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Natural glucocorticoids (Gc) produced during stress have profound
effects on the immune system. It is well known that Gc induce
apoptosis in precursor T and B cells, markedly altering lymphopoi-
esis. However, it has been noted that marrow myeloid cells
expanded both in proportion and absolute numbers in the mouse
after Gc exposure. Mice were implanted with a corticosterone (CS)
tablet that increased serum Gc and caused atrophied thymuses,
both classic signs of activation of the stress axis. Blood neutrophil
counts were elevated (4.8�), whereas lymphocyte counts declined.
Flow cytometric analysis of the marrow revealed that the pheno-
typic distribution of the various major classes of cells was shifted
by Gc exposure. As expected, marrow lymphocyte numbers de-
clined >40% after 3 days of exposure to Gc. Conversely, in the
myeloid compartment, both monocytes and granulocytes in-
creased in number by >40%. Further, all granulocyte developmen-
tal stages showed large increases in both total number and
percentage of cells. To investigate the functional capacity of
mature granulocytes from Gc-treated mice, an improved granulo-
cyte isolation method was developed. Gc exposure had little effect
on the ability of granulocytes to produce superoxide or undergo
chemotaxis or phagocytose bacteria. These results indicate that Gc
treatment shifts bone marrow composition and provides evidence
that granulocytes and their progenitors are selectively preserved
under stressful conditions without losing function.

granulopoiesis � lymphopoiesis

S tress resulting from nutritional deficiency, burns, trauma,
psychological distress, or other events can trigger profound

physiological responses, leading to synthesis of glucocorticoids
(Gc) and causing large increases in serum Gc (1). Chronic
elevation of Gc can last days or weeks and can result in dramatic
alterations to the immune system. The focus of this article will
be the impact of Gc-mediated stress on the development of
murine bone marrow granulocytes.

Gcs have long been known to have potent antiinflammatory
activity. Although the antiinflammatory activity of Gc, especially at
pharmacological levels, may help reduce inflammatory reactions
and thus avert tissue damage, prolonged Gc exposure can lead to
a variety of unwanted side effects, including immunosuppression (2,
3). Indeed, both exogenous (4) and endogenous (5) Gc have
immunosuppressive effects, including inhibition of MHC class II
expression (6), disruption of Th1/Th2 balance (7), and increased
susceptibility to infection during wound healing (8, 9).

Gcs are well known for their ability to initiate apoptosis in
precursor lymphoid cells in both the thymus and bone marrow,
reducing lymphopoiesis. Endogenous Gc caused by zinc deficiency
resulted in lymphopenia, reduced splenic lymphocyte number,
thymic atrophy due to accelerated apoptosis, and reductions of
lymphocyte numbers in the bone marrow (10). In related studies,
exposure to corticosterone (CS) alone led to apoptotic losses of
30–70% in marrow pre-B cells in mice (11, 12). In contrast, myeloid
cells appeared to be resistant to Gc-induced apoptosis, with gran-
ulocytes and monocytes increasing in number in the mouse bone
marrow (11) and neutrophil counts increasing significantly in the

circulation (13). Moreover, Gc significantly increased the half-life
of neutrophils (14, 15). The mechanisms by which Gc exerted its
effects on granulocytes and their precursors in the marrow were not
known. Nevertheless, the significant reprogramming of the immune
system subsequent to the introduction of stress deserved further
exploration.

In this article, the effects of chronic elevation of Gc in mice on
bone marrow granulocyte development were investigated. De-
livery of stress levels of CS to mice resulted in shifts in bone
marrow composition, including reduction in lymphocyte number
and increases in myeloid cells. Granulocytes increased both as a
percentage of the nucleated marrow cells and in total number,
including all stages of granulocyte development. CS had little or
no effect on the gross function of mature granulocytes from the
marrow. These data indicate exposure of mice to stress levels of
CS has different effects on granulocytic cells and their devel-
opment than lymphoid-like cells in the marrow. It suggests that
the first line of immune defense is preferentially preserved.

Results
CS Exposure Results in Elevated Serum CS, Thymic Atrophy, and
Neutrophilia. The delivery of stress levels of CS to mice was
accomplished by s.c. implantation of CS tablets, as described (11,
12). On day three of CS exposure, mice were killed, and serum
CS was determined. Mice with CS implants (20 mg of CS, 20 mg
of cholesterol) had significantly higher serum CS levels and
severely reduced thymus weights (78.3% reduced) compared
with control mice with cholesterol (40 mg) implants (Fig. 1).

Blood was collected from each group, and white blood cell
(WBC) counts were performed. Total WBC numbers were not
statistically different between control and CS-treated mice.
CS-treated mice, however, had a 4.8-fold increase in neutrophil
numbers in the blood (Table 1) and a concomitant decrease in
lymphocyte numbers, from 83% to 29% of total WBC. Mono-
cytes did not significantly increase in percentage (Table 1). Thus,
elevated CS increased neutrophil numbers in the blood.

Effect of CS on Bone Marrow Classes: Increase in Myeloid Cells. It was
of particular interest to discern how these shifts in WBC
composition were manifested in the marrow of mice subjected to
CS. Although total nucleated bone marrow cell numbers did not
change after 3 days of exposure to CS, there were large shifts in
the percentage and overall number of the various classes of cells
in major compartments of the bone marrow. To analyze these
cell classes, a flow cytometric system allowing discrimination of
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at least five distinct cell populations was used (10–12, 16)
[supporting information (SI) Fig. 5].

Using this protocol, the effects of CS exposure on immune
cells and their precursors in the mouse bone marrow were
investigated. After 3 days of CS treatment, lymphoid cells of the
mouse bone marrow declined sharply compared with control
mice (44% decrease, Fig. 2), as has been demonstrated in our
previous studies (11). Similarly, erythroid cells also showed a
sharp decrease in proportion (37%, Fig. 2) in CS-treated mice.

The key question was to ascertain the status of the develop-
ment of granulocytes and monocytes after CS exposure. In-
creases in the proportion of granulocyte and monocyte subpopu-
lations of mouse bone marrow were observed after 3 days of CS
exposure (Fig. 2). Granulocytes increased in proportion of
marrow from 34.1% to 48.0%, whereas monocytes increased
from 5.2% to 7.7% (Fig. 2). Mixed progenitors, which contain a
percentage of myeloid progenitors, increased from 10.7% to
14.4% (Fig. 2). Because the overall number of bone marrow
nucleated cells did not change upon CS exposure, these changes
also represent increases in total numbers of cells for these
populations. The data clearly show that in the presence of CS at
stress levels, myeloid cells increase in absolute number in the
mouse bone marrow whereas lymphoid cells decline sharply.

Development of Flow Cytometric System for Granulocyte Develop-
mental Stages. Because overall myeloid cell numbers increased in
the bone marrow of CS-treated mice, and because neutrophils
but not monocytes increased in number in blood, the effects of
CS on bone marrow granulocyte development were further
investigated. For this reason, an alternative flow cytometric
marker system was developed. Neutrophilic granulocytes de-
velop from hematopoietic stem cells in the bone marrow through
a series of successive steps. To delineate immature (promyelo-
cyte/myelocyte), intermediate (metamyelocyte and band cells),
and mature (segmented neutrophils) stages of granulocyte de-
velopment, a common granulocyte marker system consisting of

anti-Ly-6G/Ly-6C (Gr-1) and anti-CD11b was used. In this case,
Gr-1hi/CD11bhi populations represented segmented neutrophils
(R1 in Fig. 3A), Gr-1hi/CD11bmed populations represented meta-
myelocytes, and band cells (R2) and Gr-1med/CD11bmed/hi rep-
resented promyelocytes and myelocytes (R3). Monocytes are
also positive for both Gr-1 and CD11b; thus, to exclude mono-
cytic cells, a third antibody was included: anti-Ly-6C (clone
ER-MP20). Cells labeled ER-MP20hi are monocytic, whereas
ER-MP20med cells are mostly granulocytic. Thus, bone marrow
cells were gated on ER-MP20med and analyzed as shown in Fig.
3. The identity of cells in regions in Fig. 3 was verified by sorting
followed by cytocentrifugation and histological staining (SI Fig.
6). Thus, the flow cytometric marker systems described above
allowed delineation of the various cell compartments of whole
bone marrow and the various stages of granulocyte development.

Impact of CS on Granulocyte Development. CS-treated mice showed
increases in the three developmental stages delineated by Gr-
1/CD11b/ER-MP20 labeling compared with control mice. Seg-
mented neutrophils increased from 3.9% of bone marrow cells
to �7.8% in CS-treated mice. Similarly, band and metamyelo-
cytic cells increased from 22.3% to 31.2% of marrow cells,
whereas immature granulocytes increased from 7.8% to 11.3%
(Table 2). These changes also represent increases in total
numbers, because nucleated marrow cell number did not change
after CS exposure. In conclusion, all stages of granulocyte
development survived and increased in total number upon
exposure to CS.

Fig. 1. CS administration to mice results in systemic immune alterations.
Mice implanted with CS tablets for 3 days were monitored for serum CS
concentration (A) and thymic atrophy (B). Data shown are mean �/� standard
deviation for eight (A) and 13 mice (B). *, P � 0.01.

Table 1. CS increased neutrophil counts in mouse blood

Treatment, day 3†

Percent of WBC in mouse blood*

Neutrophils‡ Lymphocytes Monocytes

Chol 14.0 � 7.0%§ 83.0 � 8.7% 2.0 � 1.7%
CS 67.4 � 19%¶ 29.4 � 16.3%¶ 3.5 � 2.1%

*Mouse blood was harvested 3 days after tablet implant.
†Mice were implanted subcutaneously with cholesterol (Chol) or CS tablets.
‡Cell types were identified by morphological assessment.
§Data shown as percent � standard deviation, n � 5.
¶Difference between controls and CS-treated mice was significant (P � 0.01).

Fig. 2. Overall changes in bone marrow cellular distribution in control mice
(Upper) and CS-treated mice (Lower) are shown as percentage of total bone
marrow nucleated cell numbers (n � 8 per group). Data were obtained by
phenotypic labeling of bone marrow cells with anti-Ly-6C and -CD31. Lym-
phoid cells (Ly-6C�/CD31�); erythroid cells (Ly-6C�/CD31�); monocytes (CD31�/
Ly-6Chi); granulocytes (CD31�/lo/Ly-6Cmed); mixed progenitors (CD31�/Ly-
6Cmed). One representative experiment of four similar experiments is shown.

*, P � 0.01.
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Method for Preparation of Mature Bone Marrow Granulocytes. To
determine the effects on bone marrow granulocyte function of
mice exposed to CS, an improved isolation technique was
developed to separate high-purity mature granulocytes from the
marrow. Percoll gradient centrifugation allowed enrichment of
mature granulocytes to 70–85% purity. After immunomagnetic
depletion of contaminants, cells were 91% and 93% mature
granulocytes in controls and experimental samples, respectively
(n � 17 for each). Of these granulocytic cells, �85% were either
band cells or segmented neutrophils. Of special note, �3-fold

more mature granulocytes were isolated from the bone marrow
of CS-treated mice than from controls.

Mature Granulocytes Isolated from Bone Marrow of CS-Treated Mice
Are Not Impaired in Superoxide Production. The ability of mature
bone marrow granulocytes from CS-treated or control mice to
produce superoxide in response to phorbol myristate acetate
(PMA) was determined. Granulocytes produced steadily in-
creasing amounts of superoxide up to 90 min after PMA addition
(Fig. 4), with no significant differences observed in cells from the
marrow of control or CS-treated mice. Similar results were
obtained with cells stimulated with 2 �M PMA (data not shown).
These findings suggested exposure to CS did not affect super-
oxide production by granulocytes residing in the marrow. In
addition, the ability of marrow granulocytes to undergo chemo-
taxis in response to murine CXCL 1 chemokines MIP-2 or KC
was not affected by CS exposure (SI Fig. 7).

Mature Granulocytes Isolated from Bone Marrow of CS-Treated Mice
Are Not Impaired in Phagocytic Function. The ability of marrow
granulocytes to engulf Escherichia coli was investigated. Phago-
cytosis, as determined by visual inspection and measured by
percentage of mature granulocytes positive for internalized
fluorescein-conjugated E. coli, increased with the ratio of E. coli
to granulocyte for both controls and CS-treated samples (Table
3). At a 10:1 E. coli:granulocyte ratio, 54% of granulocytes
contained internalized bacteria, whereas at a 100:1 ratio, 87%
had internalized bacteria. No statistically significant difference
was observed in the percentage of granulocytes with internalized
bacteria between control and CS-treated mice. Additionally, the
number of E. coli particles per cell were counted. The number
of particles per cell increased as the ratio of E. coli to granulo-
cytes increased, with more than three particles per cell at the
lowest E. coli to granulocyte ratio (10:1) and up to 10 particles
per cell at the highest ratio (100:1). Only at the highest ratio of
E. coli to granulocytes (100:1) was a significant difference
observed in phagocytosis, with cells from CS-treated mice
showing a decrease in the number of E. coli per cell (6.4)
compared with control cells (10.3). Samples incubated at 4°C
served as negative controls and showed �2% of neutrophils
internalized bacteria. These results indicated that marrow gran-
ulocytes from CS-treated mice were able to phagocytose bacteria

Fig. 3. CS treatment of mice results in increases in all stages of granulocyte
development. Bone marrow cells from mice implanted with cholesterol (A) or
CS (B) were analyzed by flow cytometry by using the Gr-1/anti-CD11b/-Ly-6C
system, with cells gated on Ly-6Cmed to eliminate contaminating monocytes.
Regions corresponding to segmented neutrophils (R1), metamyelocytes and
band cells (R2) and promyelocytes and myelocytes (R3) were analyzed. Rep-
resentative data shown are from a control mouse (A) and a mouse with CS
tablet implant (B) and are representative of typical myeloid changes in tablet
implant experiments.

Table 2. CS expanded granulocyte subpopulations in marrow
of CS-treated mice

Treatment, day 3†

Granulocyte subpopulation*

Mature, %‡ Intermediate, % Immature, %

Chol 3.9 � 1.6 22.3 � 3.9 7.8 � 1.6
CS 7.8 � 1.6§ 31.2 � 1.7§ 11.1 � 1.5§

*Data represent percent of total bone marrow cells � standard deviation (n � 8).
†Mice were implanted subcutaneously with cholesterol (Chol) or CS tablets.
‡Maturational stage determined by flow cytometry (Fig. 2).
§Difference between control- and CS-treated mice was significant (P � 0.01).

Fig. 4. Mature bone marrow granulocytes from CS-treated mice were able
to produce superoxide at levels comparable to or higher than granulocytes
from control mice. The production of superoxide by PMA-stimulated mature
granulocytes was monitored over time. Background correction was achieved
by using parallel samples in the absence of PMA. Specificity of superoxide
production was determined by the addition of SOD to parallel samples.
Granulocytes from control (open circles) and CS-treated (filled circles) mice
were analyzed, n � 4 per group. Data shown are a representative of two
experiments using 6 �M PMA.
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to a degree similar to that of cells from control mice. The only
significant difference observed was a decreased number of E. coli
particles per cell in granulocytes from CS-treated mice when
very high ratios of E. coli to granulocyte were used.

Discussion
This study focuses on cells of the granulocytic lineages in murine
bone marrow and clearly demonstrates they not only survive
exposure to CS in vivo but also increase in absolute numbers. As
might be expected, this also resulted in increases in peripheral
neutrophils (�480%). Analysis of maturation stages of granulocyte
development was possible due to improved flow cytometric meth-
ods which used anti-Ly-6C to eliminate monocytes from Gr-1�/
CD11b� myeloid cells, leaving mostly granulocytes. When fol-
lowed by a combination of Percoll gradient centrifugation and
immunomagnetic depletion, this allowed for the isolation of highly
pure mature granulocytes. Using this methodology, we found that
mature marrow granulocytes (band cells, segmented cells) were
able to adequately carry out phagocytosis, produce superoxide, and
respond to chemotactic factors subsequent to the Gc exposure. This
is in marked contrast to many previous studies where exposure of
peripheral neutrophils to pharmacological steroids was shown to
alter their function (17).

To carry out these studies, CS was delivered to mice
continuously via tablet implant to mimic chronic stress events.
At 3 days postimplant, mice had CS levels that averaged �500
ng/ml serum, which is comparable with levels observed in
natural stress models including nutritional deficiencies, social
stress, and burns (18–22). Thymic atrophy and reductions in
precursor B cells in the marrow, which are hallmarks of the
stress response, were also observed in mice with CS implants
as expected (11, 12), making the model a useful system for the
study of stress-induced Gc exposure.

To assess the effects of CS on developing granulocytes in the
marrow, a three-color flow cytometric system consisting of
antibodies Gr-1, anti-CD11b, and anti-Ly-6C was used. Gr-1 and
anti-CD11b have commonly been used to label murine bone
marrow myeloid cells. Anti-Ly-6C was used as well, allowing the
separation of monocytes (anti-Ly-6Chigh) from granulocytes
(anti-Ly-6Cmed). Using this system, three developmental stages
of bone marrow granulocytes could be readily discerned: imma-
ture (promyelocytes, myelocytes), intermediate (metamyelo-
cytes, band cells), and mature (segmented cells), verified by
histological staining (SI Fig. 6) and by cell cycle analysis that
showed mature cells were not dividing (SI Table 4). Exposure of
mice to CS for 3 days resulted in accumulation of all three major
stages of granulocyte development in the bone marrow (in-
creases of 100%, 40%, and 42% in mature, intermediate, and

immature granulocytes, respectively; Table 2). This is in keeping
with the observations that the addition of small amounts of Gc
to bone marrow cultures promoted an accumulation of myeloid
cells and gradual loss of lymphoid cells (23), with similar
accumulations, including immature granulocytes, observed in
vivo in mice responding to social stress (21). Thus, the findings
here expand on these earlier studies.

It has been shown that increased egress of granulocytes from
bone marrow accounts for a portion of the increased blood neu-
trophil count in response to Gc (24). In our study, elevated
granulocyte numbers in the bone marrow translated to an elevation
in blood granulocytes, from 14% of WBC in controls to 67.4% after
CS treatment. Under normal conditions, granulocytes in blood
have a short lifespan (25). Gcs have been shown to delay the
spontaneous apoptosis of senescent neutrophils both in vivo and in
vitro (15). The increased half-life of neutrophils after Gc exposure
would also contribute to the observed increase in blood neutrophils
(Table 1). Taken together, the data show significant alterations of
granulocytes in the marrow and peripheral blood subsequent to
exposure to CS.

It has long been known that Gc therapy leads to increased
susceptibility to infections (26, 27), as does increased social stress
(28). Indeed, elevated Gc leads to rapid apoptotic loss of
lymphoid cells both peripherally and in the bone marrow (12, 21,
29, 30). Numerous studies have been undertaken to assess the
effects of Gc on granulocyte function. Most these studies focused
on pharmacological Gc and their effects on peripheral blood or
peritoneal neutrophils from different organisms. In these stud-
ies, inhibition of neutrophil chemotaxis (31, 32), phagocytosis
(33), and superoxide production (34, 35) by Gcs such as fluti-
casone and dexamethasone was demonstrated both in vitro and
in vivo. In contrast, data showing that synthetic Gc has no effect,
or even enhances neutrophil function, have also been reported
(36, 37). Reasons for the conflicting results are most likely due
to the different models being studied and the variation in drug
type, dose, and exposure time. It has been shown that synthetic
and natural Gc vary in their potency and effects on gene
expression and apoptosis (38). Our results differ from many of
these studies in that CS, a natural Gc, was administered in vivo
to mice continuously for a period of 3 days, with Gc levels that
were consistent with natural models of stress. Another differ-
ence between this study and previous studies was the use of
mature bone marrow granulocytes for functional analysis instead
of blood or peritoneal neutrophils (39, 40). Our studies indicated
that chemotaxis, phagocytosis, and superoxide production were
unaffected or slightly enhanced by in vivo CS treatment.

The evolutionary reason behind Gc-mediated granulocyte
expansion by natural steroids remains a mystery. The most
obvious explanation is that stress situations promote strength-
ened innate immune defense. Neutrophils are the first line of
defense against microbial pathogens and of critical importance
in human immunity. As such, Gcs may serve the purpose of
bolstering innate immunity to help protect against as many
infections as possible.

Materials and Methods
Mice and Gc Implants. Female CAF1 mice (4–5 weeks old) were purchased from
The Jackson Laboratory or Harlan–Sprague–Dawley. Mice were maintained
according to guidelines approved by the University Laboratory Animal Re-
search committee at Michigan State University in a facility maintained at 25°C
with 12-h light and dark cycles. For implantation of tablets, age- and weight-
matched mice (8–10 weeks of age) were anesthetized with ether and main-
tained with 30% isoflurane (Halocarbon Products). Tablets consisted of 20 mg
of CS (92%; Sigma–Aldrich)/20 mg of cholesterol (Sigma–Aldrich) or 40 mg of
cholesterol only and were implanted s.c. Incisions were sealed with wound
clips (11). Mice were monitored daily for survival and infections.

Harvesting and Processing of Tissues. Mice were anesthetized with isoflurane
and blood collected by cardiac puncture. Whole blood was used for total

Table 3. Granulocytes from CS-treated mice were competent
in carrying out phagocytosis

Treatment* Ratio†

Percent with
E. coli, %‡

E. coli per
cell§

Cholesterol 10:1 54.4 � 7.3 3.3 � 0.90
Corticosterone 10:1 63.2 � 10.1 3.6 � 0.49
Cholesterol 25:1 66.3 � 21.9 5.9 � 1.6
Corticosterone 25:1 67.0 � 6.7 6.9 � 1.6
Cholesterol 100:1 87.2 � 3.5 10.3 � 2.9
Corticosterone 100:1 85.9 � 3.6 6.4 � 1.0¶

*Mice were treated with CS by tablet implant. Marrow cells were harvested at
day 3 after implant. n � 4 per group, one of two experiments.

†Ratio of E. coli to granulocytes in assay.
‡Percent of granulocytes with ingested E. coli.
§Data obtained by counting individual E. coli-fluorescein particles in each
mature granulocyte.

¶Difference from control was significant (P � 0.05).
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blood counts, including differential counts and serum for CS analysis. Thy-
muses were removed and weighed. Bone marrow was harvested from femurs
and tibiae into Harvest Buffer [HBSS (Invitrogen), 10 mM Hepes, 4 mM sodium
bicarbonate, 4% heat-inactivated FBS (Atlanta Biologicals, pH 7.2], as de-
scribed in ref. 41. After red blood cell lysis, bone marrow cells were resus-
pended in Label Buffer (HBSS, 10 mM Hepes, 4 mM sodium bicarbonate, 2%
heat-inactivated FBS, 0.15% sodium azide, pH 7.2) for flow cytometry analysis.
Alternatively, cells were resuspended in Harvest Buffer for functional assays.

Determination of Serum CS. Serum CS was determined by using a Corticoste-
rone (125I) Double Antibody RIA kit (MP Biomedicals), following the manufac-
turer’s recommendations.

Flow Cytometry. All antibodies were from BD Biosciences, except where
indicated. Phenotypic labeling of distinct bone marrow cell classes is described
in SI Text. Phenotypic labeling of three granulocyte maturational stages,
immature (promyelocytes, myelocytes), intermediate (metamyelocytes, band
cells), and mature (segmented neutrophils) was performed by using antibod-
ies anti-Ly-6G and Ly-6C (Gr-1; biotinylated), anti-CD11b (PE-conjugated) and
anti-Ly-6C (clone ER-MP20; FITC-conjugated; Bachem). Mature neutrophils
were Gr-1hi/CD11bhi, intermediate cells were Gr-1hi/CD11bmed, and immature
granulocytes were Gr-1med/CD11bmed/hi. To eliminate monocyte contamina-
tion, cells were gated on anti-Ly-6Cmed (16).

For labeling, bone marrow cells (1 � 106) in Label Buffer were incubated
with antibody for 25 min on ice. Biotinylated antibodies were detected by
addition of streptavidin-PE-Cy5 conjugate (BD Biosciences).

Isotype control antibodies used were FITC-conjugated rat IgG2a, biotin-
ylated rat IgG2b, and PE-conjugated rat IgG2b

After labeling, cells were incubated with 1.5% formaldehyde in PBS (pH
7.2–7.4) overnight on ice. For cell cycle analysis, instrumentation and software
used, see SI Text.

Isolation of Mature Bone Marrow Granulocytes. Bone marrow cells were loaded
onto Percoll gradients (GE Healthcare Biosciences), comprised of 50% (vol/
vol), 55% (vol/vol), and 62.5% (vol/vol) Percoll layers in HBSS and centrifuged
at 300 � g for 20 min at room temperature. Cells at the 55%/62.5% interface

were collected. For high purity, cells were subjected to immunomagnetic
depletion of contaminants by using anti-CD5, anti-CD45R/B220, Ter119, and
anti-CD117/c-kit antibodies for 25 min on ice. Cells were then mixed with
sheep anti-rat IgG-conjugated Dynabeads for 30 min with gentle mixing,
followed by application to a Magnetic Particle Concentrator (Invitrogen) to
remove the contaminating cells.

Determination of Superoxide Production. Superoxide production by bone
marrow granulocytes was determined by monitoring reduction of ferricyto-
chrome c (42). Briefly, 1.5 � 105 high-purity bone marrow granulocytes were
mixed with cytochrome c (50 �M; Sigma–Aldrich) and PMA (Sigma–Aldrich; 2
or 6 �M). Negative controls omitted PMA. Samples with and without super-
oxide dismutase (400 units/ml) were included to determine superoxide-
specific reduction of cytochrome c. Reactions were incubated at 37°C.

Analysis of Phagocytosis. Phagocytosis of E. coli by bone marrow granulocytes
was analyzed by visualization of internalized E. coli by using a fluorescent
microscope. Fluorescein-labeled E. coli (Invitrogen) was opsonized with fresh
normal mouse serum for 1 h at 37°C. Reactions consisted of 1 � 105 bone
marrow granulocytes, 10% fresh autologous mouse serum, and fluorescein-
conjugated E. coli (ratio of E. coli to granulocytes was 10:1, 25:1 or 100:1) in 500
�l of HBSS with Mg2� and Ca2�. After 1-h incubation at 37°C with shaking,
washing with cold Harvest Buffer, and resuspension stop buffer containing
sodium fluoride, cells were centrifuged onto slides, fixed in 10% buffered
formalin and mounted by using Prolong Antifade Gold reagent (Invitrogen)
containing 0.5 �g/ml DAPI. The extent of phagocytosis was determined by
counting at least 250 cells per slide and counting the number of E. coli particles
per cell. Associated and ingested E. coli were discriminated by comparing
phagocytosis in samples incubated at 4°C.

Statistical Analysis. Student’s t test was used for comparison between control
and CS-treated groups.
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