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SECRETION OF SUPEROXIDE ANION 

Richard B. Johnston, Jr. 

I. INTRODUCTION 

During the process of ingestion, phagocytic cells consume 
oxygen from the surrounding milieu. Most, if not all, of this 
oxygen undergoes enzyme-catalyzed univalent reduction to form 
Superoxide anion (O2) (1). Two 0^ molecules, one of which may 
be in the form of H02# interact with each other in a rapid, 
spontaneous dismutation reaction to form the anion of hydrogen 
peroxide (O2 ) and oxygen (2). Thus, in the presence of pro-
tons, H2O2 is formed. Superoxide anion and H2O2 interact with 
each other in a cycle of reactions involving iron to form the 
potent oxidant, hydroxyl radical (-0H), perhaps the most im-
portant microbicidal oxygen species (3). Contact of the phago-
cyte plasma membrane with any of a large number of surface-
active materials, e.g., phorbol myristate acetate (PMA) and 
digitonin, induces this same "respiratory burst." The enzyme 
Superoxide dismutase (SOD), present in the cytosol and mito-
chondria, increases the rate of the O9 dismutation reaction 
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about 20,000-fold at physiologic pH (2), thereby effectively 
removing 0]> and protecting the phagocyte from both O2 an(j ΌΗ. 

Because production of O2 is the initial step in the con-
version of oxygen to microbicidal metabolites, its measurement 
constitutes a relatively direct estimate of the microbicidal 
potential of the respiratory burst. In addition, 02 produced 
during phagocytosis or surface perturbation is largely releas-
ed to the outside of the cell and, therefore, not adsorbed to 
cellular constituents. There it can be detected by its abili-
ty to reduce chemically an electron-accepting compound such as 
ferricytochrome c or nitroblue tetrazolium. Ferricytochrome c 
reduction by O2 provided the basis for the first assay of SOD 
activity (4), and modifications of the same assay have been 
particularly useful in detecting generation of O2 by neutro-
phils (5), human monocytes fresh from the blood (6) or in cul-
ture (7), or mouse or guinea pig macrophages (7,8). 

Reduction of cytochrome c is accompanied by an increase in 
absorbance at 550 nm, and the molar involvement of 0^ in the 
reduction can be calculated with an extinction coefficient (9). 
The reduction of ferricytochrome c is not, of course, an assay 
specific for 02; many tissue constituents might accomplish the 
same reduction. The required specificity is achieved by the 
use of SOD, for which O2 is the only known substrate. Accord-
ingly, the assay is run with and without SOD, and only SOD-
inhibitable reduction of cytochrome c is used to calculate the 
amount of O2 released. 

II. REAGENTS 

(1). Hank's balanced salt solution (HBSS) without phenol 
red (Grand Island Biological Co. (GIBCO), Grand Island, New 
York, or Microbiological Associates, Los Angeles, CaliforniaJ 
Since indicator is absent, the pH should be checked if reused. 

(2). Krebs-Ringer phosphate buffer, pH 7.35, containing 
dextrose, 2 mg/ml (KRPD). 

(3). Ferricytochrome c, horse heart, type III (Sigma 
Chemical Co., St. Louis, Missouri). 

Dissolve in HBSS to a stock concentration of 1.2 mAf. Fil-
ter through micropore membrane (0.45 ym pore size, Millipore 
Corp., Bedford, Massachusetts) and store at -20°C in airtight 
container in volumes sufficient for a single experiment. 
(Residual material can be refrozen and used again once.) This 
product may contain trace amounts (<0.01%) of cuprozinc SOD (2). 
At physiologic pH this concentration should have a negligible 
capacity to remove 0^. 

(4). Superoxide dismutase (SOD) can be purified from bo-
vine erythrocytes by the method of McCord and Fridovich (4). 
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Commercial preparations can contain various contaminants, in-
cluding catalase. (Catalase activity can be tested by examin-
ing the preparations■s capacity to modify the characteristic 
light absorption of commercial hydrogen peroxide (10).) Pre-
parations with excellent purity and high specific activity can 
be purchased from Diagnostic Data, Inc., Mountain View, Cali-
fornia (bovine) or from Diagnostic Materials, Ltd., Oxford, 
England (bovine or human). The product of Miles Laboratories, 
Elkhàrt, Indiana is satisfactory. Dissolve in water for a 
stock concentration of 1-5 mg/ml, and store at -20°C. This 
can be refrozen a few times without loss of activity. 

(5). Dimethylsulfoxide (DMSO; Sigma). Keep tightly 
closed to exclude moisture. 

(6). Phorbol myristate acetate (PMA; Consolidated Midland 
Corp., Brewster, New York). Dissolve in DMSO at 2 mg/ml and 
store at -70°C in airtight polypropylene or glass tubes. 
Avoid contact with aqueous solutions or vapor condensation be-
cause PMA loses its activity rapidly in water. 

(7). Fresh (complement-preserved) human serum. To pre-
serve complement activity, venous blood from normal adults 
should be allowed to clot for about 45 min at room temperature, 
then centrifuged at 4°C. The supernatant serum should be pool-
ed, then divided quickly into iced tubes and frozen at -70°C. 

(8). Zymosan (ICN Pharmaceuticals, Cleveland, Ohio). 
Suspend in glass tube to concentration of 12 mg/ml in saline 
and heat in boiling water bath, while mixing about every 10 
min, for 1 hr. Centrifuge, wash once, and resuspend in physio-
logic saline or KRPD to a stock concentration of 50 mg/ml. 
Opsonize by incubating 1-vol zymosan with 3-vol fresh human 
serum in water bath at 37°C for 20 min, with agitation. Centri-
fuge at 6-8000 g for 15 min, wash once with KRPD, and resuspend 
in KRPD to a concentration of 10 mg/ml. 

(9). Macrophage culture medium. Results in this assay 
should not be affected significantly differently by culture of 
the macrophages in any of the different standard culture media. 
With mouse macrophages we have routinely used Dulbecco's modi-
fied Eagle's medium (DMEM, GIBCO) supplemented with 20% heat-
inactivated (56°C, 30 min) fetal calf serum, penicillin, 100 
U/ml, and streptomycin, 100 yg/ml. With human monocytes we 
have used DMEM with 1-10% autologous serum, penicillin, and 
streptomycin. Mouse macrophages and human monocytes can be 
cultured overnight without serum without a significant decrease 
in stimulated 0^ release. 
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I I I . PROCEDURE 

Macrophages and human monocytes cultured for this assay 
should be plated at a density sufficient to yield at the time 
of assay 40-100 yg of cell protein on a 35 mm-diameter plate 
(7). For peritoneal exudates from mice injected intraperito-
neally with inflammatory agents like thioglycollate or endo-
toxin, or from mice infected with BCG or listeria, this will 
require in the neighborhood of 2-4 x 10^ peritoneal exudate 
cells per dish; for resident peritoneal cells, 3-6 x 10^ cells 
will be required. These are added in a volume of approximate-
ly 1 ml. The cell suspension should be mixed well between 
each pipetting to ensure that a consistent number of cells is 
plated. 

On the basis of surface area (determined by irr-2) the appro-
priate density will require approximately one-quarter as many 
cells for a 16 mm-diameter culture dish and approximately 3 
times more cells for a 60 mm-diameter dish. (The diameter of 
the area of the dish to which cells can adhere measures less 
than the diameter of the entire plate; the latter figure is 
used by the manufacturers to designate size.) The need for 
concern about cell density stems from the observation that 
although greater numbers of plated cells will release more 0^ 
when stimulated, the extent of release does not increase in 
proportion to the increase in cell number (7). Therefore, 
when expressed as specific activity (nmol/mg cell protein), 
O2 release, in general, declines with increasing cell number. 
That is, higher cell density is associated with lower efficien-
cy of stimulated 0^ release. 

Release of 0~ may be quantitated with macrophages cultured 
for 2 hr, overnight, or for days. The macrophages are prepared 
by washing quickly twice with KRPD (kept at room temperature) 
to remove nonadherent cells. Washing is accomplished here by 
vigorous swirling. Immediately after removal of the second 
wash, the reaction mixture is added, and the reaction is begun 
by placing the dishes in an incubator at 37°C with 100% air or 
with 95% air-5% C02- In order to avoid having the macrophages 
remain long without a full cover of medium, washing and addi-
tion of the incubation mixture are usually performed with 
groups of 4-6 plates each. 

The reaction mixture, prepared in one large tube before 
the cells are washed, should contain KRPD and cytochrome c to 
give a final concentration of 80 \1M in the 1.5 ml volume added 
to each 35 mm-diameter dish. If the stimulus is to be opson-
ized zymosan, it should be added in bulk to give a concentra-
tion of 1 mg/ml in the final reaction mixture. If the stimulus 
is PMA, a volume of KRPD with cytochrome c sufficient for no 
more than six culture dishes (up to 10 ml if 35 mm-diameter 
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dishes are used) should be placed in a separate tube, and PMA 
should be added to give a final concentration of 0.5 yg/ml. 
On addition of PMA, the reaction mixture should be mixed and 
immediately added to plated cells to avoid inactivation of the 
PMA before contact is made with the macrophages. The volume 
of DMSO used to deliver the PMA (1 part in 4000) does not by 
itself stimulate 02 or inhibit zymosan-stimulated 0^ release. 

With eace stimulus, an additional reaction mixture should 
be prepared that contains SOD at a final concentration of 40 
yg/ml. In most cases, SOD at this concentration eliminates 
all cytochrome c reduction by stimulated macrophages; auto-
claving the SOD removes at least 90% of this inhibitory acti-
vity. In each experiment, "blanks" are prepared by incubating 
each type of reaction mixture in tissue culture dishes without 
macrophages. Each experimental determination should be run 
with duplicate or triplicate cultures. Reaction mixtures must 
be delivered precisely; a calibrated 1.5-ml "automatic" pipette 
serves this purpose well. 

When carefully analyzed, the reduction of cytochrome c by 
stimulated "activated" mouse macrophages occurs at a linear 
rate for about 10 min; with resident macrophages the rate is 
linear for 30-60 min (Sasada and Johnston, unpublished). The 
rate is nearly linear for 60-90 min with any cell type (7), 
however, and we have generally used a 60-min or 90-min incuba-
tion period with mouse macrophages and cultured human monocytes. 
The incubation period should depend on the kinetics of the re-
action obtained with the cell density, cell type, stimulus, and 
other conditions employed. 

The reaction is stopped by transfer of the incubation mix-
ture by Pasteur pipette to centrifuge tubes in an ice bath, 
followed promptly by centrifugation at 1200 g for 10 min or 
8000 g for 2 min. (The latter conditions are accomplished with 
a microcentrifuge (Eppendorf), using 1.5 ml tubes.)) One or two 
ml of HBSS is added to the dishes to prevent drying of the cells. 
The supernatant is transferred to separate tubes, and absorbance 
of the supernatant at 550 nm is determined in a spectrophotom-
eter. Reaction mixtures from dishes that did not contain macro-
phages are used as blanks, after absorbance of the blanks at 550 
nm is compared to that of water. If the cytochrome concentra-
tion is proper and the reagents clean, the ODCCQ °f t n e blanks 
should be 0.55 to 0.65. Spectrophotometers utilizing single 
prism monochrometers are not suitable for quantitative measure-
ment of reduced cytochrome c. The spectral band width should 
not exceed 1 nm or, at the most, 2 nm. If the actual wavelength 
deviates from 550 by as much as 5 nm, light absorption by re-
duced cytochrome c will be almost completely lost. 

The cells remaining in the dish are washed three times with 
HBSS. Copper tartrate reagent (11) is added directly to the 
dish, and the protein content of the dish is determined by the 
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method of Lowry et al. (11) using bovine serum albumin as 
standard. The dishes used as blanks give a significant Lowry 
reaction, and this value must be subtracted from that of the 
dishes containing cells. The extent of 0^ release can be cor-
rected for the protein content of each individual dish if one 
is certain that cells are not dislodged during the incubation 
with cytochrome or subsequent washes. Alternatively, if macro-
phage adherence is uniform from dish to dish, the mean of the 
protein content of five dishes washed free of nonadherent cells 
but not carried through the assay can be used for expression of 
the extent of 0^ release in individual dishes. Release of 0"^ 
can also be expressed on the basis of cell number, using a con-
version factor that equates cell protein and number (7) or, 
preferably, an actual determination of cell number by counting 
nuclei of disrupted cells (12). 

IV. CALCULATION OF DATA 

The ODCCQ °f t n e reaction mixtures is converted to nano-
moles of cytochrome c reduced using the extinction coefficient 
Δ£550 = 21.0 x 10

3 M"1cm" (9). Thus, with the standard 1-cm 
light path and a 1.5-ml reaction mixture, the observed OD^^Q 
should be multiplied by 71.4 to yield the number of nanomoles 
of O2 measured, since 1 mol of O2 reduces 1 mol of ferricyto-
chrome c. For a reaction mixture of 1 ml, the conversion fac-
tor is 47.6. 

This conversion depends upon the assumption that the cyto-
chrome c in the blank is fully oxidized and, therefore, that 
the observed 0D represents the absorbance of only the reduced 
product (a Δθϋ, reduced -oxidized). This assumption can be 
tested by fully oxidizing the reagent cytochrome c in solution 
with a few milligrams of potassium ferricyanide, by fully re-
ducing the cytochrome c with a few milligrams of sodium di-
thionite, and by comparing the OD55Q of the untreated, oxidized, 
and reduced solutions against that of water. We found that 
98-99% of the ferricytochrome c in fresh reagent solutions is 
oxidized and, therefore, for routine purposes, do not adjust 
for the state of oxidation of our reagent material. 

V. CRITICAL COMMENTS 

The use of SOD-inhibitable ferricytochrome c to quantitate 
the 02 released from stimulated phagocytic cells has proved to 
be a highly sensitive and reproducible assay. With monocytes 
in suspension, problems should arise only if the cells are not 
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properly processed. With plated macrophages or monocytes, 
problems in reproducibility are not likely to derive from the 
assay per se but rather from irregularities in the density of 
cells on the culture dishes. That is, if the cell density is 
sparse, results are often erratic, presumably because small 
differences in numbers of adherent cells are magnified. In 
addition, protein content is more difficult to quantify ac-
curately at lower concentrations. At higher cell densities, 
the efficiency of 0^ release is decreased (7), as described 
above. 

Macrophages elicited by injection of inflammatory agents 
such as endotoxin (LPS), thioglycollate, or proteose-peptone, 
or obtained from animals infected with an intracellular patho-
gen such as bacillus Calmette-Guérin (BCG), exhibit changes 
associated with a state of "activation." Along with these 
changes, the cell is primed to produce several times more 0^ 
than resident macrophages when stimulated by phagocytosis or 
PMA (7). Other aspects of the phagocytosis-associated respi-
ratory burst are also accentuated in elicited and infection-
activated macrophages (reviewed in 13). 

It is now clear that priming for enhanced 0"^ release also 
can be achieved during overnight culture with certain bacterial 
products, including LPS (14). With resident mouse macrophages 
cultured in medium without serum, the concentration of LPS re-
quired to prime for an increase in stimulated 0^> release of up 
to fivefold is in the range of 1-10 ng/ml. These concentra-
tions exist in most commercial preparations of fetal calf serum 
(14) and Ficoll and in some batches of tissue culture medium 
(Pabst and Johnston, unpublished). Although truly quiescent 
resident mouse peritoneal macrophages usually are not primed to 
release significantly more Ojjj by overnight culture in FCS (7) , 
the potential effect of contaminating LPS on results in the 0^ 
assay must be considered. 

The expected range of values for O2 release by mouse resi-
dent peritoneal macrophages stimulated with PMA is 40-120 nmol/ 
mg of cell protein in a 60-90 min incubation. PMA-stimulated 
release by elicited or infection-activated macrophages or by 
resident macrophages incubated overnight in LPS ranges from 
450-750 nmol/mg in 60-90 min (7,14). The extent of 0~ release 
from resident cells stimulated by phagocytosis of opsonized 
zymosan is about four times higher than that stimulated by PMA 
(150-300 nmol/mg). In contrast, 02 release from elicited and 
activated macrophages stimulated by zymosan is 60-80% as high 
as release elicited by contact with PMA (7). Viable Candida 
serve as a weaker stimulus, but greater release from elicited 
or activated macrophages can still be demonstrated, as can 
greater stimulation by some Candida species than others (15). 
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The extent of O2 release from cultured human monocytes varies 
greatly with the length of time in culture and the stimulus 
used but, in general, falls into the range of values shown by 
cultured mouse macrophages (7). 
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