 1957).

B Not all tissues are susceptible to the action of 48/80.
Feldbefg and Talesnik (1953) found ﬁhat repeated intraperiton-
eal injections of 48/80 in rats greatly reduced the histamine'
content of the skin, skeletal muscle and heart but had little
effect on the histamine content of stomach, liver, and duo-
denum. Mota and Vugman (1956) reported that 48/80 in large
intravenous or pepeated intraperitorieal injections in gulnea
plgs caused no alteration in histamine content of various
tissues. They noted that it produced pulmonary emphysemaé
and antihistaminlcs did not protect the animal from the ;
lethal effects of the drug. Feldberg and Mongar (1954) had
earlier reported that 48/80 released very little histamine
from perfused gulnea plg lungs, even at high doses.

The only feature common to all these compounds is that
they contaln one or more nitrogen atoms and they are all basic
in nature. However, basiclty per se does not confer activity
on them, for MacIntosh and'Paton'(l949) reported that-compqunds

such as ethylaminé, hexamethonium and benzamidine are inactive.'
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As Paton (1957) has noted, repetition of the basic group
invariably seems to engender activity. Any compound contalning
basic groups separated*by 5 to 14 atoms has a good chance of
being a histamine liberator. However, polybasicity 1s not
essential; L 1935, one of the most powerful liberators known,
is a monobasic compound (LeCompte 1955).

It is very difflicult to assess the relative potency of
these drugs bect::se this varlies considerably according to the
test object used. Thus if one tests a:w diamines in vivo, C~10
is the optimum separation of the nitrogen atoms, 1if minced
guinea pig lung is used (Mongar & Schild 1953) the optimum is
C-15, and if rabbit blood is used the most active is C-18

(McIntire, Roth & Sproull 1951).

b. Lytic and Surface Active Compounds

Any harsh treatmert which would destroy cells will lib-
erate histamine. 1In fact this is the basis for many extraction
procedures (Barsoum & Gaddum 1935; Code 1937). While it is
true that the substances which fit into this category also
destroy’cellular membranes, their action méy be considered
as being less severe. Snake venoms with hemolytic activity
were first shown to release histamine b& Feldberg and Kellaway
(1937). The substance responsible for this action, they felt,
was lysolecithin (Feldberg & Kellaway 1938a). Phospholipase,
or lecithinase A as some workers prefer to call it (Falrbairn
1945), is an enzyme preseﬁt in the venoms of poisonous snakes
which converts lecithin into the lytic lysolecithin. The
action of lysolecithin is probébly due to damagé to the lipo-

protein mosalic of the cell membrane (Rocha e Silva 1955, pg.
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96). Feldberg and Kellaway(1938b) next showed that lysoleci-
thin prepared by the action of cobra venom on crude egg leci-
thin discharged histamine from suspensions of "liver debris".
Recently HYgberg and Uvnas (1957) reported that lecithinase A
purified from the venom of several snakes and from:beé venom
was'extremely effective in 1liberating histamine from rat mes-
entery in vitro,

- Feldberg and Keliaway (1938b) advanced the hypothesis
that lysolecithin might be involved in the anaphylactic re-
action. This possibility, however, has never been seriously
considered by others.

Krantz (Krantz et al. 1948) showed that "Tween 20", &
non-nitrogenous dispersing agent, produces a rise in plasma
histamine and the anaphylactoid syndrome following i1ts intra-
venous injection in dogs. It is interesting to note that while
it is generally agreed that "Tween 20" acts through its sur-
face action, it seems to be specific to dogs because 1ts intra-
dermal injection in guinea pigs, rats or man produces no wheal.

In 1952 Schachter (1952) established that bile salts,
which are also surface-acting substances, release histamine .
from isolated perfused cat skin. Grossberg (1954) showed that
saponin incubated with dog liver particles causes the discharge
of histamine. Finally Paton (1957) suggested that octylamine
may owe some of- its releasing powers to its surface action in

view of its tendency to produce edema and release potassium.

5. Physical Procedures

It 1s not necessary to employ chemicals to bring about

histamine release. Any substance which would cause the rup-
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ture of a surface membrane will liberate histamine. Trauma is
known to bring about histamine release, as well as grinding up of
tissues (Trethewle 1938). More subtle means such as perfusing
a tissue with water (Schild l936)Aor injecting distilled

water intraperitoneally (Fawcett 1954) are quite effective in
freeing histamine. Grossberg (loc. cit. MacIntosh 1956) noted
that histamine release from dog liver particles suspended in
hypotonic solutions increases as the molarity of the solution
decreases. Other procedures such as freezing and thawing
gquantitatively release all the histamine from intracellular
particles (Hagen 1954; Grossberg & Garcia~Arocha 1954). One
may also add bolling to the llst of physical prodedures

(Trethewie 1938).

C. Differences in Histamine Content and Release from Varlous

Tissues and Speciles

Scarcely any organ in the body does not'contain at
least some histamine; however, the relative. amounts of this
amine- found 1In any one tissue varies greatly from one specles
to another. Indeed even wilithin the same species there 1ls a
wlide range in the histamine content of a tissue. As Feldberg
(1956) pointed out, thé concentration of histamine in dog
liver varles between 8 and 110 pg/gm. A further aspect of the
problem which cannot be overlooked 1s the fact that fthere aré
distinct differences in the percent .of hlistamine that can be
released from the tissues.

Schild (1939) investlgated histamine release from several
tissues of sensitized guinea pigs by the action of the specific

antigen. He could find no correlation between the amount of

histamine in a tissue and the amount released. Recently he
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and Mongar (Mongar & Schild 1952) repeéted the experliments, com-
paring the effects of anaphylactic shock and histamine 1ib-
erators. There was a similarity in the percent of histamine
released by both the antigen and the organic bases but again

no correlation was found between the to tal histamine content
and the amount discharged.‘ For example, an average of 43% of
the total histamine was released from the diaphragm, which

had an average content of 1.5 ug/egm., while only 10% was dis-~
charged from lungs with a total average of 40 ug./gm.

Feldberg and Paton (1951) showed that cat skin, which
contained an average of 25 ug./gm. could be depleted of over
99% of its histamine with rebeated injections of histamine
liberators. With cat skeletal muscle they could only release
two-thirds at the most.

Other organs of the cat such as the lung are very re-
sistant to the action of histamine liberators (Feldberg &
Mongar 1954), although they have a high histamine content
- 23 to 57 ug./sm. (Tarras-Wahlberg 1937). The lungs of the
monkey are also extremely rich in histamine (Feldberg &
Kellaway 1937). In rats the histamine concentration of the
lungs 1s much lower 3.5 to 10.5 ug./gm. (Martin & Valenta 1939;
G8tzl & Dragstedt 1940), yet they readily give up their his-
tamine under the influence of organic bases.

For more complete data concerning the histamine content
of tissues in various specles the reader is referred to mono-
graphs of Feldberg (1956) and Rocha e Silva (1955). The prime
purpose of this section of the review i1s to emphaslize the im-

portance of selecting the proper tissue or organ when perform-
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ing experiments concerning the release or binding of histamine.
It is quite obvious that, from the title of this thesils,
one important topic has not been covered in the introduction:
Theories concerning the mode of histamine binding. This was
not an oversite. It was found more convenient to consider this

toplc separately, in the lntroduction to the experimental work.
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Experimental Work

A. Introduction

An understanding of the manner in whicn histamine is
bound within the cell is of prime importance in our attempt to
learn the mechanisms by which it is released. Prior to 1938,
it was known that histamine could be extracted from tissues by
action of strong acid (Barsoum and Gaddum l935§ Code 1937) or by
 perfusing tissue with distilled water (Schild 1936b). In that
year, Trethewie (1938) showed that much histamine remained bound
to cellular debris wnen dog liver was homogenized. This was the
first evidence which suggested that histamine is contained in
intracellular particles and hot in thé cellular sap. Copenhaver
and his co-workers (1953) analyzed the distribution of histamine
1ln the various cellular fractions. Their findings showed over
half of the histamine was associated wlth the mitochondrial
fraction. Hagen (1954) and Grossberg and GardiaQArocha (1954)
showed that histamine could be released from the large granule
fraction of dog liver homogenates by basic histamine llberators
or by certaln purely physical procedures such as freezing and
thawing. In addition, Hagen reported that suspensions of the
large granules could be lnjgected intravenously into cats without
eliciting any of the pharmaéological actions of histamine. These
workers agreed that it 1s likely that hlstamine is bound within
the particles. McIntire (1956) expressed the opinion that
’ histamine 1s bound within the cell by a weak, probably ionic type,
linkage which does not require the action of an enzyme for 1ts
release. MacIntosh (1956) suggested heparin in the granules as

a possible anion to which histamine could ve bound by polar or
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Van der vaal forces.

Several other workers, notalblly Rocha e Silva (1956),
are ol the opinion that histamine is bLound to a cellular pro-
tein by a primary chemlical bond. This concept galned prominence
with the finding that trypsin released alstamine from perfused
guinea plg lungs (Rocha e Silva 1938). After Hofmann and Berg-
mann (1941) reported that trypsin has a rather strict specificity
toward synthetic substrates, requiring a basic amino acid
(arginine or lysine) 1n tae proximity of the peptide linkage
ruptured by the enzyme, Rocha e Silva and Andrade (1943) sub-
jected papain to many fractionation procedures and verified thaé
its ability to release histamine from rabbit blood cells parallels
its capacity to split benzoyl-L-arginine amide.

There are of course several other theoretical schemes
one may draw concerning the mode of histamine binding but the
two mentioned above have received widest acception. In an
attempt to uncover more information regarding the mode of bind-
ing of histamine, I have studied the action of several histamine
liberators in systems in which one of the physical properties
had been altered, namely tonicity changes in the fluid media.
The investigations cover histamine release from many types of
preparations ranging from intracellular particles to more

integrated physiolbgical systems.
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B. Materiasls and Methods

1. Materials

Appendix i.contains a list of the compounds used dur-
ing the course of this research and the sources from which
. they were obtained. As a rule all Solvents and ordinary chemicals
were of reagent grade in purity. All agueous solutions were
made in glass distilled water.

The glassware used in these studies was cleaned first
with detergent and then with chromic acid cleaning solution.
Upon removal from the acild each plece was Individually rinsed
twelve times with tap water and two times with distilled water,
and placed in a drying oven. Plastic centrifuge tubes, which
were used 1n the experiments were cleaned with a detergent,
rinsed as above and dried on racks in the open air. When any
glassware was found to be grease coated, 1t was washed with
a 20% solution of trisodium phosphate followed by the usual

cleaning procedure.

2. Histamine Assays

The histamine content of the samples was determined using
the biocassay method first described by Guggenheim and Loeffler
(1916). This test is based on a comparison of the contractions
produced on a guinea plg l1leum by the samples and standard
histamine. Although several chemical methods for histamine
detection have been developed in recent years (Graham et al.
1951; McIntire et al. 19§Z), this method'still proves to be the

most sensitive one known.

a. AEEaratus

This instrument has been described in detail by Ashwin
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(1953) and Grossberg (1954), so it suffices to say that it was
an isolated organ bath supplied by C.P. Palmer Ltd., London.

The organ chamber itself had a volume of 7 ml. The ileum was
suspended on a glass hook through which oxygen was bubbled. The

temperature of the bath was maintained at 30 1 2°¢,

b. Buffer

The author has noted that while many workers refer to
Tyrode solution, this seems to be only a convenlent term since
the formulae they use vary considerably. Several solutions were
examlned but the following one proved to be most satisfactory
in providing good sensitivity and little spontaneous activity.
Although the solution 1s called Tyrode, a more appropriate name
would be modified Ringer's solution. The.formula in gm./L is
as follows: NaCl - 9, KC1 - 0.42, CaClp - 0.24, MgCl, ~ 0.005,
NaHCO03 - 0.5, and glucose - 1.0. The chlorides of calcium,
potassium and magnesium were made up as stock solutiong.(QO%, 20%
and 0.5% respectively). Other chemicals were welghed out at
the time of preparation. To prevent the precipitation of calcium
ions in the presence of a concentrated bicarbonate solution
(upon adding solld NaHCO3, the concentration would be quite high
in the immediate area where the substance was added), the bi-
carbonate was dissolved in a separate container and added to the
other salts later. 0.5 ml. of a 10~4 solution of atropine
sulphate was added to each liter of Tyrode. This was done to
eliminate contractions of the ileum produced by acetylcholine
or choline. Presumably these substances could be present in
the samples or released spontaneously from nerve endings in

the wall of the ileum.
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c. Ileum
Guinea plgs of éither sex welghing 300 to 500 gm. were

killed by cranlal fracture followed by decapitation. A section

of the terminal ileum roughly 15 cm. long was removed and the

ileum washed with Tyrode. From this, a strip about 2.5 cm. long

was used for the assay. One end was attached to the glass hook

by a ligature and a thread tied to the other end was passed

around the writing lever. Although no study was made concerning

the reactivity of the ileum, it seemed to the author that pleces

having a light color and a dimpled appearance proved most sultable.

@ther workers (Minard 1941) have reported that sections of

guinea pig ileum may be kept refrigerated for seven days and

still be used for assay. The author, however, was only rarely

able to use a piece of ileum that had been stored for 24 hours.

d. Assay
The ileum was sensitized by adding a large (2 - 3 ug.)

dose of histamine to the bath. After a period of 15 to 20 min-
utes, doses ranging between 18 and 30 nanograms (ng.) Were
repeated until the sensitivity was steady. At this time the assay
of the samples began. The author attempted to perform the four
point assay discussed by Schild (1942), but because of the large
number of samples to be assayed and the limited time available,
this was not always possible. However, any dose of the unknown
was repeated at. least twice before 1t was bracketed between

doses of the standard, to make sure the response was constant.




e. Neo-Antergan Test

Since the responses of the guinea plg ileum are not
specific to histamine, it was necessary to use a method whereby
it could be determined whether histan ine was actually the drug
responsible for the effects observed. One such technique is the
use of specific antagonists; the ﬁethod employed in these ex-
periments.

pA2 is defined as the negative logarithm to the base 10
of the melar concentration of an antagonist drug which will re-
duce the effects of a multiple dose (x) of an active drug to
that of a single dose (Schild 1947). Atropine, for example, has
a pAp of 8.8 against acetylcholine after 14 minutes contact
with the 1leum. Neo-Antergan, on the other hand, has a pAy, of
4.9 against acetylcholine but a PAs of 9.3 against histamine,.
This means that neo-antergan at a concentration of 10=9-3 will
reduce the response of 2H to that of H. Thus one can see that
neo-antergan is gulte specifié in antagonizing histamine, and
therefore was the drug used in these experiments.

The most reliable procedure to follow. in identifying an
unknown drug through the use of an antagonist is to see if the
antagonlist will reduce the response of the known and the unknown
to the same extent. Further confidence can be added to the test
if the known and unknown drugs recover from the effects of the
antagonist at the same rate. Filg. 1 shows the results of a
typical neo-antergan test. 0.2 ml. of neo-antergan at a con-
centration of 107 was added to the bath and allowed to remain
in contact with the ileum for two minutes, then doses of both
known and unknown samples were given. The process was repeated

until the effect of the standard was completely abolished. The
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muscle was washed thoroughly and after several minutes the same
doses of the known and unknown were again glven until the

response of the standard had returned to near its original effect.

3. Statistical Analysis of the Experimental Findings

The experiments were designed in such a way that the re-
sults could be palred with regard to a single variable. Such
a method of experimentation allows the results to be presented
in a clear and concise manner, as well as simplifying statistical
treatment of the findings.

The t test of Student (Fisher 1932) was the significance
test used in these studies. This test as applied to paired
observations is used to determine whether the mean difference
1s significantly different from O. It is expressed by the

formula:

(¢ - @)°

nin -~ 1)

The results were not considered to be significantly
different unless t was greater than that given in the t Table

‘at the confidence level P = 0.05.

C. The Effect of Tonicity Changes on Histamine Release from

Dog Liver Particles

1. Preparatlion of the Dog Liver Particles

Trethewie (1938) made thé original observation that "cell
fragments", obtained by grinding liver with sand in Tyrode, con-
talned bound histamine which can be freed by boiling. More

recently Hagen (1954) and Grossberg & Garcla-Arocha (1954)
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have confirmed this finding. Hagen showed that a suspension
of these particles could be injected intravenously in the
dog without-producing the circulatory effects seen after the
1ﬁjection’of histamine.

With such a system, the research worker has a preparation
which is high in histamlne content, stable and one from which he
can produce uniform samples., In addition, he might easily de-
vise experiments which could be well controlled with regard to
parameters such as pH and temperature.

The procedure employed 1s outlined in Table 1. Mongrel
dogs of elther sex were used. Although no preference to physical
size was made, usually only small dogs (i.e. under 11 Kg.) were
avallable. The animals were anesthetized with sodium pentobarbitol
at a dose of 0,54 mg./Kg. A mid-line incision was made from the
sternum to the publs, and the liver exposed. A loop of twine
was passed over several tdobes and tightened securely at the
hilus. The bile duct was clamped with a hemostatic clamp and
the lobes were removed and placed in ice-cold saline (0.9%).

The anlimal was then killed by an intravenous injection of a
saturated solutlon of MgSO;. The gall bladder was dissected
away from the lobes, which were then perfused with ice-cold
saline until the perfusate appeared blood free. Three or four
pleces of liver, approximately 50 gm. each, were minced and
ground with 10 to 15 ml. of ice-cold isotonic sucrose (0.32M).
-Vigorous grinding for several periads of about 10 seconds each
was usually sufficient to produce a fairly homogeneous mixture.
The degree of grinding determined to some extent the amount of

histamine present in the final suspension, and only through




TABLE 1

Preparation of Dog Liver Particle Suspension

Blood-free liver lobe (50 gm)

| v |
Ground with sand in 10 - 15 ml. of 0.32M sucrose

v l
sand & tissue Supernate
fragments '
centrifuged at 600g
(discarded) ;

for ten minutes

Supernate ppt. discarded

centrifuged at 8500g
for ten minutes

ppt. resuspended in
0.32M sucrose & centri-

fuged for ten minutes
at 8500g

Supernate discarded

| 3
ppt. resuspended in

Supernate discarded
25 ml. of 0.32M sucrose

wo T




b

experience was 1t possible to determine when the tissue had

been gound sufficlently. Twenty to thirty ml. of cold sucrose

was added and the mixture stirred gently. The sand was allowed to
settle to the bottom and the fluld portion was decanted through
several layers of gauze (three "Lisco" pads opened to 6" x 6”)..
This procedure was effective in‘removing all ﬁhe intacﬁ cells

and sand. Nuclel and cellular debris were removed by centrifuging
at 600 g to ten minutes*, The large granule fraction Wés separated -
outlby centrifuging at'8,500 éﬂfor ten minutes. The granules
wéfé.washed twice with isotonic sucrose. A final suspénsion was
made by adding a volume of isotonic sucrose to glve a concen-
tration of 2 gm./ml. with regard to the original tissue. The
resﬁspension of the final material was facilitated by passing

1t through a gauze pad.

_ The suspension was elther used at once or stored in a
ﬁethanOl—water cold bath at -2°C. The histamine content of the
final suspension ranged betweeﬁvB and 10 pg./ml. The preparation
was quite stable, the decrease in sedimentable histamine varied
from 1 to 8% per day. The histamine lost from the particles
could be accounted for by an increase in the free histamine
and so could be considered as spontaneous release. It was
noticed that when suspensions over one week old were incubated,
the histamine was discharged more quickly than when fresh prep-
arations were used. For this reason no suspenslions over four
days old were used in any of the ekperiments and in the majority

of cases fresh suspension was used for each experiment.

*A11 centrifugation in these experiments was performed in a
Servall Refrigerated Centrifuge, Model No. RC 54651B, with an
angle head SS-1.Fig. 2 1s a calibrated curve for this centrifuge.
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Fig. 2. This 1s a calibrated curve for the Servall Refriger- ' ’
ated @entrifuge used in these experiments. g, the
gravitational. force was calculated from the speed
and size of the centrifuge head.
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2. Methods

One ml. of suspension was added to four ml. of sucrose
solution, buffered at pH 8 with "tris" buffer (tris hydroxy-
méthylaminoethane) 0.07M and containing appropfiate amounts of
the liberator to be tested. The mixture was incubated for
periods of 15 and 30 minutes. Control samples contalning
buffer but no liberator were treated in the same manner. In
the first experiments incubations were carried out in a water
bath, the particulate matter being kepﬁ well suspended by fire-
qﬁént shaking of the samples. In later experimentc .a Dubnoff
Metabolic Shaking Incubator was used. Following incubation the
samples were immedlately centrifuged at 30,000 g for 5 minutes.
The decanted samples were placed in a boiling water bath for
two minutes.. The purpose of routinely boiling the samples was
to destroy to a reasonable extent any histaminase activity which
would act in the samples between the incubation and the time of
assay. The samples were then stored at -2°C.until they were assayed.

The total content of histamine in the suspension before
incubation was determined by assaying a sample (1 ml. of sus-
pension to four ml. of buffer) which had been heated to boiling
in a water bath for two minutes. Of thilis total a small per-
centage was alwa&s found in the liquid phase. The quantity of
this non-sedimentable or free histamine was determined by adding
1 ml. of suspension to 4 ml. of buffer and immediately centri-
fuging the mikture at 30,000 g for five minutes, the supernate
was placed in the boiling water bath for two minutes and saved
for assay. The amount of histamine in the sample supernates after
incubation, minus the free histamine, represents the histamine
released and 1s expressed as a percentége of the total bound

histamine.
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3. Studies Using Basic Hlistamine Liberators

a. DAjg (1,10 decamethylene diamine)

In the preliminary experiments concerning the effect of

. tonicity on the release of histamine from dog liver particles
DAjp was used. This compound was first shown to be a histamine
liberator by MacIntosh and Paton (1949), and later by Mongar
and Schild (1953) and Grossberg (1954). A Soluﬁion of this
drug was made by adding the DA o to water and then adding HCl‘
dropwise until the compound was dissolved. This procedure
results in the formation of the soluble dihydrochloride form of the :
drug. The pH of the solution can then be raised to 4.5 wiﬁhout
precipitation of the material. With weaker solutions (10‘4)
the pH can be raised even higher.

Samples of‘the liver particles were incubated with DAj0
at a final concentration of 200 ug./ml., in solutions of 0.32M,
0.84M and 1.2M sucrose. No difference was found between the
percent of histamine released in the isotonic (0.32M) and the
0.84M solutions, but a large difference was found between the
histamine released 1n isotonic and 1.2M sucrose solutlons. The
experiment was then repeated several times to determine if
this difference was real and significant. The results of ten
experiments using DAjp as a histamine liberator (Fig. 3 and
Table IIL) revealed an average discharge of 39 I-9% in isotonic
solution and 18 ¥ 5% in the 1.2M solution.’ These values are
for 15 minutes of incubation; the difference is significant
at the level P = 0.01. Spontaneous release of histamine from
the heévy granule fraction did not significantly vary in the

two solutions. This suggests the spontaneous release and DAjg
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TABLE IT

Release of Histamlne From Dog Liver Particle
Suspensions by Various Histamine Liberators
in 0.32M and 1.2M Sucrose Solutions

Tneu- % Hist. Released
bation +
No. Conc. time (mean T SM
Liberator Expts.| (pg/ml) (min.) 0.32M 1.2M P
Control 10 - 15 7 r 3 8 £ 2| >.05
30 15 £ 5 13 ¥ 3| >.05
DAy, 10 200 15 39 T 9 18 ¥ 5 1 ¢.01
.30 67 T S 26 T 7 1 £.01
48/80 3 GO 15 Lo 13} 22 ¥ 4 | <01
30 66 + 20 39 * 9 | .05
stilbamidine L 200 15 27 + 3 16 T 2 | ¢.01
30 60 t 7 32 T 2 | «.01
Toluidine 5 10 15 23 * 5 10 T 2 | ¢.01
blue 30 54 1 0 23 * 5 [ ¢.01
Saponin 5 100 15 hg 131 50 T 13]5.05
30 3 T 11| 32 + 13|3.05
Sodium b 1000 15 30 f o5 36 ¥ 5 |5.05
Taurocholate 30 65 T 101 68 T 8 [5.05




induced discharge act through different mechanisms; that is,
DAjp does not merely incfease the rate of spontaneous release.
The rate of release in both solutions can be represented
by a first order reaction constant, K = Co
T e
or K = 100 -1 The discharge therefore can not be con-
100 - R *
sidered as explosive, but rather it takes place at an approx-
imately constant rate oﬁer a conslderable portion of the range
of the percentage of the substrate available.

There isAno doubt that the hypertonic sucrose solution
in some way exerted an inhibitory action on histamine release
from dog liver particles. The author therefore considered it
necessary'to continue the study using several other base type

histamine liberators.

'b. Toluidine blue (Dimethyltoluthionine)

. Toluidine blue has been used since the time of Ehrlich
to histologically stain tlssue mast cells. Recently Grossberg
(1954) showed that this compound was indeed a powerful histamine
liberator in vitro. In the present studies toluldine blue at a
final concentration of 10 pg./ml. released an average of.54% »
of the total bound histamine when incubated with dog liver paf-
ticles in isotonic sucrose solutions (30 minute incubation). Iﬁ
1.2M solutions it freed only 23% during the same period. The
findings were consistent in five experiments and, as showniih
Table IJ, the results are significant at the level P = 0.01.

The dose used was not.quite as effective as those of the other
liberators, but it was purposely kept at this level tovavoid any
untoward effects on the guinea pig lleum produced by the toluldine

blue.
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¢c. Stilbamidine (4,4'-Diamlidinostilbine Di-(#hydroxyethane-

sulfonate)

Originally reported to be a histamine 1lliberator by Mac-
Intosh and Paton (1949), the compound was used in these studies as
a typlcal basic histamine liberator. The drug, added to the
liver particles at a final concentration of 200 pg./ml., pro-
duced an average histamine release that very nearly approximated
that of DAy (Table II). In 1.2M solutions the rate of dis-
charge was decreased by slightly over 50% (according to K1
values, 0.32M K7 = 11; 1.2M K3 = 5.3, the decrease was on the
average 52%). This difference was also significant at the

level P = 0.01.

d. U48/80 (a mixture of low polymers of p-methoxyphenylethyl-

methylamine probably as dimer, trimer and tetramer)

Although the exact formula of this basic histamine
liberator is still unknown its molecular welght 1s generally
taken to be 511. 48/80 was first shown to be a histamine re-
leaser by Paton (1951). On the basis of molecular weight it
proved to be about as effectiVe as toluidine blue in freeing
histamine from the liver particles suspended 1n 1lsotonic
sucrose solutions. Used at a final concentration of 60 yg./ml.,
it had a K7 of 15.1 in 0.32M sucrose and 7.3 in the hypertonic
media. This represents a decrease of 51%, although, as can be
seen in Table II, there was a wide wvariation in the percentage
released from the different suspensions in isotonic medla. For
this reason the significance of the difference between histamine
released in the two solutions was not as striking, but neverthe-

less still significant.
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4., Experiments Using Surface Active Compounds

The premise established for the experiments reported
below was: that by virtue of the lytic nature of these cdm—
pounds, thelr ability to release histamine would not be affected
by changes in permeability of any membrane involved in the
reaction. At this stage of the work I held the opinion that
the inhibition of histamine release in 1.2M sucrose solutions
was the result of a decrease in the permeability of the granule

membrane. This interpretation was later abandoned.

a. Saponin
MacIntosh and Paton (1949) first tested saponin as a

possible histamine liberator in the intact cat, but they obtalned
only negative results. Grossberg (1954) confirmed their in vivo
findings, but showed that saponin was quite effective in 1iber-
ating histamine from dog liver particles.

| In four experiments (Table II) saponin, at a final concen-
tration of 400 pg./hl., was incubated with dog liver particles
in C.32M and 1.2M solutions of sucrose. A statistical treat-
ment of the résults showed no significant differences in the
ﬁercent of histamine released between the two solutlons.

. There was a wlde variation in the effectiveness of sap-
onin as a‘histamine liberator in different liver particle sus-
pensions used (Table II). 1In one experiment, for example, 81%
of the total bound histamine was released in the first 15 min-
utes of incubation in isotonic sucrose, and 87% in the hyper-
tonic solution: This experiment naturally distorted the lin-

eality of the average results.
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b. Sodium Taurocholate

The surface active properties of bile salts are well
known. Recently Schachter (1952) showed that they would also
liberate histamine. Rather than use the crude blle preparations,
I declided to use the purified salts. In preliminafy experiments
I found, with the concentrations necessary to release histamine,
sodium glycocholate had such adverse stimulating effects on the
ileum that the samples could not be assayed. Therefore, only
sodium taurocholate was used. In order to produce a rate of
release comparable to'that induced by DAjg in 1sotonic media
(K7 = 13) a concentration of 1 mg./ml. was required. Even at
this high concentration, sodium taurocholate had no irritating‘
effects on the 1leum. The results of these experliments were
-essentlally the same as those obtalined with the other surface
active compound (Table IIL). The action of this drug was much
more consistent in its histamine releasing action than was
saponin. In a total of four experiments no significant differ-
ences were found in the percent of histamine released in the

1sotonic and hypertonlc solutlons.

5. Studies Showlng the Reversibility of the Inhibitory Actlon

of the 1.2M Sucrose Solutions on Histamine Release

To determine whether the inhibition of histamine release
inAhypertonic solutioﬁs was permanent, the followlng experiment
was devised.

Six samples of liver particles, prepared in the usual
manner, were incubated with DAjp at a final concentration of
200 pg./ml. Three samples contained 0.32M sucrose and three

in 1.2M sucrose. After 15 minutes incubation one sample of
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each molarity was removed, centrifuged at 30,000 g for 5 min-
utes, resuspended in isotonic sucrose containing the same con-
centration of DAj(p, and incubated for another 15 minutes. The
other four samples served as controls; two (one of each molarity)
were incubated for 15 minutes and two for 30 minutes. The re-
sults of this experiment are shown in Fig. 4. When the sémple
suspended in isotonic sucrose was resuspended in 1isotonic sucrose
there was an increase In histamine release of 32% over 1ts con-
trol. However, the lncrease in histamine release from the hyper-
tonic sample resuspended in isotonic sucrose was 182% greater
than its corresponding control. Undoubtedly, some of the in-
creased histamine released was the result of mechanical damage
incurred during the resuspension of the particles. Nevertheless,
the results clearly show that the effects of the 1.2M sucrose

solution on the particles is reversible.

6. Studies Using Mannitol Solutions

In 22 experliments the effect of isotonlc and hypertonic
(1.2M) mannitol solutions on the release of histamine from dog
liver particles was studied. The procedure followed was the
same as that outlined in part 2 of thls section, and therefore
it was not conslidered necessary to deal separately with the
" results obtéined wlth each liberator. Table III shows the
_findings in this series:of éxperiments, using mannitol as the
solute in place of sucrose., It suffices to say that the results
confirm those obtained using sucrose as the suspending media
(Fig. 5). Significantly less histamine was released by DAjq,

48/80, stilbamidine, and toluidine blue in 1.2M solutions than
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TABLE III

Release of Histamine From Dog Liver Particles
By Various Histamine Liberators in 0.32M and

1.2M Mannitol Solutions

506

Incu- % Hist. Released
bation [
No. Conc. time mean T sM
Liberator Expts.| ug/ml. f (min.) 0.32M 1.2M P

Control I - 15 101 2 10t 2 >.05
30 25 T 3 ol Ty >.05
DA1g L 200 15 39 % 9 18Fs5 (<.0
30 &7+ g 20 % 7 | ¢.01
18/80 3 60 15 35 T 10 133 7 <.01
: 30 64 + 1k 37+ 9 .05
stilbamidine] &4 200 . 35+ 3 19 7 <.0l
30 66 + I 41 + 13 | €,01
Toluidine 1y 10 15 25 + 5 10 + 7 <.01
blue 30 60 + 12 29 + 12 | €.01
Saponin it 100 15 54 + 13 50 £ 19 1>.05
I 30 75 F 16 73 F 14 | >.05

I}
Sodium L 1000 s 30 &8 306 |3.05
Taurocholate i 30 ol &+ 14 66 * 10 | >.05

!
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in isotonic media. As in the previous studies no significant
differences were found between the histamine releasedAby the
lytic agents saponin and sodium taurbcholate. When the findings
of these experiments were compared statistically with those
obtained using sucrose solutions, they were found to be the
same. This clearly iﬁdicates that sucrose per se was not re-
sponsible for the inhibition of histamine release seén in the

hypertonic solutions.

7. Attempts Using Other Solutes

Thus far the sqlutes used were non-electrolytes of
molecular size large enough to be consldered non-penetrating
with regard to permeabllity across a cell membrane. Attempts
were therefore made to examine the effects of smaller molecules,
Because of their physiological Importance in the body, Call,,
KCl and. NaCl were the solutes selected. In high concentrations,
however, all of these catlons have untoward effects on the
. gulnea pig ileum. For this reason only samples containing iso-
tonlc NaCl could be assayed by this method. In this connection
I was assisted by Mrs. Anne Wechsler, who performed several
experiments in an attempt to extract the histamine from liver
particles suspended in these salt solutions. The method of
extraction she used was that reported by McIntire (McIntire,
Roth & Sproull 1947). Hér results were not reproducible and
thé experiments were abandoned.

Cation ion exchange resins could not be used since they
would also alter ﬁhe composition of the Tyrode in the muscle»
chamber when the samples were assayed. The only alternative

the author could think of was to perform the experiment in
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the usual manner, but instead of assaying for histamine in
the supernate following the incubation, to discard it and assay
for the histamine still bound in the particles. The results of

these experiments were also inconclusive and therefore will not

be reported here.

D. The Effect of Tonlcity on tine Release of Histamine From

Isolated Perfused Cat Paws
The experiments described in this sectlon were undertaken

in the hope of studying histamine release from a more physlo-
logical source. The cat paw contains many of the various tissues
found in the entire body. Its intact circulatory system permits
the liberator to reach the cells concerned in the reactlon in
a more natural way. Another feature of this preparation: is that
it has an almost identical mate. This allows the study of his-
tamine release from hoth paws; one 3erving as the control for
the other. H8gberg and his associates (HSgbeig et al. 1956)
first used such a preparation to study histamine release. They
found it to be not only a rich source of histamine but also
a sturdy preparation wnich retained 1ts histamine for consid-

erable lengths of time.

1. Methods

The procedure was a modification of that of HEgberg et al.
(1956). Cats of either sex welghing 3 Kg. or more were used
whenever possible. In a few experiments it was necessary from
lack of choice to use smaller animals. The animals were anesthe-
tized with ethyl chloride followed by ether. A femoral vein

was cannulated and the animal injected with 100 mg. of chloralose
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per Kg. of body welght. A circular incision was made just
proximal to the radio-carpal joint and the radial artery cannu-
lated with fine polyethylene tubing (PE 200). The cephalic
vein was ligated and the paw removed. Saline was perfused through
the paw until most of the blood was washed out. This usually
required about 25 to 30 ml. of saline. A ligature was passed
through one of the toe pads and the paw suspended, claws up,

in an incubator at 37°C. It was perfused with fluid at the
same temperature under sufficient pressure to produce a venous
outflow of apﬁroximately 0.5 ml./minute. The perfusate dropped
into a funnel and was collected in graduated tubes outside the
incubator. Fig. 6 is a photograph of the incubator and the
perfusion system.

The paws were perfused for one hour before the samples
were collected. Following this period, three 5-minute contfol
samples were collected. The liberator, dissolved in 0.1 or
0.15 ml. of saline, was injected into the cannula and the
perfusion stopped. After 45 seconds the perfusion was resumed
and b-minute samples collected over the next 25 minutes. The
samples were then placed 1n a boiling water bath for two minutes
and then stored at 0°C. until assayed.

When the experiment was completed, the opposite paw was
removed and the experiment repeated following the same pro-
cedure except that the perfusing fluld was changed. In each
experiment one paw was perfused with an isotonic solution of
either aucpose or mannitol and the opposite one with a hyper-
tonic solution (1.2M) of the same solute. The tonicity of the

fluid perfused into the paws was varied in each experiment; that
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is to say, the left paw was perfused with an isotonic solution
only in every other experiment.

The injcction of the liberator was made so that the point
of the needle was very close to the .Uip of the cannula; the dead ‘
space was always less than 0.05 ml. Approximately 5 seconds were
requlred after the injection before the perfusion could be
stopped. By using various dyes (Azure A, Organe G, and Toluidine
blue), it was found that circulation time for these preparations
was about 15 seconds. From these figures it was calculated that,
at the flow rate used in these experiments, the liberator was
well into the vascular bed of the paw when the perfusion was

stopped,

2. Studies Using Basic Histamine Liberators

a. DAjp.

During the prelimlnary perfusion period the paws per—'
fused with the 1.2M solution became dehydrated as was evidenced
by a loss of weight of 3.5 to 5.0% between the 5th and 60th
minutes of perfusion. No weight changes were noted in the paws
perfused with the isotonic solutions. Fig. 7 shows the re-
sults of three experimenté in which histemine was released
with 100 ug. of'DAlo. In the paws perfused with isotonic suc-
rose solutions, DAjp caused an immediate increase in the hils-
tamine content of the venous effluent. The amount of histamine
found in successive samples decreased slowly over the 25 min-
ute period following the injection, giving an average total
release of 10 ug. of histamine. This figure does not represent
the entire amount of histamine found in the samples but rather

the amount in excess of the spontaneous reiease calculated to
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histamine actually discharged by tﬁe 1iﬁerator, There was only
a small increase in the histamine content of the venous effluent
from the paws perfused wlth the hypertonic media after the in-
jection of DAjn. The évenagé;total release from these paws was
only 0.15 pg. *

' The release of histamine from the pérfused paws appeared
to be exponential, indicating an explosive discharge of histamine-
into the extracellular spaces from where it is washed out by the
perfusion fluid. This type of release was suggested by Feldberg
and Paton (1951) using perfused cat gastrocnemius. Figure 8
shows the results of an expefiment in which DAlo\libérated
histamine from a paw perfused.with isotonic sucfose solution.

The absclssa 1s the volume of perfusate expressed ésva percent
of the paw weight, assuming a fixed wvrelationship between welght
and volume. The slope of the curve very nearly approxlmates |
that of the English workers. The dropping off of the last two
points on the graph can best be explained by the formation of
edema which would effectlvely decrease the concentration of -
histamine in the interstitial space and therefore decrease the

amount washed out by the perfusion fluid.

b. 48/80

Similar results were obtalned with 48/80 but the dose
used wasvless effective than that of DAjn. Filgure 9 shows the
results of three experiments in which 48/80 was used as the
histamine liberator. An average of 6.0 pg. of histamine was
cleared from paws perfused with the isotonic solution while
only 1.3 pg was released from the paws perfused with 1.2M

sucrose solutions. The results do not have the exponential
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form seen with DAjn. Most likely this was because with the
smaller amounts released, experimental variations obscured

the presence of such a curve.

3. Studies Using a Surface Active Compound: Saponin

The results of three experiments in which histamine-
was released from perfused cat paws by saponin are shown 1n
Figure 10. TUnlike DAy and 48/80 which produced no change in
the pressure-flow relationship, the injection of 1 mg. of
saponin into the cannula increased the-resistance tb flow and

resulted in the appearance of a bloody tint in the effluent.

The reduction in flow might have been due to the cloggihg of
‘small vessels by proteins or desguamated cellular material
rather than to vasoconstriction. The decrease in flow occured
in both solutions though to a much less degree in the hypertonilc
media. As might be expected from the slower flow rates, the con-
centration of histamine in the venous outflow rose more slowly
and remained elevated longer. ‘Again in these experiménts there
was no significant difference between the amounts of histamine
released 1n the isotonic and hypertonic solutions. An average
of 2.04 pg. was discharged in the isotonic media and an average
of 1.98 ng. was released from the paws perfused with the hyper-
tonic solution.

In the experiments with the liver particles the final
concentrations of the liberators were known and it could easily
e determined whether or not the ileum would be affected by
these concentrations. However, in the experiments with cat
paws the final concentrations of the liberators were not known.
The highest possible concentration could occur if all of the

liberator passed through the paw and appeared in the first
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sample. By calculating the maximum concentration that coﬁld
have occured in the first sample of each experiment, it was
found that only saponin had anyveffect on the ileum. This
was a potentiating effect phaf was so small (22 nanograms (ng.)
histamine standard = 20 ngi‘ﬁistamine standard pius saponin)

that 1t was lgnored.

4, The Effectiveness of 48/80 in Sucrose and Tyrode

The small amount of histamine released in‘these prepar-
ations by 46480 is in extreme céntrast to the effectiveness of
48/80 reported by HYgberg and his associates (1956).“'On¢ dis-
tinction between the experiments reported here and'fhose of
;ﬁhe Scandanavians was in the perfusion fluid used. Higberg
and his co-workers perfused with Tyrode while I used sucrose
solutions. Therefore, the following experiment was performed
~to ascertain 1if the discrepancies between our results could.
be accounted for in the difference in tihe perfusing media.

A cat was prepared in the usual manner. One paw was

perfused with isotonic sucrose solutlon and the opposite one.

with Tyrode. The results of this experiment are seen in Figure 11.

A total of 1.87 pg. of histamine were released from the paw per-
fused with the sucrose_solution while 22.77 pg. were cleared {
from the opposite paw. In other words, roughly ten times more
histamine was discharged from the paw when Tyrode was used.
Mongar and Schild (1956) also found the same ratio when they
studied the action of 48/80 and octylamine on histamine release
from mitochondrial fraction of guinea pig lungs in sucrose

and Tyrode.
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5. Observations on the Vasoconstrictor Action of Histamine

in Sucrose and Tyrode Solutions

As can be seen from the flow-rate curves in Figures 8
and 9, there was no evident vasoconstriction following‘the in-
Jectlon of either DAjg or 48/80. In several experiments in
which histamine itself was injected into the cannula, doses
as high as 1 yg. produced no decrease in the rate of venous
outflow. In an experiment similar to the one described in the
previous section it was found that DAjg or injected histamine
would cause a decrease in the flow rate from the paws_perfused
with Tyrode. Further experiments revealed that histamine caused
no vasoconstriction in paws perfused with sodlum free Tyrode.
Removal of the calcium or potassium had no effect on: the vaso-

constrictor action of histamine.

6. Studles Using Mannitol Solutions

Nine experiments, three each with DAjg, 48/80 and .
saponin, were performed to reconfirm the contention that the
reductions in histamine release were not due to the presence of
sucrose molecules 222 §3, but rather they were the result of
'tonicity changes in the fluid caused by the increased concen-
trations of sucrose.

The results of these experiments, which were carried out
in the same manner as outliﬁed in part 1,of this section, closely
resemble those obtalned wiﬁh sucrose solutions. There were no
changes in the flow rate after the addition of 48/80 or DA,
and the amounts of histamine discharged did not significantly
differ from the amounts released in 1sotonlc sucrose solutions.

When saponin was used as a liberator.,Vapproximately equal
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quantities of histamine were cleared with both the isotonic

and hypertonic mannitol solutions (Fig. 12).

E. The Effect of Tonicity on the Release of Histamine From

Isolated Cells of Rat Peritoneal Cavities

Associatlion of histamine with tissue mast cells 1s now
well established (Riley & West 1952; 1953a,b). Recently tech-
niques have been developed which permit the removal of intact
mast cells from the peritoneal cavity of rats (Padawer & Gordon
1955; Benditt et al. 1955; Glick, Bonting & DenBoer 1956). There-
fore, a studj was made concerning the effect of toniclity on
histamine release from suspensions of mast qells. Use of such
preparations eliminates, to a reasonable degree, any possible
interference in the release mechanism produced by factors arising
from other types of cells; yet 1t allows the study of histamine

binding using intact living cells.

1. Preparation of the Cell Suspensions

Wistar rats, males welghlng between 200 and 300 gm., were
anesthetized with ether. Ten ml. of a 0.32M sucrose solution
were injected intraperitoneally; the injection was made through
the linea alba using a 24 gauge % inch needle. The drunken
staggering of the animals as they recovered from the eher
produced a gentle but highly effective massage of the abdominal
cavity. About twenty minutes later the animals were reanesthe-
tized wlth ether and killed either by decapitation or by in-
jecting alr intracardially.

A strip of skin about a half inch wide was removed from

the midline, extending from the pubis to the sternum. This
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prevented any blood or hair from getting into the opened cavity.
The abdomen was then opened through an incision in the linea
alba, and the fluid removed with the aid of a Kahn suction
pipette. Care was taken not to rupture any small blood vessels
within the cavity, which would contaminate the flﬁid.

The sucrose solution was transferred to a 50 ml. plastic
centrifuge tube kept in a small ice bath. Routinely six an~
imals were used for each experiment and the peritoneal washings
poaled. The cells were removed by centrifuging at 800g for 20
minutes, they were then washed twlice with ice-cold sucrose sol-
tuion (O.32M). Following the second‘wash, the cells were taken
up in 6 to 8 ml. of sucrose buffered at pH 8 with "tris" buffer
(0.07M), and filtered through several layers of gauze to re-
move any traces of fibrin. The volume was adjusted to 11 ml,

Microscopic examination d the suspensions revealed the
presence of large numbers of typlcal mast cells with a fair
pergentage of leucocytes. Few erythrocytes and no epithelial
cells were seen in any of the preparations. Dr. Garcia-Arocha
made several attempt to separate the.mast cells from the
leucocytes in similar preparations. Using the method of Padawer
(1955) and Glick (Glick, Bonting & DenBoer 1956), he was able
to obtain suspensions containing only mast cells, but biologlcal
analysis of the cell suspension showed that they no longer
contained any histamine. For this reason I made no attempts at
further separation of the mast cells.

The histamine content of the final mast cell suspension
averaged 15.3 pg./ml. or 28.05 ug./animal. Adding to this

amount the histamine present in the combined washings (which
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averaged 9.8% of the overall total), the average histamine con-
tent per animal was 30.9 pg. Using the figure for the histamine
content of rat skin -~ 6 uug./cell (Graham et al. 1953), it was
calculated that approximately 5,150,000 mast cells were obtained

from each animal.

2. Methods

Three histamine liberators were used in the experiments,
two organlic bases - DAjg (200 mnz.) and 48/80 (60 ng.) and one
surface active compound - saponin (1 mg.). Basically the exper-
iments were very similar to those in which liver particles were
used. One ml. of mast cell suspension was added to between 3 and
4 ml. of sucrose solution buffered to pH 8 with "tris buffer"
(0.07M). The samples were allowed to stand in the cold for one
hour, then appropriate amounts of the liberators were added and
the samples,which then were uniformly 5 ml., were incubated at
37°C. for twenty minutes in a Dubnoff Metabolic Shaking Incubator.
When the incubation period was completed the samples were centri-
fuged at 30,000g for 10 minutes. The supernates were decanted,
placed in a boiling water bath for two minutes and stored at 0°C.
until assayed. Control samples contailning mast cells and buffer
but no liberator were treated 1n the same manner. The total and
free histamine in the samples before incubation were determined

according to the procedures outlined in part 2 of section C.

3. Results
The findings of these experiments are shown in Table IV.
It can be seen that the three liberators were equally effective

in isotonic solutions, at the concentrations used. Wide variations
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TABLE IV

Percent Histamine Release From Isolated Cells
From Rat Pe:xitoneal Cavity Incubated With
Histamine Liberators in Isotonic and Hyper-
tonic Solutions of Sucrose

% Histamine Released
Expt. | pg. Histamine 48,/80 DAjo Saponin
No. Total [ Free Spont. 12 pg./ml. 40 pg./ml. | 200 pg./ml.
i U O B 1! gt |t | u’
157 9.0 3.2:1 7.8} 5.2 83. | 31. 5. 31. 56 48.
160 14,0 1.65{9.1116.7 59. |1 19.1 70.3 34.8 79 78.5
161 20.0 h,2 p0.0{24.0 55.6| 27.2, | 49.0 27.2 61 56.7
162 11.0 4,0 ho.o| 7.1 1100 21.4 50.0 7.1] 100 71.6
163 20.0 3.3 1.8] 3.6 29.6| 18.9 32.0 7.2 L6 50.6
165 18.0 4.2 6.0 6.0 51.¢0t 27.0 65.0 32.0 73 5.5
Ave. 15.6 3.4319.1110.6 63 24 57 23 71 63.5
~ _
t . 1.08 5.2 9.2 1.46
+ isotonic

# hypertonic
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were evident in the action of any one of the liberators in the
different experiments, but these variations were falrly consistent
for all three drugs. In experiment 157 for example, DAjp released
T5% of the total bound histamine, 48/80 - 83% and saponin - 63%;
and in experiment 163 the results were DAjg - 32%, 48/80 - 29.6%
and saponin - 46%.

Comparing the action of the liberators in the isotonic
and hypertonic solution, the same striking results were found
again. The average percent histamine released by 48/80 in the
isotonic media was 63% while the average was only 24% in the
hypertonic fluid. With DAy the averages were 57% in 0.32M
sucrose and 23% 1n 1.2M sucrose. These differences are of course
highly significant.

A comparison of the spontaneous release in the two solu-
tions showed a slightly higher amount in the 1.2M solution - 9.1%
to 10.6%. With saponin these figures were T71% in the 0.32M solu-
tion and 63% in the hypertonic media. These differences are not

statistically significant,however.

F. Experiments Using the Anaphylactic Reaction

1. Studies Using Guinea Plg Lungs

a. Methods

Guinea pigs welghing 100 - 20Q gm. were sensitized to
egg albumin according to the method suggested by Mongar and
Schild (1957). Four to ten weeks were allowed for the sensitivity
to develop. The animals were then anesthetized by an intpaperi-
toneal Injection of 0.5 ml. of nembutal. Artificial respiration
was begun and the thorax opened. Both the inferior and superior

vena cava were ligated and the pulmonary circult was flushed by
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injecting physiological saline into the right ventricle. The
pulmonary veins were laid open from thelr entrance to the left
atrium to the hilus of each:lobe. The bifurcation of the pulmonary
artery was located and the left and right branches cannulated
using fine polyethylene tubing. The lungs were excised and
mounted in an incubator at 37°C. in such a way that the venous
effluent of the two lungs could be collected in separate con-
tainers (Fig. 13). They were perfused with oxygen-saturated
Tyrode under sufficient pressure to produce a venous outflow of
0.5 to 1.0 ml./hdnute. One lung was perfused with normal Tyrode
and the opposite one wlth Tyrode containing sucrose at a con-
centration of 300 mg./ml.

Before beginhing each experiment the lungs were perfused
for one hour to insure cellulaf dehydration in the lung perfused
with the hypertonic Tyrode. Following this period, three 5 min-
ute control samples were collected and 1 mg. of egg albumin (0.1 ml.
of a 1072 solution) was injected ihto the cannula. The per;
fusion was tnen stopped for 45 seconds to allow the antigen to
diffuse into the tissue spaces. Perfusion was again started

and five-minute samples collected over the next 25 minutes.

b. Results

Feldberg and Kellaway (1937) first noted that while there
were extreme variations in the histamine content of the lungs of
different guinea pigs, both lungs from any one animal contained
essentlially the same quantity of histamine. However, it was
necessary in these experiments to determine whether the same
amount of histamine would be released from both lungs by the action

of the antigen. Figure 14 shows the results of such an experiment.
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The total histamine content of the left lung was 38.7 pg. and
that of the right lung was 38.3 ng. 22.6% of the total histamine
was released from the left lung and 25.3% from the right. Vaso-
constriction was more pronounced in the left lung and therefore
the histamine was discharged more slowly than from the opposite
lung.

A total of ten experiments were performed using the anti-
gen as a histamine‘liberator in iso- and hypertonic solutilons.
Figure 15 shows the results of these experiments. Following the
injection of the antigen there was a sudden increase in the his-
tamine content of the venous outflow from the lungs perfused
with normal Tyrode, whille only very small amounts were cleared
from their counterparts. One very striking feature was the
relatively small amount of histamlne discharged from the lungs
perfused with the normal Tyrode. In the experiment shown in
Figure 14, approximetely 9. pg. were released from each lung but
the average release from these ten experiments was only 1.69 pg.
One possible explanation for this is that in the latter exper-
iments there was a preliminary perfusion period of one hour. At
the end of this time 1t was noted that both lungs were always
guite enlarged with edema fluld. This no doubt would cut:.down
the effective concentration of the anti gen in the extrécellular
space.

To establish that basic histamine liberators would act
in a similar manner in these preparations an experiment was con-
ducted in which 48/30 was used as the liberator. The results of
this experiment are shown in Figure 16. Feldberg and Mongar

(1954) nhad reported that 48/80 was a very weak liberator in per-
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fusedvguinea plg lungs, therefore a muéh larger dose was used
than in previous experiments with this compound. One mg. of
48/80 released 1.27 pg. of histamine from the lung perfused with
normal Tyrode and 0.33 ug. from the opposite lung. These findings
show that tonicity changes have the same effect on histamine
release from euch preparations by both organic bases and the

anaphylactic reaction.

G. Experiments Using Anaphylatoxin as a Histamine Liberator

Anaphylatoxin has been shown by Rocha e S}lva and his
assoclates (1951; 1952) to bring about the discharge of large
quantities of histamine from perfused gulnea pig lungs. These
findings, as interpreted by Rocha e Silva, suggested that ana-
phylatoxin or a similar substance may be formed during the ana-
phylactic reaction. The experiments to be reported in this:
section were undertaken to compare the actions of anaphylatoxin
to the anaphylactic reaction. The source of histémine was again
the guinea pig lung. Experiments were conducted in the same
manner as described in the previous section.

In the first experiment sucrose solutions were used as
the perfusing fluids. With this media, however, no histamine
was released following the injection of anaphylatoxin. The per-

fusing fluid was therefore changed to Tyrode.

1. Preparation of Rat Serum Anaphylatoxin

Rat serum anaphylatoxin was prepared according to the
method outlined by Rothschild and Rocha e Silva (1954). A
. 0.25% solution of agar was made and heated to boiling for‘a
few minutes. One and a half ml. of this solution was added to
15 ml. of rat serum and the mixture incubated for 20 minutes at

37°C. It was then centrifuged at 850g for ten minutes and the
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serum decanted. Two ml. of the activated scrvm was injected
into eachr of thirec guinea pigs. Typlcal symptoms of anaphylaxis
occurred; the animals all died within tihree minutes. Post mortem
revealed the lungs to be fully distended.
2. Results

Fig. 17 shows the results of U4 experiments. Injection
of 1 ml. of rat serum anaphylatoxin resulted in the sudden
appearance of histamine in the venous effluent. An average of
3.8 pg. of histamine were released from the lungs perfused with
normal Tyrode while an average of only 0.94 ug. was cleared from
those perfused with the hypertonic media. The figure of 3.8 pg. is
much smaller than that reported by Rocnha e Silva but the dose
used in the present experime&fs was only one fourth that used by
him.

Two control experiments showed that fresh rat serum caused
no release of histamine from gulnea pig lungs. Two further ex-
periments, howevcr, showed some indication that aged rat serum
was capable of releasing histamine from these preparations. In
one experiment 6.9 pg. were discharged and in the other 0.22 ug.
came out.

Calcium 1is known to play an important part in the anaphyl-
actic reaction (Mongar & Schild 1958). 1In view of the failure of
anapnylatoxin to release histamine from lungs perfused with suc-
rose solutions, 1t was decided to see wiet part, 1f any, calcium
ions play in the release of histaminc »y anaphylatoxin. To do
this the lings of a guinea pig were set up in the usual fashion,
one lung was perfused wltn normal Tyrode and tiic opposlte lung
with calcium free Tyrode. The resulﬁs of this experiment are

seen in Flg. 18. When the calecium ions were absent much less
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histamine was discharged by the action of rat serum anaphylatoxin.

This further strengthens the similarity between these two entities.

H. Studies Concerning the Release of Histamine by Soluble

Antigen-Antibody Complexes

The iiterature concerning the productlon of anaphylaxis
in non-sensitized animals by the injection of antigen-antibody
mixtures dissolved In excess antigen nave been reviewed in this
thesis. The iﬁportance_of these mixtures in unraveling the
mysteries of anaphylaxis should be self evident. It was decided
to investigate whether the soluble antigen-antibody complex could'
be used as a histamine liberator in vitro-with regard to the

present studies.

1. Preparatlon of the Soluble Antigen-Antibody Mixtures

a. The Antisera

Nine rabbits were hyperimmunized by 12 intravenous in-
jections (1 ml. each) of a 2.5% solution of crystallized bovine
plasma albumin (Armour & Co.), given over a period of four weeks.

Beginning two days after the last injection, blood samples
were taken and the antibody titer determined using the inter-
facial technique (ring test) described by Boyd (1947). When
a titer greater than 1:64 was feund, the animal was bled by
cutting the marginal ear vein. In this way as much as 70 ml.
could be obtained from each animal. This metinod of intravenous
sensitizatlon yielded antibody titers ranging from 1:320 to lLLQBO
in seven of the nine animals used. Bloods having the same titer
were mixed, and an approximation of the zone of equivalence was

determined according to the method first described by Dean and

Webb (loc cit. Boyd 1947).
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b. The Complex

Two methods of preparing the soluble complexes were used,
both of these methods were described by Tokuda and Weisser (1958).
The first method was to add excess antigen to the antisera, the
resulting complex was designated as Type 1. The quantity of anti-
gen used in tihils method was eignht times the amount present in the
zone of equivalence. The mixture was incubated at 37°C. for 90
minutes, centrifuged for twenty minutes-at 12000g and the sera
decanted and saved for tests.

The second complex (Type 11) was formed by incubating the
antisera with a quantity of antigen, sufficient to give the pre-
cipitate at the zone of equivalence, for ninety minutes at 37°C.
The precipitate was washed twice with large volumes of ice-cold
physiological saline and then incubated at 45°C. for forty minutes
in saline containing ten times as much antligen as present in the
precipitate. The solution was centrifuged at 12,000g for twenty

minutes and the fluid saved for tests.

2. Tests Indicating the Effectiveness of the Complex In Vivo

a. Rats

With Type 1 complex,injectias ranging from 0.5 to 2.0 ml.
killed 11 out of 12 animals or 91.7%. Type II, while it produced
symptoms of anéphyléxis in all the animals, was not as lethal.
Sixty-nine percent of the 19 rats injected with thls complex died.
There was a definite pattern in the onset of the symptoms. The
animals immediately exhiblted signs of extreme excitement. They
appeared very nervous and apprehensive running about, exopthalmus
was common. This phase lasted for approximately five minutes at
which time they became suddenly quiet. The respiration became

deep and slow. One of the animals exhiblted signs of a typical
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asthmatic attack at this time. From this point on the animals
began to show symptoms of a slow progressive circulatory collapse.
They became weak, cyanotic, breathing was deep and labored, mic-
turation and defecation were common. Their color slowly turned
ashen and they became prostrate. Death generall& ensued within
3 to 5 hours, sometimes preceded by a convulsive selzure.

Autopsy revezled massive hemorrhages throughout the length
of the small intestine, always mbst severe in the jejunum and
proximal ileum. Quite often the hemorrhages occured in clrcular
bands, a pattern which I have chosen to refer to as a "Zebra
effect”". The lumen was'generally filled with blood. Occasionally
the caecum was congested and contained numerous petechial hemor-
rhages. Flgure 19 1s a photograph showing the extent of the
reaction compared to an untreated animal. '

The only other tissues which were consistently hemorrhagic
were the abdominal lymph nodes. The liver was congested and

enlarged in most of the animals.

b. Guinea Pigs

Ten guinea pigs were injected intravenously (cephalic vein)
with 2 ml, of the soluble complex, Type 1. All of the animals
snowed clinical signs of anaphylaxis: 1itching, sneezing, and
dyspnea. Three of them died within minutes. Post mortem revéaled
the lungs to be over-distended. Four other animals dled over
a perlod of seversl hours. Autopsy showed that in addition to the
inflated lungs, there were hemorrhages in the stomech and small
intestine. The abdominal lymph nodes were enlarged but not

severcly congested.




Big.

joli

p >

soluble con

- P P VS Pl e =1
100L0grapn SNo0wing tane
body complex in rats.
untreated;

the animal on the

nplex intravenously.

=
=4

oluble antigen-
on the left is
ceived 2 ml. of

g9



9.2,

c. Cats

A total of slx cats were used, they were anesthetized by
intravenous injection of chloralose (100 mg./Kg.), following
ether induction. A carotld cannula was inserted for blood pressure
recording and a femoral artery was cannulated to collect blood
samples. A control blood sample was taken and 4 ml. of the sol-
uble complex (Type II) injected into a femoral vein. In four of
the six animals there was a sudden fall in arterial blood pres-
sure (Figure 20), two cats died within four minutes. A second
injection of the complex into oﬁe cat produced no pressure changes.
Blood samples were taken at various times after the injection,
usually at 30 seconds and 1, 2, 5, and 10 minutes. The blood
was centrifuged and the plasma asséyed immediately for its his-
tamine content.

The results of these experiments are shown in Table V.
In all cases where there was a drop in blood pressure there was
a concomitant rise in plasma histamine. The highest concentration
was found within 30 to 60 seconds. This corresponded to the max-
imal drop in blood pressure. It 1s interesting to note that no
blood pressure changes or plasma histamine changes were seen
after the second injection of the complex in cat No. 6. Neo-
Antergen tests were performed on the samples from cats No. 5 and
6. They verified that the substance responsible for the con-

traction of the ileum was histamine.

3. Tests Using In Vitro Preparations

a. Isolated Cells from Rat Peritoneal Cavity

Suspensions of rat peritoneal mast cells were prepared

according to the procedure outlined in part 1 of section E.







TABLE V

Tiie Release of Histamine in Cats Following
the Intravenous Injection of Soluble Antigen-
Antibody Complex

g #

Plasma Histamine ng./ml.

Cat No. 1 2 3 4 5 6
Control 3 ng. 4 ng. 12ng. 8 ng. 10 ng. 8 ng.
- 4 mg. Soluble Complex Injected
30 sec. 12 21 12 8 22 10
1 min. -- 20 - - - 18
2 8* 16 -- 8 14 -
I —- 10 -- - oo --
5 -- -= -- 7 -= 14
8 - - 12 - - -
10 g - 6 -- -- --
13 | —- - —- - - 10
- L ml. Soluble Complex
30 sec. —- —-— - - - 8
5 min. - - - - - 8

¥ animal died
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More care was taken in resuspending the cells after the final
wash. This was probably the reason why the free histamine was
much less (7.5%) than in the previous experiments with mast cells.
One difference in these experiments and the earlier ones was that
the cells were suspended in Tyrode rather than a sucrose solution.

In two preliminary experiments, incubation of the mast
cells with soluble complex did not result in any Increase 1in the
histamine content of the sample supernates. It was felt that
perhaps some serum factor was necessary in the reaction. Since
rat serum has untoward actions on the guinea pig ileum, 1t was
decided to add fresh cat serum to some of the samples. The samples
were prepared according to the outline shown in Table VI. They
were lncubated in a Dubnoff metabolic shaking incubator at 37°C.
for 30 minutes. The samples were then centrifuged at 11,000g
for ten minutes and the supernates saved for assay. The assays
were always conducted on the same day as the experiment.

The results of seven experiments with rat peritoneal
cells are shown in Table VIL. Type II complex was used 1In all
the experiments. As can be seen in the Table, soluble complex
alone released only slightly more histamine than was spontaneously
released in the control samples. This slight increase was not
significantly different from the control samples.

In the samples containing soluble complex plus fresh cat
serum the average histamine release was 19.7% which is an in-
crease of 14.7% over the control values. Statistical analysis
showed these results to be highly significant; P {0.02. Cat
serum itself had no histamine liberating activity on the mast

cells.




TATLE VI

Scheme for Incubation of Isolated Cells
From Rat Peritoneal Cavity With Soluble
Antigen-Antibody Complex (Type II)

ye

Cell Soluble Cat
Tube No. Suspension Complex Serum Tyrode Other
1 1 ml. -— - 4.0 ml. _—
2 1 ml. 0.5 ml. ——— 3.5 ml. —_——
3 1 ml. 0.5 ml. 0.5 ml. 3.0 ml. -
I 1 ml. ——- 0.5 ml. 3.5 ml. -
5 1 mi. 0.5 ml. 0.5 ml. - 3.0 ml. suc.
+ eversene
0.3 ml.
6 1 ml. - ——- 3.7 ml.  48/80%
Tt 1 ml. - ——— 4.0 ml. ——
p¥ 1 ml. — - 5.0 ml.  —m
500 vs.
Total
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TABLE VII

Histamine Release From Isolated Mast
Cells Incubated with Soluble Antilgen-
Entibody Complex

% Histamine released in 30 minutes

Hist. Cont. S. C.
pg./ml. tser.
Bxpt. S. C. +suc-

No. Total ©ree Spont. S. ¢! +4ser? vrose 1Jr8/80-fé Ser.
166 11.5 0.6 5.5 3.3 z3.0 -——— o1 5.6
168 10.2 0.3 3.9 5.9 41.0 - 100 8.3
171 2.1 0.4 0.9 1.1 g.1 -— -= 2.2
173 9.0 2.3 2.8 5.8 10.1 -—— 100 -——-
174 2.0 0.6 | 3.0 12.0 16.5 16.0 100 -
175 10.5 0.3 1z.5 6.4 7.5 11.8 100 -
177 12.0 1.2 5.6 8.0 1.0 —_——— 100 -
Ave, 11.9¢ 0.9 5.0 7.2 15.7 15.65 98.5 5.5

t 0.7 3.5%

+ soluble complex

F fresh cat serum

F 50 ps.

¥ gignificant at P = 0.02
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In an attempt to determine if calcium lons were necessary
for this reaction as they are for the anaphylactic reaction, a
sample containing mast cells, soluble complex and cat serum was
incubated in 0.32M sucrose solution to which versene had been
added. The results of two such experiments were inconclusive.
In one there was a histamine release of 16%, a 13% increase
over its control, but in the other experiment no increase was
found. (Table VII).

Dr. Garcia-Arocha is presently continuing these studiles
in an attempt to ascertain the nature of the serum factor(s)
involved. In one experiment thus far conducted he was able to
show that when the serum was heated to 56°C. for 30 minutes
prior to the incubation, no histamine was released over its

control value.

b. Perfused Guinea Pig Lungs

The lungs of three gulnea pigs were prepared for perfusion
according to the method outlined in part 2 of section F. Into
the perfusion stream.of one lung was 1lnjected a mixture of 0.25 ml.
of soluble complex (Type II) and 0.25 ml. of Tyrode, while a
mixture of the complex and serum (taken from the same animal
as the lungs) was injected into the opposite lung. A total of
0.867 ug. of histamine was discharged from the lung when the
second mixture was injected and 0.337 ug. when the first mixture
was used. With the dose used, the complex was at least as
effective 1n releasing histamine as the specific antigen had been.
The presence of residual blood in the lungs may explaln why the
soluble complex mixed with Tyrode released some histamine, though
its action was less effective than when the complex was mixed

with serum.
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¢. The Schultz-Dale Reaction

At the beginning of these studies several attempts were
made to.produce the Schultz-Dale reaction on the gulnea pig
ileum, but all attempts falled. In view of the later findings
that apparently fresh serum 1s needed for the complex to release
histamine, one more attempt was made. An ileum from & non-sen-
sitized guinea pig was set up for histamine assay and the bath
temperature adjusted to 37°C. Four tenths ml. of fresh dog
serum was added to the chamber and the gut allowed to equilibrate
for one minute. Now O.4 ml. of soluble complex was added. After
30 seconds a maximal contraction occured which lasted for several
minutes. After repeated washings the ileum relaxed. When the
procedure was repeated no contractions occured. Figure 21 shows
the results of this experiment.

It 1s regretted that sufficient quantities of the soluble
complexes were not left to permit the logical continuation of
the tonlcity studies, however, the experiments whicn were com-
pleted established the fact that histamine is released by the
action of these antigen-antivody mixtures and therefore is a

significant contribution to tne present studies.
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Discussion

The results presented in the experimental section of
this thesis afe clear-cut and consiétent. The task lies there-
fore in the correct interpretation of these findings. Through-
out the program of studies the experlments were planned and con-
“ducted in the hope of providing evidence which could enlarge on
our present knowledge of the manner in which histamine is bound
in the tissues. The results of these ilnvestigations will be
discussed in relation both to histamine binding in the mast
cells and to the mechanism b& which it is released from these
cells. In a separate division of the disucssion the action of

soluble antigen-antibody complexes in releasing histamine from

in vivo and in vitro preparations wlll be consldered.

1. Histamine Binding

With regard to the problem of histamine binding, one
fact appears to be positively established. That 1s that much
of the histamine in the body is stored in tissue mast cells.
Beyond this much controversy exists. The tissues used 1n the
present work were all rich iIn mast cells; and the evidence pre-
sented in the introductlion justifies the conclusion, at least
as a first approximation, that histamine release as 1t has been
studied in this investigation was In fact a phenomenon concern-~
ed with mast cells.

The experimental findings of this thesls, as appllied to
the mode of binding of histamine, can be explained in several

ways. The most plausible of these posslbillties will be ex-
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amined and an attempt made to establish whether or not they
adequately explain the results.

The action of a series of organic bases in releasing
histamine from dog liver particles was determined both in iso-
tonic and hypertonic (1.2M) solutions of sucrose (Fig. 3). All
the compounds reacted similarly; the initlal rate of histamine
release was reduced by approximately 50% in the hypertonic suc-
rose solutions. This finding, that less histamine 1s released
in hypertonic solutions, was conspicuous in all of ithe other
preparations used in the course of this study (Fig's. 7, 9, 15,
17; Table IV).

The decrease in the rate of transfer of histamine from
the particulate to the liquid phase could possibly be the con-
sequence of changes in the molecular configuration of proteins
(to which some workers believe histamine is bound) brought about
by the dehydrating action of the hypertonic solution. While it
is true that dehydration can denature some proteins (Mirsky
1938), this does not’seem to be the answer in view of results
shown in Fig. 4. If the inhibitory action had been due to any
denaturation, the effects would have been expected to be irrevers-
ible. And in general it would seem more likely that prbtein
denaturants should diminish rather than increase the affinity
of histamine for the material to which 1t is bound; thus protein
precipitants like alcohol, trichloroacetlc acid and HgCl, are
all releasers of histamine, and have been used to'extract his-
tamine quantitatively from tissues. Howéver, one could suppose
that confilguration of protelns may be reversibly altered by

changes in ionic environment or in osmotic pressure, as in
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salting-out effects; in this case ionic strength of cell interlor
might be increased, by concentration of intracellular Kt ions.
Such changes in the composition, as contrasted with the volume,

of the intracellular fluid might influence the histamine-blinding
capacity of a hypothetical protein. But in general, it would be
expected that the effect of increased ionlc strength would be

to dissociate a histamilne-protein complex, rather than to increase
its stability. Similarly, if histamine is held within cells

by being bound with heparin (MacIntosh 1956) or some other polyanion
like a nucleic acid or high-energy phosphate (Paton 1956) the
effect of increased ionic strength on such a binding would pre-
sumably be to promote dissoclation; in much the same way as the
metacnromatic complex of heparin and the base Toluidine blue

is dissociated by salt (MacIntosh 1941).

From a cursory glance at Table II, one might suspect
that the suppression 1in the rate of histamine release could be
attributed to the direct action of the sucrose per se. For this
reason many experiments were repeated using mannitol in place of
sucrose. Comparable results in these experiments (Fig's. 5 and
12) precludes the possibility that sucrose by itself was respon-
slble for the effects seen with the 1.2M solutions.

A third explanation for the depression in the rate of
histamine release could be made on the basis of the osmotic
pressure generated by the hypertonic solution. As far as is
known the only effect of sucrose (or mannitol) which is a rela-
tively non-penetrating solute, is to set up an osmotic gradient
across a membrane causing a decrease in tle volume of the
structure enclosed by the membrane. This 1s my working hypothesis;

it will be discussed more fully in the following paragraphs.
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In striking contrast to the actlion of the basic histamine
liberators, the surface-active compounds were equally effective
in iso- and hypertonic solutions. The surface active properties
of saponin and sodlium taurocholate have bheen known for many
years although the exact mechanism for their hemolytic action
is still unknown. The evidence of Berheimer (1947) suggests
that saponin and sodium taurocholate act similarly. According
to Rideal and Taylor (1957), saponin and other anionic deter-
gents cause hemolysis of red blood cells by attacking the l1llpo-
protein-cholesterol complex. It 1s assumed that this occurs
wlth other membranes. One must assume that histamine is eilther
attached to the membrane itself or it is contained within the
granule since the lytic agents act directly on the granule
membrane. [Mast cell granules have been reported by several
workers to possess a limiting boundary (Bloom, Larrson & Smith
1957; Smith & Iewis 1957). These observations along with those
of Zollinger (1950) that the granules exhibit an osmotic be-
havior, strongly suggest that mast cell granules are clearly
defined structures possessing a surrounding membrane=] That
histamine is attached to the granule membrane seems unlikely in
view of the decreased activity of the organlc bases in hyper-
fonic solutions, for it is inconceivable that mere crenation
could inhibit the action of these compounds.

If, on the other hand, hlistamine is located within the
granule it must be held by only a weak bond since it diffuses
out so easlly (McIntire 1956). A very weak linkage is also
indicated by the wealth of data which shows that histamine can

be released by purely physical procedures such as would not be

expected to rupture a primary chemical bond. Distilled water is
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an excellent histamine liberator both in vitro from perfused
guinea pig lungs (Schild 1936b) or intraeellular particles
(Hagen 1954; Grossberg & Garcia-Arocha 1954), and in vivo in
rats (Riley & West 1953a; Fawcett 1954, 1955). Other procedures
such as freezing and thawing (Hagen 1954), heating (Trethewie
1938), and treatment with acetone (Grossberg & Garcia-Arocha
1954) gquantitatively release histamine from 1ts tissue storage
site.

The evidence which supports the idea that histamine 1s
held by a peptide bond 1is based on the finding that histamine
is released by trypsin (Rocha e Silva 1938). This concept leads
to the assumptlon that histamine release requires the activation
of a trypsin-like enzyme. However, it seems to be disproved by
the observation that histamine can ve released from dog liver
particles in the presence of soy bean trypsin inﬁibitor at 0°C.
(Grossberg & Garcla~Arocha 1954). The histamine-releasing action
of trypsin could, of course, be explained on other bases. Thus
Trypsin could rupture peptide bonds 1n the protein component of
a membrane and thus cause the membrane to rupture or .change its
permeability, allowing histamine held in storage behind the
membrane to leak out. Or tfypsin, since it acts on peptide bonds
to which L-arginine or L-lysine has contributed a carboxyl group,
might set free polypeptides contalning these basic amino acids,
which could well be active histamine liberators.

Histamine is a falrly strong base (it can be considered
as an amine, a diamine or an amidine); it might not remaln freely
dissociated within the granule under physiological conditions.

There are several large polyanions that might easily bind
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histamine with a loose polar bond. Most notable of these 1is
heparin. Jorpes (1946) hés stated that heparin is a normal
constituent of mast cell granules. While Julén and her co-
workers (1950) disagree with this belief, most of the recenf
work shown in the introduction tends to agree with the opinion
of Jorpes. ,

The idea that heparin and histamine will combine has
been advanced several times. Gernendéis, Csefkd and Udvardy
(1948) found that histamine opposed the anticoagulant activity
of heparin. Later Parrot . and Laborde (1951) noted not only
that heparin antagonized the effects of histamine on the gulnea
pig i1leum, but tuat when a hlstamine solution is dialyzed agalnst
a heparin solution the histamine concentrated in the heparin
compartment. Sanyal and West (1956) have succeeded in combining
histamine and heparin sufficiently strong enough that the com-
plex will precipitate out of solution. In addition to combin-
ing with histamine heparin has a strong affinity for many basic
histamine liberators. MacIntosh (1956) suggested that the
attraction of the liberator for heparin could be responsible for
the accumulation of the liberator molecules in the mast cell,
which Riley (1953b) showed so well with stilbamidine.

Another possible candidate is ribonucleic acid. A good
correlation exists between the histamine releasing activity of
several organic bases and thelir ability to react with RNA
(Paton 1956). Paton suggested that combination with this
polyanion could explain the binding of histamine in cells other
than mast cells. There are, however, several objections to

this compound in a histamine trapper. First, RNA is found
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mainly in.the cytoplasm of cells, or in the extremely minute
granules which Palade found adherent to the endoplasmic reti-
culum and which sediment with the microsome fraction in sucrose
homogenates. whereas histamine has been found to sediment with
the mitochondrial fraction in many preparations, and 1s there-
fore associated with a much larger kind of granule (Barnett,
Hagen & Lee 1958). This makes it seem unlikely that RNA binds
histamine In mast cells since it appears that histamine 1s
associated with intracellular granules (Hagen 1954; Grossberg &
Garcla-Arocha 1954; Mota et al. 1954; West 1955; Barnett, Hagen
& Lee 1958). A second objection can be based on the specificity
of histamine liberators. Riley (1953b) showed that stilbamidine
concentrated only in mast cells. Pathologlical examination of
tissues subjected to the actlon of histamlne liberators reveals
disintegration of mast cells while other cells appear normal
(Fawcett 1955). Now all cells (other t.an mature erythrocytes)
contaln RINA, and there is no cvideuce tiat mast cells contain
more than otner cells. Vere the liberators attracted by RNA,
tney would be e:ipected to show no preflerence to magt cells, and,
in general, nuch hlgher concentrations of the liberators would
be required to bring about the release of histamine from tissues.
Humphrey and Jaques (1955) showed that 48/30 does not release
histamine from rabblt platelets, which of course contain RNA.
Adenosinetriphosphate (ATP) has also been considered
as an anionic substrate to which histamine could attach itself.
Darlow (1956) has stated that organic base histamlne liberators
will complex with ATP, but once again the same objections may

be made against this compound. There i1s some evidence which
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indicates that ATP could in some way be involved in the
Intracellular binding of histamine. Sanyal and West (1956)
reported that when solutions of heparin and histamine are mixed
under sultable conditions about 70% of the histamine is removed
from solution.- If ATP is added to the system, the uptake of
histamine by the heparin is increased to over 90%. It would

not be surprising that histamine, which contains two basic

groups (one of them the amidine group which has good possibilities
for forming resonance-stabilized complexes) might act as a kind

1"

of chemical "glue" causing increased association of polyanions
with loose binding of the nistamine itsell.

Blascko and iils assoclates (1956) found that ATP and
catechol amines are concentrated in the large granule fraction
of homogenates from bovine adrenal medulla. In normal platelets
a proportionality was fovnd vetween the amounts of ATP and 5S5HT
vefore and alter incubation with plasma containing SHT (Born,
Ingram & Stacey 1958). These observations are not concerned
witn the Linding of nlstamine but they do denonstirate that .some
relationsihip may exist between ATP and the storage of physiolog-
ically active amines. Thils relationship nay be to some extent
one of dilrect bilnding. BRBut the unlgue associliation between
nistamine and neparin in mast cells suggests, though 1t does

-

not prove, that heparin is a better candidate Tor the role of
histamine-binding polyanion. In other ltinds of cellular

element with the ability to bind histamine, otner polyanions
may be more Important. Thus rabpbit platelets do not, so far

as I know, contain heparin, though they are rich in histamine;

and it is perhaps relevant that 48/80 does not release histamine
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from these platelets (Humphrey & Jaqgues, 1955). The same may
be said of the gastric mucosa, on which, again, 48/80 has only

a trivial histamine-releasing action (Smith 1953).

2. Mechanism of Release

The development of the use of histamine liberators in
the past decade has stimulated research concerning the mechanism
of histamine release. It is not surprising, therefore, that
several theories have evolved from these studies. Baseically
these theories fall into two broad classes: enzymatic and
non-enzymatic. In general, the enzymatic theories have arlsen
from the observation that proteolytic ehzymes appear in blood
during anaphylactic shock (Ungar 1947). I do not deny the
participation of enzymatic reactions in the anaphylactic re-
action. This seems to be clearly established by the recent work
of Mongar and Schild (1958). Participation in this reaction,
however, does not necessltate the assumption that an enzyme 1is
the ultimate causal agent responsible for the release of his-
tamine. Indeed,fibrinolysin and streptokinase both fail to
release hisﬁamine from dog liver particles (MacIfitosh 1956),
and are at best only very weak in discharging histamine from
rat mast cells (HYgberg & Uvnls 1957). Another objection to
a protease theory for histamine release is the lack of evidence
that histamine is bound to a protein in the mast cells. On the
contrary, the evidence stated in the previous section 1s against
the exlistence of such_a firm binding. Ungar's latest modification’
of his theory (1956) is somewhat complicated, involving kinases
in the blood and cells which convert proactivators into acti-

vators, which in turn transform protease precursors into active
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proteases. The proteases are supposed to attack the poly-
petides which bind nistamine, but unless it can be shown that
histamine 1s attached to a protein, the whole scheme 1s point-
less,

Feldberg and Kellaway (1938b) postulated that lysole-
cithin might be the active agent in anaphylaxis, suggesting
that histaminexmight be linked to a lipoprotein from which it
would be released by lysolecithin. The basls for tinls theory
was that snake venoms which contain lecithinase A, an enzyme
which converts lecilthin to the lytic lysolecithin releases
histamine. H8gberg & Uvnis (1957) recently showéd that in a
series of 25 enzymes they tested, only lecithinase A efficiently
disrupts rat mast cells. It may well be that the action of
lecithinase A is directly on the cell and granule membranes in
a manner similar to that of the surface active compounds, This
could explain why lecithinase A is such a poor releaser in
perfused cat paws. It is well to point out here that saponin,
which is a fair histamine liberator on rat mast cells (Table IV),
was quite weak in perfused cat paws (Fig. 10).

A somewhat different enzyme theory than those dis-
cussed above, was recently proposed by H8gberg and Uvnlds (1957;
Uvnds 1958) to explain the disruption of mast cells by 48/80.
They envisage a lytic enzyme Situéted on the outer surface of
the mast cell membrane. - This enzyme 1s normally kept inactilve
by the presence of an inhibitor . 4&/£80 supposedly removes
the inhibitor thus allowing the enzyme to attack the cell
membrane. They presented evidence that the action of 48 /80

is blocked b; various enzyme inhibitors but Mongar and Schild
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(1956) reported that oxygen lack or metabolic inhibltors
potentiate the action of 48/80 on minced guinea pig lung.

One obvious weak point in this theory is that it does
not explain how 48/80 releases histamine from isolated cell
particles. Certainly the same explanation will not suffice.
Therefore, if their theory is correct 48/80 must have two
separate actions in releasing histamine or else the same enzyme-
inhibitor complex must be postulated as being present on the
outer surface of the granule as well as on the outer surface
of the cell.

| One of the theories canvassed by MacIntosh and Paton
(1949) was that histamine liberation by bases involves a process
of ionic exchange. Such a theory does not require the partici-
pation of any enzymes and fits well with the idea that histamine
is held by a loose bond. It arose from the fac£ that all the
histamine liberators tested by MacIntosh and Paton were basic
substances. In the light of the'experimental findings reported
here, a possible displacement theory of histamine release
(McIlreath 1956) will be discussed.

If histamine and heparin are assumed to be held inside
the mast cell granule, the liberator must in some way induce a
transfer of these compounds across the membrane. This could be
accomplished in several ways. One possibility is that the
liberator could inhibit an active transport system simiiar to
. the sodium pump of Hodgkin and Katz (1949) which might be
supposed to normally keep histamine confined within the granule.
Such a mechanism was considered by Darlow (1956) and McIntire
(1956), and wnile such a system is theoretically possible, it

seems hignly improbable considering the very slow rate of
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histamine release from dog liver particles stored for long
periods at temperatures low enough to reduce the activity of
any actlive transport system to a negligible low level.

Another possibility might be that the liberators
could release histamine chemically bound within the granule,
thus allowing its free diffusion across the granule membrane.
Objections to thls type of release were clted in the previous
sectlon. In addition, 1f the basic histamine liberators were
mere base-exchangers, one would not expect to see the violent
disintegration of the mast cells which occurs when histamine
liberation results from the action of these compounds.

A third possibility is that the basic liberators could
release the active amine by altering the physical structure
of the cell membrane itself. Grossberg and Garcia-Arocha (1954)
considered the action of the basic histamine liberators to be
a lytic ohe, involving the rupture or damage of the mast cell
granule membrane. If tnls is true, one would expect basic
histamine liberators to.show activity at other cell surfaces.
Grossberg (1954) found, indeed, that most liberators were
active in causing hemolysis of washed rea blood cells, but
the actlon was a very weak one; and in vivo. These substances
do not cause nemolysis wnen 1lnjected intravenously even in
lethal doses. Moreover, an action on tne cell membrane alone
is insufficient to explain histamine release, since mechanical
disruption of the cells when a tissue 1s homogenized still
leaves mucih nistamine bound within granular cell components,

from which it can be released by liberators.
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Norton (1954) also suggested that 48/80 increased
membrane permeabllity, but nher reference was to the cell mem-
brane. She based her reasoning on the finding that hypotonic
solutions did not accelerate cellular disruption induced by
48/80, if an osmotic action were involved, she sald, disruption
should have been hastened. It is possible that her results
are not valid, 1if one supposes that the hypotonicity itself
increases the volume of the cell. TUnder these conditions the
entry of a given amount of 48/80 would lead to a lower con-
centration of 48/80 than if the medium were isotonic.

Paton (1957) indicated that some of the histamine re-
leasing activity of oztylamine might be due to surface activ-
ity, because its time course of histamine release 1is much
slower than that of 48/80, it releases potassium, and it pro-
duces moré edema in perfused organs.

Another possiblility 1s that the liberator molecules
could aggregate inside the granule and thiough an osmotic
actlion cause a mobilization of water molezules within the
granule. This would result in a swelling of the granule and
an increase in the permeablility or rupture of the granule
membrane. It is this mechanism that will be proposed here.

It 1s easy to imagine how the liberator molecules are
accumulated within the granule; 1ts affinity for heparin would
be sufficient to cause this. But how would the liberator in-
crease the osmotic pressure in the granule? If it is attracted
into the granule by the presence of heparin it certainly would be
expected to enter into a-combinétion with it. Therefore, it

might be argued that the liberator would contribute nothing
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to the osmotic pressure. Suppose, however, Lthat the histamine
of the granules is normally combined with heparin by a loose
polar bond and so contributes little to the osmotic pressure
of the granule interior. And suppose, further, that the liber-
ator has more affinity for heparin than histamine has, and will
therefore displace it from its combinations. The displaced
histamine molecules would therefore be, at leasttempdrarily,
freely dissolved in the water of the granule interior. Histamine
(unlike the most active histamine liberators whose molecules
all contain a large, predominantly hydrocarbon moiety) 1s pro-
bably poorly soluble in lipids; at any rate if is not extracted
from aqueous soluthon by non-polar solvents, even at alkaline
pH. It might therefore be expected to pass out of the granule
interior only slowly; at any rate less rapidly than the liber-
ator would be entering. Free histamine base would therefore
tend to accumulate inside the granule, and this accumulation
would have two effects. Flrst, the pH of the granule water
would bé Instantaneously raised by dissociation of water, just
as introducing free ammonia into water produces an excess of
OH™ ions. Secondly, the osmotic pressure of the granule fluid
would increase, because of the osmotic effect of the histamine
itself and also because of the anions that might move into the
granules along the charge gradlent set up by the histamine as
it became freely ionized. The physical chemistry would be
rather complex, but undoubtedly there would be a tendency for
the granule to swell and for its contents to become more

alkaline.
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The number of osmotically active particles and the pH
would increase in proportion to the number of histamine mole-
cules freed from theilr heparin complex. Dougherty & Schneebelil
(1958), indeed, have been able to show a swelling of the granules
during the slow disintegration of subcutaneous mast cells from
rats.

The concentration of histamine in mast cell granule is
very high. Graham's (Graham et al. 1953) figure of 6 uug./cell
can be used to rougnly estimate the molar concentration of
histamine in the mast cell granule*. Estimating the granule sap
to comprise 50% of the cell volume, a figure which is consistent
with the histological and electron micrographic evidence (Bloom
Friberg and Larrson 1956), the histamine concentration would
be 181 mM. This, if the histamine could be suddenly made
osmotically active and balanced by anions, would, within limits,
represent an 1lsotonic solution. If all the histamine in 10%
of the granules was suddenly released from its binding sites,
and 1f osmotic readjustment were effected mainly by entry of
water into the cdl to replace the cell sap attracted into the
granules, there would be at least a 10% increase in cell volume.
If anions also entered the cell to balance the excess of
(histamine) cation, the increase could reach 20%. Some increased
influx of anions would probably have occurred along with the
initial penetration of the histamine liberator, since the molecules
of most liberators are partly ilonized at the pH of the tissue
fluids, this much of an increase in cell volume could rupture the

membrane. The cell membrane of mast cells, it may be relevant

*average diameter of mast 10 u (Bloom, Friberg & Larrson% treat-
ing the mast cell as a sphere volume = 4/3 w r3 = 523 pu3.
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to note, exhibits an irregular contour in electron micrographs,
with small finger-like outward projections (Bloom, Friberg &
Larrson 1956). If these are not artifacts of fixation, it is
tempting to suppose that they'migﬂt serve the'purpose of allow-
ing the cell to swell without much change in internal pressure
and therefore without disruptiﬁn, when for any reason a small
amount of histamine-releasing substance entered. Under these
circumstances, the amount of histamine set free wbuld be, at
a maximgm, equal to the‘amqunt df liberator entering.

This then,can expléin‘thé rﬁpture of the cell as a whole.
What is the fate of granules in such a céll? They might, indeed;
have already undergone osmotic rupfidn with releéSe»ofrtheir
contehts. ‘If not, they would be bathed in é ﬁikture of extra-~
cellular and intracellular fluid, in which a number of enzymes
might well have become acﬁivated. It would not be surprising
if their membranes suffered further‘damage. The change of Nat
for some of the Kt in the cytoplasmic reaction might have sugh
an effect. Ionlc changes can affect the stabllity of these
granules; for instance, it has been shown that dog liver par-
ticles are much more stable when they are suspended in isotonic
sucrose than when they are in 0.9% NaCl or Tyrode (Grossberg
1954).

This theory, although it involves base displacement,i
readily explains Feldberg and Paton's finding that one molecule
of U48/80 releases 10 - 100 molecules of histamine. The. liberator
‘would only have to act on a fraction of the granules in a:cell
to release all the histamine in this cell. Since the granules
are so numerous and sSo densely packed, the liberator would pre-

- ferentially concentrate in the granules situated along the peri-

phery of the cell.
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It is implicit in this theory that mast-cell granules
discharged by rupture of the cell will soon rupture themselves
or at least release thelr charge of histamine. This idea ts
plausible, enough in itself, since isolated mast-cell granules
rapidly lose their histamine in vitro unless special precautions
are taken to preserve them. Numerous authors have described the
histologlical appearance of disrupted mast cells with granules
lying loose in the tissue fluid, and of metachromatic "haloes"
which presumably represent heparin that has escagped from the |
granules and been trapped by temporary combination with tissue
protelns. (Heparin indeed probably tends to remain attached to
the structural protein of the granules by residual valences, and
is not released nearly so rapidly as histamine, even from a
preparation of isolated particles (Gercla-Arocna 1958).) The
theory would ilmply further that the rate at whlcn nistamine was
released into the circulation by the action of a histamine liber-
ator would depend on the composition of the extracellular fluid
for a medium that tended'to preserve tiie integrity of the granules
would delay or prevent the release of histamine from the granules
that had not already burst. (Such granules, lying free in the
tissue spaces, might not éven at this time be too much swollen,
since if the dose of liberator were not too great, it might have
been mostly taken up by the heparin in the granules lying most
peripherally in the cell.) One would expect, for instance, that
if a sucrose solutlion were used for perfusion much less histamine
would be released by a liberator than if Tyrode was used, 8ince
isolated granules are mucn more stable in sucrose than in Tyrode
(Grossberg 1954). This is in fact the case, as Fig. 11 shows;

the difference is a ten fold one. With sucrose perfusion, in fact,
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it 1s probable that a molecule of 48/80 can immediately release,
at best, one molecule of histamine; in other words that éimple
base-dlisplacement operates. In the short perfusion time used in
these experiments, one molecule of 48/80 released less than one
molecule of histamine from paws perfused with isotonic sucrose.

A further corallary of the theory would be that if a liberator were
injected into the stream of sucrose solution perfusing limb,
bringing about a release of some of the tissue histamine, then
after the release were finished much more histamine could be
released simply by changing over tb Tyrode perfusion without
further injection of liberator. Unfortunately this test did

not occur to me until the experimental work for the thesis had
been completed.

AMy interpretation for the suppression of histamine release
in hypertonic solutions now becomes more clear; the action of the
liberator tends to draw water into the cell whlle the hypertonic
solution tends to remove it; then, swelling of the cell would
occur less rapldly and histamine release would be retarded. ‘The
fact that the reduction in‘histamine release from dog liver pér-

‘ticles was approximately the same with all the basic‘liberators"

tested (Fig. 3) makes this supposition more likely.

Undoubﬁedly, the surface-active compounds act through a
different mechanism. They cause a break down of either the
cellular or tne granule membrane or very likely of both membranes
b& a direct actlon rather than by osmotic bursting. There is no
reduction in hiétamine release in hypertonic solutlons because
after rupture of the membrane, no pressure gradient can be set

up between the exterlior and interior of the cell (or granule).
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One cousistent finding is that histamine is released
abruptly from tissues of intact cells (Feldberg ( Paton 1954;
Garcia-Arocha 1958; licIlreath 1959) put slowly from cell par-
ticles (Grossberg loc. cit. MacIntosh 1950; Mongar & Schild 1956;
McIlreath 1959). The cause for the explosive action in cells
is thnat, as explalned above, many molecules of histamine are
released by a few molecules of the liberator. When cells are
homogenized only a small portion of the granules remailn intact.
These may be the ones that are Stfongest physically and perhaps
also tnose that are youngest and contaln the least histamine and
neparin. In this preparation the liberator can only release
histamine from the gfanule in which 1t is concentrated. Also,
there 1s probably a diffusion of displaced histamine from the
particle rather than a rupture of the granule because the liberator
will enter all the granules instead of bnly a few as in the case
of intact cells making the effective concentration of liberator
per granule lower and the swelling less severe. Such consider-
ations as these may perhaps account for the Somewnhat awkward fact
that the release of histamine from isolated particles when a
liberator is added 1s slower by a couple of orders of magnitude,
than the release that occurs when the same concentration of liber-
ator reaches intact cells via the blood stream. If the course of
release from the granules had been followed over the entire period,
the curve might have tended to take a sigmoid shape. It 1s, in
retrospect, unfortunate that this was not done.
| It was found that when the anaphylactic reaction was
used to release histamine from perfused guinea pig lungs, much

less histamine was cleared from lungs perfused with hypertonic

Tyrode than from those with normal Tyrode (Fig. 15). The similar-
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1ty between these results and those obtained with organic bases
(Fig. 16) could be interpreted as meaning that as a consequence
of the anaphylactic reaction an endogenous basic histamine
liberator is formed. Mongar and Schild (1956) have also suggested
this possibility. One may only speculate as to the nature of
such a substance. Cohceivably, it could be a polypeptide re-
leased as the result of proteolytic action on some protein
substrate. Other explanations, however, are certalnly possible.
I do not think at the present time 1t is possible to
absolutely rule out anaphylatoxin as belng the natural histamine
liberator formed during the anaphylactic reaction. Results
obtained in this study show that nistamine release induced by
rat serum anaphylatoxin in suppressed by hypertonic solutions
(Fig. 17), compared to its actlon in lsotonic solutlons. In
addition, the results suggest that calcium ions, which are so
important in the anaphylactic reaction, may also be necessary
for the release of histamine by aﬁaphylatoxin (Fig. 18). This
evidence adds to the many similarities already known about these
reactions, although as Sir Henry Dale (1956) pointed out, they

may be no more than similarities having no actual realtionship.

3. Soluble Complex

Research has now reached the point where experimental
anaphylaxis can be produced in non-sensitized animals. This
represents a major step in our attempt to learn the mechanism
of the anaphylactic reaction. The most significant findings
of this investigation are: (1) antibody from one species, when

mixed with appropriate amounts of its specific antigen, will




/ 2/

release histamine in other species, and (2) a serum factor
appears to be necessary in this reaction.

My ovn findings that histamine 1s released from both
in vivo (Table V) and in vitro (Table VII) preparations in the
preéence of soluble complex indicates that anaphylactic feaétion
is basically the same in different specles. From our present
knowledge concerning this pheﬁomena, however, 1t does not seem
justifiable to assume, as Germuth and McKinnon (1957) did, that
the soluble complex itself liberates the histmaine. This complex
has to be a very large unit, with an equivalent molecular weight
of the order of 200,000. It is a little difficult to imaglne
that a molecule of this size could traverse the capillary wall
and cellular membrane with sufficient speed to account for thev
suddenness of the reaction. Experiments could (and should)
easily be devised using metabolic inhibitors to determine at
what stage of the anaphylactic reaction the soluble complex acts.

One major difference between this reaction and the in
vitro anaphylactic reaction is that fresh serum is needed for
the soluble complex to be active in vitro. It is possible that
when the antigen and antibody combine in the body, sufficient
co-factor(s) is provided to allow rapid completion of the
reaction. However, when antigen and antivody combine in vitro,
presumably the co-factor(s) is not present, and some sort of
a catalyst 1s necessary to start the chaln reaction when the
soluble complex is introduced to the system. What this factor(s)
1s can not be determined on the basls of the experiments per-
formed thus far. Because of the need for the serum to be fresh,

and in view of the results of the previously mentioned experiment
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of Dr. Garcia-Arocha, that heating the serum to 56°C. will destroy
its abllity to complete the reaction, it is tempting to guess
that the factor might be complement. One puzzling feature clouds
the issue: a second injection of the complex into a cat was
without effect. It does not seem likely that all the complement
could be exhausted by the first injection, especially since a
second Dale~=Schultz reaction could not be elicited in the gulnea
pig i1leum even 1n the presence of fresh serum.

There is no doubt thatvﬁhese studies merit further in-
vestigation. More experiments must be performed to ascertain
the nature of the serum factor(s) and to explain why only antl-
gen-antibody mixtures dissolved in exceés antigen are actiﬁe as

histamine liberators.
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Summary

1. A review nhas been made of the literature pertinent to the
present investigations. This includes a review of mast
cells, which are now known to be a major site for the stor-
age of histamine, and an examlnatlon of the present know-
ledge concerning the means avallable to study the ways in

which hlstamine can be experimentally released.

2. The action of a series of organic bases iIn releasing
histamine from dog liver particles was studied in isotonic
and hypertonic (1.2M) solutions of sucrose. Statistical
analysis of the results showed that significantly less
histamine was released from liver particles suspended in

hypertonic solutions.

3. Histamine release from dog liver particles incubated with
basic histamine liberators could be represented by a
stralght line curve. This 1Indicates a suppression in the
release mechanism rather than a biockihg of it. The effects

of the hypertonic solution were found to be reversible.

i, The action of lytic agents is different from the organic
bases. No significant differences were found in the
amount of histamine released by saponin and sodium tauro-

cholate in isotonic and hypertonic solutions of sucrose,

5. When mannitol was substituted for 4ucrose, essentially the
same results were obtained. Efforts to analyze the actions

of electrolytes (Nat, K+, Cat) in this respect were futile.
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"Histamine release was studied in perfused cat paws. The
action of organic bases and surface active compounds in
releasing histamine from paws perfused with isotonic and
hypertonic solutions of sucrose and mannitol was the same

as in the liver particles.

It was found that histamine (endogenous and exogenous)

produced no constriction of the blood vessels of cat paws
perfused with sucrose solutions. Further experiments per-
formed to explaln these results indicate that the presence
of Nat ions is necessary for histamine to be able to cause

vasoconstriction in cat paws.

Evidence presented in this thesls suggests that histamine
is explosively released from perfused cat paws into the
extracellular spaces and 1t 1s tien slowly washed .out by

the perfusing [luid.

A method 1s described for the isolation and incubation of
cells from rat peritoneal cavity. With this method the
action of various histamine liverators was studied in
lsotonic and hypertonic sucrose solutions. The findings
were the same as with the two previously mentioned pro-
cedures. It was calculated that approximately 5,150,000

mast cells were obtalned from each animal.

A new method for the perfusion of guinea pig lungs, which
permits the perfusates from each lung to be.collected sep-
arately; was described. Using this technique, the action
of the angphylactic reaction was studied in isotonic and

hypertonic Tyrode.
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Control experiments showed that not only 1s the same
quantity of histamlne contained in both lungs, but that
a given dose of the antigen will release equivalent

amounts from each lung.

Rat serum anaphylatoxin was used to liberate histamine
from perfused guinea plg lungs. Significantly less his-
tamine was discharged from lungs perfused wilith hypertonic

Tyrode.

Experimental findings indicate that calcium ions are
necessary for anaphylatoxin to liberate histamline from

perfused guinea pig lungs.

Antigen-antibody mixtures dissolved 1in excess antigen
were prepared according to two different methods. 1In-
jection of these soluble complexes into rats and gulnea
plgs brought on symptoms of profound anaphylaxis, and

death to most of the animals.

A sudden drop in arterial blood pressure and a concomitant
rise in plasma hisﬁamine was observed in four of six cats
injected wilith soluble complex. The shock proved fatal to
two of the animals. In another, a second injection of
the complex produced no changes in blood pressure or

plasma histamine.

When isolated mast cells were incubated with soluble com-
plexes, significant amounts of histamine were released if
fresh serum was added. Attempts to ascertain whether cal-

cium lons were necessary in the reaction were inconclusive.




17.

18.

19.

20.

/2o

Considerably more histamine was liberated from perfused
gulnea pig lungs when fresh serum was injected with the

soluble complex.

A Schultz-Dale type reaction was elicted in a gulnea pilg
ileum only when fresh serum and soluble complex were
present in the organ bath at the same time. A second
addition of the soluble complex did not cause a con-

traction of the ileum.

The results of the experiments were discussed with re-
gard to the mode in which histamine is bound in mast cells

and to the mechanism of its release.

Theories are proposed to explain the mode of histamine
in the mast cells and the mechanism of 1ts release by

organic bases.

Claims to original research are included in the above

summary.




Appendix

This 1s a list of the compounds, other than common

chemlicals, which were used in the studies reported here, and

the source from which they were obtailned.

o

w

10.

11.

12.

Agar (shredded)
Albumen (egg) powder

Crystallized Bovine Plasma
Albumen

Decamethyline dliamine
18 /80

Histamine (dihydrochloride)
Neo-Antergan (maleate)
Saponin (white)

Sodium taurocholate
Stilbamidine (isethionate)

Toluidine Blue "O" certi-
fied for use in histology

British Drug Houses, Ltd.,Montreal

British Drug Houses, Ltd., Montreal

Armour & Co., Kankakee, Illinois

H.M. Chemical Co., Ltd.,Santa
Monlca, Calilfornia

Burroughs Wellcome & Co., Inc.
Tuckanoe, New York

Fisher Scientifilc Co., Montreal
Poulenc Ltd., Paris, France
British Drug Houses Ltd., Montreal
Merck & Co., Inc., Montreal

May & Baker, Ltd., Dagenham,
England

Anaechemia Ltd., Montreal

Tris (hydroxymethyl )aminoethane Brickman & Co., Montreal
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