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1 To determine biological functions of platelet-activating factor (PAF) in chronic inflammation, we
have investigated the kinetics of angiogenesis, inflammatory cells recruitment and cytokine production
in sponge-induced granuloma in wild type and PAF receptor-deficient mice (PAFR-KO).

2 Angiogenesis as determined by morphometric analysis and hemoglobin content was significantly
higher in the implants of PAFR-KO mice at all time points. Treatment with PAF receptor antagonist
UK74505 (30 mg kg�1) also increased angiogenesis in sponge implants.

3 Neutrophils and macrophages accumulation, as determined by myeloperoxidase and N-
acetylglucosaminidase activities in the supernatant of implanted sponges were markedly decreased
in PAFR-KO mice. Surprisingly, the levels of the proinflammatory chemokines, keratinocyte-derived
chemokine and chemokine monocyte chemoattractant protein 1 were higher in the implants of the
transgenic animals.

4 We have shown that angiogenesis was stimulated in PAFR-KO mice whereas inflammation was
decreased, indicating that PAF is an endogenous regulator of new blood vessels formation in the
inflammatory microenvironment induced by the sponge implant.
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Introduction

There is compelling evidence that persistent unregulated

angiogenesis is an important component in a range of

pathophysiological processes, chronic inflammation, tumor

growth, diabetic retinopathy, and atherosclerosis. (Folkman,

1995; Griffioen & Molema, 2000).

Many models both in vitro and in vivo have been used to

characterize the mechanisms involved in the formation of new

blood vessels and in the associated cell trafficking in order to

develop drugs and strategies to control or prevent the

pathological consequences. In one in vivo model, the sub-

cutaneous implantation of a sponge induces a chronic

granulomatous response including an intense angiogenesis

and infiltration of inflammatory cells (Lage & Andrade, 2000).

This sponge model has been used to study the protein

(cytokines, growth factors, chemokines) and nonprotein

mediators involved in the vascular and inflammatory aspects

of granuloma formation (Ford et al., 1989; Andrade et al.,

1992). There is good evidence that one group of nonprotein

substances, the lipid mediators such as prostaglandins, leuko-

trienes and platelet-activating factor (PAF), is involved in

angiogenesis and in the recruitment and activation of inflam-

matory cells (Ben Ezra, 1978; Kanayasu et al., 1989; Andrade

et al., 1992; Tsopanoglou et al., 1994; Jackson et al., 1998).

Here, we chose to assess the contribution of one of the lipid

mediators, PAF, to these effects, because although there is

evidence for exogenous PAF as an effective inducer of

angiogenesis in vivo (Andrade et al., 1992; Jackson et al.,

1998) and as a growth inducer for tumors (Bussolino et al.,

1995; Kume & Shimizu, 1997), evidence for endogenous PAF

in these conditions is less convincing. We have, therefore, used

animals with gene inactivation of the receptor for PAF – PAF

receptor knock out (PAFR-KO) – to analyze the range of

activities exhibited by endogenous PAF in the sponge model of

angiogenesis. We measured neovascularization, accumulation

of inflammatory cells and production of proinflammatory

cytokines. We have also evaluated the effects of the PAF

receptor antagonist UK74505 on the vascularization of the

sponge implants. UK74505 is a long-acting selective PAF

receptor antagonist in animals and human (Alabaster et al.,

1991; Parry et al., 1994). We found that although signs of
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inflammation were reduced in the PAFR-KO mice, neovascu-

larization was increased, relative to the results in the wild-type

(WT) mice of the same strain.

Methods

Balb/c mice lacking the PAFR were generated as described

previously by Ishii et al. (1998). These PAFR-KO mice were bred

at least eight generations into Balb/c mice and were provided by

Professor Takao Shimizu (Department of Biochemistry and

Molecular Biology, University of Tokyo, Tokyo, Japan). Mice

have been bred and maintained at the bioscience unit of Institute

Gonçalo Muniz (Fundação Oswaldo Cruz, Salvador, Brazil).

Pharmacological reactivity of cutaneous vasculature to
PAF in PAFR-KO and WT mice

This was carried out in the dorsal skin of nonimplant-bearing

mice to establish the phenotype in response to the mediator in

KO animals. The principle underlying the fluorimetric assay

we used is that measurement of fluorochrome-generated

emission in the bloodstream following the application of a

fluorescent dye in a vascular compartment reflects the local

blood flow. Thus, exogenous application of vasoactive

substances would alter the fluorescence intensity in the

systemic circulation (Andrade et al., 1997; Lage & Andrade,

2000; Machado et al., 2001). A sterile solution (10 ml) of

sodium fluorescein (Sigma, U.S.A., 10%) was injected

intradermally 2 min after local application of PAF (1 mg) or

vehicle (10 ml). Blood samples (5 ml) were withdrawn from the

tail vein at 1, 3, 5, 7, 10, 15, 20, 25 and 30 min after the dye

injection. The blood samples were mixed in 1 ml of isotonic

saline, centrifuged for 5 min and the supernatant was kept for

fluorescence determination in a Jenway fluorimeter (model

6200) at an excitation/emission of 485/520. The results were

expressed in terms of half-time (t1/2; time taken for the

fluorescence to reach 50% of the peak in the systemic

circulation). At least three different PAFR-KO and WT

animals were used to establish the effect of the mediator.

Preparation of cannulated sponge discs and implantation

Polyether–polyurethane sponge discs, 5 mm thick� 8 mm dia-

meter (Vitafoam Ltd, Manchester, U.K.) were used as the

matrix for fibrovascular tissue growth. A 12 mm length

polyvinyl tubing (PE 20, Biovida, Brazil) was secured with silk

sutures (Ethicon Ltd, U.K.) to the center of each disc in such a

way that the tube was perpendicular to the disc face. Its open

end was sealed with removable plugs. The cannulated sponge

discs were soaked overnight in 70% v v�1 ethanol and sterilized

by boiling in distilled water for 15 min before the implantation

surgery. For this, the animals were anesthetized with 2,2,2-

tribromoethanol (1 mg kg�1; i.p. Aldrich/U.S.A.), the dorsal hair

shaved and the skin wiped with 70% ethanol. The cannulated

sponge discs were aseptically implanted into a subcutaneous

pouch, which had been made with curved artery forceps through

a 1 cm long dorsal mid-line incision. The cannula was

exteriorized through a small incision in a subcutaneous neck

pouch. The animals were housed individually and provided with

chow pellets and water ad libitum. The light/dark cycle was

12 : 12 h, with lights on at 07 : 00 and lights off at 19 : 00. Efforts

were made to avoid any unnecessary distress to the animals.

Housing and anesthesia concurred with the guidelines estab-

lished by our local Institutional Animal Welfare Committee.

The implant-bearing mice were killed by cervical dislocation

at 7, 10 and 14 days postimplantation, and the sponge discs

carefully removed, dissected free from adherent tissue, weighed

and analyzed for the angiogenic and inflammatory processes

and histological assessment.

Assessment of the effects of the PAF receptor antagonist
UK74505 on the sponge-induced angiogenesis

The PAF receptor antagonist UK74505 (30 mg kg�1 body

weight) was given orally for 6 days from day 1 postimplanta-

tion in wild-type Balb/c mice (n¼ 5) to verify whether the

effect of this antagonist would mimic the effects of the genetic

deletion of PAF receptor on angiogenesis. A control group of

mice (n¼ 6) received vehicle (saline 50ml) in the same protocol.

The animals were killed on day 7, the implants removed and

processed for hemoglobin (Hb) determination.

Quantification of angiogenesis by Hb measurement

The extent of the vascularization of the sponge implants was

assessed by the amount of Hb detected in the tissue using the

Drabkin method (Drabkin & Austin, 1932). This approach has

been modified and used to determine angiogenesis in several

models and tissues, including the sponge model (Passaniti et al.,

1992; Hu et al., 1995; Lage & Andrade, 2000). Each implant

was homogenized (Tekmar TR-10, OH, U.S.A.) in 2.0 ml of

Drabkin reagent (Labtest, São Paulo, Brazil) and centrifuged

at 10,000� g for 15 min. The supernatants were filtered

through a 0.22mm filter (Millipore). Hb in the samples was

determined spectrophotometrically by measuring absorbance

at 540 nm using an ELISA plate reader and compared against

a standard curve of Hb. The content of Hb in the granulation

tissue was expressed as mg Hb per mg wet tissue.

Morphometric analysis and blood vessel quantitation of
the sponge implants

To examine the degree of neovascularization in the implants of

control (WT) and PAFR-KO mice a total of 18 sponge discs

(three for each time point for each group) was harvested and

stained with Giemsa. Microscopic images of cross-sections

(5 mm) were obtained with a planapochromatic objective� 40

in light microscopy. The images were digitized through a

microcamera JVC TK-1270/JGB and transferred to an image

analyzer (Kontron Eletronics, Carl Zeiss – KS300 version 2).

A countable microvessel was defined as a structure with a

lumen that contained red blood cells or not.

To establish the minimal representative microscopic fields

per sample, blood vessels were counted in 50 fields (� 400

magnification, that is, � 40 objective lens and � 10 ocular

lens; 0.053 mm2 per field) from a randomly chosen slide in each

group as described by Moro et al. (2003). Then, groups of 5,

10, 20, 30, 40 and 50 fields were formed taken randomly with

reposition. Mean and standard deviation were calculated from

each group. Standard deviations decreased as the sample size

increased. The minimal representative number of 15 micro-

scopic fields per treatment was obtained when the increment in

the number of fields did not result in considerable reduction in
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respective standard deviation value. The results were expressed

as mean7s.e.m. of the total number of vessels/field. The

vascular area was calculated by measuring each vessel. The

sum of these areas was then divided by the number of vessels in

order to obtain the mean7s.e.m. of vascular area (mm2).

Tissue extraction and determination of myeloperoxidase
(MPO) and N-acetyl-b-D-glucosaminidase (NAG)
activities

The extent of neutrophil accumulation in the implants was

measured by assaying MPO activity in whole tissue as

described previously (Bailey, 1988; Souza et al., 2000). After

processing the supernatant of the sponge implant for Hb

determination (see above), a part of the corresponding pellet

was homogenized in pH 4.7 buffer (0.1 M NaCl, 0.02 M

Na3PO4, 0.015 M NaEDTA) and centrifuged at 12,000� g for

20 min. The pellets were then resuspended in 0.05 M sodium

phosphate buffer (pH 5.4) containing 0.5% hexa-1,6-bis-

decyltrimethylammonium bromide (HTAB, Sigma). The

suspensions were freeze–thawed three times using liquid

nitrogen and finally centrifuged at 10,000� g for 10 min.

MPO activity in the resulting supernatant was assayed by

mixing 25ml of 3,30-5,50-tetramethylbenzidine (TMB, Sigma),

prepared in dimethyl sulfoxide (DMSO, Merck) in a final

concentration of 1.6 mM with 100ml H2O2, dissolved in

phosphate buffer (pH 5.4) containing 0.5% HTAB in a final

concentration of 0.003% (v v�1) and 25ml of the supernatant

from tissue sample processing. The assay was carried out in a

96-well microplate and was started by incubating the super-

natant sample and the TMB solution for 5 min at 371C. Then,

the H2O2 was added and incubation continued for another

5 min. The reaction was terminated by adding 100 ml 4 M

H2SO4 and was quantified colorimetrically at 450 nm in a

spectrophotometer (Emax – Molecular Devices). Results were

expressed as change in OD per g of wet tissue (implant).

Infiltration of mononuclear cells was quantitated by

measuring the levels of lysosomal enzyme N-acetylglucosami-

nidase present in high levels in activated macrophages (Bailey,

1988). Part of the pellet remaining after the Hb measurement

was kept for this assay. These pellets were homogenized in

NaCl solution (0.9% w v�1) containing 0.1% v v�1 Triton X-

100 (Promega) and centrifuged (3000� g; 10 min 41C).

Samples of the resulting supernatant (100ml) were incubated

for 10 min with 100ml p-nitrophenyl-N-acetyl-b-D-glucosami-

nide (Sigma), prepared in citrate/phosphate buffer (pH 4.5) in

a final concentration of 2.24 mM. The reaction was terminated

by the addition of 100 ml 0.2 M glycine buffer pH 10.6.

Hydrolysis of the substrate was determined by measuring the

color absorption at 405 nm. NAG activity was expressed as

change in OD per g wet tissue.

Measurement of VEGF, TNF-a, CXCL2(KC) and
CCL2(MCP-1/JE) production in the sponge implants

The implants of both groups of animals (PAFR-KO and WT),

removed at days 7, 10 and 14 postimplantation, were

homogenized in 500ml of phosphate-buffered-saline pH 7.4

containing 0.05% Tween-20 and centrifuged at 12,000� g for

30 min. The amount of the cytokines, vascular endothelial

growth factor (VEGF) and tumor necrosis factor-a (TNF-a),

and the chemokines, keratinocyte-derived chemokine

(CXCL2(KC)) and chemokine monocyte chemoattractant

protein 1 (CCL2(MCP-1/JE)), in each sample was measured

in 50ml of the supernatant using Immunoassay Kits (R and D

Systems, U.S.A.) and following the manufacturer’s protocol.

Briefly, dilutions of cell-free supernatants were added in

duplicate to ELISA plates coated with a specific murine

polyclonal antibody against the cyto/chemokine, followed by

the addition of a second polyclonal antibody against the cyto/

chemokine. After washing to remove any unbound antibody–

enzyme reagent, a substrate solution (a 1 : 1 solution of

hydrogen peroxide and tetramethylbenzidine) was added to

the wells. The reaction was terminated with 50ml well�1 of 1 M

H2SO4. Plates were read at 492 nm in a spectrophotometer

(Emax – Molecular Devices). Standards were 0.5-log10 dilutions

of recombinant murine chemokines from 7.5 to 1000 pg ml�1

(100ml). The results were expressed as pg per mg wet tissue.

Statistical analysis

Results are presented as mean7s.e.m. Comparisons between

two groups were carried out using Student’s t-test for unpaired

data. Comparisons between three or more groups were carried

out using one-way analysis of variance (ANOVA) and

differences between groups assessed using Newman–Keuls

post-test. A P-value less that 0.05 was considered significant.

Results

Response of skin blood vessels to PAF in PAFR-KO and
WT mice

Vasomotor responses of cutaneous vasculature in PAFR-KO

mice were assessed after acute administration of PAF (1 mg)

and compared with the response of WT animals (Figure 1).

Figure 1 Lack of vasoconstrictor response to PAF in the skin of
PAFR-KO mice. Topical application of PAF (1 mg) in the skin of
WT mice produced increase in t1/2 values of the fluorescence peak.
The mediator caused no changes in t1/2 values when applied in the
skin of PAFR-KO mice. Results are expressed as mean7s.e.m. of
three to four animals in each group. *Po 0.05.
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The bolus dose of the mediator applied in the skin vascular bed

of WT mice caused a significant (Po 0.05; n¼ 5) increase in

the t1/2 value of the fluorescence peak when compared with the

mean value of vehicle injection (saline 10ml). In contrast,

administration of exogenous PAF in the skin of PAFR-KO

mice produced no increase in t1/2 values. This lack of

vasoconstrictor response to PAF confirmed the loss of the

receptors in these animals.

Histological assessments

After Giemsa staining, sponge implants of both groups

presented fibrovascular tissue growth at the three time points

studied. The histologic changes during the development

of the granulation tissue induced by sponge implants are

illustrated in Figure 2 at day 7 (a) and day 14 (b). At day 7,

the fibrovascular tissue of the implants of WT and

PAFR-KO mice comprised of neutrophils, macrophages,

fibroblasts and capillaries embedded in extracellular matrix.

By day 14, the stroma consisting of more mature collagen was

densely packed with fibroblasts, leukocytes and newly formed

blood vessels containing red blood cells indicative of func-

tional vessels. When histological sections from the implants of

PAFR-KO mice were compared with sections from WT mice,

the former showed much less cellular accumulation and a

higher number of congested blood vessels at all time points

(Figure 2a and b).

Kinetics of implant-induced angiogenesis in WT and
PAFR-KO mice

The sponge matrix was well tolerated by all animals. No sign

of infection or rejection was observed in the implant

compartment during the 14-day period of the experiment.

Sponge Hb content, an index of neovascularization,

increased steadily in both groups but was significantly higher

in PAFR-KO mice at all time points (Figure 3a). In WT

implants, the Hb values (mg mg�1 wet tissue) increased from

0.9870.19 (n¼ 6) at day 7 to 2.7870.19 (n¼ 7) by day 14

postimplantation, almost three-fold during the period. Over

the same time intervals, the Hb levels in the PAFR-KO

group started from a higher level at day 7 (1.8870.53; n¼ 5)

and increased by almost the same proportion (three-fold) by

day 14 (5.2370.31; n¼ 5). Morphometric analysis of the

vascularity of the implants showed that in WT mice, at any

time point, the number of vessels was lower than in implants of

PAFR-KO mice. In both groups the number of vessels

increased rapidly (day 7), but remained stable after day 10

(Table 1).

Assessment of the effects of PAF receptor antagonist
UK74505 on implant-induced angiogenesis

Similar to the findings in implants of PAFR-KO mice,

angiogenesis was increased by treatment with the PAF

receptor antagonist. The Hb content in 7-day-old implants

Figure 2 Representative histological sections of sponge implants stained with Giemsa (7 and 14 days) from WT and PAFR-KO
mice. The fibrovascular stroma at day 7 in both implants sections is composed of blood vessels, macrophages, neutrophils,
lymphocytes, fibroblasts within a loose fibrotic extracellular matrix. The number of vessels is increased in PAFR-KO. By day 14, the
implants of both groups consisting of more mature collagen were densely packed with fibroblasts, leukocytes and newly formed
blood vessels containing red blood cells indicative of functional vessels. The section of PAFR-KO implant exhibits a higher number
of congested blood vessels as compared with the section of WT implant. Original magnification � 66; M¼ sponge matrix.
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from the treated group was 0.8470.08; n¼ 7 vs 2.270.7;

n¼ 5 in sponge implants of the vehicle-treated group

(Figure 3c).

Kinetics of implant-induced inflammation and
proangiogenic molecules in WT and PAFR-KO mice

The accumulation of neutrophils and macrophages were

assessed by measuring MPO activity (a surrogate marker for

neutrophils) and NAG activity (a surrogate marker for

macrophages). As shown in Figure 4a and b, the levels of

these activities were markedly lower in the implants of PAFR-

KO mice as compared with those of WT animals with a more

prominent effect on neutrophils. To determine the influence of

PAF on the production of the chemokines CXCL2(KC)

and CCL2(MCP-1/JE), mediators of inflammatory cells

recruitment, the levels of these molecules were measured in

the implant supernatant (Figure 4c and d). The levels of

CXCL2(KC) reached a maximum on day 7 and fell

progressively in the implants of both groups. Interestingly,

the amount of this chemokine was significantly higher

in the implants of PAFR-KO mice as compared with the

WT group. The levels of CCL2(MCP-1/JE) were also higher

in the implants of PAFR-KO mice, but the peak was

attained on day 7 for the WT group and on day 10 for the

PAFR-KO.

The levels of the proangiogenic cytokines, VEGF and

TNF-a (Figure 5a and b) were measured in the implants

of both groups of mice. These did not differ between the

groups and exhibited similar biphasic profiles; that is, there

was an initial increase by day 7 followed by a marked decrease

by day 14.

Figure 3 Time course of angiogenesis in the sponge implant of
PAFR-KO and WT mice and the effect of the PAF receptor
antagonist UK74505 on angiogenesis of 7-day-old sponge implants
(b). Angiogenesis as assessed by the Hb content in the implants was
markedly increased in PAFR-KO mice (a) and in implants of the
animals treated with the PAF receptor antagonist. Results are
expressed as mean7s.e.m. of four to eight animals in each group.
*Po 0.05; ***Po0.001.

Table 1 Quantification of angiogenesis by morpho-
metric analysis

Number of
vessels/field

Vascular
area (mm2)

Days
postimplantation

WT PAFR-KO WT PAFR-KO

7 1772 2572* 330719 400723*
10 1771 2272* 453728 567734*
14 1671 2171* 458733 609763*

Data represent mean7s.e.m. The number of vessels was
obtained by counting 45 fields (three repetitions of 15 fields)
of sponge implants of WT and PAFR KO mice. The vascular
area was the sum of lumen area divided by the number of
vessels. *Po0.05, significant difference between the values of
PAFR-KO and WT mice.

Figure 4 Time course of inflammatory cell influx and chemokine
production in sponge implant in PAFR-KO and WT mice.
Neutrophils (a) and macrophages (b) accumulation in the implants
were measured as MPO and NAG activities, respectively. In the
implants of PAFR-KO mice, the levels of these activities were
markedly lower as compared with those of WT mice. Conversely,
the levels of the chemokines, CXCL2(KC) and CCL2(MCP1/JE)
were higher in the implants of PAFR-KO mice (c and d). Results are
expressed as mean7s.e.m. of four to eight animals in each group.
*Po 0.05; **Po0.01; ***Po0.001.

Figure 5 Time course of proangiogenic cytokines VEGF and
production in sponge implant in PAFR-KO and WT mice. The
levels of VEGF (a) and TNF-a (b) were similar in both groups.
Results are expressed as mean7s.e.m. of four to eight animals in
each group.
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Discussion

We have studied the sequential development of angiogenesis,

inflammation and cytokine production in the fibrovascular

tissue induced by sponge implantation in mice lacking the

PAF receptor (PAFR-KO). The absence of the PAF receptor

gene in this strain was confirmed by the lack of vasoconstrictor

response to exogenous application of PAF to the cutaneous

vascular bed using a fluorescein diffusion method. This

method has been shown to detect pharmacological responses

of mature and newly formed vasculatures to local application

of several vasomediators (Andrade et al., 1997; Lage &

Andrade, 2000; Machado et al., 2002). The PAFR-KO mice

also exhibited increased angiogenesis assessed by the Hb

content (vascular index) of the sponges and by morphometric

analysis. Both parameters have been extensively employed to

study neovascularization in a variety of animal models,

including the sponge implants (Passaniti et al., 1992; Hu

et al., 1995). The apparent discrepancy between stable number

of vessels and progressive increase in the Hb content may

be explained by maturation and functional state of the

blood vessels at later stages (days 10 and 14). Interestingly,

increased angiogenesis was observed in implants of WT mice

treated systemically with the PAF receptor antagonist,

UK74505. This result rules out the possibility of develop-

mental consequences of PAF receptor deficiency. However,

this finding is in disagreement with the study by Jackson

et al. (1998), which showed the inhibition of angiogenesis

in the murine air pouch granuloma by Ro 24-4736, another

PAF receptor antagonist. Possible explanations for this

discrepancy may lie in the differences in the animal model,

compound and dosing schedule. It is particularly relevant to

note that the inflammatory stimulus (croton oil and Freunds

adjuvant) used by Jackson et al. (1998) was more intense

than that provided in our experiments (simple presence of

sponge) and that they reported an increase in granuloma

size, whereas in our experiments, no modification of granu-

loma size was apparent, after PAF antagonism (data not

shown). It is possible that the effect of PAF as a pro- or

antiangiogenic mediator could vary with the inflammatory

environment in which the angiogenesis occurs. The vascular

changes observed in the knockout mice were accompanied by

decreased signs of inflammation. It is worth noting that

angiogenesis, usually considered to be a direct consequence of

inflammatory events such as cell infiltration and activation

(Jackson et al., 1997), was in fact increased above normal in

our PAFR-KO mice where leukocyte accumulation was

decreased below normal. This finding is in marked contrast

to the stimulation of angiogenesis induced by PAF in vitro and

in vivo (Andrade et al., 1992; Bussolino et al., 1995; Camussi

et al., 1995; Montrucchio et al., 2000a, b). Another discrepant

outcome of our results was that although there was increased

angiogenesis in the implants of PAFR-KO mice, the levels of

neither of the proangiogenic cytokines, VEGF and TNF-a,

was changed in this strain. Both VEGF and TNF-a play

important roles in angiogenesis (Frater-Schröder et al., 1987;

Brown et al., 1997) and PAF stimulates the expression of

growth factors and chemokines in a variety of tissues

(Bussolino et al., 1995; Zhixing et al., 1995). It is clear that,

in the PAFR-KO mice, the levels of VEGF or of TNF-a
normally induced, that is, the same levels as in WT mice, were

not rate limiting for angiogenesis and further that PAF was

not a crucial stimulus for these cytokines to be produced. Of

course there are other endogenous stimuli for the production

of these cytokines. For instance, VEGF is abundantly

produced by hypoxic tumor cells and activated endothelial

cells, macrophages and other cells of the immune system

(Brown et al., 1997) and VEGF output from mouse fibroblasts

in culture was controlled by the products of cyclo-oxygenase-

2(COX-2) (Williams et al., 2000). The delayed peak of the

cytokines production in PAFR-KO mice is more apparent

than real because VEGF or TNF-a did not differ from days

7 to 10.

In animals lacking PAF receptors throughout development

and growth, compensatory pathways for the absence of its

actions are likely to emerge. However, our results do suggest

that changes in cytokine or chemokine generation and

signaling and in PAF’s effects are selectively influenced in

the PAFR-KO strain.

PAF is an endogenous phospholipid capable of mediating

many different biological events. Most of these events are

concerned with inflammation, but PAF also has pathophysio-

logical effects in the reproductive, nervous and cardiovascular

systems (Montrucchio et al., 2000a, b; Ishii & Shimizu, 2000).

In addition, PAF plays important roles in cellular growth and

transformation (Bennett et al., 1993; Roth et al., 1996; Kume

& Shimizu, 1997). Our results clearly showed that the absence

of the PAF receptor and therefore of the effects of its

activating ligand, led to a decrease in the accumulation of

leukocytes (neutrophils and macrophages) in the sponge

implant.

This decrease in proinflammatory cell infiltration in the

PAFR-KO mice is fully compatible with the proinflammatory

actions attributed to PAF in normal WT mice (Venable et al.,

1993; Ford et al., 1989; Jackson et al., 1998). The decreased

leukocyte accumulation was most clearly marked in the

neutrophil component that was well below the corresponding

levels in the WT mice by 7 days postimplantation and

continued at a low level throughout the experimental period

(14 days). Macrophage levels were decreased only towards the

end of this period, between 10 and 14 days. Furthermore, the

magnitude of the decrease in macrophage activity was much

smaller than that in neutrophils, suggesting a degree of

selectivity in the loss of underlying inflammatory signals.

It was therefore unexpected to find that in the PAF-KO

mice, the levels of the relevant chemoattractant cytokines, the

chemokines CXCL2(KC) and CCL2(MCP-1/JE), were higher

than in the WT mice. These chemokines, in WT mice, serve as

chemotatic agents for neutrophils and macrophages, respec-

tively, and increased levels of chemokines are associated with

increased accumulation of the relevant leukocyte, in vitro or in

vivo (Rollins, 1997). Thus, in our PAFR-KO mice, the

coincidence of decreased leukocyte accumulation and in-

creased chemokine levels suggests that the leukocytes in the

PAFR-KO mice are, in some way, defective in their response

to the chemoattractant stimuli. Two possible explanations for

such a defect are a fault in the chemokine receptors or a fault

in the intracellular signaling pathways leading from the

activated receptors to the eventual cellular kinesis. The fault

in the receptor itself could be expressed as a reduced number of

normal receptors or as abnormal receptors with reduced

affinity for the ligands. Perhaps the more likely alternative,

defective intracellular signaling, would be compatible with the

intracellular actions that PAF is known to exhibit in cells from
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normal WT animals. If PAF were to act at the same receptor

intracellularly as it activates in cell membrane, then the PAFR-

KO mice could indeed be unable to transduce fully the

activation of the chemokine receptors into cellular chemokin-

esis. A recent work (Marrache et al., 2002) provides evidence

for a nuclear membrane receptor for PAF closely related to the

cell membrane receptor in so far it was recognized by the same

antibodies and the same antagonists. The activation of this

internal PAF receptor caused the activation of the (extra-

cellular signal-regulated kinases) extracellular-regulated ki-

nase, nuclear factor-kB, and of inducible nitric oxide synthase

and COX-2 pathways (Marrache et al., 2002). Decreased

stimulation of such kinase cascades, consequent on the loss of

internal PAF receptor in the PAFR-KO mice, could reason-

ably lead to the loss of coupling between chemokine receptors

and cellular kinesis.

Apart from possible mechanisms of the defective response,

the discrepancy between chemokine level and cell accumula-

tion raises another interesting question – is the increased

production of chemokines indicative of a loss of a negative

feedback system in PAFR-KO mice? From existing experi-

mental results, a normal concentration–response relation

between chemokine concentration and cell accumulation has

been assumed and generally observed. However, in our PAFR-

KO mice, the production of the chemokines was higher than in

WT mice even though one proinflammatory mediator, PAF,

had been made ineffectual. A negative feedback signal

emanating from the attracted leukocytes would appear to be

a logical form of control of chemoattractant activity but there

has been no model, so far, in which such a control has been

implied or expressed. Nevertheless, in our model of angiogen-

esis, the implantation of the sponge and the loss of PAF

signalling through the PAF receptor stimulated rather than

inhibited the processes of neovascularization.

Our results may suggest that the accumulation of leukocytes

may be a source of antiangiogenic signals under normal

conditions, that is, in WT animals. Thus, when leukocytes do

not accumulate in an angiogenic/inflammatory site, the

process of angiogenesis proceeds unchecked, to a greater

extent than in normal animals. Some support for this

‘leukocyte-dependent’ inhibition of angiogenesis is provided

by the finding of antiangiogenic angiostatin kringle 1–3 in

leukocyte cultures (Scapini et al., 2002).

We undertook these experiments in PAFR-KO mice

expecting to confirm the positive role of PAF in inflammation

and angiogenesis. Our results have confirmed the proinflam-

matory effects of endogenous PAF but also have unexpectedly

shown that endogenous PAF functions as an inhibitor of the

process of angiogenesis in our sponge model. Moreover, the

inflammatory cells accumulating at the site of neovasculariza-

tion may serve as source of endogenous inhibitors of

angiogenesis in addition to being sources of stimulators of

this process. These unexpected roles of PAF and of the

infiltrating inflammatory cells will need to be confirmed in

other models using other proinflammatory stimuli before their

overall relevance to the pathophysiology of angiogenesis can

be fully assessed.
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