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Abstract
The recent appreciation of the role played by endogenous counterregulatory mechanisms in
controlling the outcome of the host inflammatory response requires specific analysis of their
spatial and temporal profiles. In this study, we have focused on the glucocorticoid-regulated anti-
inflammatory mediator annexin 1. Induction of peritonitis in wild-type mice rapidly (4 h)
produced the expected signs of inflammation, including marked activation of resident cells (e.g.,
mast cells), migration of blood-borne leukocytes, mirrored by blood neutrophilia. These changes
subsided after 48–96 h. In annexin 1null mice, the peritonitis response was exaggerated (∼40% at 4
h), with increased granulocyte migration and cytokine production. In blood leukocytes, annexin 1
gene expression was activated at 4, but not 24, h postzymosan, whereas protein levels were
increased at both time points. Locally, endothelial and mast cell annexin 1 gene expression was
not detectable in basal conditions, whereas it was switched on during the inflammatory response.
The significance of annexin 1 system plasticity in the anti-inflammatory properties of
dexamethasone was assessed. Clear induction of annexin 1 gene in response to dexamethasone
treatment was evident in the circulating and migrated leukocytes, and in connective tissue mast
cells; this was associated with the steroid failure to inhibit leukocyte trafficking, cytokine
synthesis, and mast cell degranulation in the annexin 1null mouse. In conclusion, understanding
how inflammation is brought under control will help clarify the complex interplay between pro-
and anti-inflammatory pathways operating during the host response to injury and infection.
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Understanding how the inflammatory response is controlled to prevent its overshooting and
regulate its duration has been a recent task for those studying this crucial process of the host.
Following infection or a xenobiotic insult, a coordinated response is mounted by the host
characterized by several changes occurring within the microvessels of the affected organ (1,
2). One of the ensuing events is the trafficking of blood-borne leukocytes. This is regulated
by several soluble or cell-anchored mediators, including adhesion molecules and leukocyte
activators, which act in concert to induce and promote the time-dependent process of cell
rolling, adhesion, and emigration (or diapedesis) (3, 4). The complex process of cell
migration into inflamed tissues is finely regulated and controlled, to prevent its overactivity,
hence the risk of tissue injury (5, 6). To this end, endogenous pathways operate in the host
and act at different phases of the leukocyte extravasation process to counteract the action of
proinflammatory mediators (7, 8). Few studies, though, have investigated when and where a
given counterregulatory mediator, or its controlling gene, is activated during an ongoing
inflammatory response.

Over the last decade, we and others have unraveled the anti-inflammatory properties of the
glucocorticoid-regulated protein annexin 1 (AnxA1) (see Refs. 9 and 10 for recent reports).
Distinguished from other annexins by its unique N-terminal region, AnxA1 is particularly
abundant in neutrophils, up to 4% of the cytosolic proteins (11), and upon cell adhesion, it
translocates onto the cell surface (12, 13), where it interacts with an anti-inflammatory
receptor (14). Pharmacologically, human recombinant AnxA1 or peptides derived from the
N-terminal region down-regulate neutrophil activation and trafficking (15-18).

The pathophysiological role of the endogenous protein can be now addressed because of the
availability of null mice. These animals exhibit an exacerbation of acute and chronic
experimental inflammatory responses (10, 19). Interestingly, partial resistance to the anti-
inflammatory actions of dexamethasone (Dex)4 was reported in these studies, confirming
previous analyses conducted with immunoneutralization strategies (20, 21).

There is some evidence that once neutrophils migrate to inflammatory sites, large amounts
of AnxA1 are synthesized and, in some cases, released (22-24); thus, besides its role within
the microenvironment of the adherent neutrophil entering into diapedesis (12), exudate
AnxA1 might have other roles including, for instance, the recently reported promotion of
phagocytosis of apoptotic neutrophils by macrophages (25). However, the time course of
expression and the major cellular sources for this important homeostatic protein are only a
matter of speculation.

In an ultrastructural analysis of the rat-inflamed mesenteric microcirculation, we have
reported that tissue-migrated neutrophils express higher AnxA1 levels, perhaps consequent
to de novo synthesis, as determined by quantitative electron microscopy analysis and in situ
hybridization (26). In this study, we have taken advantage of a reporter gene inserted into
the construct used to generate the AnxA1null mice (19) to study gene expression and
function of this anti-inflammatory protein in a resolving model of peritonitis (27, 28),
performing a systematic analysis of its spatial and temporal distribution. In addition, the
impact on this process on the anti-migratory effect of Dex was also evaluated.

4Abbreviations used in this paper: Dex, dexamethasone; WT, wild type; PMN, polymorphonuclear; X-Gal, 5-bromo-4-chloro-3-
indolyl β-D-galactoside; Mφ, macrophage; mono-Mφ, monocyte-Mφ.
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Materials and Methods
Animals

Male wild-type (WT) littermate and AnxA1null mice (19) (20–25 g of body weight),
maintained on a standard chow pellet diet with tap water ad libitum, were used for all
experiments. Animals were housed at a density of five animals per cage in a room with
controlled lighting (lights on from 8:00 a.m. to 8:00 p.m.) in which the temperature was
maintained at 21–23°C. Animal work was performed according to U.K. Home Office
regulations (Guidance on the Operation of Animals, Scientific Procedures Act 1986) and
along the directives of the European Union.

Zymosan peritonitis
The acute leukocyte migratory response was produced by i.p. injection of 1 mg of boiled
zymosan A (Sigma-Aldrich) in 0.5 ml of sterile saline (29), whereas control animals were
injected with an equal volume of saline. At different time points, animals were subjected to
mild halothane (3%) anesthesia for collection of blood aliquots (maximum 1 ml), before
sacrifice and washing of the peritoneal cavity with 3 ml of PBS supplemented with 3 mM
EDTA. Then, hearts were slowly perfused with 20 ml of PBS + heparin + EDTA to remove
excess blood contents in tissues, and fragments of the mesentery were collected and
processed as described below. In some cases, experimental groups were treated with 0.5 mg/
kg i.p. Dex (Sigma-Aldrich) or with 100 μg of peptide Ac2-26 i.p. (Ac-AMVSE
FLKQAWFIENEEQEYVQTVK; obtained from the Advance Biotechnology Centre, The
Charing Cross and Westminster Medical School, London, U.K.) 15 min before zymosan
injection. The doses used were selected from a previous study with this model of peritonitis
(30).

Histological analyses
Cell numbers—Aliquots of blood (20 μl) or peritoneal lavage fluids (100 μl) were diluted
1/10 in Turk's solution (0.1% crystal violet in 3% acetic acid); total and differential counting
were obtained with a Neubauer chamber using a ×40 objective and a light microscope
(Zeiss). Peritoneal cells were distinguished in polymorphonuclear (PMN) and monocyte/
macrophages (mono-Mφ), whereas blood cells were divided into PMN and PBMC.

Lac-Z staining and morphological analyses—Peritoneal and blood cells as well as
tissue fragments were fixed in 4% paraformaldehyde, 0.1 M sodium phosphate buffer (pH
7.4) for 2 h at 4°C. The spatial and temporal distribution of the activated AnxA1 gene was
identified using 5-bromo-4-chloro-3-indolyl β-D-galactoside (X-Gal) staining. In the
presence of β-galactosidase, this staining produces a characteristic Prussian blue color. To
this end, the fixative was removed by three washes in 0.1 M phosphate buffer (pH 8), 2 mM
magnesium chloride, 0.1% Triton X-100. Samples were stained overnight at 37°C with 5
mM potassium ferricyanide and 5 mM potassium ferrocyanide in rinse buffer containing 1
mg/ml β-galactosidase and 4% dimethyl-formamide. Samples were then washed in PBS at
room temperature and fixed again in 4% paraformaldehyde. Finally, samples were washed
in PBS, dehydrated in ethanol and embedded in LR Gold resin (London Resin). The
embedded cellular or tissue samples were then cut on an ultramicrotome (Reichert Ultracut;
Leica) and placed on glass slides for subsequent analysis.

Immunohistochemistry—LR Gold-embedded sections (1-μm thick) were incubated
with 10% albumin bovine in PBS (PBSA) to block nonspecific binding. A polyclonal rabbit
anti-AnxA1 Ab (Zymed Laboratories) was added (1/200 in 1% PBSA), and slides incubated
overnight at 4°C. As control for the reaction, some sections were incubated with nonimmune
rabbit serum (1/200 working dilution; Sigma-Aldrich) instead of the primary Ab. After
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repeated washings in 1% PBSA, a goat anti-rabbit IgG (Fc fragment-specific) Ab conjugated
to 5 nm colloidal gold (1/100; British BioCell International) was added. Silver enhancing
solution (British BioCell International) was used to augment gold particle staining. At the
end of the reaction, sections were washed thoroughly in distilled water, counterstained with
hematoxylin, and mounted in BIOMOUNT (British BioCell International). Analysis was
conducted with a microscope Nikon equipped with a DXM1200 digital camera, using the
software LUCIA (Laboratory Universal Computer Image Analysis; Jencons-PLS).

Biochemical analyses
Cytokine levels—Aliquots of peritoneal lavage fluids were centrifuged at 400 × g,
respectively, for 10 min, and tested for IL-1β (OpEIA; BD Biosciences) or KC (R&D
Systems).

Western blotting for AnxA1—Blood aliquots from naive mice or after zymosan
treatment, were pooled (three mice per group), and erythrocytes were sedimented in Dextran
T500 (Amersham Biosciences) solution (1.25% in saline) for 30 min. The leukocyte-rich
layer was harvested and incubated with a mixture of mAb targeting circulating lymphocytes
and monocytes, as described (31). Briefly, mouse blood was incubated with a mixture of rat
anti-mouse mAb: anti-CD2, anti-CD5, and anti-CD45R (5 μg/ml; BD Biosciences); anti-
F4/80 (1 μg/ml; Serotec) and anti-CD54 (3 μg/ml; gift from Dr. I. Robinson (UCB-Celltech)
for 30 min at 4°C, then washed and incubated with anti-rat IgG MicroBeads (20 μl/107

cells) for a further 15 min before running the leukocyte/MicroBead mixture through the
column and collection of the neutrophil-rich population (>95% pure as determined by Gr1
staining and flow cytometry). PBMC blocked into the column were then collected by
repeated washes after magnet removal. Purified PMN and PBMC were lysed with hot
Laemmli sample buffer (32), and equal protein amounts (30 μg) electrophoresed in a 10%
polyacrylamide gel in running buffer (0.3% Tris base, 1.44% glycine, 0.1% SDS in distilled
water) followed by transfer of proteins onto Hybond-C extra nitrocellulose membranes in
transfer buffer (0.3% Tris base, 1.44% glycine, 20% methanol in distilled water).
Membranes were blocked for 1 h with 5% nonfat milk solution in TBS containing 0.1%
Tween 20 followed by overnight incubation of polyclonal rabbit anti-AnxA1 (1/500; Zymed
Laboratories). Equal loading was confirmed with an anti-vimentin mAb (clone VIM-13.2;
Sigma-Aldrich) (data not shown). In either case, the signal was amplified with HRP-linked
rat anti-rabbit secondary Ab (1/3000; Serotec) and visualized by ECL (Western blotting
detection reagent; Amersham Biosciences).

Data handing and statistical analysis
Blood and peritoneal leukocyte data are reported as mean ± SEM of six mice per group.
Quantification of cell numbers in the tissue samples was performed with a high-power
objective (×40) counting the cells in 100 μm2 areas (analyzing at least 10 distinct sections
per mouse). This also allowed morphological analysis of mast cell degranulation as
determined by the presence of extravasated cytoplasmic granules in the connective tissue.
Densitometric analysis for X-Gal staining was done according to an arbitrary scale ranging
from 0 to 255 U. Statistical differences between groups were determined by ANOVA
followed, if significant, by the Bonferroni test. In all cases, a probability value <0.05 was
taken as significant.

Results
Analysis of local and systemic cellular dynamics in peritonitis: impact of AnxA1 deficiency

Injection of zymosan into the mouse peritoneal cavity of WT mice produced a rapid influx
of PMN, with a peak at 4 h, which then resolved up to 96 h postinjection (Fig. 1A). In
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AnxA1null mice, this response was more marked with an almost ∼80% increase in PMN
numbers at 4 h. In these mice, the early phase was also characterized by an augmented
disappearance of the Mφ population (Fig. 1B). All differences were attenuated at later time
points with a tendency to disappear at >24 h postzymosan. Of interest, mono-Mφ values
were not maintained in the AnxA1null mouse, with a significant trough (∼30%) at the 48-h
time point (Fig. 1B). This observation was reproducible (i.e., detected in three distinct time-
course experiments, with a total number of 15 mice). Profiles of circulating cells were also
altered in AnxA1null mice. In WT mice, peritoneal leukocyte trafficking was mirrored by a
blood leukocytosis, at least with respect to the PMN population (Fig. 1C). Thus, absence of
AnxA1 did not modify basal values for circulating cells (Fig. 1, C and D), but a failure in the
postzymosan neutrophilia was observed (Fig. 1D). Alterations in PMN recruitment were
associated with augmented levels of the CXC chemokine KC, with values more than
doubled in AnxA1null compared with WT mice (Fig. 1E). Similarly, higher levels of the
multipotent cytokine IL-1β could also be measured in the absence of AnxA1 gene, with
greater values than WT mice both at 4 and 24 h postzymosan (Fig. 1F).

The phenotype of the AnxA1null mouse was rescued by administering the bioactive peptide
Ac2-26 (given at the dose of 100 μg i.v. at time 0): the AnxA1 mimetic reduced peritoneal
PMN recruitment (106/mouse) in WT mice from 3.9 ± 0.3 to 2.5 ± 0.1 (n = 6; p < 0.05), and
in AnxA1null mice from 5.8 ± 0.1 to 2.4 ± 0.3 (n = 6; p < 0.05). In the blood, peptide Ac2-26
reduced the number of circulating PMN in the WT mice (106/ml) from 16.3 ± 0.9 to 5.5 ±
0.5 (n = 6; p < 0.05), as well as in AnxA1null mice (from 9.0 ± 1.5 to 6.4 ± 0.7; n = 6; p <
0.05). Table I reports the effect of peptide Ac2-26 on soluble proinflammatory mediators
(KC and IL-1β) both in WT and AnxA1null mice, as measured 4 h postzymosan.

Changes in numbers of PMN and mono-Mφ cells in the lavage fluids were mirrored by
changes in the mesenteric tissue, where total leukocyte influx over the complete time course
(0–96 h postzymosan) was analyzed. Table II provides the cell numbers in WT and
AnxA1null mice, with significant changes already seen 4 h postzymosan (∼30%) with a
more pronounced alteration observed at the 24-h time point. Fig. 2, A–E, show the
mesenteric tissue of WT mice at the different time points, whereas Fig. 2, F–J, illustrate
tissue samples collected from the AnxA1null animals. Cumulative values are in Table II,
showing a higher leukocyte number in the AnxA1null mice at the 4-h time point.

This set of experiments was concluded by analysis of mast cell morphology. Mast cells
(connective tissue subtype) are resident within the mesentery, in close vicinity of
postcapillary venules (33) and participate actively to promote the inflammatory response to
zymosan (27). Intact mast cells were found in mesenteric tissues of untreated mice. A
distinct time-dependent profile of mast cell degranulation was evident upon zymosan
injection. Fig. 3A illustrates an intact mast cell in WT control group, where a marked mast
cell degranulation occurred within 4 h, and persisted for up to 24 h postzymosan (as
determined by reduced granule staining with toluidine blue; Fig. 3, B and C). Over time,
though, mast cells reacquired their morphology with integrity of their granules (Table III). In
AnxA1null mice, an alteration in the degree of mast cell degranulation was evident with a
more marked response being detected both at 4 and 24 h postzymosan: representative cells
are shown in Fig. 3, E and F, and cumulative data in Table III.

Local and systemic cell sources: AnxA1 gene expression
Prompted by functional alterations detected in the local inflammatory response in absence of
the AnxA1 gene, we then monitored gene activity (using the LacZ gene reporter assay; Ref.
19) and protein expression in circulating, peritoneal, and mesenteric cells. Table IV reports
the densitometric analysis for each cell type (leukocyte, endothelium, and mast cell) as
determined from multiple tissue sections.

Damazo et al. Page 5

J Immunol. Author manuscript; available in PMC 2007 May 14.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



As expected (34), circulating PMN and monocytes expressed the AnxA1 gene under basal
conditions. However, the local inflammatory response provoked by zymosan produced
additional time-dependent gene activation in blood cells. A representative picture, together
with the semiquantitative analysis from multiple mice and leukocytes, is shown in Fig. 4A:
in this condition, AnxA1 gene activation peaked at 4 h postzymosan. To correlate these
findings with protein expression, circulating PMN and PBMC were purified and their
AnxA1 protein contents were determined by Western blotting analysis. Again, protein
expression was easily detectable in the absence of inflammation, however, levels were
clearly augmented both at 4 and 24 h postzymosan (Fig. 4B). The validity of this result was
confirmed by immunohistochemistry. The image in Fig. 4B demonstrates the intracellular
localization for AnxA1 immunoreactivity both in circulating PMN and PBMC at the 4-h
time point.

AnxA1 gene activity could also be monitored within the inflamed mesentery. In untreated
mice, there were minimal signs of AnxA1 gene activation in postcapillary venule
endothelium (Fig. 2F). However, zymosan injection provoked intense gene activation with
marked staining both in endothelial cells and adherent/extravasated PMN (Fig. 2G):
extravasated leukocytes exhibited enhanced AnxA1 gene expression in the subendothelial
tissue matrix (Fig. 2, G and H; for 4 and 24 h time points). Detailed analysis of the time
course for AnxA1 gene activation indicated a long-lasting activation in the endothelium, still
evident 96 h postzymosan (when other inflammatory signs had disappeared; Fig. 2J).

With respect to connective tissue mast cells, AnxA1 gene was essentially silent in untreated
mice (Fig. 3G). A modest, yet reproducible, activation of expression was detected in the
early response to zymosan (Fig. 3, H and I; for 4 and 24 h time point), with staining rapidly
disappearing over the time course studied (Table IV).

Anti-inflammatory actions of Dex: impact of annexin 1 deficiency
In the second part of the study, we extended our knowledge on the functional consequences
of AnxA1 gene deficiency following treatment with the anti-inflammatory glucocorticoid
Dex, and also monitored the effect of this drug on AnxA1 gene activation in specific cell
types.

Fig. 5A shows the effect of Dex on leukocyte trafficking into the peritoneal cavity: whereas
the steroid inhibited PMN recruitment in WT mice, it was ineffective in AnxA1null mice. Of
interest, the lower numbers of mono-Mφ recovered from the peritoneal lavage fluid of
AnxA1null mice were also corrected by the steroid (Fig. 5A). With respect to circulating
cells, treatment of WT mice with Dex prevented the neutrophilia evident at 4 h
postzymosan, restoring PMN counts to basal values (compare Fig. 5A with Fig. 1A),
whereas an opposite effect was attained with respect to PBMC values (Fig. 5B): in either
case, these changes were absent or much milder in AnxA1null mice. In WT mice, Dex
markedly reduced soluble mediator generation in the peritoneal cavity by ∼60%, with values
of 80 ± 5 pg/ml for KC and 260 ± 15 for IL-1β (n = 6, p < 0.05). However, this inhibitory
effect was lost in AnxA1null mice where higher levels of either cytokine were measured
(data not shown). Similarly, mast cell morphology was also monitored finding that the
steroid produced ∼70% inhibition of mast cell degranulation in WT mice but was without
any significant effect in AnxA1null mice (n = 6/group, p < 0.05).

Dex and AnxA1 gene expression
A study of LacZ gene activity was then conducted to monitor the effect of Dex on AnxA1
gene expression. In circulating cells, the steroid did not increase values for β-galactosidase
staining above those already augmented by zymosan (see Fig. 4). In contrast, the anti-
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inflammatory effect of the steroid illustrated above was associated with augmented AnxA1
gene activation in adherent leukocytes or in cells extravasated into the subendothelial
connective tissue. This augmented activation was evident both for adherent and extravasated
PMN as well as adherent monocytes (Fig. 6A). Fig. 6B illustrates the intense staining
observed in migrated PMN after steroid treatment. Finally, Dex failed to modify endothelial
cell AnxA1 gene activation (data not shown), whereas it produced significant increases
(∼40%) in AnxA1 gene activation in the connective tissue mast cells (n = 6; p < 0.05).

Discussion
It is now emerging that a complex interplay between proinflammatory and anti-
inflammatory pathways occurs during ongoing inflammatory responses. This is
accompanied by an increased awareness that malfunctioning or absence of endogenous tonic
inhibitory mechanisms could be responsible for exacerbation of inflammation with
consequent self-inflicted tissue damage (8). However, detailed analysis of when and where
specific counterregulatory mechanisms operate during the time course of an inflammatory
reaction has yet to be analyzed in a systematic fashion. In the present study, we have
monitored expression, and function, of one of these checkpoint mechanisms, the
glucocorticoid-regulated protein AnxA1: this has been possible by using AnxA1-deficient
mice, bearing a construct in which the AnxA1 gene promoter controls expression of the
LacZ gene (19).

The zymosan peritonitis model has been used to determine the pharmacological efficacy of
AnxA1 and its peptidomimetics (21, 30). The cellular events occurring during this model of
resolving peritonitis, including activation of resident mast cells and macrophages (27), have
also been partially studied; more recently, this model has been used to apply a multipronged
lipidomic and proteomic approach to investigate pattern of delayed mediator expression
(28).

Initially, we furthered our understanding of the functional consequences of AnxA1 absence
by studying in detail the time course of the response to zymosan (19). AnxA1null mice
exhibited increased influx of PMN as early as 4 h postzymosan, and persisting up to 24 h.
Higher PMN migration was associated with exacerbation of the disappearance response of
resident macrophages (35). In this model of peritonitis, rapid disappearance of macrophages
occurs as early as 1–2 h (27), with a partial reappearance at 4 h postzymosan injection. This
“macrophage disappearance response” is possibly linked to higher cell adhesion to serosal
mucosa, perhaps consequent to coagulation system activation (36), or rapid mobilization to
mesenteric lymph nodes (35) and is generally indicative of a prolonged activation status.
Interestingly, AnxA1null mice exhibited reduced mono-Mφ at the 48-h time point. The
reason for this is unclear, however, if confirmed in other settings, it might suggest a role for
AnxA1 in provoking monocyte influx, a process which is a prerequisite for restoring
postinflammation homeostasis (by removing apoptotic leukocytes; Ref. 37). Finally, higher
values of two specific proinflammatory mediators (KC and IL-1β) were measured in the
lavage fluids collected from AnxA1null mice. All the changes observed in this genotype
were rescued by administering an anti-inflammatory dose of the AnxA1 mimetic peptide
Ac2-26 (21), confirming their genuine link to the absence of the protein.

Analysis of the mesenteric tissue allowed further understanding of the local cellular
processes. Although high numbers of adherent leukocyte adhesion were found in AnxA1null

mice 4 h postzymosan, this was reflected by increased cell emigration at a later time point
(24 h). Indeed, an approximate transmigrated/adherent ratio of 9 vs 4 could be calculated for
AnxA1null and WT mice, respectively. This is in line with a recent study that highlighted the
higher migrating and chemotactic phenotype of AnxA1null neutrophils (38). We can now
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propose that these alterations within the microcirculation correlate with protein induction
observed in circulating leukocytes of WT mice. The AnxA1 content of both circulating
PMN and PBMC (predominantly monocytes) was augmented after zymosan injection,
according to the model developed in recent years (9, 12), this acts to down-regulate PMN
migration across postcapillary venules; in the AnxA1null mouse, this braking mechanism is
not operative and PMN continue to extravasate even 24 h postzymosan. This is the first time
that increased AnxA1 levels are reported in blood cells in an experimental model of
inflammation: the mechanism is as yet unclear but possibly related to increased circulating
corticosterone (M. Perretti, unpublished data). The present results clearly demonstrate
increased de novo protein synthesis and, indeed, X-Gal staining confirmed intense activation
of the AnxA1 gene promoter in these circulating cells. Compared with WT mice, AnxA1null

mice displayed higher mast cell degranulation at the 4-h time point, indicating the
importance of this endogenous AnxA1 protein on the regulation of granules/mediators
release from this cell type. Ultrastructural immunocytochemistry provided evidence that
connective tissue mast cells produce and store AnxA1 in their granules and could release it
under appropriate stimulation (39, 40). In this study, we could also detect a delayed
activation of the AnxA1 gene; whereas the higher degree of early mast cell degranulation
could explain the higher values of KC detected in the AnxA1null mouse exudates (27),
production of AnxA1 at ∼96 h postzymosan might be related to a later proresolving role of
this mediator on the host response. Limited functional studies have been conducted so far to
address the effect of exogenously added AnxA1 on mast cell activation, though a recent
analysis with rat mast cells revealed the ability of peptide Ac2-26 to inhibit OVA-evoked
histamine release (41).

Analysis of the cellular events in the mesenteric tissue revealed distinct patterns of AnxA1
gene activation indicating a strict temporal and spatial relationship for expression of this
homeostatic mediator. Clear signs of AnxA1 gene expression in postcapillary venule
endothelial cells and their surrounding resident mast cells were obtained, though the most
intense staining was seen in extravasated PMN and mono-Mφ. The reason for such a marked
induction of the AnxA1 gene in migrated leukocytes, after the adhesion/diapedesis step at
which the protein is thought to be exerting its major anti-inflammatory role (38, 42), is
surprising, although corroborated by studies that have reported intense expression of PMN-
derived AnxA1 in inflamed tissue (23, 43). We propose here that the marked up-regulation
of AnxA1 in extravasated leukocytes subserves a proresolving and anti-inflammatory role
with direct impact on PMN apoptosis (44) and their removal by the resident Mφ (25),
thereby promoting homeostasis. Studies on AnxA1 and leukocyte apoptosis have only been
conducted in in vitro settings, but the data produced here provide strong support for the
notion that AnxA1 might be an important determinant of these phenomena also in vivo.

In the final part of the study, we determined the effect of Dex. AnxA1null mice are partially
resistant to the antiedema effect of Dex (19) as well as to its antimigratory properties (10);
however, this is the first study to determine the functional effects associated with AnxA1
gene regulation by this steroid. Most of the inhibitory effects of Dex were abrogated in the
absence of AnxA1, confirming previous analyses conducted with immunoneutralization
strategies (20, 21). Interestingly, the steroid failed to augment AnxA1 gene-related X-Gal
staining in circulating leukocytes above the levels produced by zymosan-induced
inflammation, but produced a marked activation in adherent and migrated leukocytes. The
ability of Dex to up-regulate the AnxA1 gene in extravasated PMN suggests activation of
signaling pathways distinct from those activated by cell adhesion to CD54 (in the vessel) or
to subendothelial matrix proteins. Few studies have investigated the AnxA1 gene promoter
showing, for instance in myeloid cells, an involvement for NF-IL-6 in Dex induction of
AnxA1 protein expression (45, 46), whereas a role for cAMP response elements has been
established in a carcinoma cell line (47). Following the same line of reasoning, it is feasible
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that the lack of Dex effect on AnxA1 gene promoter activity in circulating PMN and PBMC
indicates involvement of similar signaling pathway, perhaps activated by endogenous
corticosterone released in response to the peritoneal inflammation (M. Perretti, unpublished
data).

Glucocorticoids have long been known to affect mast cell maturation by interfering with
stem cell factor generation and effects (48, 49). More recently, their effects on mast cell
activation have also become apparent with reported ability of suppressing cytokine
generations both in vitro and in vivo (50-52), an action which is likely secondary to
inhibition of specific signaling pathways (53, 54). Data here presented with the LacZ gene
reporter assay complement our previous ones (39, 40) and indicate that up-regulation of
AnxA1 might be important for bringing about the inhibitory/protective effects exerted by
glucocorticoids on mast cell activation.

In this study, we delineated the role of AnxA1 in the pathophysiology of experimental
peritonitis as induced by zymosan. Absence of AnxA1 causes an exacerbation of the
inflammatory response as assessed by leukocyte influx and cytokine levels, with alterations
both locally within the microcirculation and in the systemic circulation. Use of the
AnxA1nulll mouse bearing a report LacZ gene provided clear indications for a role of the
AnxA1 gene and protein in the anti-inflammatory actions of a glucocorticoid.
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FIGURE 1.
Time course of leukocyte influx in the peritoneal cavity, leukocytosis in the blood and
inflammatory cytokine production. WT and AnxA1null mice received 1 mg of zymosan i.p.
at time 0. At different time points, peritoneal cavities were washed for PMN and mono-Mφ
quantification (A and B); blood aliquots were also collected for measuring PMN and PBMC
(PBMC; C and D). The concentrations of KC (E) and IL-1β (F) were determined in the
peritoneal lavage washes. Data are mean ± SEM from two separate experiments with five
mice each. 0, p < 0.05 vs corresponding WT value.
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FIGURE 2.
Analysis of cell migration in the mesenteric tissue. WT and AnxA1null mice received 1 mg
of zymosan at time 0 and mesenteries were harvested at different time points. Samples were
processed for the X-Gal staining and hematoxylin counterstaining as described in Materials
and Methods. A–E, WT mice: A, control mesentery showing absence of adherent leukocytes
in the vessels (*). B–D, Some leukocytes are observed intravascularly (arrows) and
transmigrated to the tissue (arrowheads) 4, 24, or 48 h postzymosan. They are no longer
present at 96 h postzymosan (E). F–J, AnxA1null mice: F, in control tissue, a light blue stain
is observed on the endothelial cell layer (open arrow). G–I, LacZ-positive cells were
observed in the mesenteric tissue 4, 24, and 48 h postzymosan: intravascular leukocytes
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(arrows) are in close contact with endothelial cells (open arrows) and transmigrated
leukocytes (arrowhead) are located in the connective tissue. J, During the resolution phase of
inflammation, only mesenteric endothelial cells (open arrow) display LacZ positive staining.
Bars, 10 μm.
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FIGURE 3.
Mast cell degranulation and AnxA1 gene activation in mesentery. A–C, WT and (D–I)
AnxA1null mice received 1 mg of zymosan at time 0 and mesenteries were harvested at
different time points. For morphological analysis, the mesentery was stained with toluidine
blue (A–F). A and D, Control mesentery showing intact mast cells. Degranulated mast cells
in WT and AnxA1null mice are seen both at 4h (B and E) and 24 h (C and F) postzymosan.
A more intense degranulation process was observed in the mast cells from AnxA1null mice.
For LacZ investigation, samples were processed for X-Gal staining and counterstained with
hematoxylin as described in Materials and Methods (G–I). G, Mast cell AnxA1null mice in
control group was negative for LacZ. H and I, During the inflammatory reaction,
degranulated mast cells were LacZ positive (open arrows). Bars, 10 μm.
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FIGURE 4.
Analysis of LacZ gene and AnxA1 protein expression in peripheral blood PMN and PBMC
cells. Mice received 1 mg i.p. injection of zymosan at time 0 and the blood was collected at
different time points. A, LacZ-positive PMN (arrowhead) and monocytes (arrow) were
monitored for semiquantitative analysis of cell-associated LacZ. Data are mean ± SEM of
five mice per group. *, p < 0.05 vs corresponding time 0 value. B, AnxA1 protein content
was analyzed by Western blotting. Immunohistochemistry was performed to visualize the
protein in neutrophils (arrowheads) and monocytes (arrows). With both protocols, a specific
rabbit polyclonal anti-annexin 1 serum was used. Hematoxylin stain. Bars, 10 μm.
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FIGURE 5.
Leukocyte in the blood and influx into the peritoneal cavity after Dex treatment. WT and
AnxA1null mice received 1 mg of zymosan i.p. at time 0. Some animals were pretreated with
Dex i.p. (0.5 mg/kg) followed by zymosan administration. At the 4-h time point, peritoneal
wash (A) was collected for quantification of PMN and mono-Mφ. The same procedure was
used for blood aliquots (B) monitoring PMN and PBMC. Data are mean ± SEM from two
different experiments with five mice each. *, p < 0.05 vs corresponding control group value.
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FIGURE 6.
AnxA1 gene expression after 4 h zymosan stimulation in mice pretreated with Dex. A,
Semiquantitative LacZ densitometric analysis was performed on mesenteric PMN and
mono-Mφ cells 4 h postzymosan: the effect of a pretreatment with 0.5 mg/kg i.p. Dex was
determined. B, The neutrophils (arrowhead) and monocytes (arrow) showed intense LacZ
positivity after Dex stimulation. Inset, An intravascular monocyte in the Dex-treated group.
Bars, 10 μm.
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Table I

Effect of peptide Ac2–26 on soluble mediator releasea

Genotype Treatment KC (pg/ml) IL-1β (pg/ml)

Wild type Vehicle 225 ± 55 810 ± 25

Wild type Peptide Ac2–26 100 ± 30b  475 ± 15b

AnxA1null Vehicle 470 ± 60c 1210 ± 40c

AnxA1null Peptide Ac2–26 200 ± 60b  510 ± 20b

a
Mice received 100 μg of peptide Ac2–26 i.v. or vehicle immediately before the i.p. injection of 1 mg of zymosan. Peritoneal lavage fluids were

collected 4 h later and analysed for KC and IL-1β levels. Data are mean ± SEM of 6 mice/group.

b
p < 0.05 vs respective vehicle group.

c
p < 0.05 vs corresponding group in the different genotype (Bonferroni test).
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Table II

Semiquantitative analysis of leukocyte trafficking in the mouse mesenterya

WT AnxA1null

Time (h) Intravascular Transmigrated Intravascular Transmigrated

4 4.2 ± 0.6 2.0 ± 0.5 6.5 ± 0.5b 3.5 ± 0.5

24 0.6 ± 0.4 2.3 ± 0.3 1.0 ± 0.2b 8.6 ± 0.6b

36 0 0.2 ± 0.1 0 0.1 ± 0.2

48 0 0.3 ± 0.2 0 0.3 ± 0.2

96 0 0 0 0

a
WT and AnxA1null mice were treated with zymosan (1 mg i.p.) at time 0 and mesenteries collected at the reported time points. Histological

preparation was done as described in Materials and Methods. Values (number of cells per mm2) are expressed as mean ± SEM of 10 tissue sections
analyzed from 5 mice/group.

b
p < 0.05 vs corresponding group in the different genotype (Bonferroni test).
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