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During the process of phagocytosis by
polymorphonuclear leukocytes (PMN), there
occur profound changes in the metabolism of
the cells, including increases in oxygen
consumption, hexose monophosphate shunt
(HMS) activity, and hydrogen peroxide pro-
duction (1). The importance of these changes
to the bactericidal capability of the neu-
trophil is deduced primarily from data ob-
tained from cells of patients with chronic
granulomatous disease of childhood. In this
particular syndrome, the normal increments
in Oz consumption, HoOs production, and
HMS activity are lacking (2). This is accom-
panied by defective killing of ingested bac-
teria.

The exact mechanism of these changes is a
subject of considerable controversy. The in-
volvement of NADH oxidase (3), NADPH
oxidase (4), and p-amino acid oxidase (5)
has been suggested to explain the increases in
O. consumption and H,O production. Simi-
larly the exact relationship between the
hexose monophosphate shunt increase and the
bactericidal activity of the cell is not estab-
lished. Most workers feel that the initiating
event centers about activation of an oxidase
(6), and the increase in HMS activity is a
secondary phenomenon which follows the
generation of hydrogen peroxide. Strauss et
al. (7) on the other hand, have postulated a
reaction sequence which is initiated by the
activation of glutathione reductase. In this
scheme, the activation of the HMS occurs
before the changes in Os consumption or
H50, production.

In the present report, we have attempted
to clarify the temporal relationships of these
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events by careful quantitative measurements
of particle uptake, Op consumption, and
HMS activity at various time intervals fol-
lowing phagocytosis.

Materials and Methods. Polymorphonu-
clear leukocytes were isolated from normal
venous blood as previously described (8).
The cells were counted by conventional
means and suspended in Hanks’ balanced salt
solution (HBSS) containing 10% {resh AB
serum to a concentration of 5 X 108 cells/ml.
The isolation prodedure typically yielded a
suspension containing greater than 90%
PMN; cell viability was always greater than
90% measured by the exclusion of 1% trypan
blue dye.

Phagocytosis assay. The kinetics of the
phagocytic process were determined by mea-
suring the uptake of radiolabeled bacteria
according to the procedure of Root, Rosenthal
and Balestra (9). A stock culture of Staphy-
lococcus aureus was grown overnight on tryp-
ticase soy broth containing 100 pCi of uni-
formly '“C-labeled amino acids (Calatomic,
San Diego, CA). The bacteria were heated in
a boiling water bath for 20 min, washed 2 X
with 0.9% saline, and suspended in HBSS to
a standard optical density (0.075 absorbance
at 525 nm). Phagocytosis was initiated by
the addition of 1.0 ml of labeled bacteria to a
flask containing 1.0 ml of cell suspension
and 1.0 ml of HBSS. The reaction was termi-
nated at varying time intervals by the addi-
tion of 1.0 ml 0.04 M NaF with cooling in an
ice bath. Noningested bacteria were sepa-
rated from the leukocytes by centrifugation
at 4° at 100g for 10 min followed by 3
washes with 2.0 ml of 10% fetal calf serum in
HBSS containing 0.01 M NaF. The result-
ing leukocyte pellets were dried overnight at
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55°, and digested the following day with
0.50 ml of 0.2 N NaOH for 4 hr at 60°. The
solutions were then neutralized with 0.20 mi
of 3% acetic acid, 0.50 ml of distilled water
was added, and 1.0 ml aliquots were counted
in 10 ml of Aquasol (New England Nuclear
Corp., Boston, MA) in a Tri-carb scintilla-
tion spectrometer (Packard Instrument Com-
pany, Inc., Downers Grove, IL).

Hexose monophosphate shunt  activity.
Glucose utilization via the HMS was deter-
mined by a modification of a previously de-
scribed method (10), employing glucose diff-
erentially labeled in the C-1 or C-6 position.
Each flask contained 0.90 ml of HBSS, 0.10
ml of isotope (containing 0.20 uCi) and 1.0
ml of the same bacterial suspension used in
the phagocytosis assay. Glucose-1-**C (sp act
52.2 mCi/mmole) and glucose-6-1*C (sp act
46.5 mCi/mmole) were obtained from the
New England Nuclear Corp., Boston, MA.
Reaction was initiated by the addition of 1.0
ml of cell suspension and stopped at varying
periods of time by the addition of 1.0 ml of
5% trichloroacetic acid. 1*CO, released during
the course of the incubation was trapped in
hydroxide of hyamine and counted as previ-
ously described (10).

Respiration. Oxygen consumption was
measured with a Clark oxygen electrode
(Yellow Springs Instrument Company, Yel-
low Springs, OH) according to a previously
reported method (10). Each chamber of the
instrument contained 1.0 ml of HBSS and
1.0 ml of labeled S. aureus. Reaction was
initiated by the addition of 1.0 ml of cell
suspension.

All assays (phagocytosis, HMS, and O,
consumption) were run under exactly the
same conditions. The same cell suspension
and bacteria were used in each assay, and the
assays were all performed simultaneously.

Results and Discussion. The time course of
uptake of radiolabeled bacteria is illustrated
in Fig. 1A. In this system, phagocytosis is
complete within 10 min after the initiation of
the reaction. This phagocytic curve is almost
identical to that published by Root, Rosen-
thal and Balestra (9) who demonstrated com-
plete uptake within 12 min. Similarly the
high value at zero time presumably represent-
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Fic. 1A. The uptake of C-labeled S. aureus by
PMN as a function of incubation time. (B) The
oxidation of glucose-1-*C by phagocytizing PMN
as a function of incubation time. (C) The oxygen
consumption of phagocytizing PMN as a function of
incubation time.

ing absorption or “trapping” of the labeled
bacteria was encountered by Root, Rosenthal
and Balestra (9). The slight decrease in cell
associated bacteria at longer time intervals
has likewise been reported previously (11).

In contrast to this very rapid uptake of
labeled bacteria, the hexose monophosphate
shunt increase is linear for 3045 min (Fig.
1B). Similar findings have been reported by
Stossel et al. (12), using emulsions as the
ingested material; and by Michell et al.
(13), using PMN monolayers. These latter
investigators demonstrated a short lag period’
before a linear rate of glucose-1-1*C oxidation
was observed. We have seen this lag period
in some experiments, but the effect was not
consistently observed (data not shown).

The time course of oxygen consumption
(Fig. 1C) is intermediate between that of
phagocytosis and the HMS. The rate of ox-
ygen consumption begins to decrease at 15
min and has slowed to resting levels by 30
min time. Because the Clark oxygen elec-
trode involves vigorous agitation of the cells
we were concerned that the decrease in Os
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uptake might reflect a loss of viability.
Studies were conducted with trypan blue un-
der the exact conditions used here. Better
than 90% of the cells were viable at the start
of the experiment and this remained essen-
tially constant during the entire hour (85%
viability was found at 60 min). Hence, the
present results cannot be explained by a loss
in viability.

Similar results were obtained with other
methods of initiating phagocytosis (data not
shown). When PMN were allowed to phago-
cytize an emulsion containing Oil Red O ac-
cording to the technique of Stossell et al.
(12), phagocytosis was again completed with-
in 10 min, the O consumption remained
linear for somewhat longer (about 20 min),
and the HMS continued to increase in a
linear fashion for at least 30 min. The same
qualitative results were observed when cells
were challenged with latex spherules. Particle
uptake (assessed by microscopic examina-
tion) was complete in a very short period of
time; the O, uptake decreased somewhat
later, followed by the HMS activity. Al-
though the time sequence of events was simi-
lar with the different types of particles, the
magnitude of the effects varied considerably
with the type of particle used. Ingestion of
bacteria stimulated both O, consumption and
HMS activity to a greater extent than did
ingestion of either paraffin oil emulsion or
latex particles. This is in agreement with the
work of Mandell (14).

Under the conditions of the present experi-
ment, particle ingestion by PMN is very rap-
id. At a time when phagocytosis is virtually
complete, oxygen consumption is increasing
in a linear fashion. This implies that the act
of phagocytosis sets into action a series of
metabolic events which are not reliant upon
continued particle uptake. Similarly, at a
time when the O2 consumption is beginning
to slow down, the HMS activity continues at
a linear rate of increase. These data are con-
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sistent with a mechanism in which the initiat-
ing event involves an increase in oxygen
consumption with the HMS stimulation fol-
lowing in time. The data do not support
mechanisms in which the HMS stimulation
precedes the increase in Q2 consumption.

Summary. Under conditions in which inges-
tion of labeled bacteria by PMN is accom-
plished within 10 min, oxygen consumption
continues to increase in a linear fashion up to
20 min, while the HMS increase continues
for at least 30 min. These results support a
mechanism in which the O, increase precedes
the HMS activation.
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