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A B S T R A C T Polymorphonuclear leukocytes suspended
in Krebs-Ringer phosphate medium ingest paraffin oil
containing Oil Red 0 emulsified with a variety of sub-
stances. Spectrophotometric determination of Oil Red
O in the cells after uningested particles have been re-
moved by differential centrifugation provides a quanti-
tative measure of phagocytosis. This system has been
used to investigate the effects of several drugs and
hormones on the initial rate of phagocytosis and to
approach the question of how the surface of a particle
influences its acceptability as a substrate for phagocyto-
sis. The rate of uptake of paraffin oil emulsified with
bovine albumin was constant for 6 min and was pro-
portional to cell concentration when saturating concen-
trations of paraffin oil emulsion were used. At lower
concentrations of substrate, the initial rate of phago-
cytosis was directly proportional to paraffin oil concen-
tration. The increment in glucose oxidation associated
with phagocytosis varied directly with the initial rate
of particle uptake. The rate of ingestion of the albumin
emulsion was not altered by serum (2-20%, v/v), glu-
cose (5-20 mM), or omission of potassium from the
medium. The rate of phagocytosis was decreased 65%
if magnesium was omitted, and was essentially zero in
the absence of divalent cations. The initial rate of up-
take was inhibited by inhibitors of glycolysis, by N-
ethylmaleimide (0.05-1 mM), colchicine (0.001-0.1 mM),
theophylline (1 and 2 mM), dibutyryl cyclic AMP (1
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mM), hydrocortisone (2.1 mM), and ethanol (85 mM).
Inhibitors of oxidative phosphorylation and dexameth-
asone (0.01 mM) were without effect, while insulin (2
mU/ml) slightly stimulated the phagocytic rate. Paraf-
fin oil emulsified with different agents was used to
approach the question of how the surface of a particle
influences its acceptability as a substrate for phagocy-
tosis. Emulsions prepared with nonionic detergents,
methylated proteins, and proteins with a weak net
charge at pH 7.4 were poorly ingested. On the other
hand emulsions prepared with agents of strong net
positive or negative charge were rapidly taken up. The
effect of divalent cations on the rate of phagocytosis
varied with the nature of the emulsifier, but was not
related in any simple, direct fashion to the net surface
charge of the particles. However, it has not been con-
clusively established that charge was the only variable
of the emulsion particles employed.

INTRODUCTION
Phagocytosis is an integrated series of complex events.
Certain as yet unidentified characteristics of the surface
of a particle cause it to be bound to the plasma mem-
brane of a polymorphonuclear leukocyte which then
internalizes it. As the phagocytic vesicle is formed and
moves centripetally, lysosomal granules discharge their
contents into it and disappear from the cytoplasm, a
process termed degranulation. These processes are ac-
companied by several alterations in the metabolism of
the phagocytic cell which have been termed metabolic
concomitants of phagocytosis. One of these is an in-
crease in oxidation of glucose via the hexose monos-
phaphate shunt (1).
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During earlier studies (2) in which phagocytic ves-
icles were isolated, we observed that paraffin oil, emulsi-
fied with bovine albumin, was avidly ingested by poly-
morphonuclear leukocytes, and that uningested particles
were easily washed from the cells. When the paraffin
oil was colored with Oil Red O a highly satisfactory
assay for the rate of phagocytosis was established.
Paraffin oil is only minimally metabolized (3) and is
therefore suitable for studies of biochemical responses
to phagocytosis as well. As reported below, we have
used this system to investigate the effects of several
drugs and hormones on the initial rate of phagocytosis
and have correlated the initial rate of phagocytosis
with the increment in rate of glucose oxidation in cells
incubated with varying concentrations of emulsion (sub-
strate for phagocytosis). In addition, as an approach
to the question of how the surface of a particle influ-
ences its acceptability as a substrate for phagocytosis,
we have determined the rates of uptake of paraffin oil
emulsified with a variety of substances.

METHODS
Suspensions containing over 95% polymorphonuclear leuko-
cytes were collected from rat and guinea pig peritoneal exu-
dates induced with sodium caseinate; and human peripheral
blood leukocytes were collected and washed as previously
described (2). Emulsions of heavy paraffin oil were pre-
pared as previously described (2). In a 2 X 6 cm plastic
test tube 1 ml of heavy paraffin oil (Fisher Scientific Com-
pany, Pittsburgh, Pa.) containing Oil Red 0 (Allied Chem-
ical Corp., Morristown, N. J.) was layered over 3 ml of
Krebs-Ringer phosphate medium, pH 7.4, containing one-
third the recommended amount of calcium (hereafter re-
ferred to as Krebs-Ringer phosphate medium) into which
was dissolved the appropriate emulsifying agent. The final
pH was adjusted to 7.4. The 2 mm tip of a Branson model
LS-75 sonifier (Branson Instruments Co., Stamford, Conn.)
was placed just below the lower level of the oil-liquid inter-
face. Dispersion was achieved at a setting of 2.8 amp for
90 sec. For most studies Oil Red 0 was dissolved directly
in the paraffin oil (2), but greater concentrations of the
dye in the oil were achieved by dissolving Oil Red 0 in
chloroform, mixing this with the paraffin oil, and then re-
moving the chloroform under vacuum at 60'C.

After preliminary experiments had established the time
course of particle uptake, the following standard incubation
system was utilized. Cells (3-5 mg of cell protein/ml or
approximately 5%o v/v) were incubated in Krebs-Ringer
phosphate medium, pH 7.4, total volume 4 ml, for 10 min
in siliconized 25 ml Erlenmeyer flasks at 370C in a shaking
water bath at 100 strokes per min. During this interval,
agents to be tested were present in the medium. Then 1 ml
of freshly prepared paraffin oil emulsion prewarmed to
370C was added to the flask. Duplicate 1 ml samples (zero
time) of cells and medium were immediately transferred
with an Eppendorf automatic pipette to siliconized 15-ml
glass centrifuge tubes containing 6 ml of ice-cold 0.15 M
NaCl with 1 mmx N-ethylmaleimide. The incubation was
continued, and at 4 min 1 ml samples were again taken. For
most studies duplicate flasks containing the complete me-
dium without additions were incubated as controls. The

experimental flasks were incubated singly, in duplicate, or
occasionally in triplicate. All sampling from individual
flasks was in duplicate.
The samples were centrifuged for 10 min at 150 g. The

tubes were grasped at the supernatant fluid level, held up-
right, and shaken horizontally. This procedure dislodged
the rim of uningested oil particles which had floated to
the meniscus. It was then discarded along with the super-
natant fluid. The cell pellet was gently dispersed by tapping
the bottom of the tube. The washing procedure was re-
peated twice, and the tubes were drained by inversion. Oil
Red 0 was extracted from the washed pellets with 1-3 ml
of p-dioxane (J. T. Baker Chemical Co., Phillipsburg,
N.J.) at room temperature. The extracts were centrifuged
for 15 min at 1000 g and the optical density at 524 m/ was
determined. Differences between duplicate samples from
the same flask were always less than 5%o and usually less
than 2%. Rates of phagocytosis are expressed in terms of
optical density at 524 mu or milligrams of paraffin oil per
milligram cell protein per minute after subtraction of zero
time values.
For measurement of glucose oxidation, the incubation

conditions were essentially as described above with the fol-
lowing exceptions. The medium contained glucose-1-"4C
(47.8 mCi/mmole) plus 5 mm glucose carrier. After the
particles were added, the flasks were stoppered and 14CO2
was collected and counted as described previously (4).
The emulsifiers were present in a concentration of 20

mg/ml of aqueous phase during preparation of the par-
ticles. Fraction V from bovine serum, Lot D26304, and
crystalline bovine albumin, Lot F71703, were purchased
from Armour Pharmaceutical Co., Chicago, Ill. Crystalline
bovine albumin was delipidated (5), acetylated (6), suc-
cinylated (7), or methylated (8). Gelatin was purchased
from Nutritional Biochemicals Corporation, Cleveland, Ohio,
and methylated (8). Polylysyl-gelatin was prepared with N,
N'-di-carbo-benzoxy-L-lysine anhydride (9, 10). The an-
hydride was synthesized from NN'-di-carbobenzoxy-L-lysine
(Sigma Chemical Co., St. Louis, Mo.) (11) and recrystal-
lized from ethyl acetate and petroleum ether. The extent of
derivatization of the proteins was determined by paper
electrophoresis in 0.1 M phosphate buffer, pH 7.4. Calf thy-
mus histone (type II-A, Lot 99B-1840) and lysine-rich
histone were purchased from Sigma and dialyzed against
2 mm EDTA and 0.15 M NaCl. Cytochrome c was ob-
tained from Calbiochem, Los Angeles, Calif., and horse-
radish peroxidase from Worthington Biochemical Corp.,
Freehold, N. J. Soluble starch (Merck & Co., Inc., Rah-
way, N. J.) was reprecipitated twice from 80% methanol.
The starch, heparin (Hynson, Wescott & Dunning, Inc.,
Baltimore, Md.), dextran (2 million mol wt), DEAE-
dextran-sulfate (Pharmacia, Uppsala, Sweden) were dis-
solved in boiling water and diluted in Krebs-Ringer phos-
phate medium before use. Polyoxyethylene-polyoxypropylene
polymers (Pluronic F108 and F68) were supplied by the
Wyandotte Chemicals Corp., Wyandotte, Mich., through the
courtesy of Dr. Irving Schmolka. Tween 20 was purchased
from Schwarz/Mann, Orangeburg, N. Y. and used in a
concentration of 0.01%. Sodium N-lauryl sacrosinate, sodium
N-lauryl sulfate, and acetyl dimethylbenzyl ammonium chlo-
ride were gifts of the Onyx Chemical Corporation, Jersey
City, N. J. and were used in 0.01%o concentrations.

Solutions of drugs in Krebs-Ringer phosphate medium
were freshly prepared for each experiment. Colchicine, Lot
800585, was purchased from Calbiochem, Los Angeles,
Calif.; theophylline and N-ethylmaleimide from Nutritional
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Biochemicals Corporation, Cleveland, Ohio, 1{ydrocortisone
21-succinate from Sigma Chemical Co., St. Louis, Mo.;
ouabain, Lot N2026, from Mann Research Labs, Inc., New
York; dexamethasone phosphate from Merck & Co., Inc.,
Rahway, N. J.; and N6,2'0-dibutyryl 3',5'-cyclic adenosine
monophosphate (dibutyryl cyclic AMP, Lot 06239415) from
Boehringer. & Soehne, Mannheim, W. Germany. Amorphous
insulin, a gift from Eli Lilly & Co., Indianapolis, Ind., was
stored in solution with 40 ug/ml albumin at -200C.

Rabbit antiserum to bovine albumin was purchased from
Difco Laboratories, Detroit, Mich. Guinea pig blood was
obtained by cardiac puncture and allowed to clot in glass
containers. The serum was separated by centrifugation and
stored in lots at - 70'C.

RESULTS
Kinetics of phagocytosis of paraffin oil emulsion. The

data in Figs. 1-3 were obtained with guinea pig peri-
toneal exudate polymorphonuclear leukocytes suspended
in Krebs-Ringet phosphate medium without glucose.
The substrate for phagocytosis was paraffin oil emulsi-
fied with Fraction V from bovine serum. In the pres-
ence of a saturating quantity of particles, the rate of
ingestion was constant for 5 min after a brief delay
(Fig. 1). As shown in Fig. 2, with about 3 mg of cell
protein per ml, the initial rate of phagocytosis was
essentially independent of substrate concentration above
10% (volume of emulsion added per total incubation
volume). With 20% substrate, uptake during the first
4 min of incubation was directly proportional to cell
concentration between 1 and 2.5 ml cell protein per ml
(Fig. 3). When lower concentrations of cells were used
(as little as 0.3 mg/ml) this proportionality was main-
tained. When the Fraction V emulsion was used. essen-

0.2

cq
E

N
tn

U,
z
w
a
-J

I-
0
0

0.11

FIGURE 1 Time cour
with Fraction V. Gui
2.9 mg cell protein/m
cubated with 0.2 ml
Each point is the m4

0.3

0

E
s 0.2

z
w
CM-/

FO 0.1_ /o.a.

0 10 20 30

PER CENT SUBSTRATE

FIGURE 2 Initial rate of phagocytosis as a function of
concentration- of paraffin oil emulsion. Guinea pig polymor-
phonuclear leukocytes, 3.11 mg cell protein/ml, were incu-
bated with different concentrations of Fraction V emulsion.
Samples were taken from each flask (total volume 5 ml)
at 1 min intervals for 4 min. The initial rate of phago-
cytosis is expressed as change in optical density at 524
m,/min during the time that the rate was constant. The
concentration of substrate for phagocytosis is expressed as

volume of emulsion
tolvolume (5emul)n X 100 = per cent substrate.total volume (5 ml)

tially no Oil Red 0 was detected in the zero time
samples or in samples incubated for 4 min at 0°C. The
recovery of Oil Red 0 (amount in cells plus washes
per amount added to medium) was 100%. When the
cells, after undergoing the usual wash procedure, were
incubated again at 37°C with shaking for as long as 90
min, they retained 100% of the Oil Red 0 that was
present at the end of the washing.
With 39 preparations of guinea pig polymorpho-

nuclear leukocytes, the rate of phagocytosis of Fraction
V emulsion was 0.097 ±0.025 mg paraffin oil ingested/
mg cell protein per min (mean ±sD). The rate for rat

10 o peritoneal exudate cells expressed in the same units was

0.035 ±0.014 (n = 12). For eight preparations of leu-
kocytes from human peripheral blood, a mixed popula-
tion of cells, the rate was 0.030 ±0.016. In these experi-

5 1 0 12I0 ments the paraffin oil concentration was 45 mg/ml and
was in all instances greater than 20 mg/mg of cell pro-

MIN tein. Hence the studies were conducted with saturating
-se of uptake of paraffin oil emulsified amounts of substrate. The kinetics of particle uptake
nea pig polymorphonuclear leukocytes, with respect to time course of ingestion, proportionality

Fraction V emulsion/ml final volume. with cell concentration, and particle concentration were
ean of duplicate values. qualitatively similar for the three species. Although
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FIGURE 3 Initial rate of phagocytosis as a function of cell
concentration. Guinea pig polymorphonuclear leukocytes were
incubated for 4 min with Fraction V emulsion, 0.2 ml/ml
final volume. The concentration of cells is expressed as
milligrams cell protein. Each point is the mean of duplicate
values.

this question was not examined in detail, the absolute
differences in maximal rates of uptake as expressed
above probably reflect differences in homogeneity of
the cell population and protein content per cell. Guinea
pig exudate cells, because of their homogeneity, ready
availability, and lack of tendency to agglutinate, were
used for all of the studies described below.

Effects of extracellular medium on phagocytosis. The
initial rate of phagocytosis of Fraction V emulsion was
not affected by addition to the medium of 5-20 mM
glucose or fresh guinea pig serum (up to 20%). Anti-
serum to bovine albumin, with or without added guinea
pig serum was also without effect. When the effect of
extracellular ions was examined, the cells were washed
and suspended in Krebs-Ringer phosphate medium lack-
ing the ion in question. The appropriate ion was added
where indicated during the 10 min incubation before
addition of the substrate for phagocytosis. Omission of
potassium from the medium or inclusion of ouabain,
10' M, did not alter the initial rate of phagocytosis. As
shown in Fig. 4, however, omission of magnesium de-
creased it by about 65%. In medium without calcium
or magnesium there was no uptake of Fraction V emul-
sion. A maximal rate of phagocytosis of this emulsion

was observed in the standard medium which contained
1.27 mm MgSO4 and 0.92 mm CaCl2.
The relationship between initial rate of phagocytosis

and the rate of glucose oxidation. The time course of
phagocytosis and of glucose oxidation in the presence
of a saturating concentration of Fraction V emulsion
is shown in Fig. 5. Although phagocytosis had essen-
tially ceased after 10 min, the stimulated rate of glucose
oxidation was maintained constant for at least 20 min.
The time relationships are qualitatively similar to those
presented by Michell, Pancake, Noseworthy, and Kar-
novsky (12) in studies with cellular monolayers ingest-
ing radioactively labeled starch particles. Quantitatively,
the rate of uptake is more rapid in the system used
here, presumably because of the geometric advantage of
cells in suspension over cells adherent to surfaces. The
experiment was performed in order to establish the op-
timal time points for comparing maximal rates of both
processes as shown in Fig. 6. The rate of phagocytosis
was altered by varying the concentration of Fraction
V emulsion. The increment in glucose oxidation during
20 min of incubation with paraffin oil emulsion was di-
rectly proportional to the initial rate of phagocytosis
over the entire range investigated.

Effects of pharmacologic agents on the initial rate of
phagocytosis. Sodium fluoride, 20 mm, and iodoacetic
acid, 10' M, decreased the initial rate of phagocytosis
by 60-85%. Dinitrophenol, 10' M, and potassium cya-
nide, 1 mm, were without effect. As shown in Table I,
N-ethylmaleimide and colchicine inhibited the rate of
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FIGURE 4 Initial rate of phagocytosis of Fraction V emul-
sion as a function of Mg++ concentration. Cells were sus-
pended in medium from which MgC12 was omitted. They
were incubated (3.68 mg cell protein/ml) for 4 min in the
presence of Mg++ at the final concentration indicated. Each
point is the mean of duplicate values. All incubations con-
tained CaCl2, 0.97 mM.
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FIGURE 5 Time course of phagocytosis and oxidation of
glucose-1-'C. The medium in all flasks contained 5 mm glu-
cose. Those used for determination of glucose oxidation
contained in addition glucose-1-"C, circa 5 X 10' cpm/ml.
Emulsion particles were added after 10 min of incubation
where indicated (0, 0) and flasks containing glucose-1-'C
were then sealed for collection of "CO2. Since "CO2 gen-
erated in these flasks during the first 10 min of incubation
was not included in the collection, the amount produced
in control flasks (A resting cells) in 10 min has been added
to the observed values for the phagocytosing cells.

TABLE I
Effect of Pharmacologic Agents on the Initial

Rate of Phagocytosis

No. of Rate of
Addition Concentration pairs phagocytosis

mM % of untreated
control,

mean USE

N-ethyl maleimide 0.05 4 59.5 418.2*
0.5 5 31.6 +6.8t
1 4 5.5 i:3.2t

Colchicine 0.001 5 68.6 :4:3.7*
0.01 6 54.2 45.4*
0.1 5 39.8 :11.2t

Ethanol 85 7 76.9 412.9t
Hydrocortisone-21-

succinate 2.1 4 26.0 :7.0O
Theophylline 1 3 80.0 :416.5*

2 3 62.7 :1:1.4*
Dibutyryl cyclic AMP 1 8 81.1 :1:6.3*
Insulin 2 mM/ml 7 112.3 411.4*

Guinea pig polymorphonuclear leukocytes were incubated for
10 min with or without additions present at the indicated con-
centration. Fraction V emulsion was then added, increasing
the volume by 25%, and the incubation was terminated 4 min
later.
* P < 0.01; significance of difference between treated incu-
bations and paired controls.
t P < 0.001.
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FIGURE 6 Initial rate of phagocytosis and increment in
rate of glucose oxidation as a function of substrate to cell
concentration ratio. Guinea pig polymorphonuclear leuko-
cytes, 2.66 mg/ml, were incubated in Krebs-Ringer phos-
phate medium, pH 7.4, with 5 mm glucose. Varying amounts
of paraffin oil emulsion were added to paired flasks, one of
each pair containing glucose-1-'C, about 5 X 10' cpm/ml
(total volume 5 ml). The flasks containing glucose-l-"YC
were sealed after addition of particles and assayed for
"CO2 after 20 min of incubation. Total cpm recovered per
flask minus the cpm generated in a control flask incubated
with cells but without particles for 20 min are indicated.
The other flasks were sampled at 0, 2, and 4 min for de-
termination of Oil Red 0 uptake.

phagocytosis of Fraction V emulsion in a dose-related
manner. Inhibition of phagocytosis by N-ethylmaleimide
was similar in rat polymorphonuclear leukocytes (data
not shown). Phagocytosis was inhibited by theophyl-
line, dibutyryl cyclic AMP, and hydrocortisone (Table
I). Hydrocortisone, 2.1 mm, inhibited uptake of paraffin
oil emulsified with calf thymus histone as well as phago-
cytosis of Fraction V emulsion. Dexamethasone, 106 M,
was without effect. Concentrations of ethanol below 85
mM did not inhibit the initial rate of phagocytosis.
Insulin caused a small but statistically significant in-
crease in the initial rate of phagocytosis (Table I).
Attempts to augment this effect by using cells from
rats made diabetic with alloxan were unsuccessful.

Effects of different emulsifiers on the initial rate of
phagocytosis of paraffin oil. Crystalline albumin and
derivatives of it, lysozyme, histone, gelatin, gelatin de-
rivatives, starch, DEAE-dextran, dextran-sulfate, and
detergents yielded emulsions comparable in stability to
those prepared with Fraction V. Emulsions prepared
with heparin, dextran, and cytochrome c were somewhat
unstable, resulting in deposition of red oil on the walls
of the centrifuge tube at the upper level of the super-
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natant wash fluid. These deposits were wiped from the
drained tubes using tissue moistened with dioxane.

Emulsions prepared with Fraction V, crystalline al-
bumin, acetylated or succinylated albumin, or gelatin,
were readily washed away from cells so that zero time
values in phagocytsis studies with these emulsions were
negligible (Table II). Zero time values for methylated
albumin were significant, and for emulsions prepared
with histone, dextran, or DEAE-dextran the zero time
values were as much as 55% of the total after 4 min of
incubation (Table II). Zero time values of starch emul-
sions were up to 78% of the total.
Some emulsifiers, e.g., anionic and cationic deter-

gents, lysozyme, and dextran-sulfate had deleterious
effects on the cells producing gross agglutination and
lysis. Paraffin oil emulsified with the Pluronic deter-
gents was not taken up at all, and addition of albumin
or serum to the incubation medium did not induce
phagocytosis. In fact, a mixture of emulsions, 50%
Fraction V (with Oil Red 0) and 50% Pluronic (with-
out Oil Red 0) was taken up at only about 30% of
the rate at which the Fraction V emulsion alone was
ingested, although cells incubated with Pluronic emul-
sion exhibited no obvious morphologic changes (light
microscopy). Tween 20 emulsion was ingested but at
an extremely low rate.
As shown in Table III, emulsions prepared with crys-

talline albumin were taken up somewhat less rapidly
than those made with Fraction V. Acetylated or suc-
cinylated crystalline albumin emulsions were ingested
at rates equal to or greater than those observed with
Fraction V emulsions. Methylated albumin emulsions
on the other hand were taken up much more slowly.
When treated with charcoal by the method of Chen
(5), Fraction V, crystalline albumin and its acetylated
derivative made emulsions that were ingested more

TABLE I I
Zero Time Values for Different Emulsions

Zero time
Emulsion value

% offinal
(4 min) value

Fraction V 0
Crystalline albumin 0
Acetylated crystalline albumin 0
Methylated crystalline albumin 27
Gelatin 0
Histone 55
Dextran 47
DEAE-dextran 53

The results of a representative experiment are shown. The
experiments were repeated at least twice and similar results
obtained.

TABLE III
The Initial Rate of Phagocytosis of Paraffin Oil

Emulsified with Different Substances

Initial rate of
Experiment Emulsifying agent phagocytosis*

A Fraction V 0.178
Crystalline albumin 0.150

Acetylated 0.208
Succinylated 0.179
Methylated 0.040

Horse radish peroxidase 0.025
Histone 0.126

B Fraction V 0.108
Delipidated 0.069

Crystalline albumin 0.090
Delipidated 0.077

Acetylated crystalline albumin 0.126
Delipidated 0.104

C Crystalline albumin 0.09C
Gelatin 0.06(

Methylated 0.061
Polylysyl- 0.086

Guinea pig polymorphonuclear leukocytes were incubated
for 4 min in Krebs-Ringer phosphate medium, pH 7.4 at
370C. The results of representative experiments are shown.
All experiments were repeated at least twice and similar
results obtained.
* Milligram paraffin oil/milligram cell protein per minute.
Values are the means of duplicate determinations.

slowly than those prepared with the respective un-
treated proteins. The rates of phagocytosis of emulsions
prepared with histone and polylysyl-gelatin were simi-
lar to those of crystalline albumin emulsion (Table III).
The rate of ingestion of DEAE-dextran emulsion was
also comparable. Emulsions prepared from dextran (not
shown), horseradish peroxidase, gelatin, and methyl
gelatin were ingested less rapidly (Table III). Al-
though the absolute rates of phagocytosis were variable
from one experiment to another, the relationship of the
rate of uptake of one type of emulsion to that of an-
other was consistently reproducible.

Divalent cations were required for phagocytosis of
crystalline albumin, acetylated albumin, dextran, and
DEAE-dextran emulsions (Table IV) and also for the
uptake of succinylated albumin, gelatin, and heparin
emulsions (data not shown). Emulsions prepared with
histone were ingested without divalent cations in the
incubation medium, although these ions stimulated pha-
gocytosis variably (0-48%). Engulfment of the histone
emulsion occurred even in the presence of 1 mm EDTA
(Table IV). Emulsions prepared with methyl gelatin,
polylysyl-gelatin, or cytochrome c were also ingested
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in the absence of divalent cations (data not shown).
Starch emulsion particles appeared to be phagocytosed
equally well whether or not divalent cations or EDTA
were present, but the high zero time values precluded
reliable quantification of uptake.

DISCUSSION

The importance of initial rate for precise quantification
of phagocytosis has been discussed by Michell et al.
(12). They emphasized that it is preferable to measure
the accumulation of particles within cells rather than
the disappearance of particles from the incubation me-
dium and that the rate of phagocytosis should be in-
dependent of particle concentration. The method used
in the present studies fulfills these criteria. It is simple
and permits accurate measurement of the initial rate
of phagocytosis. It should be noted, however, that since
the emulsion droplets are heterodisperse, these sub-
strates cannot be used to investigate phagocytosis of
particles of defined size.
The paraffin oil emulsion is easily prepared and in-

expensive. Its components, the emulsifier, the hydro-
carbon, or the marker, can be varied when needed for
specific experiments. Heavy paraffin oil is particularly
suitable for the assay because its density (0.89) is low
enough to facilitate separation of uningested particles
from the cells, but is not so low as to cause floatation of
the cells. A crucial attribute of a technique for mea-
suring phagocytosis is its ability to distinguish between
particles adsorbed onto the surfaces of leukocytes or
trapped in leukocyte clumps from particles actually in-
ternalized. In this regard Fraction V emulsion or
crystalline albumin emulsion has no tendency to aggre-
gate or bind nonspecifically to the cells. The evidence
for this contention is that zero time values are essen-
tially zero, there is no cell-associated Oil Red 0 after
incubation of cells and particles at zero degrees, and
high concentrations of appropriate metabolic inhibitors
completely prevent uptake of the emulsion. Further-
more, the rate of phagocytosis is independent of par-
ticle concentration when large amounts of emulsion are
used. Thus it is possible to employ a large excess of
particles thereby ensuring measurement of initial phago-
cytic rates. Another advantage of the method presented
here is that complete extraction of Oil Red 0 from
the washed cell pellets can be visually monitored. The
spectrophotometric reading in the visible range ob-
viates the need for spectral quality solvents and mini-
mizes the possibility of unrecognized absorption of light
by materials present in cellular extracts. With the
technique described here it has been possible to estab-
lish kinetics of phagocytosis of precision and detail
comparable to those provided by the studies of Michell
et al. alluded to above and of Weisman and Korn who

TABLE IV
Effect of Magnesium on the Initial Rate of Phagocytosis of

Paraffin Oil Emulsified with Different Substances

Initial rate of phagocytosis,*
Mg++ (1 mM)

Emulsifying agent - +

Crystalline bovine albumin 0 0.100
Acetylated bovine albumin 0 0.138
Methylated bovine albumin 0.042 0.045
Histone 0.092 0.094$
Dextran 0 0.035
DEAE-dextran 0.002 0.080

Guinea pig polymorphonuclear leukocytes were incubated in
medium containing 150 mm sodium, 5 mm potassium, 12 mM
phosphate buffer, and the additions indicated above. Data are
expressed as in Table II.
* Milligrams paraffin oil ingested/milligram cell protein per
minute.
t In the presence of 1 mm EDTA (no Mg++ present) the rate
was 0.049.

investigated uptake of polystyrene beads by Acantha-
moeba (13).
The fact that a relationship exists between the

magnitude of stimulation of hexose monophosphate
shunt activity and the concentration of particles avail-
able for phagocytosis has been well established (1, 14-
15). It is not surprising, therefore, that the initial rate
of phagocytosis determines the degree to which the
rate of glucose oxidation is stimulated. Thus the rate
of glucose oxidation is a valid although indirect index
of phagocytic rate and has been used for this purpose
(16). This relationship is emphasized in the context of
studies by others with pharmacologic agents used in
attempts to alter specifically metabolic aspects of phago-
cytosis. Reports of certain drugs effecting specific in-
hibition of metabolic processes such as glucose oxida-
tion or respiration have appeared in which discrepancy
between the sensitivity of the assays for phagocytosis
and the metabolic measurements may have yielded the
erroneous impression that metabolism but not ingestion
was impaired. For example, N-ethylmaleimide (10-' M)
has been reported to inhibit the stimulation of glucose
oxidation without affecting uptake of polystyrene beads
by rat polymorphonuclear leukocytes (17). The ten-
dency of polystyrene beads to stick to the surface of
cells (18) may, however, have interfered with accu-
rate estimation of ingestion (by light microscopy). In
our studies, 10-' M N-ethylmaleimide markedly depressed
the rate of uptake of paraffin oil by guinea pig and rat
polymorphonuclear leukocytes.

Colchicine has been found to inhibit ingestion of
paraffin oil emulsion (Table I), uric acid crystals (19),
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and zymosan particles (20) by polymorphonuclear leu-
kocytes and to diminish the degree of stimulation of
glucose-1-"4C oxidation associated with phagocytosis
(19). On the other hand, it has been reported that
colchicine in concentrations comparable to those em-
ployed here inhibits degranulation and the increment in
oxygen consumption secondary to phagocytosis with-
out altering uptake of streptococci or staphylococci by
human leukocytes (21). Michell et al. have pointed out
that the incubation medium in that study was essen-
tially devoid of particles at the end of the experiments,
implying that variations in phagocytic rate, phagocytic
capacity, or both, could not be differentiated (12).

Hydrocortisone 21-succinate, in high concentration
(2.1 mM) has been reported to depress leukocyte oxy-
gen consumption without affecting ingestion of Staphyl-
ococci (22). Particle uptake was quantified in that study
by counting particles in cells by light microscopy. We
found that 2.1 mm of hydrocortisone 21-succinate
caused considerable inhibition of phagocytosis of two
types of emulsions. The inaccuracy of counting particles
in cells has been documented (13), and the tendency
of certain bacteria to attach to the cell surface without
being ingested (23) undoubtedly compromises the ac-
curacy further.

In all of the above instances, our assay for the rate
of phagocytosis uncovered subtle and occasionally major
inhibition of particle uptake by the agents in question
when such inhibition had not been appreciated by
grosser methods. This technique, in combination with
analysis of isolated phagocytic vesicles, has also been
used to reexamine the effects of some other drugs
thought to effect dissociation of ingestion from other
phagocytic events. For example in a published study,
ethanol, 85 mm, did not depress ingestion of staphylo-
cocci, as determined by the disappearance of the bac-
teria from the extracellular medium but was found to
inhibit chematoxis (24). We observed that ethanol at
85 mm but not at lower concentrations significantly
inhibited the uptake of paraffin oil emulsion.

Bourne, Lehrer, Cline, and Melmon recently re-
ported that theophylline, dibutyryl cyclic AMP, and
other agents which probably increase the concentration
of cyclic AMP in human leukocytes all inhibited up-
take of 'P-labeled Candida albicans by these cells (25).
The degree of inhibition of phagocytosis described is
comparable to the diminution in initial rate of uptake
observed by us. Bourne et al. (25) noted that theophyl-
line and dibutyryl cyclic AMP depressed candidacidal
activity of human leukocytes, and this depression was
considered disproportionate to the degree of inhibition of
phagocytosis. They postulated that the major mecha-
nism of action of these agents may have been inhibition
of degranulation. A similar hypothesis was recently

advanced by Weissmann, Dukor, and Zurier to explain
how theophylline and dibutyryl cyclic AMP apparently
inhibited the release of lysosomal enzymes from phago-
cytosing leukocytes into the extracellular medium (20).
We investigated this question by incubating guinea
pig polymorphonuclear leukocytes with Fraction V
emulsion in the presence and absence of 1 mm theophyl-
line, 1 mM dibutyryl cyclic AMP, both of these agents
together, and with 10' M colchicine. The cells were also
fed emulsion prepared with delipidated crystalline al-
bumin. Phagocytic vesicles were isolated as previously
described (2), and degranulation was quantified directly
by determining the ratios of acid phosphatase and of
f3-glucuronidase to protein and to Oil Red 0 in the
isolated vesicles. Granulocytes ingesting delipidated
albumin emulsion or Fraction V emulsion in the pres-
ence of theophylline, dibutyryl cyclic AMP, or colchi-
cine took up less Oil Red 0 than did cells incubated
with Fraction V emulsion alone; but the ratios of en-
zymes to protein and Oil Red 0 in phagocytic vesicles
from all samples of cells were similar. Thus our find-
ings provide no evidence that the agents tested inhibit
degranulation.

Surface charge (26, 27) has been considered of im-
portance in determining the acceptability of particles
for ingestion. Paraffin oil particles prepared with a
variety of emulsifiers were ingested by polymorpho-
nuclear leukocytes. The emulsifiers were selected and
modified to create particles with differences in net
surface charge. We found that particles emulsified with
albumin, acetylated albumin, and succinylated albumin
(net strong negative charge at pH 7.4), histone, poly-
lysyl-gelatin, and DEAE-dextran (net strong positive
charge at pH 7.4) were ingested at comparable rates.
On the other hand, dextran, probably starch (weak
negative charge), methylated albumin, gelatin, and
horseradish peroxidase (weak positive charge) emul-
sions were engulfed relatively slowly. Emulsions made
with Tween 20 or Pluronic, nonionic detergents were
taken up poorly or not at all. It is likely that the par-
ticles carried the net charge of the emulsifier, because
it has been shown that minute amounts of albumin
confer the electrophoretic mobility of that protein onto
paraffin oil particles (28). In general, it appears that a
particle with a strong net charge, either positive or
negative is ingested more avidly than an uncharged or
weakly charged particle. Although methylated gelatin
has a greater net positive charge than gelatin, emulsion
prepared with the former was not ingested more rapidly
than emulsion made with the latter. In the light of this
finding it is of interest that methylated albumin emul-
sion was taken up very slowly, and emulsion prepared
with Pluronic polyols which have methyl side groups,
were not engulfed. Studies of solid-liquid interfaces
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have shown that methyl groups as outermost substitu-
tents decrease adhesiveness (29). Pluronic polyols are
used to emulsify an experimental fluorocarbon blood
substitute (30), and it is appropriate that such par-
ticles are not phagocytized, but the possibility that the
detergent inhibits phagocytosis of other particles de-
serves further investigation.

Polystyrene beads, which have a negative surface
charge at physiologic pH (31) require divalent cations,
preferably magnesium, for ingestion by leukocytes (32,
33). Magnesium has also been found to enhance the
phagocytosis of E. coli by granulocytes (34). Metzger
and Casarett reported that divalent cations, particularly
calcium, stimulated the uptake of metal oxide particles
with net negative charge, but not of carbon particles
(presumably uncharged) or positively charged Fe2Os
particles (35). In the present study, divalent cations
were required for the uptake of particles emulsified with
albumin or acetylated albumin, negatively charged
agents, but were also required for ingestion of particles
emulsified with dextran, DEAE-dextran, and gelatin,
weakly charged or cationic substances. Uptake of his-
tone, lysine-rich histone, methylated albumin, methy-
lated gelatin, polylysyl-gelatin, and cytochrome c emul-
sions did not require Mg"+ although particle uptake
could occasionally be stimulated by divalent cations.
The histone and cytochrome c used in these experi-
ments had been dialyzed against EDTA. Moreover,
emulsions of certain derivatives of albumin and gelatin
did not require magnesium for uptake, although the
proteins were not exposed to divalent cations during
derivatization. Thus, the effect of divalent cations on
particle uptake appears to depend on the nature of the
phagocytic substrate, but does not bear a simple rela-
tionship to net surface charge of the particle.
One would like to ascribe the differences in rates of

uptake of emulsions prepared with different substances
to differences in their surface properties that influence
cell-particle interaction. In addition to considerations
of toxicity and instability of certain emulsions, how-
ever, small differences in mean particle size could alter
the quantity of Oil Red 0 incorporated into the cells.
Such size differences were not detected when the size
distribution of particles of different emulsions was de-
termined by sequential Millipore filtration (Millipore
Corp., Bedford, Mass.), but this method is relatively
crude. The tendency of some emulsions to adhere to
cells without being ingested adds another difficulty. The
emulsifiers that we have used are complex macromole-
cules whose characteristics in solution may not allow
prediction of behavior at an oil-water interface. More-
over, the derivatization procedures are not entirely
specific. Thus, we hesitate to force conclusions on the
basis of the limited data preserved here, but believe

that this approach may shed light on the recognition
mechanism of phagocytosis.
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