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Endogenous glucocorticoids control neutrophil
mobilization from bone marrow to blood and
tissues in non-inflammatory conditions
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Background and purpose: We have shown that endogenous glucocorticoids control neutrophil mobilization in the absence of
inflammation. In this study the role of the glucocorticoid receptor (GR) in the physiological control of neutrophil mobilization
was investigated, focusing on the specific mechanisms for mature neutrophils in bone marrow, circulating neutrophils and
endothelial cells.

Experimental approach: Male Wistar rats were treated with RU 38486 or adrenalectomized. Cell numbers in bone marrow
and circulation were morphologically quantified and expressions of L-selectin determined by flow cytometry. Expressions of P-
selectin, E-selectin, PECAM-1, VCAM-1 and ICAM-1 were measured by immunohistochemistry on vessels of cremaster muscle
and their mRNA levels quantified in primary cultured endothelial cells. NF-kB activity in neutrophils and endothelium was
quantified by EMSA.

Key results: RU 38486 treatment altered the maturation phases of neutrophilic lineage and reduced expression of L-selectin in
mature neutrophils from bone marrow; increased the number of neutrophils in the circulation and elevated the expression of
L-selectin in these cells. P-selectin and E-selectin expression in endothelial cells was unchanged by adrenalectomy or RU 38486
treatment. Membrane expressions, mRNA levels of ICAM-1, VCAM-1 and PECAM-1 and NF-kB translocation into the nucleus
were higher in the endothelium of adrenalectomized and RU 38486 treated rats.

Conclusions and implications: Endogenous glucocorticoids, through activation of GR on neutrophils, physiologically control
the rolling behaviour of these cells and, by modulating endothelial functions, affect their adhesiveness. The molecular
mechanism induced by activated GR is different in each cell, as NF-xB translocation was only altered in endothelial cells.
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Introduction

Endogenous glucocorticoids modulate several physiological
responses, such as glucose metabolism, cardiovascular
activity and immune reactions (Wilckens and De Rijk,
1997; Marik and Zaloga, 2002). Indeed, regulation of

expression of adhesion molecules, phagocytic and micro-
bicidal activities (Filep et al., 1997; Fassbender et al., 1999;
Nakagawa et al., 1999; Torsteinsdottir et al., 1999; Weber
et al.,, 2001, 2004), which occur in the course of an

leukocyte recruitment (Flower et al., 1986; Moraes et al.,
1987; Abe et al., 1995; Rovai et al., 1998; Leech et al., 2000),
increase in vascular permeability, secretion of cytokines,
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inflammatory or stress injury, are modulated by an increase
in the concentration of endogenous glucocorticoids in the
plasma. In addition to the effects exerted by endogenous
hormones, synthetic hormones are important therapeutic
tools for the treatment of inflammatory diseases and as
immunosuppressor agents (Rhen and Cidlowski, 2005; Song
et al., 2005).

A broad range of anti-inflammatory effects elicited by high
concentrations of endogenous glucocorticoids and thera-
peutic doses of synthetic hormones are mediated through
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an intracellular receptor, the glucocorticoid cytoplasmic
receptor (GR), a member of the steroid hormone receptor
superfamily located in the cytoplasm. On binding to the
hormone, the GR is released from heat-shock protein 90 and
other regulatory proteins, allowing it to gain access to the
nucleus. Domains within the N-terminal region of the
receptor interact with either negative or positive glucocorti-
coid response elements (GREs) in promoter regions of genes,
with subsequent initiation or repression of transcription
(Adcock, 2000; Lu and Cidlowski, 2004). Notwithstanding
this classical mechanism of action, it has been suggested that
the activated GR has an action directly on nuclear factor-xB
(NF-kB) or on activating protein-1, inhibiting their binding
to DNA and thus impeding transcription (van der Burg and
van der Saag, 1996; Wissink et al., 1998; Reichardt et al.,
2001; Lu and Cidlowski, 2004). In addition, a non-genomic
mechanism has been proposed as it has been observed that
administration of the GR antagonist RU 38486 or of protein
synthesis blockers does not alter the reduced phagocytic and
microbicidal activities of neutrophils or macrophages evoked
by high doses of synthetic steroids (Liu et al., 2005; Long
et al., 2005).

Our previous data have shown that endogenous glucocor-
ticoids exert a physiological control on neutrophil mobiliza-
tion, that is in the absence of an inflammatory response
they help to keep neutrophils in circulation, as adrenalectomy
or blocking of the GR resulted in increased rolling and
adherence of leukocytes to postcapillary venules (Farsky
et al, 1995). In addition, endogenous glucocorticoids
accelerate neutrophil maturation in the bone marrow and
its transference into the peripheral compartment, with
consequent neutrophilia (Cavalcanti et al., 2006). The effects
of endogenous glucocorticoids are most probably modulated
by L-selectin, as adrenalectomy induced a decrease in the
expression of L-selectin in mature neutrophils from bone
marrow and an increased expression of L-selectin in
circulating neutrophils. The expression of L-selectin in these
cells is controlled by post-translational mechanisms, as the
concentrations of L-selectin mRNA were the same in cells
obtained from control and adrenalectomized (ADX) animals
(Cavalcanti et al., 2006).

Physiologically, L-selectin has an important role in the
mobilization of leukocytes from bone marrow (Takeshita
et al., 2004) and in their movement into tissue, being
responsible for the rapid onset of the adherence of
neutrophils to the endothelium (Petri and Bixel, 2006).
Furthermore, our data (Cavalcanti et al., 2006) indicate that
endogenous glucocorticoids, by modulating L-selectin ex-
pression, maintain mature neutrophils in different compart-
ments during their life span, avoiding the inappropriate
mobilization of leukocytes.

The results from the present study reveal the physiological
role of endogenous glucocorticoids in the movement of
neutrophils in the absence of any injury or stress conditions.
The interaction of endogenous glucocorticoids with GR was
evaluated in bone marrow, circulating and endothelial cells
after treatment with RU 38486. By screening the passage of
neutrophils in each phase, we showed that via GR,
endogenous glucocorticoids act on neutrophils by modulat-
ing their initial contact with the endothelium, whereas they
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act on the endothelium by controlling the events respon-
sible for the subsequent firm adherence of neutrophils to the
vessel wall. In addition, the differential control by the
hormones on the expression of adhesion molecules in each
microenvironment may involve distinct intracellular me-
chanisms, as the translocation of NF-kB into the nucleus was
only altered in endothelial cells.

Methods

Animals

Male Wistar rats weighing 180-250 g at the beginning of the
experiments were used. The animals were fed a standard
pellet diet and water ad libitum. Before each experimental
procedure, the animals were anaesthetized with sodium
pentobarbital (65 mgkg~", i.p.) to avoid stress. All procedures
done to the animals were carried out according to protocols
approved by the local Committee for Ethical Surveillance in
Animal Experimentation (COBEA) for the proper use and
care of experimental animals.

Surgical procedures

The animals were divided into two groups, one consisting of
animals subjected to adrenalectomy and the other of control
sham-operated (SO) animals. Animals in the adrenalectomy
group were subjected to bilateral adrenalectomy in which
entrance into the abdominal cavity was achieved through
bilateral incisions of skin and muscle. ADX rats were
administered isotonic saline solution in addition to water
orally. The SO animals were subjected to surgical incisions,
handling of the abdominal viscera and closure of the
incisions, similar procedures to those applied to the ADX
animals. No special postoperative care was required for the
SO animals. The animals were used for experimentation 7
days after being operated. Non-manipulated (NM) rats were
kept under the same conditions as operated rats.

Drug treatment

The glucocorticoid receptor antagonist mifepristone (RU
38486) was dissolved in a mixture of isotonic saline and
absolute ethanol (1:1 v/v) and was administered via the
intraperitoneal route (10mgkg™') every 24h for 7 days.
Control animals received the same volume of the vehicle
used to dissolve the drugs, via the same route (vehicle-
treated (VT) rats).

Haematological parameters

Animals were anaesthetized with sodium pentobarbital and
whole blood samples were obtained via abdominal aorta
punctures. EDTA (1 mgml') was used as an anticoagulant.
The total number of cells was quantified using a Neubauer
chamber. Differential leukocyte counts were performed on
blood smears stained with May Grunwald-Giemsa.

Bone marrow cells were obtained by flushing the femoral
cavity with 2ml of Mc Coy’s 5A medium with EDTA
(1mgml™!). The total number of cells was quantified in a
Neubauer chamber. Differential counts were performed on



the basis of 500 cells per slide in cytocentrifuge smears
stained with May Grumwald-Giemsa. The granulocytic
lineage of the bone marrow was classified as being either
immature, band or mature. The immature class was con-
sidered to be promyelocytes, myelocytes and metamyelo-
cytes. Mature cells in the last phase of maturation comprised
around 98-99% of neutrophils. In the mononuclear lineage
in the bone marrow, lymphoblasts were considered to be
immature cells and lymphocytes, plasmocytes and macro-
phages were considered to be mature cells. In the circulatory
compartment, mononuclear cells were comprised of lym-
phocytes and monocytes.

Flow cytometer

Leukocytes were isolated from blood collected from the
abdominal aorta or from the bone marrow to quantify the
expression of L-selectin. Leukocytes from the blood were
used to evaluate apoptosis and necrosis. Blood was collected
using EDTA (2mgml™ ') as an anticoagulant and bone
marrow content was harvested by perfusion of the femur
with Hank’s balanced salt solution (HBSS) containing 1%
BSA and 10% EDTA. Briefly, erythrocytes were lysed by
addition of ammonium chloride solution (0.13M) to both
samples, and leukocytes were recovered after washing with
HBSS.

To quantify the expression of the adhesion molecule,
leukocytes (1 x 10°) were incubated in the absence and
presence of N-formylmethionyl-leucyl-phenylalanine (FMLP
1078M) for 15min. After being washed, leukocytes were
further incubated for 20 min at 4 °C in the dark with 10 ul of
L-selectin monoclonal antibody conjugated with FITC
(fluorescein isothiocyanate conjugated). To quantify apop-
tosis and necrosis of circulating cells, leukocytes (1 x 10°)
were incubated with FITC annexin V (1:500) for 20 min at
room temperature in the dark. Subsequently, propidium
iodide (50pugml~') was added. Cells obtained from NM
animals were irradiated with u.v. (300]J; for 5, 15 or 30s) and
used as a positive control to indicate the efficacy of the assay.

Immediately after incubation with the antibody or protein
and dye, the cells were analysed in a FACScalibur flow
cytometer (Becton & Dickinson, San Jose, CA, USA). Data
from 10000 cells were obtained and only the morphologi-
cally viable leukocytes were considered for analysis. Results
of L-selectin expression are presented as fluorescence units
and data from apoptosis and necrosis as the percentage of
cells positive to annexin V or propidium iodide.

In vitro neutrophil-endothelium adherence

Granulocytic cells-enriched leukocytes. Blood was collected
from the abdominal aorta of anaesthetized rats using 2%
EDTA. Cell separation was achieved by adding 3 ml of Percoll
56% in sterile phosphate-buffered saline to Sml of blood
samples. After centrifugation (1000g, 40 min), the interface
containing mainly granulocytes (99% mature neutrophils)
was collected and erythrocyte lysis was induced by adding
lysis solution (NH4Cl 8.02gl’1, NaHCO3 0.84g1*1). Then
10° cellsml™! were suspended in HBSS with 0.5% BSA and
used for the adherence assay.
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Endothelial cells. Primary cultures of microvascular endo-
thelial cells were obtained from the cremaster muscle of
the rats using the method described by Chen et al. (1995)
and modified by Lotufo et al. (2006). Rats were anaesthetized
and clotting was avoided by intraperitoneal injection of
heparin (1000U per animal). The animals were then
exsanguinated by cutting the bilateral carotid arteries.
Subsequently, the cremaster muscles were isolated, cut into
cross sections of approximately 2 x 2mm?, and two of these
sections were placed into a flask and cultured in Dulbecco’s
modified Eagle’s medium supplemented with 20% fetal calf
serum and 1% gentamycin. After 48h, the tissues were
discarded and the medium was changed. The cells were sub-
cultured with 10% pancreatin in phosphate-buffered saline
solution and used for an adherence assay on the eighth day,
when they achieved confluence. The endothelial cells were
identified by adding monoclonal antibody against platelet
endothelial cell adhesion molecule-1 (PECAM-1; Lotufo
et al., 2006).

Adherence assay. First-passage endothelial cells were plated
onto 6.4-mm-diameter wells at 10* cellsml™" in Dulbecco’s
modified Eagle’s medium supplemented with 20% fetal calf
serum. Endothelial cells were washed three times with 100 ul
of HBSS, and neutrophils (105cells per 50l well) in HBSS
containing 0.5% BSA were then added. Endothelial cells and
neutrophils were incubated for Smin (37 °C, 5% CO,). Non-
adherent neutrophils were washed away twice with 100 ul of
HBSS. A colorimetric tetramethylbenzidine assay was then
carried out to detect neutrophils adhering to the mono-
layers, in which tetramethylbenzidine was used as a
peroxidase substrate. Then 50ul of acetate buffer (0.05M,
pH 5.8), containing 0.25% dodecyltrimethylammonium
bromide A as a peroxidase solvent and 25 pl tetramethylben-
zidine (16 mM in dimethylsulphoxide), were added and the
plate was incubated for 5min at room temperature. Subse-
quently, 100 ul of hydrogen peroxidase (final concentration
2.5nM) was added. After 2 min, the peroxidase reaction was
stopped by the addition of 50 ul of sulphuric acid (1 M). The
absorbance was determined at 420nm using an ELISA
microplate reader (spectraMAX 250, Molecular Devices).
Neutrophil adherence was calculated using a calibration
curve obtained by carrying out the peroxidase reaction in
wells containing known amounts of neutrophils.

Immunohistochemistry. Animals were anaesthetized and
their testes were surgically removed. They were immediately
frozen in nitrogen-hexan solution, cryosectioned (8pum
thickness) and fixed in cold acetone for 10 min. For a direct
immunohistochemistry assay, sections were incubated with
3% H,O, Superblock solution to block endogenous per-
oxidase and biotin, respectively. This was followed by an
overnight incubation (in a humidified box, 4°C) with a
biotinylated anti-rat ICAM-1 (intercellular cell adhesion
molecule-1), PECAM-1 monoclonal antibody, purified anti-
rat VCAM-1 (vascular cell adhesion molecule-1) monoclonal
antibody, purified anti-rat E-selectin or purified polyclonal
P-selectin. Sections were incubated for 60 min with strepta-
vidin conjugated to peroxidase. Colour was developed by the
addition of 3,3-diaminobenzidine. Sections were lightly
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stained in haematoxylin and dehydrated with ethanol and
xylene. 3,3-Diaminobenzidine-stained areas of vessel walls
were selected and the intensity of colours was quantified
using image analyzer software (KS 300, Kontron Eletronik,
Carl-Zeiss, Germany). To evaluate the background reaction,
all these procedures were also carried out in sections of testes
that had been incubated in the absence of antibodies or
using goat immunoglobulin G.

Determination of mRNA concentrations

RNA extraction. Total RNA was extracted from endothelial
cells cultured using the Trizol reagent method following the
manufacturer’s instructions. The RNA extraction was carried
out in an RNAse-free environment. RNA was quantified by
reading the absorbance of the RNA solution obtained at
260 nm.

Reverse transcriptase-PCR. c¢DNAs were synthesized from 2 pug
of total RNA using an oligo(dT),s primer (20 ugml™') after
incubation at 70°C for Smin in the presence of 2mMm of
dNTP mix, ribonuclease inhibitor (20U) and Moloney
murine leukaemia virus reverse transcriptase (200U) in a
final volume of 25l in Moloney murine leukaemia virus
reverse transcriptase buffer. The reverse transcription oc-
curred by incubation at 42 °C for 60 min. For PCR, the cDNA
obtained was incubated with 2.5U Taq DNA polymerase,
0.4 M 3'- and 5'-specific primers and 200 pM dNTP mix in
buffer-thermophilic DNA polymerase, containing 1.5mM
MgCl,. The primer sequences used were GAPDH, 5'-TATGAT
GACATCAAGAAGGTGG-3' (forward) and 5-CACCACCCT
GTTGCTGTA-3' (reverse); ICAM-1, 5-CCTCTTGCGAAGAC
GAGAAC-3' (forward) and 5'-ACTCGCTCTGGGAACGAATA-3'
(reverse); VCAM-1, 5-AAGGGGCTACATCCACACTG-3' (for-
ward) and 5'-ACCGTGCAGTTGACAGTGAC-3’ (reverse);
PECAM-1, 5-TGCAGGAGTCCTTCTCCACT-3' (forward) and
5'-ACGGTTTGATTCCACTTTGC-3' (reverse).

Electromobility shift assay

Nuclear protein extracts. Neutrophils from blood and pri-
mary cultured endothelial cells were homogenized in 100 ul
lysis buffer (10mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulphonic acid, pH 7.5, 10mMm KCI, 0.1 mMm EDTA, pH 8.0,
10% glycerol, 1.0mM dithiothreitol, 0.1 mM phenylmetha-
nesulphonylfluoride, 1.0 ugml~! leupeptin, 1.0 ugml~! pep-
statin, 0.08 uygml~' aprotinin) and kept for 15min on ice.
After the addition of 10 ul Nonidet-P40 (10%), the samples
were vortexed for 10s and centrifuged (5000g, 1min, 4 °C).
The resultant pellet was washed with 50 ul lysis buffer and
centrifuged (5000¢, 1min, 4°C). The nuclear pellet was re-
suspended in 20pl nuclear extract buffer (10mM 4-(2-
hydroxyethyl)-1-piperazineethanesulphonic acid, pH 7.5;
0.5M KCI;, 1mM EDTA pH 8.0; 10% glycerol, 1mMm
dithiothreitol; 0.1mM phenylmethanesulphonylfluoride;
1.0pgml™! leupeptin, 1.0pgml™' pepstatin, 0.08 ugml~!
aprotinin). Tubes were kept in a rocking plate (15min,
4°C). Samples were then centrifuged (20000g, 5min, 4 °C)
and the resulting supernatant (nuclear extract) was aliquoted
and stored at —70°C until used. The protein content was
determined by Bradford’s method.
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Electromobility shift assay. An NF-xB double-strand consen-
sus oligonucleotide probe (5-AGTTGAGGGGACTTTCC-
CAGGC-3') was end-labelled with [y*P]-ATP (specific
activity 3000 Cimmol~!) in the presence of T4 polynucleo-
tide kinase (10min, 37°C; Sigma, St Louis, MO, USA).
Unincorporated nucleotides were removed in a Sephadex
G25 spin column; 4pg of nuclear extracts were incubated
with gel shift binding buffer (10 mMm 4-(2-hydroxyethyl)-1-
piperazineethanesulphonic acid pH 7.5; 50mM KCl; 1.0mM
MgCl,; 0.5mM EDTA pH 8.0; 0.5mM dithiothreitol, 4%
glycerol and 1.0pg poly(dI-dC) - poly(dI-dC) in a total
volume of 20pul, for 20min at room temperature. Each
sample was then incubated with 20000-50000 c.p.m. of
radiolabelled probe (30min, room temperature). Protein-
DNA complexes were resolved by non-denaturing 6%
acrylamide/bisacrylamide (37.5:1.0) in 0.25 x Tris-borate/
EDTA buffer at 150V for 1.5h at room temperature. The gel
was vacuum-dried and exposed to XAR-5 film (Kodak Co) for
24-48h at —70°C and analysed densitometrically.

Data and statistical analyses. Means and s.e.mean of all data
are presented and were compared by Student’s t-test or
ANOVA. Turkey’s Multiple Comparisons or Newman-Keuls
test were performed for determining the significance of the
differences between experimental conditions. GraphPad
Prism 4.0 software (San Diego, CA, USA) was employed.
The differences were considered to be significant when P was
less than 0.0S.

Drugs, chemicals, reagents and other materials. Annexin V
protein conjugated with FITC, L-selectin monoclonal anti-
body conjugated with FITC (anti-rat CD62L), ICAM-1
monoclonal antibody biotinylated (anti-rat CD54), PECAM-
1 monoclonal antibody biotinylated (anti-rat CD31), VCAM-
1 monoclonal antibody purified (anti-rat CD106), P-selectin
polyclonal purified and biotinylated anti-mouse immuno-
globulin G secondary antibody were purchased from BD
PharMingen Technical (San Diego, CA, USA). Anti-rat E-
selectin was obtained from R&D Systems (Minneapolis, MN,
USA). RU 38486, N-formylmethionyl-leucyl-phenylalanine;
Percoll, Mc Coy’s SA medium, May Grumwald-Giemsa,
tetramethylbenzidine, 3,3-diaminobenzidine, Tris-borate/
EDTA, T4 polynucleotide kinase, Nonidet-P40, dithiothrei-
tol, phenylmethanesulphonylfluoride, leupeptin, pepstatin,
aprotinin, dodecyltrimethylammonium bromide and poly
(dI-dC) were purchased from Sigma. Dulbecco’s modified
Eagle’s medium, fetal bovine serum and gentamycin reagent
solution were purchased from GIBCO BRL Products (Grand
Island, NY, USA). Sodium pentobarbital was purchased from
Cristalia (Sdo Paulo, Brazil). Heparin (Liquemine) was
obtained from Roche (Sao Paulo, Brazil) and phosphate-
buffered saline solution from EMD Chemicals (Darmstadt,
Germany). Trizol reagent was purchased from Invitrogen
(Grand Island, NY, USA). Oligo(dT);s primer, ribonuclease
inhibitor, Moloney murine leukaemia virus reverse tran-
scriptase, Taqg DNA polymerase, dNTP mix were purchased
from Promega (Madison, WI, USA). Streptavidin conjugated
with goat immunoglobulin G was purchased from Vector
Laboratories (Burlingame, CA, USA); 3% H,O, Superblock
solution from Pierce (Rockford, IL, USA); Sephadex G25 spin



column from Amersham Bioscience Corporation (CA, USA)
and T4 polynucleotide kinase from Sigma. Ammonium
chloride from Labsynth Sdao Paulo, Brazil.

Results

Role of GR in the control of neutrophil mobilization from bone
marrow

RU 38486 treatment affected the number of cells from
granulocytic lineage in the bone marrow compartment,
represented as a shunting line to the left in the neutrophilic
sector. No alteration in the number of cells in the last phase
of maturation (mature neutrophils) was observed, probably
due to their enhanced migration to the peripheral compart-
ment, as corroborated by neutrophilia. No change of lymph/
mononuclear lineage cell counts was noted at any phase of
bone marrow maturation and circulation (Figure 1).

Endogenous glucocorticoids do not interfere with the apoptosis or
necrosis of circulating neutrophils

To investigate whether the neutrophilia detected in ADX
(24) and RU 38486-treated rats was dependent on a
reduction of apoptosis or necrosis of circulating neutrophils,
phosphatidylserine exposure was quantified by annexin V
binding and necrosis was determined by propidium iodide.
Equivalent numbers of neutrophils positive to annexin V
and to propidium iodide were found in cells from ADX or RU
38486-treated rats and their respective controls (Figure 2).

Endogenous glucocorticoids modulate rolling behaviour by acting
on GR of neutrophils

Data presented in Figure 3 show that RU 38486 treatment
induced a decrease in the expression of L-selectin in bone
marrow neutrophils (Figure 3a) and an increase in circulating

Granulocytic Lineage
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neutrophils (Figure 3b), when compared to the expression of
L-selectin in the same cells collected from VT rats. The effects
did not reflect an alteration in the number of cells expressing
the molecules, but rather the number of molecules per cell,
as shown in the flow cytometer diagrams. This pattern of
L-selectin expression was similar to that detected in ADX
animals (Cavalcanti et al., 2006).

The expression of P- or E-selectin in endothelial cells from
postcapillary venules obtained from the cremaster muscle
was quantified by immunohistochemistry assays. The results
demonstrate that the expression of these molecules was
the same in tissues collected from ADX, RU 38486-treated
rats and their respective controls, SO, NM and VT rats
(Figure 4).

3 Annexin V-FITC*/PI”
Bl Annexin V-FITC*/PI*

% of neutrophils death

NM SO ADX vT RU

Figure 2 Effects of adrenalectomy and RU 38486 on the apoptosis
and necrosis of circulating neutrophils. Circulating neutrophils were
collected from non-manipulated (NM), adrenalectomized (ADX),
sham-operated (SO), vehicle-treated (VT) or RU 38486-treated rats
(RU). RU 38486 was administered for 7 days (10mgkg~', i.p., every
24 h). Cells were collected 24 h after the last dose of RU 38486 or 7
days after surgery. Data were obtained by blood flow cytometry
assay after incubation with annexin V/fluorescein isothiocyanate
conjugated (FITC) or propidium iodide (PI).
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Figure 1

Effects of RU 38486 on the number of cells in the bone marrow and in the circulation. Vehicle-treated (VT) or RU 38486 was

administered for 7 days (10mgkg ™", i.p., every 24 h) and cells were collected 24 h after last doses. (a) Number of immature, (b) band and (c)
mature neutrophils from bone marrow; (d) neutrophils in the circulation; (e) immature, (f) mature mononuclear cells from bone marrow; (g)
mononuclear cells in the circulation. Data are expressed as mean * s.e.mean values obtained in six animals for each group. *P<0.01 vs VT.
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Figure 3 Effects of RU 38486 on the expression of L-selectin in cells from the bone marrow or peripheral blood. Vehicle-treated (VT) or RU
38486 was administered for 7 days (10mgkg~", i.p., every 24 h) and cells were collected 24 h after the last dose. (a) Represents L-selectin
expression on mature neutrophils from bone marrow and (b) represents L-selectin expression on neutrophils from circulating blood. Black
columns indicate L-selectin expression after FMLP incubation (1078 M; 15 min). Data are expressed as mean * s.e.mean of values obtained in
seven animals in VT or RU 38486-treated animals. *P<0.05 vs respective controls.
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Figure 4 Effect of adrenalectomy and RU 38486 treatment on expression of P- or E-selectin on endothelial cell membranes. Vehicle-treated
(VT) or RU 38486 was administered for 7 days (10mgkg ™', i.p., every 24 h) and cremaster muscle was collected 24 h after last doses or 7 days
after adrenalectomy or sham surgery. The expressions of P- or E-selectin were quantified by immunohistochemistry. Results are expressed as
the mean £ s.e.mean of values obtained from three animals in each group. Assays were performed in quadruplicate. NM, non-manipulated;
SO, sham-operated; VT, vehicle treated; ADX, adrenalectomized; RU, RU 38486-treated rats.

Endogenous glucocorticoids modulate neutrophil adherence by
acting on GR of endothelial cells

When we evaluated the in vitro ability of the endothelial cells
obtained from ADX rats to adhere to circulating neutrophils
collected from NM animals, it was found that a higher
number of neutrophils adhered to endothelial cells obtained
from ADX animals than to endothelial cells collected from
NM or SO animals (Figure S5). Our previous results showed
that neutrophils from ADX rats presented impaired adher-
ence to endothelial cells obtained from NM rats (Cavalcanti
et al., 2006).

The expression in endothelial cells of adhesion molecules
responsible for the firm adherence of neutrophils to the
endothelium was quantified in postcapillary venules of the
cremaster muscle obtained from ADX and RU 38486-treated
rats and their respective controls, SO, NM and VT rats. The
results show that adrenalectomy and RU 38486 treatment
increased the expression of PECAM-1, ICAM-1 and VCAM-1
in the endothelial cell membrane (Figure 6). Additionally,
the concentrations of mRNA of each adhesion molecule were
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found to be significantly increased in primary cultured cells
obtained from ADX and RU 38486-treated rats when
compared to that of cells from the control animals (Figure 7).

B2 integrin is a molecule expressed in neutrophils during
their firm adherence to the endothelium (Petri and Bixel,
2006). Its expression in circulating neutrophils from RU
38486-treated rats was comparable to that found in cells
collected from NM or VT rats (data not shown).

Participation of NF-«B in the actions of endogenous

glucocorticoids on neutrophils and endothelial cells

To investigate the possible mechanisms of action that
endogenous glucocorticoids have on neutrophils and endo-
thelial cells, NF-xB translocation into the cell nucleus was
investigated. The results presented in Figure 7 show that the
translocation of the transcription factor into the nucleus of
neutrophils obtained from ADX and RU 38486-treated rats
and their respective controls were similar. Conversely,
translocation of the transcription factor into the nucleus



was markedly enhanced in cultured cells collected from ADX
and RU 38486-treated rats when compared to endothelial
cells obtained from control animals (Figure 8).

Discussion

The results presented here show that endogenous glucocor-
ticoids have an important role in the physiological control
of neutrophil mobilization displaying different actions on
neutrophils and endothelial cells, and that the control of the
expression of adhesion molecules in each cell microenviron-
ment may involve distinct intracellular mechanisms.
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Figure 5 Effect of adrenalectomy on in vitro neutrophil adherence
to endothelium. Primary cultured endothelial cells were obtained
from cremaster muscle of adrenalectomized (ADX), non-manipu-
lated (NM) or sham-operated (SO) rats, and neutrophils were
collected from circulating blood of NM rats. Tissues were collected 7
days after surgery. Data are expressed as mean *s.e.mean of four
experiments, done in duplicate. *P<0.05 vs controls.
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Total counts and relative differential proportions of blood
leukocytes provide an important representation of the state
of activation of the immune system, and of the pattern of
distribution of leukocytes in the body. Cell-cell and cell-
stromal contact, mediated by adhesion molecules on cell
surfaces, are responsible for the maintenance of leukocytes
in the bone marrow and peripheral compartments (van
Eeden et al., 1997; Bauer et al., 2001). L-selectin is involved in
these processes, as its expression is evident in all phases of
granulocyte maturation and peaks in mature neutrophils
(Lund-Johansen and Terstappen, 1993; Takeshita et al.,
2004). In addition, it mediates the rolling behaviour of
neutrophils in peripheral blood (Petri and Bixel, 2006).

Our previous results obtained in ADX animals (Cavalcanti
et al., 2006) have now been corroborated by the results
obtained in RU 38486-treated animals and indicate that
secreted glucocorticoids regulate, via GR, different phases of
neutrophil mobilization. It is likely that high concentrations
of endogenous glucocorticoids control the number of
leukocytes in circulation in stress conditions as leukocytosis
is one of the characteristics of hormone therapy (Harris et al.,
1995; Liles et al., 1997; Nakagawa et al., 1998; Weber et al.,
2001, 2004). The mechanism involved in these conditions
seems to be related to a change in the longevity of the cell in
the circulation induced by altering apoptosis (Chang et al.,
2004; Madsen-Bouterse et al., 2006) or by impairing the
synthesis and expression of L-selectin (Nakagawa et al., 1999;
Weber et al., 2001, 2004). Our data suggest that endogenous
glucocorticoids act as a selective modulator of the delivery of
granulocyte cells from the bone marrow, as ADX (Cavalcanti
et al., 2006) and RU 38486-treated rats presented an

Figure 6 Effects of adrenalectomy or RU 38486 treatment on expression of adhesion molecules on endothelial cell membranes. Vehicle-
treated (VT) or RU 38486 was administered for 7 days (10 mg kg™, i.p., every 24 h). Cremaster muscle was collected 24 h after the last doses of
vehicle or RU 38486 or 7 days after adrenalectomy or sham surgery. Data and immunohistochemistry images were obtained from non-
manipulated (NM), sham-operated (SO), Vehicle (VT), adrenalectomized (ADX) or RU 38486-treated rats. a=PECAM; b=ICAM-1; c=VCAM=1.
Results are expressed as the mean + s.e.mean of three assays performed in quadruplicate. Bar=10pum. *P<0.05 vs controls.
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Figure 7 Effects of adrenalectomy or RU 38486 treatment on gene expression of adhesion molecules in endothelial cells. Vehicle-treated (VT)
or RU 38486 was administered for 7 days (10mgkg~", i.p., every 24 h). Cremaster muscle was collected 24 h after the last doses of vehicle or
RU 38486 or 7 days after adrenalectomy or sham surgery. Reverse transcriptase-PCR assays were carried out on primary cultured endothelial
cells obtained from cremaster muscle of non-manipulated (NM), sham-operated (SO), adrenalectomized (ADX), vehicle-treated (VT) or RU
38486-treated rats. Image represent agarose gel electrophoresis of GAPDH (a); ICAM-1 (b); VCAM-1 (c); PECAM-1 (d). Results are expressed as
the mean + s.e.mean of cells collected from four animals in each group. *P<0.05 vs controls.
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Figure 8 Effects of adrenalectomy or RU 38486 treatment on NF-«xB translocation into the nucleus of circulating neutrophils or primary
cultured endothelial cells. Vehicle-treated (VT) or RU 38486 was administered for 7 days (10mgkg~", i.p., every 24 h). Cremaster muscle or
neutrophils were collected 24 h after the last doses of vehicle or RU 38486 or 7 days after adrenalectomy or sham surgery. Data represent gels
and values obtained from gel shift assay of cells collected from non-manipulated (NM), sham-operated (SO), adrenalectomized (ADX), VT or
RU 38486-treated rats. Results are expressed as the mean £ s.e.mean of cells collected from three animals in each group. *P<0.05 vs controls.
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increased rate of neutrophil maturation in the bone marrow
with consequent neutrophilia, but with no effects on the
lymphocyte/mononuclear cell lineages. Also, our data do not
support the possibility that endogenous glucocorticoids
affect the death of circulating neutrophils. Nevertheless,
modifications in the expression of L-selectin may be an
important control target of endogenous glucocorticoids, as
hormone deficiency (Cavalcanti et al., 2006) or blockage of
GR caused a decrease and increase in L-selectin expression in
bone marrow and peripheral neutrophils, respectively, that
was not dependent on pre-translational mechanisms
(Cavalcanti et al., 2006). Next, we hypothesized that these
hormones regulate L-selectin shedding. The effect of exo-
genous glucocorticoids on L-selectin expression by post-
translational mechanisms has already been implicated by
observations that annexin-1, a protein indicated as a
mediator of the anti-inflammatory effects of glucocorticoids,
hinders the migration of neutrophils to inflammatory sites
(Perretti and Ahluwalia, 2000) by inducing L-selectin enzy-
matic cleavage from the surface of neutrophils (Strausbaugh
and Rosen, 2001; De Coupade et al., 2003). However, recent
data have shown that the action of annexin-1 on L-selectin
shedding is dependent on concentrations of the protein and
its bioactive peptide Ac2-26, and on the state of neutrophil
activation (Hayhoe et al., 2006). Conversely, higher doses of
annexin-1 caused an upregulation of L-selectin expression in
human neutrophils (Hayhoe et al., 2006). From these findings
and our results, it is probable that a differential molecular
control by physiological and therapeutic doses of hormones
occurs during healthy and stress-related conditions.

Furthermore, our data show that the expressions of P- and
E-selectin in endothelial cells were not altered by a reduction
in endogenous glucocorticoids levels. As selectins are
responsible for the rolling behaviour of leukocytes
(Sperandio, 2006), we suggest that endogenous glucocorti-
coids physiologically regulate the rolling behaviour by acting
mainly on neutrophils.

Conversely, the role that endogenous glucocorticoids play
in the firm adherence of leukocytes to the endothelium, the
subsequent step to rolling during leukocyte transference into
tissue, may reflect their actions on endothelium. This
hypothesis is supported by our previous data demonstrating
that neutrophils from ADX animals had a smaller than
normal capacity to adhere to endothelial cells in vitro and
that the expression of B2 integrin was normal in both basal
and FMLP-stimulated conditions. Also, in the present study,
B2 integrin expression was not altered in cells obtained from
RU 38486-treated rats compared to controls (data not
shown). Furthermore, the ability of endothelial cells from
ADX animals to adhere to neutrophils in vitro was enhanced
and the synthesis and membrane expression of ICAM-1,
VCAM-1 or PECAM-1 in the endothelium of both ADX or RU
38486-treated animals were increased. Moreover, these data
indicate the differential actions of endogenous glucocorti-
coids on neutrophils and endothelial cells during the firm
adhesion process, and point to the long-lasting effects of
endogenous glucocorticoids, as in vitro adherence and
adhesion molecule mRNA concentrations were measured
in primary cultured cells. Inhibition of the expression of
endothelial adhesion molecules has been demonstrated

Glucocorticoids and neutrophil mobilization
DMH Cavalcanti et al 1299

previously after the administration of these hormones, at
doses used in hormonal therapy (Tailor et al., 1999; Pitzalis
et al, 2002). This is the first time that endogenous
glucocorticoids have been shown to be involved in these
physiological control mechanisms and the synthesis and
expression of immunoglobulins, and indicates that the
action of endogenous glucocorticoids on endothelial cells
functions as an important physical barrier that contributes
to the cessation of inappropriate mobilization of neutrophils
from the circulation.

Repression of many pro-inflammatory genes via the
inhibition of transcription factors, including NF-xB and
activating protein-1, has been shown to be an important
mechanism of the anti-inflammatory actions of endogenous
and exogenous glucocorticoids (Pitzalis et al., 2002; Hermoso
and Cidlowski, 2003). As the synthesis of adhesion mole-
cules investigated here is mediated by NF-«kB, the transloca-
tion of this factor into the nucleus was assessed. While NF-xB
translocation was markedly enhanced in endothelial cells
obtained from ADX and RU 38486-treated rats, no alteration
was detected in neutrophils from either group of animals.
Hence, in addition to corroborating the mechanism of
action of exogenous glucocorticoids in the expression of
adhesion molecules in endothelial cells (Pitzalis et al., 2002),
our data show that these hormones are involved in the
control of neutrophil mobilization, and that the expression
of L-selectin on neutrophils is not dependent on NF-xB
transcription.

Results from recent studies have led to the awareness that
endogenous biochemical routes must be promptly activated
to defend the host and then inactivated when resolution is
achieved (Serhan et al., 2007). Here, by studying neutrophil
mobilization, we highlight the physiological role secreted
glucocorticoids play in a host’s defence mechanism and
disclose the effects of each component of this important
system, which needs to respond promptly to any aggression
but must not be activated inappropriately. Also, it is now
clear that the fine adjustment induced by endogenous
glucocorticoids on the mobilization of neutrophils may
differ from that evoked by hormone therapy.
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