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Evidence for the Role of Platelet-activating Factor in Inmune Complex Vasculitis

in the Rat

Jeffrey S. Warren, David M. Mandel, Kent J. Johnson, and Peter A. Ward
Department of Pathology, The University of Michigan Medical School, Ann Arbor, Michigan 48109

Abstract

These studies were designed to determine the role of platelet-
activating factor (PAF) in the pathogenesis of immune com-
plex (IgG) induced dermal vasculitis in the rat. In vitro, very
low (pM and nM) concentrations of PAF “primed” rat neutro-
phils for enhanced O3 responses to IgG immune complexes
while higher concentrations were directly stimulatory. The
PAF receptor antagonist, L-652,731, blocked responses (O3
production and enzyme release) of rat neutrophils stimulated
with PAF but did not block responses triggered by immune
complexes, formyl chemotactic peptide or opsonized zymosan
particles. When L-652,731 was added to the antibody em-
ployed in the reversed passive Arthus reaction, the injury re-
sulting from immune complex-induced vasculitis was signifi-
cantly attenuated. In order to determine if in vivo protection
provided by L-652,731 was related to neutrophils, we devel-
oped a new model in which rats are systemically depleted of
neutrophils by cyclophosphamide and then locally reconsti-
tuted with intact neutrophils in a manner that allows restora-
tion of immune complex-induced vascular injury. With this
model, we demonstrated that the effects of neutrophil recon-
stitution are substantially diminished if the cells are pretreated
with L-652,731 and then washed. By priming neutrophils with
substimulatory concentrations of PAF, we have also provided
in vivo evidence that neutrophil priming can increase the mag-
nitude of vascular injury. These data provide evidence that
vascular injury associated with immune complex dermal vas-
culitis is related to availability of PAF receptors on neutro-
phils, suggesting a mechanism through which PAF may func-
tion as a mediator in the pathogenesis of immune complex
vasculitis.

Introduction

Cellular and humoral responses triggered by immune com-
plexes are important in the pathogenesis of many inflamma-
tory diseases. Formation of complement-fixing immune com-
plexes in tissue can lead to a localized influx of neutrophils,
which in turn release a diverse array of soluble mediators re-
sponsible for tissue damage (1-4). Considerable attention has
been directed toward the proinflammatory roles of lysosomal
granule constituents (e.g., proteases), oxidants (e.g., superox-
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ide anion and its derivatives), and products of arachidonic
acid. Platelet-activating factor (PAF, 1-O-alkyl-2-acetyl-sn-
glycero-3-phosphocholine)! is elaborated by platelets, hepato-
cytes, endothelial cells, and by various inflammatory cells in-
cluding monocytes, macrophages, neutrophils, and basophils
(5). Recently, mediator functions of PAF have been examined
in the context of tissue-damaging acute inflammatory pro-
cesses (6-12). Concomitant in vitro studies have shown that,
depending upon concentration, PAF can prime or directly ac-
tivate granulocytes (13-20). Vercellotti et al. (20) have recently
shown that PAF priming of neutrophils leads to enhancement
of superoxide generation, elastase release, aggregation, adhe-
sive glycoprotein expression and lysis or detachment of endo-
thelial cells.

In several animal species there is in vivo and in vitro evi-
dence that PAF participates in immune complex-mediated
processes. After addition of sensitizing antigen, PAF is pro-
duced by isolated IgE-sensitized mast cells (21) and basophils
(22). IgG aggregates or preformed immune complexes stimu-
late PAF production by isolated perfused rat livers (23), perito-
neal macrophages (24), and isolated peripheral blood neutro-
phils and monocytes (25-28). PAF appears in the blood after
induction of serum sickness (29), systemic anaphylaxis (30),
and acute lung injury (31) in rabbits as well as after infusion of
antigen into IgE-sensitized rabbits (32). Intravenous infusion
of immune complexes or IgG aggregates into rabbits and mice
results in the appearance of PAF in the blood and liver, respec-
tively (26, 33). Increased vascular permeability, systemic hy-
potension, intravascular lysosomal hydrolase secretion and
neutropenia can be elicited by infusion of preformed immune
complexes or IgG aggregates (33, 34). These physiologic re-
sponses to immune complexes can be mimicked by infusion of
PAF (26, 35-38). Additional support that responses to im-
mune complex infusions may be mediated by PAF has been
provided by studies in which both immune complex-induced
PAF production and neutropenia are blocked by 6-methyl-
prednisolone (26) and PGI, (25, 35). PAF production and
vascular permeability resulting from infusion of aggregated
IgG into mice can be prevented by mononuclear phagocyte
depletion suggesting that some immune complex-induced re-
sponses are mediated by PAF (33).

There is convincing in vivo and in vitro evidence that PAF
can directly provoke rapid neutrophil-independent increases
in microvascular permeability. Intradermal injection of PAF
into rabbits results in a rapid, localized increase in vascular
permeability independent of neutrophil, mast cell or platelet
activation (6-11). Hellewell and Williams (12) have recently
provided evidence that endogenous PAF production may con-
tribute to changes in endothelial cells in postcapillary venules
(39, 40). In vitro studies with cultured human endothelial cells

1. Abbreviations used in this paper: PAF, platelet activating factor.
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have shown that PAF stimulates Ca** influx-efflux (41, 42)
and associated cytoskeletal alterations that are associated with
changes in cell shape and monolayer permeability to iodinated
albumin (43).

The present study addresses a potential autocrine-para-
crine role for PAF in neutrophil-dependent immune complex-
induced vascular injury. We present evidence that PAF, in
addition to its putative role in neutrophil-independent early
phase increases in vascular permeability, also contributes to
immune complex induced vascular damage through interac-
tion with PAF receptors on neutrophils.

Methods

Animals. Male Long-Evans specific pathogen-free rats (300-400 g;
Charles River Breeding Laboratories, Inc., Wilmington, MA) were
used for all studies. Intraperitoneal injections of ketamine (2.5-5.0
mg/100 g body wt) and sodium pentobarbital (5 mg/100 g body wt)
were given for sedation and anesthesia.

Materials. 1L-652,731 (trans-2,5-bis; 3,4,5-trimethoxyphenyl tetra-
hydrofuran) and its cis-isomer, L-652,763 were from Dr. John C.
Chabala, Merck, Sharp and Dohme, Rahway, NJ. Stock solutions of
L-652,731 and L-652,763 (0.4 mg/ml sterile saline) were prepared
daily in 1.0% dimethylsulfoxide (DMSO). Final concentrations of
DMSO never exceeded 0.1% in any in vitro or in vivo experiments.
Fluoresceinated F(ab'), fragments (anti-BSA and anti-rabbit IgG) were
purchased from Cooper Biomedical, Malvern, PA. Zymosan, FMLP,
PAF, 2-deoxyribose, hypoxanthine, xanthine oxidase, thiobarbituric
acid, and BSA (Cohn fraction V, essentially fatty acid free) were from
Sigma Chemical Co., St. Louis, MO. 1-O-[*H]hexadecyl-2-
acetylglycero-3-phosphocholine (59 Ci/mmol) (*H-PAF) was pur-
chased from New England Nuclear (Boston, MA). PAF activity was
ascertained by measuring platelet release of serotonin (44). Rat plate-
lets were isolated as described by Henson (45). Platelet-rich plasma was
removed, pooled, and incubated at 37°C with 1 xCi/ml [*H]serotonin
binoxalate (New England Nuclear) for 15 min. The platelets were
sedimented at 2,500 g for 15 min and washed first in Tyrode’s-gel
without Ca?* and with EGTA and then in Tyrode’s-gel without Ca?*.
2.5 X 10® [*Hlserotonin-labeled platelets were finally incubated (37°C,
15 min) in duplicate with stimuli in a final volume of 0.4 ml Tyrode’s-
gel with Ca?*. The reaction was stopped by centrifuging at 12,000 gina
microfuge-12 (Beckman Instruments, Inc., Fullerton, CA) for 30 s.
Serotonin release was measured by counting an aliquot of the super-
natant fluid in a liquid scintillation counter. Serotonin release was
expressed as a percentage of the total where total was determined after
Triton X-100 lysis of [*H]serotonin-labeled platelets. Incubation of
platelets with increasing concentrations of PAF (1077-10~5 M) resulted
in dose-dependent serotonin release ranging from 6.0 to 95.9%. Stimu-
lation of platelets with thrombin (1 U; Sigma) resulted in 71.0% seroto-
nin release. Assay of platelet supernatants for lactate dehydrogenase
(LDH) (46) revealed no evidence of platelet lysis by the commercial
PAF preparation.

Buffers. Tyrode’s-gel without Ca?*, Tyrode’s-gel without Ca?* with
EDTA, Tyrode’s-gel with Ca?*, Tyrode’s-BSA without Ca?* and Ty-
rode’s-BSA with Ca®* were prepared as described by Lynch et al. (44).

Peripheral blood neutrophils. Heparinized caval blood was col-
lected from Long-Evans rats, pooled within the group, and the neutro-
phils isolated by centrifugation over a Histopague-1077 gradient after
sedimentation of red blood cells with hydroxyethyl starch (6% Volex;
McGaw Laboratories, Glendale, CA) (44). Residual erythrocytes were
removed by hypotonic lysis. The purified neutrophils were suspended
in Tyrode’s-BSA with or without Ca?*, Mg?*, and glucose as indicated.

Immune complex preparation. Inmune complexes were prepared
with the use of hyperimmune rabbit IgG rich in antibody to BSA. As
previously described, the concentration of antibody was determined by
quantitative precipitin reactions (47). Complexes were prepared with a
constant antigen/antibody ratio (wt/wt) of 1:5.
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Measurements of O; production and beta-glucuronidase release.
Superoxide generation by neutrophils was measured by the superoxide
dismutase-inhibitable reduction of ferricytochrome ¢ according to Ba-
bior et al. (48) and recently detailed (49). Tyrode’s-BSA with Ca?* was
used in place of HBSS.

The release of lysosomal enzyme beta-glucuronidase by neutro-
phils was measured as recently detailed (49). Again, Tyrodes-BSA with
Ca?* was substituted for HBSS during neutrophil incubations.

PAF-receptor binding studies. The binding of *H-PAF to isolated
peripheral blood rat neutrophils and the inhibition of *H-PAF binding
to neutrophils by the PAF antagonist, 1L-652,731, were carried out by
adapting methods described by Hwang et al. (50). Neutrophils (2
X 10°) were added to final 1 ml solutions of Ca®*, Mg?*, and glucose-
free Tyrode’s-BSA buffer (pH 7.2) containing 2.2 nM [*H]PAF and
known amounts of L-652,731. After 30 min incubation at 4°C, the
mixtures were filtered through GF/C glass fibers under vacuum. Per-
cent inhibition of *H-PAF binding by 1.-652,731 was calculated as %
inhibition = total binding — total binding with antagonist/specific
binding X 100%, where total binding was defined as described by
Hwang et al. (50). Nonspecific binding, measured in the presence of an
excess of PAF (10 uM) cannot be displaced with further increases in
PAF concentration or with high concentrations of L-652,731 (100
uM). Specific binding is the calculated difference between total and
nonspecific binding.

Animal models of dermal vasculitis. Reversed dermal Arthus reac-
tions were induced in rats by intradermal injection of 50 ul antibody
(10 or 20 pug, directed against BSA) in the presence or absence of
L-652,731 or L-652,763. The antibody was prepared from hyperim-
mune rabbit serum by isolating the IgG fraction by means of saturated
ammonium sulfate (50%) precipitation and diethylaminoethyl-cellu-
lose ion exchange chromatography as previously described (51, 52).
Immediately after intradermal injection of antibody, the rats received
intravenous injections of BSA (10 mg in 1.0 ml saline), which also
contained an aliquot (800,000 cpm) of radioactive indicator (‘*’I-la-
beled nonspecific rabbit IgG) for quantitation of dermal vascular in-
jury. At specified time points, the rats were killed and tissue injury was
quantitated by determination of the permeability index. As described
previously, the permeability index in this model is the amount of
radioactivity present within standard size full-thickness skih sites,
compared with the radioactivity within 1.0 ml of caval blood (53).

To examine the role of PAF-receptors on neutrophils in immune
complex vasculitis, rats were depleted of neutrophils (< 200/mm?)
with cyclophosphamide (75-100 mg/kg i.p., 4 d before experiment)
and dermal Arthus reactions were reconstituted by injecting antibody
intradermally together with neutrophils (10°) that had been pretreated
with 50 uM L-652,731, L-652,763, or buffer and then washed. Vascu-
lar injury was quantitated after 30 min, 1 or 2 h as detailed above.

Morphologic analysis of dermal vasculitis. Transmission electron
micrographs were prepared from biopsies fixed in 4% glutaraldehyde,
washed in 0.1 M cacodylate buffer (pH 7.3), and embedded in plastic.
1-um-thick sections were stained with toluidine blue and processed for
transmission electron microscopy by using a Philips 401 transmission
electron microscope (Philips Electronic Instruments, Mahwah, NJ).

Immunofluorescence studies were performed on cryostat sections
of reversed dermal Arthus and reconstituted dermal vasculitis skin
biopsies. Frozen sections were fixed in acetone (10 min), twice washed
with PBS (5 min), and incubated (40 min; room temperature) with
1:50, 1:100, and 1:200 dilutions of fluoresceinated rabbit F(ab'), di-
rected against bovine serum albumin, fluoresceinated goat anti-rabbit
IgG (heavy and light chain specific) F(ab’), fragments, or saline. The
sections were then washed with PBS (10 min X 3) and coverslipped
with 0.1% p-phenylenediamine in glycerol. Sections were examined
and photographed using a Zeiss Photomic III epifluorescent micro-
scope.

Hydroxyl radical generation and measurement. Cell-free genera-
tion of hydroxyl radical was achieved by a hypoxanthine-xanthine
oxidase system in the presence of added iron salt (54). Hydroxyl radi-
cals were detected by generation of thiobarbituric acid reactive chro-



mogens resulting from deoxyribose degradation (55). Briefly, reaction
mixtures containing 200 ul 2-deoxy-D-ribose (5 mM), 200 ul buffer,
pH 7.4 (0.024 M phosphate, 0.15 M NaCl), 200 ul hypoxanthine (2
mM), 50 ul FeCl; (1 mM) and 20 ul xanthine oxidase (51.7 U/ml) were
incubated at 37°C for 30 min. The buffer contained mannitol (10
mM), L-652,731 or 0.1% DMSO as indicated. After incubation, 0.5 ml
of 1% (wt/vol) thiobarbituric acid (dissolved in 0.05 M NaOH) and 0.5
ml 2.8% (wt/vol) TCA was added. The mixtures were heated at 100°C
for 10 min, cooled, and absorbances measured at 532 nm.

Results

Specific blockade of PAF-triggered rat neutrophil activation.
Addition of increasing concentrations of PAF to rat peripheral
blood neutrophils resulted in dose-dependent increases in O3
generation (Fig. 1). However, when PAF over the same range
of concentrations was added to neutrophils in the presence of
the PAF receptor antagonist, 1.-652,731 (50 uM), there was
complete blockade of O; production. In the presence of 5 uM
L-652,731, the effect of the antagonist could be overridden by
the highest concentration of PAF (1075 M).

The data shown in Fig. 2 demonstrate the specificity of
L-652,731 with respect to PAF-triggered O3 responses and
enzyme release. The lack of effect of L-652,731 on O3 genera-
tion triggered by immune complexes, FMLP or opsonized zy-
mosan is consistent with the specificity of L-652,731 for PAF
receptors and indicates that as much as 50 uM L-652,731 does
not interfere with the neutrophil oxidative burst or measure-
ment of O3 per se. L-652,731 specifically blocked PAF-in-
duced B-glucuronidase secretion, but not enzyme secretion in-
duced by the other agonists. Under identical conditions, PAF-
triggered activation of neutrophils was not blocked by
L-652,763 (50 uM), the cis-isomer of L-652,731.

In vitro priming of rat neutrophils with PAF. To investigate
the ability of PAF to “prime” neutrophils for superoxide re-
sponses, cells were incubated in the presence or absence of
PAF at concentrations ranging from 107! to 10~7 M. Neutro-
phils were incubated for 5 min at 37°C with buffer alone or
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Figure 1. Effect of L-652,731 (5 and 50 M) on rat neutrophil O3
production triggered by increasing concentrations of PAF. Rat pe-
ripheral blood neutrophils (2 X 10%/ml) suspended in Tyrode’s-BSA
with Ca?* (in the presence or absence of L-652,731) were incubated
(37°C, 30 min) with increasing concentrations of PAF. O3 produc-
tion was determined by SOD-inhibitable reduction of ferricy-
tochrome c as previously described (48). Data expressed are
means+=SEM of four experiments in which duplicate samples were
assayed. Data were analyzed by analysis of variance with significance
assigned for P < 0.05. » and #= Significant differences versus O3
values measured in the absence of PAF.
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Figure 2. Effects of L-652,731 (50 uM) and L-652,763 (50 uM) on
rat neutrophil O; production and g-glucuronidase secretion induced
by IgG immune complexes (10 pg antibody/ml), FMLP (1077 M),
opsonized zymosan (1 mg/ml) and PAF (1073 M). Incubation condi-
tions for O; determination and $-glucuronidase secretion assays were
the same as described for Fig. 1. For enzyme secretion, releasates
from blood neutrophils (3 X 10°) were assayed as described pre-
viously (46). Percent enzyme release was relative to enzyme activity
present in Triton X-100 neutrophil lysates. Data expressed are
means+SEM of five experiments in which duplicate (O3) or tripli-
cate (enzyme release) samples were assayed. The effect of L-652,763
(50 uM) on PAF-triggered responses was determined in two experi-
ments. A two-tailed Student’s 7 test was used to analyze control (&)
versus L-652,731 (0), or L-652,763-treated (O) groups. * A significant
difference (P < 0.05) between control and L-652,73 1-treated groups.

with 50 uM L-652,731 and then washed. PAF or immune
complexes were then added as indicated and O3 production
measured. As shown in Fig. 3, neutrophils preincubated only
in buffer (without PAF) produced 3.8 nmol O3 following ad-
dition of immune complexes. Negative control cells generated
0.4£0.3 nmol O3. Neutrophils that had been incubated in
buffer alone and then exposed to increasing concentrations of
PAF exhibited O3 responses at concentrations of PAF of 1078
M and greater. Neutrophils exposed to very low concentra-
tions (107! to 10~ M) of PAF produced markedly increased
amounts of O3 following incubation with immune complexes.
This “priming” effect was completely abolished when the neu-
trophils were preincubated with PAF in the presence of the
PAF-receptor antagonist, L-652,731. These data suggest that
PAF, at very low concentrations, can prime neutrophils re-
sulting in an exaggerated O3 response upon exposure to a
second stimulus such as immune complexes. The ability to
block this PAF-mediated effect with L-652,731 suggests that
initiation of the priming phenomenon is linked to engagement
of PAF receptors.

Blockade of neutrophil PAF receptors with L-652,731. The
percent inhibition by L-652,731 of [’ H]PAF binding to PAF-
receptor sites on peripheral blood rat neutrophils is shown in
Fig. 4. L-652,731 inhibited [’ H]PAF (2.2 nM) receptor binding
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Figure 3. Effect on subsequent O; production of priming rat neutro-
phils with substimulatory (picomolar to nanomolar) concentrations
of PAF. Neutrophils (2 X 10%/ml) were incubated (37°C, 5 min) with
increasing concentrations (107!'-10~7 M) of PAF in the presence or
absence of L-652,731 (50 uM). After treatment, the cells were
washed with Tyrodes-BSA with Ca**, IgG immune complexes (10 ug
antibody/ml) or PAF added, and O3 generation measured. Data ex-
pressed are means+SEM of four separate experiments in which du-
plicate samples were assayed.

with an EDs value of 2.4 X 1077 M, where EDs, represents the
concentration of antagonist to block 50% [*H]JPAF-specific re-
ceptor binding. 1-652,73 1-treated cells were analyzed in vitro
to determine whether neutrophil functions and specific PAF-
receptor blockade were preserved following this intervention.
Incubation of neutrophils with L-652,731 followed by washing
resulted in complete blockade of the PAF-triggered O; re-
sponse and an 84% suppression of S-glucuronidase secretion
(data not shown). As in the analyses of antagonist specificity
for PAF-triggered neutrophil functions (Fig. 2), the receptor-
blocking effect of L-652,731 could be overridden with high
concentrations of PAF (10~° M) (data not shown). Exposure of

0 Figure 4. Inhibition
curve of [*H]PAF bind-
25 ing to the PAF-receptor
on peripheral blood rat
neutrophils by
L-652,731. Neutrophils
(2 X 10%/ml) were sus-
75 pended in Ca?*, Mg?*,
and glucose-free Ty-
rode’s-BSA (pH 7.2)
containing 2.2 nM [*H}-
PAF and known
amounts of L-652,731.
After 30 min incubation at 4°C, the mixtures were either filtered
through GF/C glass fiber filters under vacuum or assayed (O3 pro-
duction and S-glucuronidase release) to assess maintenance of PAF-
receptor blockade. The percent inhibition of [PHJPAF binding by
L-652,731 was calculated as described in Methods. Each point of in-
hibition represents the average of three experiments with duplicates
or triplicates performed in each experiment. ED;s, represents the con-
centration of L-652,731 required to displace 50% of the specific [*H]-
PAF-receptor binding.
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cells to L-652,731 (50 uM) appeared not to have a generalized
suppressive effect on neutrophil functional responses since
stimulation of antagonist treated cells with IgG immune com-
plexes resulted in O3 production and 8-glucuronidase secre-
tion equivalent to that produced by untreated cells.

In vivo evidence for PAF in immune complex vasculitis.
Intradermal injection of L-652,731 with antibody resulted in
dose-dependent suppression of vascular injury (as measured
by permeability change) induced by reversed passive Arthus
reactions (Fig. 5). Parallel dose-response curves were observed
for skin sites injected with 10- or 20-ug antibody. At both
antibody concentrations, vascular injury could be suppressed
by as much as 45% in sites injected with 5 X 10~% mol
L-652,731. Intradermal injection of equivalent concentrations.
of cis-isomer (L-652,763) with antibody resulted in no sup-
pression of vascular injury. These data suggest that PAF plays
a significant role in the pathogenesis of immune complex vas-
culitis.

Characterization of the “reconstituted” dermal vasculitis
model. To develop a vasculitis model in which the role of PAF
receptors on neutrophils could be examined, rats were de-
pleted of granulocytes with cyclophosphamide and Arthus-like
reactions were reconstituted by injection antibody intrader-
mally together with aliquots of isolated peripheral blood neu-
trophils. Development of vascular injury, as defined by in-
creased permeability, occurred in a dose-dependent manner
similar in pattern to the classic reversed passive Arthus reac-
tion (Fig. 6). At equivalent antibody doses, the absolute degree
of vascular damage achieved in reconstituted sites ranged from
35 to 43% of that observed in reversed passive Arthus sites. In
contrast to the reversed passive Arthus reaction, in which there
is a time-dependent increase in perivascular neutrophil accu-
mulation at sites of immune complex deposition, reconsti-
tuted vasculitis sites exhibited relatively uniform histologic ap-
pearances at 0.5, 1, and 2 h (Fig. 7). In the latter model, recon-
stituted neutrophils were distributed throughout the dermis
and were less intimately associated with blood vessel walls

b Figure 5. Effect of
X on t Vehicle alone L-652,73l and
§ (LTS ) 652,763 on develop-
r os . ment of the reversed
;:' | L-652,731 passive Arthus reaction.
g o . Skin sites were injected
H o2 ** R with IgG anti-BSA (10

9 Negative control 2] antlbody [_ o _]
o or 20 ug antibody

0 10 2010 3015® ax10™® 5x16° [— @ —]) in the pres-
ence of increasing con-
centrations of
L-652,731 or L-652,763. Rats were sacrificed 2 h after induction of
the reversed passive Arthus reaction and permeability indices were
expressed as the ratio of '25I-nonspecific IgG counts per minute per
skin site to counts per minute in 1 ml of caval blood (51, 52). Vehi-
cle alone (a) consists of 1.0% DMSO in 40°C saline as described pre-
viously. Negative control rats (0) received intradermal injections of
antibody (20 ug) and intravenous infusions saline containing '*I-
nonspecific IgG but no BSA. The data expressed are means+SEM of
five separate experirhents in which two to five replicate sites were
employed for each variable. Data were analyzed by analysis of vari-
ance with significance assigned for P < 0.05. * and ==+ Significant dif-
ferences in permeadbility indices from control sites injected with anti-
body but no L-652,731.
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Figure 6. Comparison
Friietos  Of permeability charac.
teristics of the reconsti-
tuted dermal vasculitis
model and the reversed
passive Arthus reaction.
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into the dermis of neu-
trophil-depleted rats. Antigen (BSA, 10 mg) was injected intrave-
nously, rats were sacrificed after 2 h, and permeability indices deter-
mined as described previously. Some skin sites received only anti-
body (a) or only neutrophils (0 ug antibody). The data expressed
represent means+SEM of three experiments in which three to four
replicate sites were employed for each variable. Reversed passive
Arthus reactions were induced using aliquots of the same antibody
preparations and the reactions were terminated at 2 h.

than in classic reversed passive Arthus reactions. The differ-
ence in neutrophil distribution in the reconstituted vasculitis
model is perhaps best illustrated by the lack of neutrophils
either within the vascular lumens or in the process of emigra-
tion through vessel walls. In both models, electron dense im-
mune complex deposits were present within the neutrophils
(Fig. 7). Immunofluorescence staining verified the presence of
both antibody (rabbit IgG) and antigen (BSA) in association
with the neutrophils (data not shown). The low permeability
indices (< 0.13+0.05) in neutrophil-depleted rats receiving in-
tradermal injections of neutrophils or anti-BSA alone indicate
that reconstituted neutrophils and IgG are required for devel-
opment of significant vasculitis. Rats that received intradermal
neutrophils and IgG, but no intravenous BSA, exhibited per-
meability indices less than 0.1 (data not shown).

In vivo evidence for neutrophil activation by PAF in the
reconstituted dermal vasculitis model. The reconstituted der-
mal vasculitis model was used to specifically examine the role
of PAF receptors on neutrophils in immune complex vascu-
litis. Neutrophil-depleted rats were reconstituted with varied
concentrations (2.5-22 ug) of antibody together with neutro-
phils that had either been pretreated with 50 uM L-652,731, 50
uM L-652,763, or buffer, and then washed. Vascular injury
was consistently decreased nearly 50% at skin sites in which
the neutrophils had been pretreated with the PAF-receptor
antagonist, L-652,731 (Fig. 8). Because L-652,763 has been
shown to bind rabbit platelet PAF receptors with nearly
1,000-fold less affinity than L-652,731 (50), additional dermal
sites were reconstituted with neutrophils incubated in 50 uM
L-652,763 without subsequent washing. As in the case of the
classic reversed passive Arthus reaction, the cis-compound
(L-652,763) had no suppressive effect on the evolution of im-
mune complex vasculitis. )

To address the possibility that 1.-652,731 may impede in
situ immune complex formation, dermal vasculitis reactions
in the presence or absence of L-652,731 (5 X 10~% mol) were
induced in neutrophil-sufficient and depleted rats. These rats
received 15 ug (10° cpm) 'I-BSA intravenously in lieu of the
usual amount of '*5I-nonspecific IgG (1 ug; 8 X 10° cpm). This
substitution of label allowed comparison of quantity of antigen
('®I-BSA) concentrated at L-652,731 treated antibody sites as

compared to sites injected with antibody in the absence of
L-652,731. For both neutrophil-deficient and sufficient rats,
there were no differences in radioactive counts between skin
plugs obtained from sites injected with L-652,731 or not, sug-
gesting that this antagonist does not impede in situ immune
complex formation (data not shown).

Since it has been suggested that formation of hydroxyl radi-
cals (HO’) may be important in the pathogenesis of neutro-
phil-mediated tissue injury (56), we examined the effect of
L-652,731 on HO' formation by measuring the appearance of
thiobarbituric acid reactive products from deoxyribose (55).
As shown in Table I, addition of up to 50 uM L-652,731 to a
cell-free HO' generating system (hypoxanthine/xanthine oxi-
dase) resulted in no decrease in detectable HO". Likewise, low
concentrations of the vehicle used to solubilize 1-652,731
(0.1% DMSO) did not scavenge HO' generated by hypoxan-
thine/xanthine oxidase.

Time course analysis of PAF-triggered neutrophil activa-
tion in immune complex vasculitis. To further characterize the
role of PAF-triggered neutrophil activation in the pathogenesis
of immune complex vasculitis, we examined the ability of
L-652,731 to attenuate reconstituted dermal vasculitis reac-
tions which were allowed to progress for 0.5, 1, or 2 h. As
shown in Fig. 9, the maximum development of vascular per-
meability in the reconstituted dermal vasculitis model oc-
curred by 2 h, in contrast to the reversed passive Arthus reac-
tion where permeability continues to rise for several hours (1,
52). Pretreatment of neutrophils with L-652,731 resulted in
suppression of injury at all three time points suggesting that
PAF engages neutrophil PAF receptors early in the develop-
ment of immune complex vasculitis.

Role of neutrophil priming by PAF in immune complex
vasculitis. In order to differentiate the effects of priming versus
direct activation of neutrophils by PAF, neutrophils were pre-
treated with either substimulatory (priming) doses of PAF
alone, PAF plus L-652,731, PAF plus L-652,763, or buffer
alone, then washed and utilized in the reconstituted dermal
vasculitis model. At other injection sites neutrophils were in-
cubated with 1.-652,731 or L-652,763 and then mixed with
additional L-652,731 and L-652,763, respectively, before uti-
lization in the reconstituted vasculitis model. As shown in
Table II, sites injected with PAF primed neutrophils or neutro-
phils primed in the presence of the cis-isomer (L-652,763) of
receptor antagonist exhibited significantly greater injury than
sites injected with buffer-treated neutrophils. Compared to
sites injected with buffer-treated cells, there was a nearly 50%
reduction in vascular injury where neutrophils had either been
pretreated or coincubated with L-652,731. These data confirm
that neutrophils participate in the pathogenesis of immune
complex vasculitis through a PAF receptor-linked mechanism
and indicate that under these experimental conditions, neutro-
phil priming by PAF leads to enhanced development of vascu-
lar injury in the reconstitution model.

Discussion

This study indicates that very low concentrations (picomolar
to nanomolar) of PAF can “prime” peripheral blood rat neu-
trophils to produce enhanced quantities of O3 following acti-
vation with preformed IgG immune complexes. Higher con-
centrations of PAF directly activate neutrophils as measured
by O3 generation and azurophilic granule release. We have
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Figure 8. Effect of neutrophil PAF-receptor blockade in development
of dermal vasculitis that has been reconstituted in neutrophil-de-
pleted rats. Rats were sacrificed after 2 h and permeability indices
determined as described previously. Sites were reconstituted with
buffer-treated washed neutrophils (— e —), neutrophils treated with
L-652,731 and washed (— o —), neutrophils treated with L-652,763
and washed (— 0 —), and neutrophils incubated in L-652,763 with-
out subsequent washing (— m —). All intradermal injections in-
cluded IgG anti-BSA as indicated. The data expressed represent
means+SEM of two experiments in which four to five replicate sites
were employed for each variable. Data were analyzed by two-way
analysis of variance for comparison of variables within groups. * A
significant difference (P < 0.05) between sites reconstituted with
buffer-treated neutrophils and sites reconstituted with L-652,731-
treated cells.

provided evidence that PAF participates in the pathogenesis of
immune complex mediated dermal vascular injury through a
mechanism triggered through PAF receptors on neutrophils.
The potential for augmentation of vascular injury as the result
of PAF-triggered neutrophil priming is supported by this
study. These observations support the concept that PAF is an
important autocrine-paracrine inflammatory mediator and
suggest a broader role for PAF than its capacity to provoke
rapid, neutrophil-independent increases in vascular perme-
ability (6-11).

The major conclusions from this study are predicated on
the specificity and high binding affinity of the recently synthe-
sized PAF receptor antagonist, L-652,731, and the develop-
ment of the reconstituted dermal vasculitis model. Hwang et
al. provided extensive functional and binding analyses that
strongly support the conclusion that L-652,731 acts exclu-
sively as a competitive receptor antagonist to PAF (50). In a
comparative study, these investigators showed that L-652,731
is a more potent PAF antagonist than CV-3988, kadsurenone,
and ginkolide B and that in competitive inhibition analyses of
PAF-receptor sites on rabbit platelet membranes it has sub-
stantially greater affinity for PAF receptors. Our data indicate
that L-652,731 selectively blocks PAF-triggered rat neutrophil
activation (as measured by O; generation and S-glucuronidase
secretion) and corroborate other studies which have shown
that this antagonist is specific for the PAF receptor (12, 34, 50).

Table I. Effect of L-652,731 on Hydroxyl Radical Generation*

Mean absorbance
Mixture (£SEM), 532 nm
Hypoxanthine (0.58 mM) 0.0130.03
Xanthine oxidase (0.2 U) 0.032+0.02
Xanthine oxidase/hypoxanthine 0.494+0.10
Xanthine oxidase/hypoxanthine + mannitol
(10 mM) 0.158+0.08*
Xanthine oxidase/hypoxanthine + 1-652,731
(50 M) 0.450+0.03¢
Xanthine oxidase/hypoxanthine + L-652,731
(25 uM) 0.475+0.03¢
Xanthine oxidase/hypoxanthine + 0.1%
DMSO (L-652,731 vehicle) 0.482+0.08¢

* Hydroxyl radical formation was assayed by formation of a thiobar-
bituric acid-reactive substance from deoxyribose (55). Mean+SEM of
three experiments performed in triplicate.

# Addition of mannitol (10 mM), a nonspecific HO" scavenger, to
xanthine oxidase/hypoxanthine markedly reduced appearance of
reactive products; (P < 0.01; two-way analysis of variance).

§ No significant differences compared to values from xanthine oxi-
dase/hypoxanthine above; (P > 0.1; two-way analysis of variance).

The reconstituted dermal vasculitis model affords the lux-
ury of ex vivo neutrophil manipulation before introduction
into the skin. While this model provides a useful investigative
tool, several points should be emphasized. The degree of injury
induced in the reconstituted dermal vasculitis model is sub-
stantially less than that achieved in the classic reversed dermal
Arthus reaction. This is presumably due to the loose distribu-
tion of neutrophils around the outsides of vessels, less intimate
contact between the neutrophils and vessel wall components,
less efficient access to blood-borne mediators, and some loss of
neutrophil viability upon introduction into the animal. These
attributes of the reconstituted vasculitis are illustrated in Figs.
6 and 7. Despite these caveats, development of vascular injury
is dependent on the formation of immune complexes and the
presence of viable neutrophils. In the reconstituted dermal
vasculitis model, maximum vascular leak occurs earlier than
in the reversed passive Arthus reaction (Fig. 9). This may re-
flect the fact that in the former model, the entire complement
of participating neutrophils is injected intradermally at time
zero rather than being recruited from the vascular compart-
ment over a period of several hours. It should be emphasized
that blockade of neutrophil PAF receptors from the onset does
not infer that PAF acts exclusively through neutrophil activa-
tion. In the reversed passive Arthus reaction it is likely that the
importance of PAF-triggered neutrophil function is related to
the concentration of neutrophils present at the site of inflam-

Figure 7. Transmission electron micrographs (TEMs) of reconstituted dermal vasculitis and classic reversed passive Arthus reaction 2 h after in-
duction of injury. In the reversed passive Arthus reaction (4), neutrophils originating from the vascular space (t) have emigrated through the
vessel wall and accumulated within the surrounding interstitium. There are numerous large, irregular electron dense immune complex deposits
within the neutrophils (B). In the reconstituted vasculitis model (C), the injected neutrophils have distributed within the dermis. Although vas-
cular injury is less pronounced in the reconstitution model than in the reversed Arthus, there is quantitative (Fig. 6) and morphologic evidence
of vascular leak. The morphologic evidence consists largely of perivascular edema and the presence of numerous extravascular red blood cells
(4). There are no neutrophils within the vascular lumen (a) or in the process of emigration. Within reconstituted neutrophils (D), there are irreg-
ularly shaped electron dense deposits (1) representing ingested immune complexes. TEM magnifications: 4, 2,450; B, 1,820; C, 7,800; D, 13,175.
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o Figure 9. Time course
08 analysis of PAF-trig-
gered neutrophil activa-
tion in the reconstituted
vasculitis model. Neu-
trophil depleted rats
were reconstituted with
ot neutrophils (10°) in the
presence or absence of
L-652,731 (50 uM),
washed, and mixed with
IgG anti-BSA (20 ug) as previously described. After 0.5, 1, or 2 h, the
rats were sacrificed and permeability indices determined. The data
expressed are means+SEM of two experiments in which five repli-
cate sites were employed for each variable. A two-tailed Student’s ¢
test was used to compare control (e) versus L-652,731-treated (0)
groups. * Significant difference (P < 0.05) between control and
L-652,731-treated groups.
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mation. Clearly, in this model and in pathologic states, there is
a graded neutrophil influx into the inflammatory site.

Based on in vivo and in vitro studies in rats, nanomolar
concentrations of PAF have been measured in blood, tissue
homogenates and peripheral blood neutrophil releasates (57,
58). While the present studies suggest that picomolar and
nanomolar concentrations of PAF may be physiologically rele-
vant, it is unclear what concentrations of PAF are elaborated
within the milieu of a developing Arthus reaction. Because of
such uncertainty, the relative effects of direct neutrophil acti-
vation by PAF versus neutrophil priming by PAF are not
known. Our in vitro priming experiments are consistent with
recently reported work demonstrating the capacity for PAF to

Table II. Role of Neutrophil Priming by PAF in Reconstituted
Dermal Vasculitis*

Permeability index

Neutrophil pretreatment (Mean+SEM) Percent change?
A Buffer alone, washed 0.36+0.03 —
B PAF (10~° M), washed 0.47+0.04 431% versus A,
buffer alone
(P < 0.05)
C PAF (10° M) + L-652,763 0.51+0.06 —
(50 uM), washed
D PAF (10~° M) + L-652,731 0.22+0.04 V50% versus A,
(50 uM), washed buffer alone
(P < 0.05)
E No IgG (negative control) 0.08+0.06 —
F L-652,731 (50 uM) + added 0.18%0.07 —
1-652,731 (50 uM)
G L-652,763 (50 uM) + added 0.31+0.04 —_

L-652,763 (50 uM)

* Reconstituted dermal vasculitis model carried out as described
above: Neutrophil (10°) preparations were mixed with IgG anti-BSA
(20 ug) immediately prior to intradermal injection. Permeability in-
dices were determined at 2 h. The data represent the means+SEM
for three experiments in which six to eight replicate sites were em-
ployed per variable.

# Data were analyzed by analysis of variance with significant differ-
ence assigned for P < 0.05.
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prime human neutrophils. Vercellotti et al. (20) have shown
that exposure of human neutrophils to substimulatory con-
centrations of PAF (107! M) followed by stimulation with
chemotactic factors or phorbol esters leads to marked en-
hancement of a variety of proinflammatory neutrophil activi-
ties. Such priming also leads to a threefold increase in vitro
endothelial cell killing by neutrophils. The in vivo PAF-prim-
ing experiments (Table II) conducted in our study revealed a
relatively modest increase in vascular injury but nonetheless
are supportive of the hypothesis that PAF-primed neutrophils
can amplify tissue injury. A possible explanation for the less
marked in vivo priming effect seen in our study hinges on the
observation neutrophils damage blood vessels “from without”
in the reconstitution model. One result of this model charac-
teristic would be the lessened importance of direct neutrophil-
endothelial cell adhesive interactions. Among the effects of
PAF-triggered neutrophil priming reported by Vercellotti et al.
was increased granulocyte adhesion and surface adhesogen
(CR3) expression (20). It is likely that the diminution of spe-
cific endothelial cell-neutrophil adhesive interactions would
lessen the enhancement of vascular injury that can be achieved
by PAF-primed neutrophils. Clearly, the in vivo system is
complex and other factors doubtlessly influence the magni-
tude of vascular leak that occurs in immune complex vascu-
litis. The present study supports the premise that both direct
neutrophil activation and neutrophil priming by PAF could
potentially be operative in the pathogenesis of immune com-
plex vasculitis. It is possible that the predominant PAF-in-
duced effects on neutrophil function in evolving tissue injury
vary depending on the local concentration of PAF and the
stage at which the response is examined.

In evolving immune complex vasculitis the cellular sources
of endogenous PAF are unknown. Kravis and Henson (59)
demonstrated an early phase of neutrophil and complement-
independent edema formation and platelet accumulation at
skin sites in reversed passive Arthus reactions in rabbits. They
suggested that PAF released from tissue mast cells by an IgE-
dependent mechanism may be responsible. PAF is also pro-
duced by neutrophils, endothelial cells, and platelets (5). Hel-
lewell and Williams (12) have suggested that PAF is formed in
close proximity to microvascular endothelial cells during de-
velopment of an Arthus reaction and that neutrophils under-
going phagocytosis of immune complexes may be the major
source of PAF. The extent to which platelets or endothelial
cells may contribute PAF is unclear.

Although there is convincing evidence that exogenous PAF
can induce neutrophil-independent increases in vascular per-
meability (6-11) and that PAF exhibits stimulatory properties
with respect to neutrophils (13-19), the relationship between
neutrophils and endogenous PAF in the context of immune
complex vasculitis has been unclear. Hellewell and Williams
(12) have suggested that L.-652,731 inhibits the Arthus reac-
tion by blocking the effects of endogenous PAF. These investi-
gators showed that L-652,731 does not inhibit kinin genera-
tion, C5a generation, lipoxygenase activity, or cyclooxygenase
activity. Our observations that L-652,731 does not impede
immune complex formation or scavenge HO" lend further in-
direct support to this conclusion. The present study does not
address the products that are derived from activated neutro-
phils and responsible for tissue injury. There is evidence
suggesting roles for diverse neutrophil products, including
proteases, oxidants, arachidonate metabolites, and cationic



proteins/peptides in immune complex-induced tissue injury
(1-4).

These data indicate that PAF participates in the pathogene-
sis of immune complex vasculitis through a neutrophil PAF-
receptor mediated mechanism. In vitro data suggest that pe-
ripheral blood rat neutrophils may be directly activated or
primed by picomolar to nanomolar concentrations of PAF to
produce enhanced quantities of proinflammatory mediators.
PAF appears to participate in the pathogenesis of immune
complex vasculitis through both neutrophil-independent and
neutrophil-dependent mechanisms.
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