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PART ONE~-REVIEW OF THE LITERATURE

The word phagocytosis is derived from two Greek words: phago, I eat
and kytos, cell. According to Olga Metchnikoff (1921), Elie Metchanikoff
first applied the term in 1883. The phenomenon of phagocytosis has been
variously defined but usually refers to the ingestion of a particle by a
living cell; some definitions include further the fate of the particle

ingested,

I. Biological significance of phagocytosis

A. Widespread distribution. Zinsser, Enders, and Fothergill (1939)
have remarked upon the wide biological distribution of the phenomenon for
purposes of nutrition in the lower forms, protection in the higher forms.,
Mudd, MeCutcheon, and Lucke (1934) have compared Rhumbler's observations
on the mechanism of food=intake in the amoeba with Lewis' (1931) findings
regarding the mechanism of phagocytosis in mammals. Of the four types of
intake in the amoeba, two have been definitely observed in mammalian leu=
cocytes. In the latter, ingestion seems to be limited to a sinking of
the particle to be ingested into the leucocytic protoplasm or to a flowing
of leucocytic protoplasm around the particle to be ingested.

Within the mammalian body, the process of phagocytosis is of wide-
spread distribution and significance. Zinsser, Enders, and Fothergill
(1939) cite original work to support its importance in the removal of
disintegrated red blood cells, the return of the pregnant uterus to nor=

mal, whitening of hair, and the formation of bile pigment.
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With fhll.btolﬁ biological significance in mind, further discussion
of phagocytosis will be confined to the activity of the leucocytes of
man and common laboratory animals.

B, Esrly concepts of phagocytosis., Although Heyem (1870a,b) ob=
;orvod the phenomenon, he considered the process one of spreading infec-
tion rather than one of resistance to infection. It was Panum (1874)
who suggested that such ingestion might serve a protective function,

The first experimental observations were reported by Metchnikeff in
1883 (Metchnikoff, 1921) with a crustacean, daphnia., In the course of
these observations, he introduced the terms microphage and macrophage.
These terms are still inm use, although their connotations have changed.

C. Role of phagocyte in mammelian resistence to infection. In
Hetchnikoff's original classification, microphages { polymorphonuclear
leucocytes) were considered to ingest only bacteria and other living
agents of infection, The term macrophage, on the other hand, included
all other phagocytes (mononuclear leucocytes, fixed tissue phagocytes);
these cells were considered to be scavengers, 1ngasting cellular debris
as well as non=living irritanis.

On the basis of his early observations, Metchnikof{ (190%5) estab=
lished & cellular concept of immunity, an snimal being able lo resist an
infection insofar as its phagocytes were active against the infective
sgent. Although the correlation between degrees of phagocytosis and re-
sistance has been confirmed (Bordet, 1891; Wright, 1927; Frisch, 1938),

other factors of resistance have been observed,
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That such correlations may not extend to all hosts and all pathogens
is suggested by observations of other workers. Gay and Morrison (1923), <~
in a study of pleural and peritoneal streptococcic infections in rabbits
found resistance to be inversely related to the number of polymorphonu~
¢lear leucocytes at the site of injection although directly related to
the number of clasmatocytes present. Goodpasture and Anderson (1937) /~
reported that in the chick embryo an intracellular environment favored

spread of infections with Streptococcus viridans, Aerobacier aerogenes,

Eberthella typhosa and Brucella abortus but limited those with Staphylo=-

e

coccus aureus, Streptococcus hemolyticus, Corynebacterium diphtheriae.

D. Inflammation. An obvious role of phagocytes and a role in which

they have been often studied is that of localizing irritants. Such phag=
ocytic response and asctivity is but a part of a more complex physiologiec
response, inflammation.

Inflammation has been studied since the time of Hippocrates (460=-
377 BuG.), but the part of leucocytes was not recognized until the time
of Cohnhein (1839~1884). Virchow (1821~1902) considered inflammation
degenerative, leucocytes immigrating because of nutritive attraction of
the degenerating tissue.

In the concept of Menkin (1940), the primary effect in an inflam=
matory response is an increased capillary p;rncability followed by for-
mation of a fibrin network blecking the vessels which drain the area.
Polymorphonuclear leucocytes now infilter to ingest the injurious par=
ticles. Whether these cells actually destroy the ingested particles or

merely prevent their spread to other areas remains obscure.
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A discussion of inflammation is beyond the scope of this paper, bul
mention should be made of factors giving rise to diapedesis of polymor=
phonuclear leucocytes. Historically, meay substances have been observed
to attract these cells: "phlogosin" in dead staphylococcus cultures by
Leber (1879); disintegration products of leucocytes by Massart and
Bordet (1891); protein from Friedlander's bacillus, glycine, and leucine
by Buchner (1890); and the calcium ion by Wolf (1921). Following the work
of Grand and Chambers (1937) who found a thermolabile, positively chemo=
tactic substance in tissue which had been mechanically injured, Menkin
(1937) was able to obtain from exudates a crystalline substance itself
capable of increasing capillary permeability and attracting polymorphon=
uclear leucocytes. The material was obtained by extraction of cell=free
exudate with either pyridine or dioxane, followed by acetone, and then
butyl alcohol. The material thus obtained was further purified to ob=
tain & crystalline substance resembling a polypeptide. That is, it was
not 2 protein and was dialysable but contained amino and carboxyl groups
and an indole nucleus, and was precipitated by concostratad ammonium
sulfate.

The problem of differentiating the functions of polymorphonuclear
leucocytes and mononuclear phagocytes is complicated by the sequence of
an exudative process. The macrophages tend to follow the microphages so
that it is difficult to say which is responsible for actually destroying
the injurious agent.

Considerable controversy has arisen in regard to the factors giving

rise to this sequence. The phenomenon was reported by Borrel (1893) and
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again by Durham (1897)., Opie (1906) found that the proteolytic enzyme
of the polymorphonuclear leucocyte was inactive in an acid reaction and
subsequently (1907) attempted to correlate the reaction of a pleural
exudate with its proteolytic activity over a period of five days. The
reaction remained slightly alkaline throughout the experiment, but Menkin
luggo;tn failure to prevent loss of carbon dioxide from the exudate as
a possible source of epror. Weiss (1939) has found that enzymes from
polymorphonuclear leucocytes but not those from mononuclears were cap=
able of the following hydrolyses: of casein and gelatin at pH 8.0 and
of d= or l=alanyl=glycine at pH 5.0. Muller and Jochmann (1906) have
denied the existence of a protease in monocytes.

It was Menkin (1934) who first attempted a correlated study of cell
picture and pH in an exudative process. In a composite graph of twelve
expariments, he showed that the percentage of polymorphonuclear cells de-
creased following 2 drop in pH over a period of four days. In charts of
individual animals (dogs), it was seen that a drop below pH 7.0 was us=
ually followed by a decrease of polymorphonuclear ccils to less than fifty
percent and that = high average pH was accompanied by a high average
polymorphonuclear range.

Menkin and Warner (1937) in a study of factors predisposing to this
local acidosis reported that disturbance of carbohydrate metabolism by
inflammation resulted in the production of lactic acid and depletion of
alkali reserve. By inhibiting anaerobic glycolysis in an inflammatory
process and thus maintaining a pH greater than 7,0, they were able to

demonstrate in dogs a constant celluler picture, predominantly polymorphon=

uclear,
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By in vitro studies, Menkin (1939) was able to demonstrate definite
damage to polymorphonuclear leucocytes at pH 6.6, macrophages undamaged
at pH 6.5, Observations, however, had shown (Memkin, 1934) that the per=
cent of microphages dropped to less than fifty at pH below 7.0, Granting
the differences in optimum pH for activity of their respective enzymes
(Opie, 1907), one need not correlate this factor with survival of the cell
unless he attributed to the particle ingested nutritive value for the phag=
ocyte. Another possibility remains: Since Menkin observed higher pﬁ
ranges of damage in vive, it is probable thal under circumstances where the
cells are actively phagocytic, they are more exposed to the detrimental
properties of the environment.

The importance of pH in determining the cellular picture of an exudate
has been challenged by Steinberg and his co~-workers (1938a,b,c). The bases
for their criticism of Menkin's work (1934) are that determinations made
outside the animal body do not present a true picture and that colorimetric
determinations on such material cam not be accurate. As evidence for the
first criticism, they reported abgrrant results obtained for a given sample
in vive and at intervals over a thirty=-minute period after removal of the
exudate from the peritoneal cavity; factors involved, they felt were tem=~
perature and gaseous changes. In answer to these criticisms, Menkin (1939)
suggested keeping the exudate under a film of 0il and reported that he had
obtained good checks between colorimetric and electrometric determinations.
He further expressed doubt as to determinpations by blind introduction of an
electrode into a cavity, not insuring contact with sufficient exudate and
eriticized presentation of data as averages only (Steinberg and Dietz, 1938).

The findinge of Steinberg and Dietz were essentially, "The hydrogen
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jon concentration showed no relatiomship to the cell predominant in the
exudate, to the type of bacterium or toxin used, or to the duration of the
inflannatory process." Using the technique indicated above and anesthe=
tizing the animals, these investigators followed over = period of at least
five days, usually seven, the peritoneal exudates resulting in rats and in
dogs from the injection of diverse materials: forty=eight hour broth cul=
ture of Staphylococcus aureus at pH 8.57; <forty=-eight hour broth culture
of pneumococcus, type I, pH 4.90; and twenty=four culture of diphtheria
bacillus, pH 5+36. Botulinus toxin was tested with similar results. An
inflanmatory response was insured by the injection of tragacanth slong
with these materials.

Because of conflicting reports as to the role of phagocytes, Steinberg
and Martin undertook a study of a variety of animals and infectious agenis.
Dogs, rats, rabbits were employed with the following infectious agents:

pneumococcus, type I; Escherichia coli, Staphylococcus aureus, hemolytic

streptococcus, and Corynebacterium diphtheriae. At frequent intervals over

periods of several days, exudate was taken: culiture tests, differential

white cell counts, and determinations of percent ph;gocytosil were made.

Iin the rat, and to & lesser extent in the rabbit, clasmatocytes (mononucluarl)
tended to appear with the disappearance of free bacteria. In the dog, few
mononuclears appeared under any circumstance. For this reason, the authors
felt that the mononuclears were sctually scavengers and that the first line
of defense consisted of pelymorphonuclear eells., When polymorphonuclear
cells from dogs were introduced into the peritoneal cavities of rats and
rabbits, the mononuclear response cccurred more readily. Admitting the
possibility stated by these writers that some factor in the polymorphon=

uclears either stimulated the production of mononuclears or attracted them
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$0 the inflammatory field, it seems more consistent with the data of the
same investigators to assume that when these extra leucocytes were present,
the free bacteria merely disappeared more rapidly, preseating the condition
apparently concommitant with the appearance of mononuclears. Similar evi=
dence favoring a proteciive funcition for the polymorphonuclear leucocyte
has been presented by Steinberg (1938) His observations showed that an
otherwise fatal peritoneal infectlon {induced by injection of large numbers
of colon bacilli) in dogs could be overconme by transferring exudative leu=
cocytes from another dog. More specifically, all fourteen of the untreated
controls died, while eight of nine treated animals survived. The leucocytes
were taken at intervals from three hours to fourteen days following in=
jection of a sterile irritant, exudates showing a alnimum of eighty=-six
percent polymorphonuclears on direct smear. o protection was afforded by
leucocytes which had remained outside the animel body more than two hours.
Although positive bacterial cultures were obtained seven to ten days fol=
lowing administration of leucocytes, comparisoa of bacterial zounts with
those of untreated controls showed a consistent decreass of s factor
approximating 103. Three other control groups tr-at;d raspectively with
whole exudate, supernatant, and extract of disintegrated leucocytes indi~
cated that whole leucocytes were essential for the protective effect.

D. Anaphylactic Lype of inflamuation. A similar but more proascunced
inflammatory response is often obtained in animals which have had previous
contact with the causative agent. Where the sgent is a pyogenic bacterium
there seems to be little doubt that ihis heightened response represents in=
creased resistance (Wadsworth, 1904).

But, in regard to the similar allergic reaction cccurring om second

contact with protein of the tubercle bacillus, there is less agreement.
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The observations of Opie (1929) indicated that the histological picture
was one of polymorphomuclear infiltration during the first forty=-eight
hours, followed then by mononuclears. Dienes and Mallery (1932), on the
other hand, found that the reaction differed from other inflammations by
its early and late infiltration of mononuclears, polymorphonuclcur- enter~=
ing in intermediate stages, apparently when necrosis cccurred. & protec=
tive function of the hypersensitivity reactions was claimed by Krause and
willis (1924). Other investigators represented by Rickh et al. (1932,
1934) have found equal localization in desensitized animals indicating that
the allergic inflammatory reaction is but an early manifestation of devel=
oping immunity. But it should be remembered, as Topley and wiison (1937)
have pointed out, thet desensitization probably iavolves more than mere
loss of allergic hypersensitivity. An ultimate resuli of the reaction is
one of damage to the celils in the area; this effect, Opie (192g) felt,
was one of protection of vital organs at the expense of local tissue.

The reactien termed anaphylactic inflammation differs from the tuber=-
culin type primarily in that the former has beexn passively transferred.
Other immunologic differences are listed by Disnes an@ Mallery (1932), who
also noted histological differences in the two iypes of skin reactions in
guinea pigs. Polymorphonuclears predominated during most of the anaphy=
lactic type of reactlon, mononuclears arriving late. It was observed that
tuberculous animals gave & morse mononuclear response whatever the inciting
agent; polymorphonuclears also were preseat in the necrotic stages of
tuberculous reactions. According to Hedlar and Sasano (1933), polymor=
phonuclears are found in a tuberculous lesion in mumbers propertional to
the amount of tlssue damage. Allergic comdition of the animal or age of
the lesion affect the cell picture only insofar as they determine the amount

of tissue damage.
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Apparenily, no one is willing to commit himself on the precise
activity of the cells involved, although Opie (1924) has shown positive
chemotaxis of specific antigen~antibody combination for polymorphonuclear
leucocytes and has postulated intracellular digestion. Ople's antigen
in this study was horse serum. Stewart, Leng, and Bradley (1926) studied
the tuberculin reaction in the pleural cavity of guinea pigs. In the
presence of tuberculo-protein and its antibody, polymorphonuclears died
while mononuclears lived; the interpretation of these investigators was
that polymorphonuclears were sensitized, antigen=antibody combination
occurring on their surfaces. These authors admitted the possibility
of generalized resistance at the expense of local injury as later pre=
sented by Opie (1929) in the anaphylactic type of reaction. The former
investigators, however, were reluctant to attribute a protective value
to this type of localized response.

E. pPhagocytosis in the bloodstream. Phagocytosis within the
bloodstream is freguently observed in cases of septicemia (Denys and
Kaisin, 1893; Wright, 1927), and whole blood has been used in phago=
cytosis experiments (Leishman, 1902; Cottingham and Mills, 1943).
Although an inflammatory response is frequently associated with leuco~
cytosim, certain infections,as, for exanple, typhoid fever, may be
may be accompanied by leucopenia. According to Best and Tayler (1943),
the latter condition may result from a relocation of the phagocytes
rather than an absolute reduction in number. Leucocytosis usually pre=
sents an increased percentage of immature polymorphonuclear cells with

relatively insignificant rises in the number of mature neutrophiles.
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Sueh observations have given rise to the hypothesis that the factors
disposing to leucocytosis have their primary effect upon the hemopoietic
tissues. MeCutcheon (1942) found evidence that the resulbing cells moved
into the bloodstream as a path of least resistance, moving by means
of an alternation of sol=gel phases.

Leucotaxine, the substance which Menkin (1938) had found to be ef-~
fective in eliciting an inflammatory respoase, had no apparent effect
on the number of leucocytes in the bloodsiream (Menkin, 19405, although
it 4id increase capillary permeability and sttract phagocytes. Kenkin
(1940) further observed that exudates from localized inflammation in dogs
incited an increased white cell count and that an exudate from an snimal
having & relatively low leucocyte count {bloodstrean) had also a rela=
tively low capacity for indueing lencocytosise. These findings suggested
that some fruction of the exudate might possess leucocytosis=promoting
properties, and a heat~labile (60°C.), mon-dialyszadble protein substance
seemed to be responsible, Further studies (Menkin, 1944) showed that
guch & substance could be concentrated ffon the supernatant of a one=

third~saturnted sclution of ammonium sulfate.

II. Humoral factors affecting phagocytosis

Ae Buctericidal effects of body fluids. Of historical interest
is the role which leucseytes {especially polymorphonuclears) were con=
sidered to play in the production of bactericidal substances. Pfeiffer's
(1894) observations on the extracellular disintegration of cholera vib=
rios constituted a wevere threat to Metchnikoff's phagocytic theory.

Subsequent studies (1895, 1899) led Metchnikoff to the opinien that
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humoral immune factors were derived from disintegration of the leuco=
cytes. It was Bordet, a student of Metchnikoff, who (1895) noted that
in Pfeiffer's phenomenon two factors were functional: a heat-stable
immune auntibody and a heat-labile "complement", The latter, Bordet
maintained, was of leucocytic origin.

The more modern concept of humoral immune factors dates from the
work of Denys and Kaisin (1893) who found that bactericidal activity
of blood could be reduced by the addition of dead orgasnisms and that-tho
bactericidal power of rabbit blood increased as an experimental infection
progressed. Vhile these observations suggested that the point of attack
was upon the organisms, there was still the idea that leucocytes were im=
portant in the production of antibody. Denys and LeClef (1895) found
that, while immune serum alone was inhibitory te growth (nmormal serum
was not), the addition of leucocytes increased the in vitro bactericidal
power in proportion to the number in which they were added. This phen~
omenon occurred whether the leucocytes were from a normal or an immune
animal, Slides made from such preparations showed phagocytosis ih pro=
portion to inhibition and no evidence of extracellular disintegration of
the bacteria. Evidence against the leucocytic origin of antibody was
found in the observation that exposure of blood serum to leucocytes did
not enhance the bactericidal activity of the serum. Microscopic exam~
inations suggested that leucocytes were always actively mobile, not fur-
ther stimulated by immune serum.

B. Stimulins. Metchnikoff, in his es 1y work (1905 ), found serum

to have a stimulating effect on activity of leucocytes, which effect
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was not increased by active immunization., The factors in serum respon-
sible for this activity he called "stimulins". Sawtchenko (1902) studied
phagoeytosis of red blood cells and the effect of immune serum. It was
his opinion that the antibody should be called an intermediate body
being adsorbed by both leucocytes and the particle to be ingested and
thus altering chemotaxis. Wright and Douglas (1903) found that leuco~
e¢ytes which had been exposed %o serum and subsequenily washed in saline
exhibited no increased phagoecytic activity. GSince the serum used was
fresh normal serum and since leucocytes had already been in a similar
environment, it would seem that such a test fails %o rule out the possi~
bility that some antibody was adherent to the leucocytes. Sellards (1908)
found that washed sensitized cells were always ingested slightly less
readily than bacteria remaining suspended in the corresponding serum;
this phenomenon he attribuied to a vgtimulin” effect of the serum medium
upon the mobility of the leucocytes.

C. Opsonins. Following the observations of Denys and LeClef (1895),
#right and Douglas (1903) emphasized the effect of hﬁmoral factors upon
the bacteria and coined the term "opsonin” %o describe such factors.
These workers were the first to report the necessity of a heat~labile
factor in the opsonic activity of normal serum. Comparisons of this
substance with hemolytic and bactericidal complement as described by
Bordet (1895) will be discussed later. Hekioen and Ruediger (1905) noted
that opsonins of one species were effective with leucocytes of another
species, lending further weight to the effect of serum upon bacteria.

T4 was obvious from the work of Wright and Douglas (1903), however,
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that not all the opsonic activity of nornmal serum was destroyed by inace
tivation temperstures. The demonstration of & thermostable opsonin in
normal serum involved more than the observation that some phagocytosis
ocourred in heated normal serum as Vright and Douglss {1903) had done.
Cowlie snd Chapin (1907) were able repeatedly to combine heated normal
and diluted fresh normsl sera (each alome incapable of opsonization)
to obtair & mixture with a high opsonic index.
ward and Enders (1933), while unabls to repeat this sort of ok:-rvntion,
found that the same was true if fresh infant serum were substituted for
diluted fresh normal serum.

D. JBacteriotropins. Sawtchenko (1902) had demonstrated a thermo=
stable immune opsonin for red blood cells, when Neufeld and Rimpau (1904,
1905) demonstrated similar antibodies for streptococci and pheumococel
and introduced the term "bacteriotropin®. The specificity of such anti=
bodies for red blood cells and for bacteria was confirmed by Russel (1907).

The question naturally arose as to whether thermostable normal and
immune antibedy were the same, differing enly in guantity. The classic
method of study became the testing of normal sera absorbed with a given
organism against both the same organism and others. Argunents for specie
ficity of the normal thermo=stable opsonin were presented in the work of
Bulloeh and Western {1906), Bull and NMeKee (1921), Sia (1926), and Ward
and tnders (1933). Arguments against such specificity were presented
in the work of Simon, lLamar, and Bispham {(1906); mussell (1907); snd
Ledingham (1908). It seens significant ibat Ward and Enders were able

to use infants! sers as a source of heat=labile substance without intro=
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ducing the "normal™ heat-stable opsonin, which was present in the serum
of "normal" adults; this observation suggests that the so-called "normal"
heat-stable specific opsonin may di ffer from the similar substance in
{immune serum only in quantity, the normal antibody resulting from either
subelinical contact with the organism in gquestion or with the same antigen
elsewhere in nature., Simon, Lamar, and Bisphan (1906) found normal op=
sonins in euglobulin, the fraction in which Strumia et al. (1930) found
the immune antibody responsible for opsonization. -

L. Relation of normsl thermo=labile opsonin to hemolytic comple=

ment. The nature of the thermo=labile component has presented a problem
equal to that of the normal thermo-stable component. That is, it has an
inactivation temperature (55°C. to 60°C.) comparable to that of Bordet's
complement and is apparenily coexistent with hemolytic complement in
nature: Zinsser, Enders, and Fothergill (1939) peint out that both are
reduced in phosphorous poisoning, absent from normal agueous humor,
present in agueous humor following injury. Muir and Martin (1906) found
that specific antigen and antibody combinations took out "normal opsonin"
as they removed hemolytic complement but these workers declined to specu=
late as to the identity of the two substances. On the other hand, Bulloch
and Atkin (1905), Russell (1907), and Sellards (1908) found that normal
opsonin was absorbed at 0°C., while complement is ordinarily not removed
at this temperature., 1In sellard's observations, materials were cooled
before mixing and were filtered while cool; controls showed that the low
temperature of itself had no destructive effect on the heat=labile compon™

ent. Welch, Brewer, and Hunter (1940) found that antiseptics destroyed
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opsoenic complement without destroylng hemolytic complement. It would seem
that while the thermolabile opsonin of normal serum is closely related to
complement of hemolysis and bacteriolysis, the two sutstances are probadly
not strictly identical.

F. Role of the heat-labile factor., The mechanism whereby the heat~
labile factor takes part in opsonizing bacteria has been & prodlem dif-
fieult to solve. The work of Wright and Douglas (1903) suggested that it
acted only as a catalyst. That is, once it had aided in the union of nor=
mal heat=stabls antibody and antigen, inactivation temperatures failed to
desensitize the bacteria. Hektoen and Ruediger (1505) not only failed to
confirm this observation but found that bacteria ithus treated could not be
opsonized subsequently., Sellards® (1908) findings agreed more closely
with those of Wright and Douglas, although he was able to deopsonize by
heating if he first washed the opsonized cells as Hekitoen and Ruediger
had dons. In any case, it hardly seems couclusive that the heat-labile
factor waes only a catalyste. If, as the work of Muir and Martin (1906)
suggests, it is bound as a result of such opnonizatiéns, its heat-iabile
portion may, by such union, be protected from heat desiruction. The more
recent work of Ward and Enders (1933) was done with immune antibody and
the heat~labile factor. These authors found that the complement~like
substance was not cupable of enhancing the final degree of opsonization
but only of attaining the final level in less tine.

$imilar observations with opsonic complement and the so=called
"nornal™ heat~stable factor would be further evidence of the identity of

this factor aad the immune opsonin (or tropin).
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An observation of this nature, although not strictly quantitative, was

made by Rosenthal (1909).

III. Physical and chemical considerations in phagocytosis

Ao Surface effects. The mechanism whereby opsonins promote phago=~
cytosis is primarily one of surface phenomena. Sellards (1908) found
evidence for adsorption of opsonins on bacterial and leucocyte surfaces
in the observation that chemically inert carbon particles removed opsonins.
He maintained, however, that serum had some stimulating effect on mobility
of the leucocytes.

According to Mudd, McCutcheon and Lucke (1934), the first formulation
for surface effects in phagocytosis was made by Rhumbler (1914), who
studied food ingestion in the amoeba. Other formulations were made on
the basis of Rhumbler's, the most generally accepted being that of Femn
(1922b)., Mudd and Mudd (1933), found the following conelusions implied
by Fenn's theory: (1) #that quantitative correlation should exist between
phagocytosis and surface properties of the particle ingcatod, (2) that
phagocytosis is essentially a phenomenon of spreading of phagocyte sur=-
face of the particle to be ingested, and (3) that partial ingestion should
occur either at equilibrium of various forces or when surface forces would
lead to ingestion but the phagocyte is inert.

Ividence for the first of these conclusions dates from the cbserva-
tions of Mudd, Lucke, McCutcheon, and Strumia (1929) and of Lucke st al.

(1929). Their findings indicated that along with good opsonization of
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acid=fast bacteria occurred also increased cohesiveness, decreased sur=
face electrical potential, and decreased wettability with o0il. The view
that one factor was responsible for all these effects was strengthened by
the findings of the same group (Mudd et al., 1930) that all effects were
produced by immune serum and its fractions in the following decreasing
order of effectiveness: whole serum, globulins, and albumen. However,

a slight diserepancy was observed in the relative effectiveness of eu=
globulins and pseudoglobulins for opsonization and agglutination, on the
one hand, and for changing cataphoretic properties on the other. Strumia
et al. (1930), by studying cross-reactions among the acid=-fast group and
their respective antisera, found evidence that following the specific
union of antigen and antibody on the surface of the organism, the surface
properties of the resulting complex were largely those of the serum glo=
bulins in proportion as the antigen {organism) had adsorbed them.

Their second comclusion Mudd and Mudd (1933) confirmed by direct
microscopic observations, The mechanisms of ingestion observed, even
those involving great distortion, showed no vacuole ;urrounding the inges=
ted particle. Furthermore, weakly sensitized particles adheraed to the
phagocyte but did not enter.

This latter observation helped to confirm the third implied con-
clusion=--that partial ingestion may occur when surface forces are at
equilibrium. This view, of course, only assumes that unmeasured forces
are at eguilibrium; under similar conditions more strongly sensitized
particles wers cam;;otﬁly ingested. The other conditioen leading to

partial ingestion (inertia of the phagoeyte) these workers cbserved only
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with macrophages and oil droplets; small droplets were readily ingested,
but the larger ones were too much for the macrophages, which resisted
deformation.

It is interesting that Hamburger (1912) observed that such surface
depressants as iodoform, chloroform, and ethyl alcohol enhanced in vitro
phagoeytosis of carbon particles. His resulis were reported as number of
phagoecytes active, Graham (1911) found that ether caused a decrease in
opsonic index, apparently by inhibiting sensitization. Although this ef-
fect was alleviated by the addition of lecithin, lecithin alone had no
apparent effect on the process. Similarly, Arkin (1913) found alcohol,
chloroform, ether, and chloral hydrate to inhibit phagocytosis but he at-
tributed this effect to an inhibition of oxidation.

B, JIonic effects, The effect of ions has received considerable
attention but much controversy remains as to whether the effect is one of
surface factors or of penetration into the phagocyte.

Hamburger (1912) found isotonicity to be optimum for phagocytosis.
Departures toward either extreme were more inhibitory with NaBr than with
NaCl. In Hamburger's series, CaCl, apparently increased the rate of phago-
cytosis in either saline or serum. Tunnicliff (1931) reported an increase
in phagocytic power of rabbit's blood following injections of calcium
gluconate and found similar results when the material was added in vitro.
Radsma (1919-20) found that caleium salts enhanced phagocytosis only when
ealcium had been removed from blood by means of citrate or oxalate.
Hektoen and Ruedger (1905), on the other hand, found that serum treated

with M/8 CaCl; was unable to opsonize streptococci. The authors interpre~
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ted this result as an effect directly upon the serum, but an effect on the
process of opsonization seems more likely. Mudd et al., (1934) gave little
support to Hamburger's hypothesis that the beneficial effect of calcium is
the replacing of that lost from the cell or that similar effects of other
salts are due to penstration of the cell. Rather, they attributed these
effects to changes in interfacial tension at the surface of the phagocyte.

The effects of pH, also, Mudd et al. (1934) have considered as primari-
ly surface effects=~this time affecting adsorption of opsonins onto fho
bacterial surface. They admitted, however, that Evans' (1922) findings
indicated penetration of the cell. Briefly, Evans' findings were that pH
between the range of 4.0 and 8.0 had little effect on opsonization of
streptococci and that organic acids were more inhibitory to phagocytosis
than mineral acids at the szame pH, organic acids being able to penetrate
the cell more readily than are mineral acids (Jacobs, 1924). Moreover,
Evans found that the effect of citric acid at a given pH was proportional
to the length of time and number of times the leucocytes had been exposed
to the acid environment; i.e., the effect was cumulative.

C. Temperature. The physico-chemical factor with which we are most
concerned is temperature. Although it may be studied as such in vitro,
experimental evidence suggests that, in vivo, it ig more than just that.

Considering the im vitro system, Ledingham (1908) found phagocytosis
to increase over a temperature range of 18°C. to 43°C. The animal species
from which he obtained leucocytes is not stated. He was unable to calcu=-
late temperature coefficients because the rate of increase did not remain

constant. Using Staphylococcus aureus and fresh normal serum, Ledingham
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preceded phagocytosis by a period of opsonization. Altogether, his find-
ings suggest that increased temperature enhances both opsonigation and
phagocytosis but primarily the former. Furthermore, the effect on opsoni-
zation is apparently one of increasing the rate of the reaction rather than
raising its end~point, longer time intervals and light bacterial suspensions
tending to reduce differences., In regard to earlier work along these lines,
two other papers should be mentioned, Bulloch and Atkin (1905) found in two

experiments that staphylococei had completely adsorbed the epsonin t?cn fresh
normal serum in as little as ten minutes, whether the adsorption temperature
be 0°C. or 37°C. In both these experiments, supernatants were tested; in
the second experiment, the sensitized cells also were tested by adding leuco=-
cytes. Dean (190%) used heated normal human serum for sensitizing Staphylo~
coccus aureus over a thirty-minute periocd. Temperatures for sensitization
were 6°C. to 8%C, and 3706. Leucocytes were then added to the sensitized
bacteria and phagocytosis recorded. The phagocytic index for bacteria sensi-
tized at the higher temperature was fen times as large as that for bacteria
sensitized at ice~box temperature. Dean's assumption that the effect was on
rate of opsonigzation hardly seems justifiable, since only one time interval
was investigated and only one experiment reported. Sellards (1908) tested
the tendency of bacteria to be phagocyted by rabbit leucocytes following
sensitization with fresh normal serum for fifteen minute intervals at 00°C,
and at 37°0. In his two experiments, he found distinctly more phagocytosis
following sensitization at 37°C. Ledingham (1908) investigated the disap=-
pearance of opsonin from fresh normal serum incubated at 0°C. and 37°C. with

dead tubercle bacilli; whether the incubation time was thirty minutes or one
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hour and forty=-five minutes, his three experiments indicated that more
opsonin disappeared at 37°C, than at 0°C.

0f interest is the work of Madsen and Wulff (1919), who found that the
optimum temperature for phagocytosis by phagocytes of a given animal species
was the "normal" body temperature of the animal: 37°C. for human leuco~
cytes, 39°c. for guinea~pig leucocytes, and 41%. for leucoeytes of pigeons
and chickens, Leucocytes from cold-blooded animals (frogs) ingested bacte-
ria as well at 0°C. as at higher temperatures. Even more rcmarkablc; these
authors found leucocytes from febrile patients to exhibit an optimum at the
temperature exhibited at the time the leucocytes were taken. They did not,
however, indicate in what manner body temperatures of the patients were
determined.,

Ledingham's (1908) data showed higher phagoeytic indices at 42°C. than
a2t 37°C. in five out of six experiments; it is assumed that he used human
leucocytes. Ellingson and Clark (1942) found that guinea~pig leucocytes
were actively phagecytic over the range of 3900. to 41%. , while human
leucocytes exhibited an optimum of 38°C. %o 40°c. This difference in species
optima lends support to the findings of Madsen and Wulff (1619), although
Ellingson and Clark have reported only one experiment with leucocytes of
each species. Ono (1928) reported the optimal range for phagocytosis of
starch granules by rabbit leucocytes to lie between 2506. and 30°C., higher
temperatures inkibiting ameboid movement of leucocytes. Both he (1928) and
Chadani reported that a rise in temperature increased phagocytosis by frog
leucoeytes.

In vive experiments of Ellingson and Clark (1942) showed that arti-

ficial fever maintained from the time of injection (intracutaneous) of
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pneunococcus until the infection itself caused fever in unheated controls
had no marked effect on the ocutcome of such infections. Neither survival
of the animals nor blood counts showed significant effect on resistance.

In the same article reference is made to the work of Rolly and
Meltzer (1908), who found that placing animals in a hot box very slightly
increased resistance. Besides the fact that the number of animals was
small, body temperatures of the animals were not determined.

Cottingham and Mills (1943) have investigated the effect of environe
mental temperature and diet on in vive phagoeytosis in mice. Smears of
peritoneal exudate were reported by the authors to be variable in cell
picture, but they reported two series, one with graded amounts of thiamin
in the diets, the other with graded smounts of choline in the diets. The
method included keeping animals on prescribed diets either in a hot room
(909F, to 91°F., 60 to 70 percent. relative humidity) or in & ccol room
(689F.) for three weeks before testing for phagocytosis. Highest levels
of phagocytosis were reported for animals in the hot room and on diets
including either thiamin or choline in excess for animals kept at the
lower temperature. The implication is that increzsed temperature increased
the vitamin requirements but that, once these reguirements were satisfied,
phagoeytosis was enhanced. Such high vitaemin levels inhibited both growth
and phagocytosis in animals at 68°F. It is unlikely that the temperature
of the hot room was sufficient to give the animals fever. Ellingson (1939)
found it necessary to employ hot~box temperatures of 94°F. to 105.8°F, to

induce rises of 4°F. in rabbit temperatures (rectal). It might be asked

whether short periods at such high temperatures might also require an
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;1turod diet.

Cottingham and Mills (1943) and Mills and Cottingham (1943) tested
their animals by still another technique. Extending the diet studies to
include different levels of other vitamins of the B group, ascorbic acid
and protein, they bled rats and guinea pigs which had been kept either in
& hot or in a cool room for several weeks and fed a specified diet. Phago=-
cytosis in heparinized blood was then tested in vitro. In the choline
series, results were similar to those for the in vivo mouse series. In
agscorbic acid series, the highest level reported did not inhibit phagocyto~
sis; ﬁowcvur, the heated animals' phagocytes showed a higher degree of
phagocytosis than did those of animals kept at 68°F., Heated animals appar=-
antly required a higher level of protein; but, once these animals were sup=-
plied this extra requirement, their phagocytes were more active than those
of animals kept in the cold. The differences due to temperature were small,
but the regularity with which they occur in the various diets compared sug-
gests that the differences are real., While no conclusion can be drawn from
these experiments regarding the effect of body tenparutﬁro on in vive phago=-
eytosis, the results may help to explain negative resulis reported for
artificial infections in heated animals,

It would seem, then that the effect of body temperature on in vive
phagocytosis is an unexplored field., The only microscopic determinations
of in vivo phagocytosis reported fail to take into account more than
environmental temperature. On the other hand, the reports of body tempera=
ture in relation to resistance fail to include microscopic determination

of phagocytoesis,
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IV. Mathematical considerations

The various data published on the effect of temperature on phago=~
cytosis fail to answer conclusively the question how and to what extent
increased temperature increases phagocytosis. It seems fairly definite
that there is an increase in the number of bacteria ingested as temperature
increases between 0°C. and 37’6. ‘

A. Attempts to derive formulae. Mudd et al. (1934) insisted that
determinations of temperature effects be made at more than one time inter~
val before expressing results as temperature coefficients. That is, there
should be some conception: >f the rate of the reaction at each of the temp~-
eratures to be compared.

Madsen and Wulff (1919), using orly one time interval and determining
phagocytic indices, found four to ten times as much phagocytosis at 37°C.
as at 18°C. These authors attempted to calculate expected phagoeytic
indices at higher temperatures by substituting values obtained at lower
temperatures in the equation for the Van't Hoff~Arrhenius law, but their
calculated values were consistently too low.

Madsen and Watabiki (1919) plotted time curves for data obtained at
different temperatures. In the lower temperature ranges, the rate of the
reaction suggested that it might be a monomolecular one. The formula for
this reaction states that the rate of the reaction is proportional to the
rate of disappearance of reagenis: xq% logxf;, where K=velocity constant,
A=total amount of a substance (e.g. psrticles being ingested), x=amount of

lubutanco‘dzluppcuring in time T. But Fenn (1922a) has pointed out that in
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attempting to apply this equation, lMadsen and Watabiki have taken A not as
the total number of bacteria present but as the maximum number ingested at
the temperature being considered. He further criticized that not only were
there always more bacteria than the total ingested but also that the maxi=
mum ingested varied with the temperature. Although Fenn (192la,b) had
found the formula for a monomolecular equation te fit phagocytosis of car~
bon and quartz particles by rat leucocytes, he re-analyzed the data obtaiined
by Madsen and Watabiki to show that the same principle did not apply to
phagoeytosis of bacteria. Having established the time necessary for maxi=
mum phagocytosis at each temperature, Fenn then calculzted the bacteria per
leucocyte per minute for the first half of the reaction at each temperature.
In this manner, Fenn found ten~degree~Centigrade temperature coefficients
approximating 2.0 in a temperature range from 0°C. to 35°C.

Bs. Complexities of the reaction. But this temperature coefficient,
according to Fenn, represents at least two reactions besides phagocytosis
proper: The first occurs in a latent period necessary to prepare the
bacteria for ingestion and the phagocytes for activiﬁy. Ledingham (1908)
had observed this latent period and had found it shorter at higher tempera~
tures. In fact, Ledingham's data suggested that the speeding of this prep=
aratory reaction was the principal effect of increased temperatures. The
third reaction observed by Fenn was a "lethal" reaction resuliing in =
shorter active period of phagocytes at higher temperatures. Fenn reasoned
that the temperature coefficient of this reaction was lower than that for
phagocytosis, since increase in temperature continued to increase the phago-

eytic index. Calculation of Q;y of the "lethal reaction™ on the basis of
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time required to complete the total reaction substantiated Fenn's hypoth~
esis. The "lethal reaction" was considered by Fenn as one which injured
the leucocytes directly.

Ledinghan (1912) found that increased bacteria~to~leucocyte ratios
resulied in increased phagocytic indices but that the latter increase did
not keep pace with the former. This decreased efficiency he could not
account for solely on the basis of reduced amount of opsonin available.
Hanks (1940) confirmed these findings of Ledingham and found that the per=
cent of phagocytes active likewise increased but at a slower pace than the
bacteria=to-leucocyte ratio. He rejected the hypothesis of Fenn (1922a)
that the "lethal reaction" was due to unneutralized bacterial products on
the ground that equally sensitized bacterial suspensions still exhibited
the phenomenon. But it seems likely that, in diluting bacterial suspen-
sions following sensitizstion, one is also diluting adsorbed, unneutralized
anti~phagocytic substances which may have accumulated. Furthermore, the
bacteria thus sensitized and diluted are still alive and probably capable
of producing anti-phagocytic substances; it is logical that a larger number
of bacteria would produce more of such a substance. Hanks' (1940) explan~
ation for the decreased efficiency of a system with a higher bacteria=to=-
leucocyte ratic is that surface energy relations are altered.

Where the formula for a monomolecular reaction applies, as in the
ingestion of carbon and quartz particles (Feamn, 192la,b), it would be ex~
pected that temperature changes could not change the end-point of the
reaction. By changing the chances for contact per unit time, an increase

in temperature might, nevertheless, increase the rate at which the end~
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point was reached. Fenn's analysis (1922a) of Madsen's and Watadbiki's
(1919) data for phagocytosis of bacteria shows that increased temperature
does change the end-point.

C. Reporting results. Most of the earlier work is reported in
average numbers of bacteria per leucocyte (Leishman, 1902). Hamburger (1912)
introduced the use of percent of phagocytes active. A mathematical relation
was found to exist between the two determinations (McKendrick, 1913-14):

The ancunt of work done (i.e., the phagocytic index) was a logarithmic
function of the number of inactive phagocytes, assuming an even distribution
of bacteria in the leucocytes. Hanks (1940), with the number of bacteria as
his only variable, found that the phagocytic index increased as a linear
function of inereasing numbers, the percent phagocytes active to increase as
a logarithmic function. Neither determination, however, revealed the effec~
tiveness of the system, unless the total numbers of bacteria and leucocytes

ware known,

V. BExperimental methods

As, In vivo methods. As widely varying as methods of reporting results
and interpreting them have been methods of study., It is interesting that
some of the esrliest work--that of Metchnikoff~-was done with in vive
techniques. According to Olga Metchnikoff (1921), he used the Crustacean
daphnia, which is transparent, with yeast cells as his test organism. In
Yivo techniques lend themselves less readily to experimental contrcl and

have received less attention and development than have in vitro techniques.

Durham (1897) studied the course of peritoneal infections with special
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reference to phagocytes and phagocytosis by sserificing animals at various
intervals following infections. Steinberg et al. (1938) have made similar
studies without sscrificing their snimals. In some cases, leucocyles were
added from other animals; in others, only natural cellular response was
studied for comparison. Cottingham and Mills (1943) have studied intra=
peritoneal phagocytosis of pneumococei by sacrificing the aninuls four
hours following infection; cells were only those in response to the infec~
tions agent. '

Denys and Xaisin (1893) studied disappearance of colon bacilli from
the bloodstream ws an index of phagocytosis. They assumed such disappear=~
snce to be due to phagocytosis, since direct smears showed phagocytosis
with no evidence of extracellular d!uintogrution of the bacteria. %right
(1927) used the rate of disappearance of pneumococci from the bloodstrean
as an index of resistance of rabbits. Zinsser, Enders, and Pothergill (1939)
pointed out that this technique, in so far as it is to be wpplicable to
phagoaytosis studiés must be limited to the use of organisms resisting
extracellular lysis.

Be In vitro methods. In vitro methods have been used much more
commonly than in vive ones. Denys and LeClef (189%) studied blood leuco=
cytes in the presence of antiserum; estimates of the degres of phagooytosis
were made by subsequent plate counts. itiuhnan (1902) devised & film
mothod of incubation, followed by examination of stained smears. The method
was far from perfect, but a control of normal blood to parallel each test
served to minimize several variables. Conparison of the average number of

staphylococci per leucocyte in the patient’s blood with that of the control
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suggested importance of phagocytosis in determining the patient's condition.
These studies were made in connection with the use of therapeutic staphylo~
coccic vaccines which was a common practice at that tinme.

Wright and Douglas (1903) suggested the use of blood decalcified with
either citrate or oxalate. UWright (1921) introduced many new techniques
into the study of phagocytosis., Perhaps his most outstanding contribution
was the use of a single suspension of leucocytes with several normal sera
as well as with the patient's serum. Stained smears were examined to deter=~
mine the average number of bacteria ingested per leucocyte (phagoeytic index).
The significant determination was that of opsonic index~=i.e., the ratio of
the phagoeytic index obtained with patient's serum to the average phagocytic
index obteined with normal sera. A larger number of cells was considered
than was the case with Leishman's technique.

Wright's method constituted a practical application of the hypothesis
of Denys and LeClef (1895) that variations in phagocytic activity were due
to variations in the capacity of different sera to sensitize bacteria for
ingestion. Although the opsonic test has not been widely employed as a
¢linical laboratory test, it still finds its place as an aid in the diagnosis
of Brucellosis (Tovar, 1944). The usual technique has slipped back to the
use of whole blood with its varying numbers of leucocytes, a practice crit-
icized by Hanks (1940). The citrate (according to Tovar, 1944) is employed
so as to inhibit normal opsonins. Where no inhibition is desired, the use
of heparin as an anticoagulant has been recommended by Boerner and Mudd

(1935), Heparin has been thus employed by VWesterfeld and Senekjian (1937)

and by Cottingham and Mills (1943).
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Another advance which has been made in the field of ianvestigation
and which has failed to take hold in routine laboratory tests is the use
of a uniform shaking or rotating device. According to Fleming (1931),
it was Parry who first suggested the use of uniform mixing, but the earli-
est report in the literature is that of Rosenow (1906), who favored this
nethod for simulating in vivo conditions. It is doubtful whether any
biological system ever made 120 to 150 vibrations per minute through a-
three mm. stroke, but the technique did serve to standardize chance con=
tacts so that more accurate determinations could be made of differences
in opsonic activity. Subsequent modifications of the mixing technique
have been made s0 that a smoother, slower rotation has been the trend
in more recent work: Fenn (1921a), nineteen revolutions per minute about
a horizontal axis; Robertson and Sia (1924), eighteen to twenty revolutions
per minute and eight to ten oscillations per minute through = 10°% to n*
arc; Todd (1927), twenty revolutions per minute about a horizontal axis;
Ward {1930), six revolutions per minute about a horizontal axis; Ellingson
(1939), twenty revolutions per minute about an axis 20° from the longi=
tudinal axis of the tube; Kass and Seastone (1944), two revolutions per
minute about the longitudinal axis.

Hotopp and Kahn (1936) haw applied the single~cell technique to phago=
cytic studies. By isolating and inoculating onto suitable media single
active phagocytes at various time intervals, the fate of the ingested

particle can be studied,
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PART TWO=--EXPERIMENTAL
I, Technique

% %0 10 cec. of aleuronat-starch paste™ mixed with an equal volume
of tryptose broth (total of 10-20 cc.) was injected intraperitoneally
into guinea pigs eighteen to twenty~four ho;ra before leucocytes were de=
sired. Leucocytes were obtained from the resulting peritoneal exudate.
Except in the runs designated 1 through 10 in Group C, the animal was'ox-
sanguinated and the leucocytes harvested in saline, After brief, slow
centrifugation, the leucocytes were resuspended in saline; no attenpt
was made to wash the leucocytes, since serum from the same animal was to
be useds In Group C, Experiments 1 through 10, only a small amount of
blood was taken and peritoneal exudate was aspirated without killing the
animal,

The in vitro system consisted of 0.1 ce. each of leucocytes, serum
from the same animal, and bacteria mixed in tubes of 8 mm. diameter.

Since Group A was for the purpose of standardization of procedure,
details for that group will be presented along with the results. The
following description applies to Groups B, C, and D only.

The leucocyte suspension was standardized so that there were 25,000
to 30,000 cells per c.mm. as determined by direct count (Neubauer haemo=

cytometer, The test organism was an old stock strain of Staphylococcus

aureus. Plain agar cultures were harvested after twenty hours' growth
(twenty=four~hour broth culture used for inoculum). The bacteria were

* 3 percent potato starch in distilled water boiled, aleuronat added
to make % percent.
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harvested in saline, shaken until only single cells and a few small clumps
remained. After being diluted to the turbidity of McParland Pephelometer
standard number one, the bacterial suspension was stored in the refriger~
ator to be used over a period not exceeding six weeks; pH and gram=staining
charscteristics showed little change during this period. At the time of
use, & portion of the suspension was diluted with an equal volume of saline
so that the final suspension used was half the turbidity of McFarland stan=
dard number ones Direct count (Petroff-Hausser bacteria counter) showed
1,200,000 organisms per cumm., while a total plate count gave 1,510,000
per comms The bacteria=to=leucocyte ratio was between 40:1 and 60:1,

The test organism showed the following characteristics (August 17,

1944)
hemolysis, moderate
coagulase, positive at two hours
gelatine liquefaction, negative at twenty-four hours,
positive at forty-eight hours
mannite fermentation, doubtful at forty-eight hours,
positive at seventy=two hours.
5 ccs of sterile Seitz filtrate from a suspension of a twenty~four~hour
agar~slant culture injected intraperitoneally into a guinea pig caused
death in less than eighteen hours.

At the time of the test (usually bdeginning within two hours after
bleeding of the animal), the components were mixed, bacteria being added
last except where a period of "opsonization" wag to precede phagocytosis.
Amounts were delivered with 0.2 ml pipettes gradusted in thousandths.
Both %tubes and pipettes were boiled in distilled water and dried before

use; paraffined corks were used to stopper the tubes. Rotation was accom~

plished in a constant~temperature water bath by a rotator making two and
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one~half complete revolutions per minute about an axis 20° from the long
axis of the tube.

After the allotted period of opsonization and phagocytosis, smears
were made as quickly as possible. 0.02 cc. of the mixture was placed
on each slide with pipettes such as those used in mixing. Since smears
nade with cigurette papers showed a more evea distribution of leucocytes
and less distortion of the cells than those made with gi;ss slides, the for=
mer method was employsd routinely.

The staining technique was worked out separately for each series
in order to allow for differences in affinity for stains among leucocytes
from various snimals. Usually, the slides were fixed for thirty seconds
to one minute in methyl alcokel and stained five to twenty seconds in a
dilute methylene blue. They were thenm allowed to dry inm air and their
descriptive labels covered with adhesive tape. Serial numbers were then
used to identify the slides until examination of the slides was completed.
Taping the descriptive latels reduced to & minimum personal prejudice in
interpreting resulis.

Examination consisted of classifying 200 polymerphonuclear leucocytes
as negative (having ingested no bacteria), positive with few bacteria
(having ingested one to five bacteria), and positive with many bacteria
{having ingested more than five bacteriajs In counting the 200 cells,
only the middle one~third of the smear was considered.

in all groups, results reported are averages; the pumber of individue
al determinations is zﬁdieﬁtca by the number in parentheses, following
the tempersture. In Group B, the number of determinations considered

in arriving at the total average (last column of tables) is approximately
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twice the number in parentheses. Although almost all determinations for
& given temperature fall within a five percent range, 5o result has bsen
excluded from the average, save under the following conditions: ‘Yhen
there were at least four determinations, and when the devistion of the
doubtful result from the average of the other results was greater than
the product of the aversge deviation of the others multiplied by the
total number of determinations, the doubtful result was then excluded
and the average of the remaining ones accepted. VFor example, in Hxper=
iment 8 of Group D, determination numbder three was excluded from the
values obtained for 22°C.

dﬁtoriinution none few many total
G55 45 040 4.5
93+85 645 0.0 6.5

8045 19.5 0.0 19.5
93.0 7.0 0.0 7.0

L P A

The average negative result for determiunations one, two, and four is

94.0 pearcent.

detorminution deviastion from the average
1 18 :
2 0.5
i ie0

Average 1.0 x 4 = 4.0
3 13.5

Since the product of four (the total number of determinations) times the
average deviation of the other tiree determinastions (1.0) is less than
the deviation of determination number three (13.5), determination number

thres may be excluded.
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I1. Presentation of results

Group A

In this group, all three components of the system were mixed (bace
toris added last) and rotated for ten minutes at the indicated temper~
atures. For the following ressons, the results of Group A must be re=
garded as of less significance than those of other groups:

1. The machine waus sdjusted to make forty complete rotations §or
minute=~~enough to cause some disintegration of the leucocytes. Never=
theless, the settling to the bottom of the tubs suggested incomplete
mixing, a reasonable possibility since the tubes were soplaced as %o
rotate about an axis 20° from their horizontal axis.

2. Pipettes used to deliver the muterials were graduated in teanths
only. |

3., ‘mears were made from estimated amounts (esgs, one drop deliv-
ered from » capillary pipette)

4, Rather than employing constant amounts of bacteria and leuco~
eytes, varying determined amounis were used to find in what bacteria=to~
leucocyte ratlo tempersture effects could be most easily detected.

5., Descriptive ladels were visible at all times.

6. Only one person counted the slides and only one or iwo deter=
pinations were made for each temperature.

Further details of procedure, when available, will be presented with
individual experimenis.

tn «1l tebles for all experiments, the first column represents
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temperature in degrees Centigrade; the second, the percent of phago=
cytes negative; the third, the percent of phagocytes positive with few
bacteria; the fourth, the percent of phagocytes positive with many
bacteria; and the fifth, the total percent of phagocytes active.

In Group A only, phagocytic indices {average number of bacteria ingested
per leucocyte) were determined. These numbers are presented in the
sixth colunmn.

In tﬁo graphs of Group A only, the plain line represents the
npumbers in column five, the segmented one representing numbers in
column six. The abscissa gives temperature in degrees Centigrade;
the right=hand otdlhato gives phagocytic indices; the left=hand or-
dinate shows total percent of 200 leucoucytes active, This method of
plotting is employed merely %o conserve space and is not intended to
imply an absolute relationship between percent rhagocytes active and

phagoecytic index.
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Experiment 1:

Table I
temperature none few ' many total ph. index
22 (2) 61,2 36.8 2.0 38.8 1.01
27 (2) 34,2 53.0 12.8 65.8 2.48
32 (2) 29.7 48.8 21.5 70.3 3.50
37 (2) 30,2 53.8 16.0 69.8 2.76
42 (2) 30.7 49.3 20.0 69.3 3.28
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Experiment 2:

Table IXI
temperature none few many total phe index
32 (2) 3.0 20,5 76.5 97.0 11.39
37 (2) 4.5 25.5 70.0 95.5 923
42 (2) 2.7 21.8 7%.5 97.3 10.05

Since almost 100 percent of the phagocytes were active at all temper~
atures, it seemed that the ratio of bacteria %o leucocytes was too
high., Therefore, an attempt was made to determine relative numbers

in subsequent experiments.
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Experiment 3:

Table IIX
temperature none few many total ph. index
22 (3) 48,5 37.5 14.0 51.5 2.39
32 (3) 22,3 25.2 52.5 79.% 8.94
37 (3) 16.8 24.5 58.7 83.2 8.49

42 (3) 19.8 28,4 51.8 80.2 8,38

By direct count, it had been determined that the leucocyte suspension
used in Experiment 3 contained 40,000 cells per c.mm., and the bacterial
suspension, 1,300,000 cells per c.mm. Since maximum phagocytic index
had been reached at 32°C., it was considered possible that the bacteria~-

to=leucocyte ratio was still too high.
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Experiment 4:

Leucocytes were determined to be 45,000 per c.mm., A suspension
of a broth culture (washed once in saline) was compared with one of
& slant culture. Their absolute numbers were slightly differeng#,
but probably not significantly so: slant, 1,040,000 per c.mm. and

broth, 1,140,000 per c.mm.

a, with slant suspension

Table IV
temperature none few many total ph. index
22 (1) 45.5 39.0 15.5 54.5 2.33
32 (1) 19.0 22.5 58.5 81.0 8.69
37 (1) 20.5 34.0 45.5 79.5 6,28

42 (1) 5.5 23.5 71.0 94.5 10.67
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be with broth suspension

Tabie ¥ ,
temperature none few many total phe index

22 (1) 528 42,0 5.5 47.5 1.44
27 (1) 2.5 40,5 27,0 6.5 3.52
32 (1) 26,5 41,0 33.5 7T4.5 4.95
37 (1 195 32,0 48.5 80.5 5.79

42 (1: 190 43,5 47,5 81,0 _5.74

The bacteria=to=leucocyte ratio {about 24:1) seemed satisfactery for
demonstrating the effect of temperature. 4And, even though the slant
suspension was ingested more readily, the two suspensions seemed %o
lend themselves equally well to » determination of the effect of tem=~
perature. In sll subsequent runs, slant cultures were used because

of theiyr greater convenisence.
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Experiment 5:

A 8till lower bacteria~to«leucocyte ratio was tried for comparison:
leucocytes, 40,000 per c.mm.; bacteria, 600,000 per ¢.mm.; bacteria=to=
leucocyte ratio, 15:1. Since Experiment 4 had shown consistent rises
in phagocytosis between 22°C. und 32°C., this experiment emphasized the
range between 32°C. and 42°C.

Table VI
temperature none few many total ph, index

(1) 46.5 47,0 645 53,5 1.1
1) 42,0 49.0 9.0 58.0 1.95
37 él) 34.0 59.0 7.0 66.0 1.84
(1) 41,5 52.5 600 58,5 1.45
(1) 28,0 6.0 5.0 72.0 2.03




4.
Group B

The following twelve experiments test the over=all effect of ten-
perature on en in vitro phagocytic system. Mixtures wers rotsted for
ten minutes in & water bath at the tempersture indiceted.

It should be restated that in this group of experiments (as com=
pared with those of Group 4) more accurste pipeties were employed, a
larger number of determinations was made for esch temperature, constant
nunbers of bactsria and leucocytes were used, deseriptive labels were
masked during examination of the slides, and two persons (CZ and DH)
examined each slide. Only my own determinations are presented except
in the last column of each table where the average of all determinations
for total percent of phagocytes positive is given. Humbers inm paren=
theses indicate the number of my own determinations, the number whose
average appears in the last column being approximately two times as
large.

In the graphs, abscissae again represent temperuture in degrees
Centigrade, ordinates the total percent of phagocytes active. Plain
lines represent my own determinations, segmented ones the average re=

sult,
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Experiment 1:

Table VII
temperature none few many total total ave

22 (2) 66,5 32.7 0.8 33.5 33.1
27 (2) 50.2 44.5 5.3 49.8 48,7
32 (3) 42.5 50.8 6.7 57.5 52.5
37 (3) 7.5 52.5 10,0 62.5 65,0
42 (3) 22.3 61,7 16.0 777 6.y




Bx?eriment 25

Table VIIT

temperature none few many +total total av.

.
N

(3%

N OO
.

22

o~
s N

¥
247 (2} 46.5
32 (3) 32.3
37 (3) 48.8
42 (3) 48,2




Experiment 3:

Table IX
temperature none few many total tctg;Asv.
22 (2) 65.2 393.5 1.3 34.8 35.5
27 (2) 45,7 5l.8 2.5 54.3 57l
32 (3) 30.7 62.3 7.0 69.3 70.0
a7 (3) 20.4 64.8 147 79.6 80.8
42 (2) 16,4 53.3 30.3 83.6 83.8
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Experipont 4

Pable X
temperature few many total total ave
22 (1) 3-;.5 4.0 138.5 30.7
27 (5) 40.2 3.8 H0.0 52.8
32 (5) 56,7 74 64,1 0547
37 (5) 59+8 15,9 75.7 79.5
42 (7) 57.9 18.4 706.3 79.2
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Experiment 5@

Table XI
tepmpersture none fsw many total total av,

22 (3) 72,7 25.0 2.3 27.3 21.8
27 (3) 72:5 23:.8 3.7 27.5 26.7
32 (%) 590 3245 855 4lel 403
37 (%) 6045 3348 5.7 3945  30.2
42 (5) 730 2248 4e2 2740 274

37

“

Experimant 5,
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Fable X1 i
tempersture none few many total total uVae

86,5 12,3 1.2 13.5 13.0
87.5 10,2 2.3 12,5 1247
0.8 2847 5«5 2902 2849
61:3 33.5 He2 38,7 39.3
38.0 42.0 20,0 62,0 60.4
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Experiment 7:

Table XIII
temperature nons few many total +total av.

83.2 15.3 1.5 16.8 16.2
67.4 26.8 5.8 32.6 31.9
53.5 31.0 15.5 46.5 44
43.0 37.2 19.8 57.0 57,
38.7 43.8 17.5 61.3 63
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Experiment 8:

Table XIV
temperature none few many total total ave
22 (2) 88,0 11.5 0.5 12,0 4.7
27 (2) 76,2 1948 4.0 23.8 22,0
32 (2) 69.3 27.4 3.3 3047 30.8
37 (2) 734 21«3 5.3 26,6 2647
42 (2) 38.7 4348 17.5 61.3 63.2
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Experiment o:
Table XV
tempersiure none few many tetal total eve
-~

22
27

8243 1505 28 }.7&7 l&.g
80«8 4.0 5.2 13-2 1&-3

Py g, oy AT
E 5 O
S N

94 £j THheH 1834 Led é@nb 229
37 (2) 7342 21,0 5.8 26,8 25.9
42 {2; 08«5 2245 9.0 31.5 302




Experiment 101

Table XVI
temperature none few many total total ave

22 83.0 15.3 1.7 17.0 16.5
24 940 1745 345 2140 2044
32 1740 440 2140 18.8

37
42

2765 740 3445 346l
2845 843 3648 3744
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Experiment 253

Table XVI1
temperature none faw many total
37 (3) 5842 3743 44° 41,8
39 (3) 5946 3647 347 4C.4
41 (3) 5;-7 30:’3 joi’,’l ‘\2().3




Experiment 123

Table XVIIX

temperature nona few many ‘total total av.
37 (2) 41.7 B30 5.3 53,3 53.5
39 (2) 50,5 45,0 4.5 49.5 47,1
41 (2) 51.5 48,0 2.5 48.5 48.3

6'



Group C

Since the effect of temperatures in the range of 37°Cg to 42°%,
was less consistent than other temperatures tested (see Group A, Ex=
periments 1 and 3 and Group B, Experiments 5, 6, and 12), it was con=
sidered possible that opsonization was favored by higher temperatures,
while the phagocytes themselves might be susceptible to damage by such

temperatures. Variations in different oxperiments might accordingly

57«

reflect differences in susceptibility of phagocytes from individual ani=~

mals.

To test this hypothesis, the following group of experiments has
been carried out. In reporting results, the temperature of "opsoni=~
gation” is given first; that of "phagocytosis" second. "Opsonization®
was carried out in tubes as described above containing 0.1 cc. each
of normal guinea=pig serum and bacterial suspension. These tubes were
incubated vertically, without rotation, in a water bath at the temper~
ature indicated for thirty minutes. Immedistely thereafter, 0.1 cc.
vhagocyte suspension was added. Phagocytosis was carried out as in

the experiments of Group B but for five minutes only.

Experiment 13:

Table XIX
temperature none few many toial
37=37 (3) 510 35.8 1302 49.0
=40 (2) 55.5 34,0 10.5 44.5
40=-37 (2) 46.0 137.5 1645 54.0
40-40 (2) 3840 47.2 1448 062.0




Experiment 14:

Table XX
temperature none few wany  totsl
37=37 (2) 750 21,3 3.7 25.C
7 =a 22) 5125 37.0 11.5 48.6
40=37 (2 57.5 36,0 6.5 42.%
40=-40 (2) 58.2 35.5 6.9 41.8

Exgag&anﬂ }.g
Teble JXI
lemperature none few  many total
37=37 (2 7.0 21.8 1.2 23.0
=40 (2 78,0 20.2 1.8 220
40=37 (2 76,0 22.8 1.2 2440
40=40 (2) 68,5 29.3 2.2 31.5
Experiment 2:

Table XYIT
temperature none few many total

3”"37 (2) 53..7 4248 5.5 45.3
37=40 (2) 80,3 45.3 4.5 49.8
40-37 (2) 558 3940 543 44.3
40=40 (2) B4e8 10.8 6,0 45.3
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Experiment 3: Guinea pig's rectal temparature, 102.4°r. (39.1'0.)

Table X¥ITT
toprereture none few meny VYotal

37~37 §3) 3340 52,3 1447 6740
=40 (2) 3247 54.8 12.5 67.3
ao=47 (2) 40+5 50«5 90 855
40=40 (3} 3045 52+2 17.3 6943

Experiment 4: Guinea pig's rectal temperature, 103.4°%. (39.7°c.)

Teble HXIV
o

ne fow ) ota

ta &

37=37 (2) 46,0 48.8 B.2 54.0
9)=40 (2) 9.0 54¢3 6.7 6140
40=37 (3)  47.5 45.0 7.5 525
40=40 (9) 97,3 52,7 10.0 62.7

Bxperiment 5: Guinea pig's rectal temperaturs, 102.6°7. (39.2%C.)

. Table XXV
tempersture unohe few many total

37=137 (3) 44.8 47.8 7.6 55.2
37"‘0 (‘) 23*0 51.9 25.1 77-6
40-37 (3) de%5 46,7 8.8 5.5
40-4C (4) 36+5 50.6 12.9 63.5
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Experiment §: Cuines pig's rectal temperature, 101.4°F. (38,6%.)

Teable XYVI g
temperature nope fow many  totel

=3y (3)  66.8 32.9 0.3 332
=40 (3) 54,5 43.7 1.8 45.5
40=37 (2 5647 42.5 0.8 43.3
40-40 (2) 48,0 B3.8 2.5 6640

W J: Guinea plg's rectal temperature, 101.4°7, (38.6%.)
uble
4 sbure none few many total

37=37 (4) 0.9 37«3 1.8 3941
740 24) 58.4 38,7 2.9 41.6
40-37 (3] 56.2 42.6 1.2 43.8
40-40 (3) 47.6 49.2 3.2 52.4

°
Experiment B Guines pig's rectal temporature, 101.0°F. (38.2 C.)

, Table XXVILL
tempersture none  few many total

=37 (2) 5640 42,5 1.5 440
=40 (2] 897 4240 243 443
40=37 (4) 59.4 38,9 1. 40.6
40-40 (4) 48.6 48,5 2.9 5l.4




61.
The negative result obtained in the effect on opsonization streng-
thened suspicions as to the technigque: did more opsonization take placs
in the five minutes of "phagocytosis" than occurred in the thirty minutes
during which the tube was stationary? The fact that the percent phagocyt=
osis for 37-40 was as great as that for 40-40 in five out of ten expari-
ments (14, 2, 3, 4, and 5) suggested that in further work rotation should

be employed during the "opsonization” period also.

Group D

In undertaking %o rule out the techanical errors of Group C, the
following changes in technique were employed:

1. A wider range of temperatures was used to make differences in
percent phagocytosis easier to detect, (These findings for 22°¢. and
37°%. «<can not, of course, be interpreted as strictly those which might
be found in a higher temperature range.)

2. Rotation was carried out during "opsonization" as well as during

“phagoeytosis™,
3, In Experiments 2 through 8, controls subjected to "phagocytosis"
only were run with each experiment, one for each of the temperatures.
It was intended that these controls should show to what extent a previous
period of "opsonization” increased phagocytosis.
4. Shorter periocds of both "opsonization" and "phagoeytosis" (fif=-
teen minutes and two minutes, respectively were used in Experiments 7

and 8, Half the usual amount (0.0l cc. instead of 0.02 cc.) was used for



the smear; in this manner, drying time was shortened in order to reduce

the amount of phagocytosis on the slide,

Experiment 1:

Experiment 2:

Experiment 3:

Table XXIX
temperature none few many total
22-22 (2) 67.5 24,0 8.5 32.5
22=37 (2) 0.5 39.7 9.8 49.5
37‘22 (2) 7005 2203 7.2 2905
37=37 (2)  50.7 44.0 5.3 49.3

Guineas pig's rectal temperature, 98.8°F. (37.1°C)

Table XXX
temperature nope few many total
22 (2) 86.0 14.0 0.0 14.0
22-22 (2) 2.2 21.8 6.3 27.8
22-37 (2% 52.0 39.3 8.7 48.0
37=22 (3 795 14.5 5.8 20.3
37‘37 (2) 7208 21,0 602 2702
37 (2) 54.5 44.3 1.2 45.5

Guinea pig's rectal temperature, 101.1°F. (38.2%)

Table XXXI
temperature none few many total
22 (2) 71.0 28,8 0.2 29.0
22-22 (4) 64.9 20.0 15.1 35.1
22-37 (2)  47.3 33.2 395 5247
37=22 (4) 72,5 18,5 9.0 27.5
=37 (4) 64.6 22.5 12.9 35.4
37 (2) 34.0 59.2 6.8 6640




eriment 4; Guinea pig's rectsl temperaturs, 101.1°P. (38.2°C.);
weight, 700 gm.

o

tempersture none few many total

2z (2) 69«8 2947 0.5 .2
2222 (2) 56,8 20.2 14.0 43.2
22«37 (2) 30.8 40.5 19.7 60,2
3y-22 (5) 63,7 21.2 10,1 31.3
37=37 55) 5842 32,1 9.7 418

37 (2) 22,5 69.7 7.8 775

Emriggng 5: Guines pig's rectal temperature 99.9°F. (37+7% )3
weight, 580 gme

Tuble XXXITI
tempersture none few many ‘tota

22 (2) 68,5 31.3 0.2 31.5
22«22 (%) 9.4 33.6 17.0 50.6
22«37 (8) 51,0 90.2 12.8 4940
3y=22 (zg 7640 16,0 8.0 24,0
37"37 52 6‘03 2205 1.312 35&7
37 {2) 31.8 63.5 4.7 68.2

ggmrinmt 6: Guinea pig's rectal temperature, 104.0°F. (40.0%.);
weight, 420 gm.

Jable XUV

ta rature none n AL

22 (3) 79.8 20,0 0.2 20.2
22=22 (3% 65.0 24.0 11.0 35.0
22~37 (3 59.0 26,8 14.2 41.0
37-22 (3) 7847 15.7 5.6 21.3
37=37 (4) 62.1 20.6 17.3 37.9

37 (2) 54.0 4242 3.8 46,0
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Experiment 7:

Experiment 8:

Guines pig's rectal temperature, 105.1%F. (40.5%°C.);
weight, 475 gue

Table XXV

t rature none few many total

22 (2) 7942 2045 0.3 20.8
22=22 (3) Ble2 95,0 13.8 48.8
22+37 (5) 41.0 42.5 16.5 59.0
=22 (2) 58,2 28,5 13.3 4l.8
9y=37 $4) 5l.5 26,5 22,0 48.5

37 (2) 6642 33.5 0.3 33.8

Guines *ig's rectal temperature, 103.8%7, (39.9%C.);
weight, 370 gm.

Table XXXVI
temperature none few muny total

22 (3) 94,0 6.0 0.0 6.0
22%22 (43, 748 2145 440 25,5
2z=37 (2 54e7 3543 10.0 45.3
3y=22 (2) 61.3 24.5 14.2 38,7
37=37 (4) 5545 25406 18.9 4445

37 (2) 67.0 33,0 0.0 33.0
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III, Analysis of roaultt‘

Groups 4 and B

The following tables have been compiled on the basis of total per=-
cent phagocytes active. Table XXXVII represents the results presented
in columns labeled "total" in the presentation éf results. Table XXXVIII
deals with total average results and is limited to Group B.

The total percent positive obtained for 229¢. has in each oxpori*
ment been taken as unity. Values for each of the other temperatures
of that experiment have been zalculated by dividing their respective
total percents pesitive by that of 22°C. The numbers so obtained rep=
resent the extent to which phagocytosis at 2 given temperature is increased
over that obtained at 22°C. Averages of such values have been made and
plotted in accompanying graphs {Fige 19 for Table XXXVII and Fig. 20 for
Table XXXVIII)., In the row doalgnﬂtod "Inc.", the numerator shows the
number of experiments in which an increase was obsérvod, the denominator
the total number of experiments considered. The percent of increase
over each 5°G. range has been calculated by dividing the average of the
higher temperature by that of the lower and is expressed in the tables

a8 ”Qs" °



Table IX

group exper. _22°C. 27°C. 32°C. 137°C. 42°C.
A X 1.00 192 381 1.0 1,09
3 1,00 === 1,51 1,61 1,56
4a 1,00 w=== 1,49 1.46 1.72
4d 1.00 142 187 2,69 100
B i 1,00 249 392 M) 2,92
2 1,00 2.00 1,49 2,32 2.34
3 3400 1457 2,00 2.30 240
4 1.00 1,30 1.67 1.96 1.98
5 1.00 1.01 150 14485 0.99
6 1.00 0493 2.6 2,06 4,60
4y 1,00 1.94 2.6 3.40 3.66
8 1,00 1.98 2,56 2,21 5.10
9 3400  1:07 3.9 1.32 3.0
10 1,00 1,19 139 1,95 2.16
AV, 1.00 1.47 1.78 2,03 2.44
Incs 11/12 10/12 10/14 11/14

0.5 1.47 1.21 l1.14 1.20




__able X
Eﬁpﬁri _2;."‘)(:- y Ce 32660 37°Cq

429¢,
1 1,00 1446 1,80 1.96 2,32
2 1,00 1.86 1,40 2,12 2.22
3 1,00 1,60 1.97 2427 2.36
4 1.00 1.44 1479 2,17  2.16
5 1400 1,23 1.85 1,80 1.24
6 1,00 0.98 2,22 3402 4468
1,00 1,97 272 3.856 3.92
8 1,00 1,40 2,09 1.82 4.30
9 1.00 1.09 1.584 1.74 2,04
10 1,00 1.23 l.36 2,06 2.26
P 1.00 L.44 1-85 2025 2»?5
Inc, g/10 8/i0 8/10 8/10
ag ledd 1,29 1.22 1.22

-
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From these data, it would seem that phagocytosis, considered as it
was by our particular method, exhibits a slightly decreasing, almost
steady rate of increase with temperatures from 229C. to 37°C. so that
the average percent of phagocytes positive plotted against temperature
in degrees Centigrade appears to be a straight line. It is to be re=
membered, however, that only a ten~pinute interval has been examined
and that nothing can be said as to the rate or end=point of the reactiom
itself at various temperatures. That a steady increase would continue
at higher temperatures is improbable because of susceptibility of leuco=-
cytes to higher temperatures and destructibility of heat~labile opsonins

at higher temperatures.

Group C

For the data of this group, a method of analysis similar to that
for Groups A and B has been used. 1In Group €, however, various values
have been taken as unity, depending upon the reaction to be considered:
"gpsonization™ or nphagocytosis™., For example, with the percent phago=
eytes positive at 37=37 taken as unity, the relative number obtained
for 37=40 would represent the effect of increased temperature on "phago=
cytosis™; similarly, the relative pumber obtained for 40=37 would represent
the effect of increased temperature on "opsonization™, Table XXXIX
shows the effect on "opsonigation”, giving separate columns for values
obtained by phagocytosis at 37°C. and by phagocytosis at 40% ., Table
XL deals with the effect on "phagocytosis®. One row of each table
{1abeled "Inc.") gives the number of instances in which an increase

was observed; the denominator represents the total pumber of observa=

tionse



Table X
expers 37=37 40- 37=40 40-40
13 3.00 1.0 1.00  1.39
14 1,00 1.70 1.00 0.86
1 1.00 1.04 1,00  1.43
2 1.00 0.93 1.00 0.91
3 1.00 0.89 1.00 1.03
4 1.00 0,97 1.00 1.03
5 1,00 1.0} 1.00 0.83
6 1.00 1.30 1.00 1.29
Vi 3.00 1.2 1,00 1,26
8 1.00 0.93 1,00 1.16
AV 1.00 1.10 1.00 1:11
Ince 6/10 7/30
Table XL
exper. 37=37 37-40 48=37 48-40
13 1.00 0.91 1.00 1.15%
14 1.00 1.94 1.00 0.98
1 1.00 0.96 1.00 1.31
2 1.00 1,03 1.00 1,02
3 1.00 1.00 18 1.1
4 1.00 .13 1,00 1.19
5 1.00° 1,40 1,00 1.14
6 1.00 1.9 1.00 1.29
Vi 1.00 1.06 1.00 1.19
8 1.00 1.0% 1.00  3.97
AV, 1.00 1.18 1.00 1017
Inc. 7/10 9/10

The results seem to indicate that both "opsonization™ and "phago=

eytosis" are favored by an increased temperature in the range of 37°C.

to 409C., "phagocytosis™ more consistently and to 2 greater extent than

"opsonization”. The question might well be asked whether during the

first few seconds of phagocytosis, the tubes opsonized 40°C. have a
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higher temperature than the corresponding ones opsonized at 37°. 1f
so, it follows that the apparent increase in opsonization may represent
an actual increase in the first few seconds of phagocytosis. Another
question, which has alrewdy been pointed out, is whether more opson=
jzation occurs in five minutes of rotation than in thirtdy minutes of
stationary incubation. In such a case, the designation of "phagocytosis"
to the last five minutes of the test is inaccurate.

The most consistent result in this group was an increase in the
over=-all result from "opsonization" and "phagocytesis” at 37%. (37-37)
to "opsonization" and “phagocytosis" at 40°C. (40-40), This compari=-
son is presented in Table XLI. In nine out of ten experiments, the
result was an incresse. This result is interesting in view of the
leck of significant increase in the 379C. to 40°c, range of Experiments
1, 2, and 3 in Group A and of Expnrimﬁnt: 2, 4, 5, 11, and 12 in
Group B. The comparison is not strictly valid, however, since the
conditions of the experiments in Groups A4 and B were different from

those in Group Co.

Table XLI
eXper. -~ 40=40

13 1.00 3.2
14 1,00 1.67
1 1,00 2.9
2 1.00 0.94
3 1.00 1.04
4 100 1.36
5 1.00 1.15
6 1.00 1.69
V 1.00 1.34
8 1,00 3.1%
AV 1:00 1.28

inc. 9/10
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Group D

The results of this group have been summarized as were those of
Group C. The effect of increzsed temperature on "opsonizstion™ is pre-
sented in Table XLII, on%nhagocytosis™ in Table XLIII. The over=all
effect is shown in Table XLIV; the first pair of figures represents
systems subjected to "opsonization" before phagocytes were added; the
second pair represents those subjected to the "phagocytosis” treatment
only. The results of Experiments 7 and 8 are not included in averages
or in considering the number of increases, since time intervals were
shorter in these experiments. Otherwise, the technigue was comparable;

therefore, they are included in the summarizing tables.

Table XLIT
exper. 22=22 37=22  22=37 37=3]
2 1.00 .73 1.00 0.%7
3 1.00 0.78 1,00 0.68
4 1.00 0.7 1.00 0.69
5 1.00 0.48 1.00 0.3
6 1.00 0,61 1.00 0,94
AVe 100 07 1,00 o7
Inc. 0/6 0/6
b 1.00 0.86 1.00 0.83

8 1,00 1,82 1,00 0.98
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Table XLIIX

exper, 22=22 22«97 37~22 3=
1 1.00 1.52 1.00 1.6%
2 1.00 1,72 1.00 1.34
3 1,00  1.49 1,00 1.29
4 1.00 1.39 1.00 1.338
5 1,00 0,97 1,00 1.49
& 1,00 1,18 1.00 1.78
AV 1,00 1.38 1.00 1.48

Ince 5/6 6/6

‘ 1.00 1.2) 1.00 1,16
é 1.00 ‘}cnj’s £u°0 L:lﬁ

Table v

sxper, 22=22 37«3 22 37
1 1400 1.52 i s Sy
2 1,00 0,98 1.00 3420
3 3,00 1.0 1.00 2.38
4 1.00  0.97 1.00 2.5
5 1,00 0,73 1.00  2.15
6 1.00 1.08 1.00 2.28
AV 1.00 1.05 1.00 2.50

Inc. 5/6 5/5

Vi 1.00  0.99 1,00 1.6
8 1,00 1.75 100 _5.50

From thess data, it would seem that, while "phagocytosis" is

favored by increased temperature, "opsonigzation” is impaired by it.

But, by comparing results obtaiped at the itwo temperatures of "opson=

ization" with those obtained with no previous "opsonization® at all

(Table XLV), it becumes evident that it is not opsonization alone that

takes place in the prelimimary incubation parioed of organisms and serum.

This table brings out three points:

1. W¥hen “phagecytosis” is at 37°c., higher results are obiained



with no previous "opsonization" than with previous “opsonization" at
either 22°C. or 37°C. This observation may be considered partly a matter
of the method of counting, since with only five minutes' phagocytosis

at 37’0.

&) & large value for total percent phagocytes positive is corre-
lated with 2 relatively low figure for percent phagocytes ingesting
many bacteria (Experiments 2, 3, 4, 5, and 6);

b) a distinct decrease in phagocytic index was obtained at 3796.
in five of six experiments of Group 4, when ten mivutes' phagocytesis
was studied,

2. vhen "opsonization" time is 2% to fiftsen minutes and “phago~
cytosis” time to two minutes as la Ixperiments 7 and 8 of Group D, the
total percent rhagocytes positive is still disproportionately greater
than the number of cells ingostiﬁg "many" bacteris. But previous op=
sonisation can now be demonstrated to coniribute to increased phagocyto~
sise

3. Even longer periods of "opsonization” and "phagucytosis” (Ex=
periments 2 through &) show previous "opsenizstion* at 22°C. (end, to a
lesser extent, that at 39%C.} to incresse the smount of phagocytosis at
22%, But in this case, slsc, shorter periods of "opsonization” and

"phagocytosis® betier demonstrate the effect of previous "opsonization™,



74.

Table XLV
@xXpar., 22 22=22 37-22 37 22=37  37=37
2 1.00 1.99 1.45 1.00 1.06 0,60
3 1.00 1,20 0.9% 1.00 0.80 0.54
4 1.00 1.44 1.04 1.00 0.78 0.54
5 1.00 1.60 0.77 1.00 ° 0.7 ¢€.52
6 100 179  1.86 1.00 0.89 0,82
AV, 1,00 1.59 1.05 1.00 0.85 0,60
Inc, 5/5  3/5 1/ o/s
Y § 1.00 2,34 2.00 1.00 38 14Y
8 1,00 4,28 6,45 1,00 1.%8 1.36

These results suggest that in addition %o opsonization and phago=~
cytosis, there is an inhibitery reaction in progress. Increased temper=
atures or prolonged incubation at any temperature tends to give this
reaction predominance over opsonization. Whether or not this reaction
proceeds more rapidly at 40°C. than at 37°C. can not be definitely de-
termined from the data obitained, It seems possible, however, that this
inhibitory reaction is one of metabolism and would decrease in rate at
temperatures above the optimum of the test organism.

It is obvious from the results of Group D that all reactions re=
lating to phagocytosis are very rapid and that better differentiation
among them is obtained by using shorter periods of incubation. It is
likely that with immune serum, one would be able to demonsirate more

readily the effect of temperatiure on opsonization.



IV. Discussion of results

The data of Groups A and B are in accord with those of Ledingham
(1908), who found that phagocytosis was more marked a% higher tempera=
tures up to and including 42°C. The data of Madsen and Wulff (1919),
on the other hand, indicates that 42°C. was high emough to inhibit
phagoeytosis by géth human and guinea=pig leucocytes. The two ex~
periments of Ellingson and Clark (1942) showed about equal phagocytosis
at 37°C, and 429C. The optimum for guinea=pig leucocytes (about 40°C.)
was two Centigrade degrees higher than the optimum for human leucocytes
(about 38°C.). In view of these apparent species differences, our
results are less striking than would be similar ones for human leuco=
eytes. Ledingham (1908) did not state the animal species from which
he obtained leucocytes.

The data of Madsen and Watabiki (1919) as analyzed by Fenn (1922a)
showed an increase in both rate and end=point of phagocytosis with in=
creased temperature, although the time of phagocytosis was decreased,
These data take into account only those temperatures between 500. and
3500, It should be pointed out that all the work mentioned above was
reported in phagocytic indices.

The matter of the effect of temperature on opsonization is some=
what more difficult to study. According to two experiments of Bulloch
and Atkin (1905), opsonin is completely gone from the supernatant
following absorption of fresh normal serum with Staphyloceccus albus

for as little as ten minutes at either 0% . or 37°C. 1In the second
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experiment, the bacteria used for absorpiion were tested with leuco~
eytes with the result that those opsonized for fiftsen minutes at o’c.

were taken up as easily as those opsonized the same length of time at

37°%. Ledingham (1903) found in three experiments that, while dead
tubercle bacilli adsorbed more opsonin from fresh normal serum at
37°. than at 0°C., the bacteria thus sensitized were equally well
ingested.

But, when Ledingham (1908) employed staphylococei, he found that
after long periods of semsitization at 37°C., bacteria (still suspended
in the sensitizing serum) were equally well ingested at rhagocytosis
temperatures from 18°C. to 37°C. Bacteria sensitized for corresponding
periods at lower temperatures (8age, 7°6. or 13°C-) were less readily
phagoeyted than those sensitized at 37°C. and phagocyted at comparable
temperatures. The time allowed for phagocytosis (fifteen to thirty
minutes) was sufficient to rule out the possibility that 2 tube opsonized
at a low temperature failed to reach its supposed phagoeytosis tempera=
ture.

Dean (1905) sensitized Staphylococcus sureus with heated normal
serum. He found that bacteria (centrifuged in the cold) which had been
sensitized at 37°C. were ingested to ten times the extent of those sen=
sitized at 6°C. to 8%°C, Only one experiment was reported; the time of
gensitization was thirty minutes.

Sellards! (1908) two experiments tested ingestion of bacteria sen=
sitized at 0°C. and 37°C., respectively, for fifteen minutes and subse=

quently heated to inactivation temperatures before adding leucocytes.



In agreement with Dean (1905) and Ledingham (1908), he found greater

ingestion of bacteria sensitized at 37°C. In fact, opsonization at

0°C. was not significantly greater than that in serum heated immedi=
ately after adding bacteria.

In Group D of 6ur experiments, we find indirect evidence that
opsonization at 37“0. is more rapid than that at 22°c. while a pre=
vious period of "opsonigation" was capable of increasing phagocytosis
for five minutes at 22°C., the five minutes of "phagocytosis" at 37°C.
gave sufficient opsonization so that previous incubation even reduced
the amount of phagocytosis. W¥hen "phagocytosis® time was reduced to
two minutes, a previous period of "opsonization" increased phagocytosis
at 37°Cc. in all four comparisons (Table XLV). Tests with "phagocytosis"
for two minutes at 22°C. sti1l showed greater "need" for previous op=
sonization than did corresponding ones phagocyted at 37°c.

It remains, then, to be explained why, if opsonization is more
rapid at 37°C., a previous period of “opsomization" at 22°C. should
congigtently do more good or less harm than the aarriapanding incuba-
tion at 37°C. (Table XLVII)., This observation held in three of four
comparisons where "opsonization" period was only fifteen minutes.

It would seem that the explanation lies in an inhibitory reaction which
proceeds simuliancously with opsonization and that, while the rate of
both epsonigation an inhibition appear to be increased by temperature
increase, the latter reaction is enhanced Yo a groutor degres. Ano%hgr
possibility, and one in better accord with the hypothesis of immediate

opsonization, is that opsonization is quickly completed but that the
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inhibitory reaction continues with longer incubation and to a greater
extent at 37°C. than at 22°C,

It should be pointed out that neither of these explanations is
in agreement with Penn's (1922a) calculations of temperature coeffici~-
ents for the “preparatory reaction" (2,3 to 2.6) and for the “inhibitory
reaction”(1.3 to 1.7). Fenn's "preparatory reaction", however, prob=
ably included both opsonization and what he called effect on amoeboid
activity of phagocytes. The latter is, of course, not included where
only bacteria and serum are incubated. Furthermore, one would expect
the inhibitory reaction to vary with the number and virulence of the
bacteria used., A personal hypothesis in regard to the inhibitory reac~
tion is that metabolism of the organism in serum is sufficient to pro=
duce a substance inhibitory to phagégytosia. When such incubation pre=
cedes addition of phagoeytes, not only are the phagocytes spared contact
with unsensitized bacteria but also they are introduced into an eavir-
onment where inhibitory products have accumulated. ;f, as in the system
considered by Fenn (1922a), phagocytes are introduced alcng with the
bacteria and serum, they might conceivably be able to ingest some or-
ganisms before an inhibiting concentrution of metabolic products accumu=
lated,

Thus far, there is no explanation of why, in thirteen of twenty
gomparisons in Group €, we were able to demonstrate better "opsonization”
at 40°C. than at 37°C. (Table XXXIX), It is probable that since the
optimum temperature for the test organism is 37°c., slower production

of an inhibitory substance would ocour at 40°C. At least, one would
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expect no more rapid production at 40% . than at 37°G¢; thus, assuming
opsonization itself to be favored by the three~degree-entigrade rise,

@ finel increase in the amount of phagocytosis could be effected by pre~
liminary incubation of serum and bacteria at the higher temperature,

It must be admitted that there is no direct experimental evidence
for this hypotheais., Further evidence in its favor might bhe obiained
by detection of lactic acid or some other metabolic product known %o
inhibit phagocytosis in & system having undergone preliminary incuba=
tion,

That setual ingestion of organisms is favored by increased tem=
perature is evident from the dats of Table XLIII. Ia light of shie
evidence, we may also draw the same conclusion from Table XL, which
would otherwise be inconclusive, Qinu- the system was rotated only

after the addition of phagocytes.

V. Summary and conclusions

1. Over the temperature range from 22°C. to 42°C., an increased

temperature increases phagoeytosis of Staphylococcus aureus by guinea-
pig leucocytes under the influence of fresh normal guinea=pig serum

and for a ten=minute periods Fifteen tests with the same number of

animals support this comclusion.

2, Comparing the affect of temperaturs increase as determined

2% five minutes and ten minutes, respectively, we find an insignifi=-
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cant difference, From the data obtained, this comparison can be made

for 22°C. and 37°C. only. From Table XXXVIII, we find the ratio to

be 2,25 at ten minutes (ten animals); and, from Table XLIV, we find

the ratio to be 2,50 at five minutes (six animals). The comparisom would
be more significant if the determinations had been made on leucocytes
from the same aninals.

3. The rate of increase for a 5°G. rise in temperature as deter-
mined from date limited to a ten=minute interval, either remains con=-
stant or decreages slightly as we go up the temperature scale. A wider
range of temperatures and time intervals would be desirable before
reaching definite conclusions.

4, Haximum benefit from preliminary incubation of bacteria and
fresh normel serum is apparently reached in less time at 3706- than at
22%. Whether opsonization is complete at this maximum can not be de~
termined from the available data.

5. "Phagocytosis™ of bacteris. is actually a cqmplox of reactions
consisting of at least three separate reactions: sensitization of bac~
terial surfaces, ingestion of baecteri~ by leucocytes, and inhibition
of the leucocytes by accumulating bacterial products.
| 6. The sensitization of the bacterial surface is apparently the
_process least markedly affected by a rise in temperature. Ingestion
of bacteria is favored by an increase in itemperature up to 40°c. The
inhibitory reaction is greater at 3700. than at 22°C. snd probably
greater at 3700. than at 40°C.

%. The steady (or almost steady) increase in phagocytosis with
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a temperature increase does not, then, indicate a simple reaction.
Over a period of ten minutes, the various reactions affected by temper~
ature changes belween 22°C. and 42°C. are so interrelated that the
over=-all effect of each 5°G. increase is approximately the same relative
incresse in the number of phagocytes active,

As already mentioned, the data of Group B are the results

of work done in collaboration with Dorales Harmon, whose
thesis will appear at a later date.
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