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Rat, mouse and human neutrophils stimulated by a variety of activating agents
produce much less nitrite than rodent macrophages

E. L. PADGETT* & S. B. PRUETT Department of Biological Sciences, Mississippi State University, Mississippi, USA

SUMMARY

The role of reactive nitrogen intermediates (RNI) in the antimicrobial activities of neutrophils
from various mammalian species is unclear. However, it has been reported that rodent neutrophils
possess the inducible form of nitric oxide synthase and that inflammatory neutrophils from rats
produce potentially antimicrobial levels of RNI. In the present study, neutrophils from humans,
rats and mice were evaluated for production of nitrite, a stable end-product of RNI. Human
neutrophil preparations ( > 95% neutrophils) isolated from peripheral blood were stimulated for
2-24 hr with agents known to trigger the Ca2 + -dependent constitutive nitric oxide synthase, or to
stimulate synthesis of the inducible nitric oxide synthase. Superoxide dismutase was added to some
cultures to decrease the levels of superoxide, a compound reported to react with RNI and yield
products other than nitrite. Even though the cells were viable and responsive to stimuli, they did
not produce nitrite concentrations indicative of antimicrobial potential. Preparations of
inflammatory (casein-elicited) mouse neutrophils also failed to produce high concentrations of
nitrite. Inflammatory rat neutrophils (2-5 x 106/ml) produced nitrite concentrations of - 40 pM in
24-hr cultures, but plots of nitrite production versus cell number for neutrophil and macrophage
preparations indicated that contaminating macrophages could account for all the nitrite
production in the neutrophil preparations. Thus, neutrophils from rats, mice and humans seem

comparable in their inability to produce high levels of nitrite in response to a variety of stimuli.
This suggests that in most circumstances the constitutive nitric oxide synthase known to be present
in these cells is limited to the production of low levels of nitric oxide for intercellular signalling. In
addition, this raises questions about the presence or functional status of inducible nitric oxide
synthase in rodent neutrophils.

INTRODUCTION

The role of reactive nitrogen intermediates (RNI) in the
antimicrobial activities of mammalian neutrophils is uncer-
tain. RNI seem to play a role in the antimicrobial and anti-
tumour functions of rodent macrophages,1-5 and it has been
reported that RNI are produced by rat inflammatory
neutrophils in sufficient quantities to suggest possible anti-
microbial activity.6 It has been suggested that inflammatory
neutrophils from rats and mice possess the inducible form of
nitric oxide synthase (iNOS), which is capable of producing
high concentrations of RNI.7 However, the evidence for this
assertion is very limited and does not clearly establish that
neutrophils are capable ofproduction ofRNI at levels sufficient
to provide antimicrobial or anti-tumour activity.

Even if it was clear that rodent neutrophils produce
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antimicrobial levels of RNI, this would not necessarily indicate
that this is also true of human neutrophils. Rodent macro-
phages produce > 10 times more nitrite than human macro-
phages cultured under similar conditions,8'9 and it is possible
that such species differences also apply to neutrophils. The
concentration of nitrite, a stable breakdown product of RNI,
produced by human neutrophils suggests little if any RNI
production.'0 However, there is evidence that human neutro-
phils produce sufficient concentrations of nitric oxide to
function pharmacologically as neutrophil-derived relaxing
factor." Such low-level, short-term production of RNI is
generally mediated by the constitutive, Ca2+-dependent nitric
oxide synthase (cNOS).7 Although it is generally assumed
that this enzyme does not produce sufficient quantities or RNI
to permit antimicrobial action, there has been little effort to
induce RNI production by neutrophils optimally in order to
compare their capabilities in this regard to those of macro-
phages. A report that cytoplasts prepared from human
neutrophils kill staphylococci by an RNI-dependent mechan-
ism suggests that these cells can produce antimicrobial levels of
RNI. 12

These matters must be resolved in order to understand the
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relative importance of RNI and other antimicrobial mechan-
isms in rodent neutrophils, and to assess the relevance of rodent
neutrophils as a model for human neutrophils.

The present study was conducted to compare the ability of
neutrophils from rats, mice and humans to produce nitrite at
levels consistent with antimicrobial or anti-tumour activity. A
variety of soluble and particulate stimuli was used in an attempt
to optimally activate neutrophils for RNI production. Rodent
macrophages were included in some experiments as positive
controls. The results suggest inflammatory neutrophils from
rats and mice do not produce sufficient concentrations of nitrite
to indicate an important role for neutrophil-derived RNI as

antimicrobial or anti-tumour agents. This was also true for
human neutrophil preparations. It remains possible that there
are unique conditions or combinations of stimuli in vivo that
could induce such activity, but it is clear that neutrophils and
macrophages differ with regard to the stimuli required to
induce or trigger high-level RNI production.

MATERIALS AND METHODS

Animals
Female B6C3F1 mice were obtained through the National
Cancer Institute's (Bethesda, MD) animal programme. The
mice were 6-8 weeks old on arrival, and were given at least 2
weeks to recover from shipping stress and to become accli-
matized to the new environment prior to use in experiments.
Mice were housed in an American Association for the Accredi-
tation of Laboratory Animal Care (AAALAC) accredited
facility with a 12-hr light/dark cycle and were given food
(Purina lab chow) and water ad libitum. Sentinel mice housed in
the same room were negative for mouse hepatitis virus, Sendai
virus and Mycoplasma pulmonis during these experiments.
Male Fisher 344 rats were obtained from Charles River Breeding
Labs (Wilmington, MA) and were housed in a different room in
the same animal facility. They were allowed to recover from
shipping stress and to acclimatize for at least 3 weeks prior to
use at 12-24 weeks of age. Animal care and use was in accord
with National Institutes of Health (Bethesda, MD) guidelines.

Human neutrophils
Blood was obtained from healthy male volunteers aged 22-38
years by venepuncture into EDTA vacutainers. Neutrophils
were isolated by centrifugation over a discontinuous Ficoll
gradient, as described previously.8 Differential cell counts were

done using Wright-stained smears.

Mouse and rat macrophages and neutrophils
Macrophage preparations were obtained 78 hr after intraperi-
toneal injection of a 10% sterile casein solution (in bicarbonate
buffer) (1 ml for mice; 3 ml for rats). Neutrophil preparations
were harvested 8 hr after the same eliciting stimulus. Cells were
harvested by peritoneal lavage after killing by CO2 inhalation.
The lavage fluid (8 ml/animal) was ice-cold RPMI-1640 with
10% fetal bovine serum, 2mM L-glutamine, 10U/ml penicillin
and 100 g/ml streptomycin, at pH68 (complete medium).
Peritoneal exudates from groups of five to eight mice or two to
three rats were pooled, centrifuged at 300g, and resuspended to
the appropriate cell density in complete medium. Differential
cell counts were done using Wright-stained smears, and
absolute leucocyte counts were done using a Coulter counter

(Hialeah, FL). Macrophage and neutrophil numbers shown in
the Results section were obtained by multiplying the total cell
number by the fraction of cells of each type, as indicated by the
differential cell count for each cell preparation.

Activation ofmacrophages and neutrophils
Cell suspensions in complete culture medium were placed into
96-well flat-bottomed cell culture plates. Cells were incubated
for either 2 or 24hr after addition of activating agents, and
100 PI of culture supernatant was removed for measurement of
the nitrite concentration. The metabolic activity of the cells was
then assessed using the MTT assay (described below). In some
of the experiments involving mouse macrophages, the activat-
ing agents were removed by three washes in culture medium,
fresh culture medium was added, and nitrite concentration was
assessed 2 hr later.

Stock solutions of activating agents or dilutions of the stock
solutions in complete culture medium were prepared so that a

volume of 10 p1 added to each well provided the desired
concentration. Control cultures received the same amount of
complete culture medium. Additional controls received an

amount of dimethylsulphoxide (DMSO) comparable to the
highest concentration included as a vehicle for an activating
agent. The greatest DMSO concentration used was 0 1 %, and
this had no effect on nitrite production.

Lipopolysaccharide (LPS) from Escherichia coli 01 1:B4
(Sigma Chemical Co., St Louis, MO) was prepared as a stock
solution at 100 pg/ml in complete culture medium and stored
frozen until needed. Prior to use the LPS stock solution was

thawed and extensively vortexed (10 min) to prevent loss by
adherence to the container. Human interferon-y (IFN-y) was

purchased from Boehringer Mannheim Biochemicals (India-
napolis, IN), and mouse IFN-y was kindly provided by
Genentech (San Francisco, CA). Zymosan A (Sigma Chemical
Co.) was opsonized (OpZy) by incubation for 45min at 370
with 20% normal human serum. Heat-killed Streptococcus
group B (SGB) was prepared by heating log-phase cultures of
Streptococcus group B (strain 090 from Dr W. Wennerstrom)
for 1 hr at 800. The bacteria were then washed twice by
centrifugation and suspended in phosphate-buffered saline
(pH 7-2). Platelet-activating factor (PAF), N-formyl-methio-
nine-leucine-phenylalanine (FMLP) and phorbol 12-myristate
acetate (PMA) were obtained from Sigma Chemical Co., and
concentrated stock solutions (1 mg/ml) were prepared in DMSO.
These solutions were diluted in complete culture medium prior to
addition to cultures. Superoxide dismutase (SOD; Sigma
Chemical Co.) was added to some cultures to decrease the
concentration of superoxide anion.

Nitrite assay

A 100-pl sample of culture supernatant fluid was removed from
each well, and the nitrite concentration was determined using
the Greiss reagent, as described previously.8

MTT assay

The reduction of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenlyte-
trazolium bromide (MTT) to a purple formazan with an

absorbance maximum near 610nm was used to measure the
viability/metabolic activity of cultured cells. The procedure was
done for all cell types, as described previously for human
neutrophils.13
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Table 1. Nitrite production by human neutrophils or mouse macrophages in response to various stimuli

Cell density Culture Ativating Nitrite Absorbance at 610nm
Exp. Species Cell type (cells/ml) duration (hr) agent/SOD* conc. (uM)t (MTT assay)

I Human PMN 1-5 x 106 2 ND 0-12 ± 001
-/SOD 095 + 000 002 ± 000
SGB ND 013±001

SGB/SOD 2-40 ± 0-29 0-04 ± 0 00
OpZy ND 024 ± 0-00

OpZy/SOD 0 95 + 0 00 0-11 + 0-02
PMA ND 0-36 ± 000

PMA/SOD 095 ± 000 0 18 + 000
PMN 1-5 x 106 24 -/SOD 2-01 ± 0-16 ND

SGB/SOD 1-13 ± 0-23 ND
OpZy/SOD 0 53 ± 000 ND
PMA/SOD 0 53 + 000 ND

2 Human PMN 1 5 x 106 2 0-72 + 0-27 0-22 ± 0-06
-/SOD 0-89 ± 0-31 0-10 ± 0-03
LPS 0-64 ± 0-13 0 30 ± 0-04

LPS/SOD 0-64 ± 0-19 0-16 i 0 04
PAF 0-53 ± 000 0-19 i 0-04

PAF/SOD 0-64 i 0-19 0-10 i 0-03
FMLP/SOD 0-61 + 0 14 0-13 + 0-02

3 Human PMN 1 5 x 106 24 2 37 + 1-57 ND
LPS 2 19 i 1-02 ND

IFN 500 1 81 ± 1-21 ND
4 Human PMN 1 5 x 106 24 Undetectable ND

LPS/SGBT Undetectable ND
IFN/SGB Undetectable ND

IFN/LPS/SGB Undetectable ND
5-7 Mouse MO 1 5 x 106 2 072 + 0 35 ND

IFN 20 9 05 + 3 04 ND
IFN 500 13-43 ± 3 07 ND

IFN 20/LPS 24 33 ± 6 15 ND
IFN 500/LPS 24-74 + 5 77 ND

* Concentrations of activating agents were as follows: SGB, 1 5 x 106 heat-killed bacteria/well; OpZy, 0-1 mg/ml; PMA, 200 nM; LPS exps 1-4,
1 pg/ml; LPS exps 5-7, 10 ng/ml; PAF, 1 gm; FMLP, 1 gM; IFN 500, IFN-y at 500 U/ml; IFN 20, IFN-y at 20 U/ml (human IFN-y was used in exps
3-4 and mouse IFN-y was used in exps 5-7). SOD was used at 450 U/ml.

t Values shown are means ± SD for triplicate samples, except for exps 5-7 in which the data represent means ± SE for three independent
experiments.

$ In exp. 4, neutrophils were incubated for 24 hr with the indicated stimuli, then SGB was added and the nitrite concentration determined 3 hr
later.

ND, not determined.

Statistical analysis
Analysis of variance followed by Bonferroni's post hoc test was
performed to compare the mean of control cultures to the
means of activated cultures. P values < 0 05 were regarded as
significant.

RESULTS

Nitrite production by human neutrophils

Data listed in Table 1 indicate little if any nitrite accumulation
in 2- or 24-hr cultures of human neutrophils exposed to a variety
of stimuli. The average purity of the human neutrophil pre-
parations used in this study was 96 ± 2%. Neutrophils for
each of the three experiments noted in Table 1 were obtained
from a different donor, and neutrophils from two additional

donors yielded similar results in several experiments (data not
shown).

Stimuli known to induce iNOS expression in macrophages
(IFN-y and LPS), to activate neutrophil functions through a
variety of second messenger pathways (OpZy, SGB, PMA and
PAF), and to activate cNOS (FMLP) 1'14 were included in the
present study. None of these agents induced nitrite concen-
trations greater than 2-40 gM in 2- or 24-hr cultures. Nitrite
concentrations also did not reach detectable levels in cultures
treated with various activators then triggered with a particulate
stimulus (SGB) (Table 1, exp. 4).

As a positive control, mouse macrophages treated with
IFN-y or IFN-y plus LPS were evaluated under the same
conditions (Table 1). In 2-hr cultures nitrite levels as great as
24-7 uM were observed. Higher levels were noted in 24-hr
cultures (data not shown). It should be noted that these
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macrophages had been preactivated for 24 hr with IFN-y and
LPS to fully induce iNOS. The cells were then washed prior
to initiation of cultures for assessment of nitrite levels. This
was done to demonstrate the capabilities of macrophage
iNOS-mediated nitrite production during 2- and 24-hr cultures.
Because the metabolic activity of activated human neutrophils
decreases markedly after 24 hr in culture,13 this preinduction
period was not attempted for neutrophils. Rather, the cells were
stimulated with agents known to activate cNOS as well as
agents known to induce macrophage iNOS, and nitrite
concentrations were measured at times designed to assess
rapid nitrite production by cNOS (2 hr) or more gradual nitrite
accumulation due to iNOS induction (24 hr). Human neutro-
phils did not produce nitrite levels at either time-point
comparable to those produced by IFN-y- and LPS-induced
mouse macrophages.

It has been suggested that superoxide produced by
neutrophils may react with RNI to produce end-products
other than nitrite.11'14 McCall et al. demonstrated that addition
of superoxide dismutase to cultures of human neutrophils
increased the quantity nitric oxide, as detected by a functional
assay (platelet aggregation).14 Therefore, low nitrite concen-
trations in human neutrophil cultures in the present study
might have been caused by this reaction, and not by lack of
RNI production. To evaluate this possibility, superoxide dis-
mutase (SOD) was used in two experiments to decrease super-
oxide concentrations. Cultures treated with SOD did not
contain significantly higher concentrations of nitrite than
matching cultures without SOD (as assessed by ANOVA
followed by Bonferroni's test).

The viability of the human neutrophils used in this study,
the effectiveness of the activating stimuli, and the activity of
SOD were assessed by spectrophotometric measurement of the
reduction of MTT in neutrophil cultures following 2hr of
exposure to activating stimuli (Table 1). This method is widely
used to measure viability of a number of cell types, including
neutrophils.13"15 Previous work in this laboratory has demon-
strated that SOD effectively decreased the reduction ofMTT in
neutrophil cultures by preventing the formation of extracellular
formazan crystals by neutrophil-derived superoxide, an agent
known to reduce MTT.13 A significant decrease in MTT
reduction was noted in most of the SOD-treated cultures in
comparison with the comparable culture without SOD,
indicating the SOD was active (Table 1). The data also
demonstrate that the neutrophils used in these studies were
viable and that several of the activating stimuli substantially
increased metabolic activity (Table 1). Statistically significant
enhancement was noted for OpZy and PMA, and LPS caused
marginally significant enhancement (as determined by ANOVA
and Bonferroni's test). Nitrite is a stable end-product of RNI
and its concentration in 24-hr cultures was evaluated to provide
an indication of cumulative RNI production. Induction of
iNOS in mouse macrophages was clearly evident within 24 hr
(Fig. 1), and any iNOS induction in neutrophils should have
been detectable in the 24-hr time frame of the present
experiments.

Nitrite production by rodent neutrophils

Populations of rodent peritoneal cells enriched for neutrophils
or macrophages were obtained by harvesting the cells at

100- (a)
90-
80-
70
60
50
40
30
20
10

1 x 105
Mac

z 100- (b)
90-
80-
70-
60-
50-
40-
30-
20-
10-
0
1x104 1x

Ne

e

1 X106
crophages/ml

1 x107

105 1 x 106 1 x 10
autrophils/ml

Figure 1. Assessment of the relative contributions of mouse neutrophils
and macrophages to nitrite production in response to LPS (1 jg/ml).
Cells were incubated for 24hr at 370 prior to the determination of
nitrite concentration in the culture medium. Both panels show the same
data. In (a) nitrite production by the neutrophil preparation and the
macrophage preparation are plotted versus the macrophage density in
each culture; in (b) the data are plotted as nitrite concentration versus
neutrophil concentration in each cell preparation. The dashed line in (a)
represents the regression line determined by the data from the
macrophage cell preparation. Values shown are means + SE for
triplicate culture wells. (0) Macrophage preparation (81 + 4%
macrophages, 11 ± 1% neutrophils). (EI]) Neutrophil preparation
(87 ± 2% neutrophils, 14 ± 2% macrophages).

different times after intraperitoneal administration of a casein
solution (8 hr for neutrophil preparations and 96 hr for
macrophage preparations). Because these cell preparations
contained a substantial percentage of other cell types, it was not
possible to determine clearly what portion of the nitrite was
produced by each cell type. To explore this issue, nitrite
production by mouse macrophage and neutrophil preparations
was examined using different cell densities. The cells in this
experiment and subsequent experiments with rats were
stimulated with LPS. Unstimulated controls were included in
all experiments and produced much less nitrite than LPS-
stimulated cultures (see representative data for rat cell
preparations on p. 139). Differential cell counts were used to
assess the percentage of neutrophils and macrophages in each
cell preparation, and nitrite production was plotted against the
density of macrophages or neutrophils per culture (Fig. 1).
When macrophage densities in the neutrophil preparation and
in the macrophage preparation were plotted against nitrite
concentration, the result was an essentially linear relationship.
Extrapolation of a line defined by the three data-points from
the macrophage preparation agreed closely with the observed
plot of nitrite concentration versus macrophage density in the
neutrophil preparation (Fig. la). This is consistent with the
hypothesis that macrophages are responsible for essentially all
nitrite production in both populations. This was confirmed
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Figure 2. Assessment of the relative contributions of rat neutrophils and
macrophages to nitrite production in response to LPS (1 yg/ml). Cells
were incubated for 24 hr at 370 prior to the determination of nitrite
concentration in the culture medium. Both panels show the same data.
In (a) nitrite production by the neutrophil preparation and the
macrophage preparation are plotted versus the macrophage density in
each culture; in (b), the data are plotted as nitrite concentration versus

neutrophil concentration in each cell preparation. The dashed line in (a)
represents the regression line determined by the data from the
macrophage cell preparation. Values shown are means ± SE for
triplicate culture wells. (0) Macrophage preparation (68 ± 2%
macrophages, 24 + 2 6% neutrophils). (El) Neutrophil preparation
(78 ± 0 6% neutrophils, 15 ± 4-9% macrophages).

by plotting the same data as nitrite concentration versus

neutrophil density in both cell preparations. This plot (Fig. Ib)
indicated very low levels of nitrite production at high
neutrophil densities, but high-level nitrite production by the
macrophage preparation in which neutrophil densities were

much lower. Similar results were noted in a second experiment
(data not shown).
A similar experiment with rat macrophage and neutrophil

preparations produced similar results (Fig. 2). Although
macrophage and neutrophil preparations from rats produced
higher concentrations of nitrite than preparations from mice,
the patterns were similar. Extrapolation of a line defined by the
three data-points from the macrophage preparation predicted
slightly higher nitrite production than was actually observed in
the neutrophil preparation (Fig. 2a). Thus, the macrophages in
the neutrophil preparation could account for all of the nitrite
observed in the neutrophil preparation, and nitrite production
by these macrophages might even have been decreased slightly
by the presence of neutrophils at high density. Alternatively,
the actual relationship between macrophage density and nitrite
concentration might best be represented by a sigmoidal curve,

in which case macrophage density predicted nitrite concen-

tration for both the macrophage and the neutrophil prepa-

ration, regardless of neutrophil density (Fig. 2a). In contrast,
when nitrite concentration was plotted against neutrophil

Forward scatter

Figure 3. Enrichment of rat neutrophils and macrophages by
fluorescence-activated cell sorting. The areas inside the hatched lines
represent the cells that were collected during the sort of a neutrophil
preparation (a) and a macrophage preparation (b). These areas were

selected on the basis of the characteristic patterns and locations for
mammalian leucocyte cell types. The scale for the x-axis is not the same
for the upper and lower panels.

cell density, the relationship was discontinuous, with high levels
of nitrite production at low neutrophil densities in the
macrophage preparation and low levels of nitrite production
at high neutrophil densities in the neutrophil preparation
(Fig. 2b).

In an attempt to obtain more purified rat neutrophil and
macrophage preparations, a fluorescence-activated cell sorter
was used. Neutrophil and macrophage preparations were

obtained as already described, and further purified on the
basis of forward scatter (an indicator of cell size) and side
scatter (an indicator of intracellular structural complexity). The
cells isolated from each preparation are indicated in Fig. 3.
This method provided a macrophage preparation that
contained 9125 ± 149% (mean ± SE for triplicate samples)
macrophages and 8 75 ± 1-49% neutrophils, and a neutrophil
preparation that contained 12-75 + 1-11% macrophages and
81 75 ± 4-96% neutrophils. These preparations were only
slightly purer than typical unsorted preparations, so it was

not surprising that the pattern of nitrite production by sorted
macrophages and neutrophils was similar to that obtained with
unseparated populations (Fig. 4). Nitrite production in both
preparations was substantially enhanced by LPS compared to
unstimulated control cultures. Cell numbers obtained from
sorting were insufficient to evaluate multiple cell densities for
the macrophage preparation. However, a plot of nitrite
concentration versus macrophages/ml in both the macrophage
and neutrophil preparations demonstrated that macrophage
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Figure 4. Assessment of the relative contributions of rat neutrophils and
macrophages, enriched by fluorescence-activated cell sorting, to nitrite
production by unstimulated cells (control) or in response to LPS
(1 Mg/ml). After sorting, cells were incubated for 24hr at 370 prior to the
determination of nitrite concentration in the culture medium. Both
panels show the same data. In (a) nitrite production by the neutrophil
preparation and the macrophage preparation are plotted versus the
macrophage density in each culture; in (b), the data are plotted as nitrite
concentration versus neutrophil concentration in each cell preparation.
The solid line in (a) represents the regression line determined by the data
from the neutrophil cell preparation. Values shown are means for
triplicate culture wells, and standard errors were less than 10% of the
mean in all cases.

density (Fig. 4a), not neutrophil density (Fig. 4b), predicted
nitrite concentration.

DISCUSSION

Data presented here suggest that RNI production by
mammalian neutrophils is insufficient to provide antimicro-
bial or anti-tumour activity. In most experiments in which
RNI have been implicated as important antimicrobial or

anti-tumour agents of rodent macrophages, nitrite production
has exceeded 20 /M/106 cells/24 hr.'-5 The rate of nitrite
production by human and mouse neutrophil preparations
was much less than this (Table 1 and Fig. 1). Rat neutrophil
preparations produced higher concentrations of nitrite, but this
was apparently due to the high rate of nitrite production by
contaminating macrophages (Figs 2 and 4). Thus, it is unlikely
that RNI are typically produced by mouse, rat or human
neutrophils in quantities sufficient to act as effective anti-
microbial or anti-tumour agents. However, it remains possible
that lower quantities of RNI may be required by neutrophils
than by macrophages to exert antimicrobial or anti-tumour
effects. It is also possible that neutrophils produce substantial
amounts of RNI but handle these compounds differently than
macrophages, yielding much lower levels of nitrite.

To our knowledge only one report has noted production of
nitrite by neutrophils at levels suggesting antimicrobial
concentrations of RNI (-45 pM/15 x l06 cells/24 hr).6 That
study utilized male Fisher 344 rats, the same strain and sex used
in the present study. Inflammatory neutrophils were isolated'
from surgically implanted polyvinyl alcohol sponges, and the
resultant neutrophil preparations were at least 95% pure. That
technique may have been more effective than the casein
elicitation procedure used in the present study in the induction
of RNI production by neutrophils. It is also possible that
contaminating macrophages were partly responsible for the
observed high levels of nitrite production. Data from the
present study suggest that even 5% contamination by activated
macrophages might have accounted for a portion of the
reported nitrite production and that potentially antimicrobial
levels of iNOS-derived RNI were not produced by rat
inflammatory neutrophils elicited by casein.

The human neutrophils used in the present study were not
inflammatory exudate cells such as those that were isolated
from the casein-elicited mice and rats. Therefore, a variety of
stimulating agents were used in an effort to induce high-level
RNI production. In addition, nitrite concentrations were

evaluated at 2 as well as 24 hr after stimulation, to distinguish
between activation of a pre-existing enzyme (such as the Ca2 + -

dependent nitric oxide synthase) or induction of an enzyme

previously present at very low concentrations (such as iNOS). It
remains possible that more complex mixtures of stimuli that
might be encountered in vivo could induce or trigger high-level
RNI production by human neutrophils. However, the data are

entirely consistent with the hypothesis that mammalian
neutrophils are able to produce only enough nitric oxide to
act as a vasodilator or neurotransmitter, but not enough to be
effective as an antimicrobial or anti-tumour agent. These data
are also consistent with the results of Keller et al. who noted
minimal nitrite production by human neutrophils during a

1-hr culture with various stimuli,10 and with the results of Yan
et al. who noted very low levels of conversion of arginine to
citrulline by human neutrophils exposed to various cytokines
and LPS.16

It also seemed possible that the production of little or no

nitrite by human neutrophils might be caused by the formation
of a different end-product, not by the production of little or no
RNI. However, high-level RNI production in mouse macro-

phages was consistently associated with the production of
nitrate and nitrite at a 1:1-2: 3 ratio.4'17 Thus, the absence of
nitrite production by human neutrophils indicates either the
lack of high-level RNI production or a major difference in the
fate of RNI following production. This difference does not
seem to be related to concomitant superoxide production by the
neutrophils, because SOD did not significantly increase nitrite
levels.

Data from the present study suggest that neutrophils from
rats, mice and humans are similar in their inability to produce
high levels of RNI. Thus, rodent neutrophils seem to be an

appropriate model for human neutrophils with regard to RNI-
related functions (e.g. vasodilation or microbicidal activity).
However, it is important to note that this does not seem to be
the case for macrophages. It is clear that rodent macrophages
produce high concentrations of nitrite when induced by IFN-y,
LPS or heat-killed bacteria,5 18 but human macrophages appa-
rently do not.8'9
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