of int administration of live S. pneumoniae and a PAFR antag-
onist to rabbits resulted in reduced bacteria loads in BALF
obtained up to 48 h after inoculation, compared with BALF
from animals given pnieumococci only {6]. A recent study, how-
ever, reported enhanced bacterial outgrowth after intravenous
treatment with a PAFR antagonist in a mouse model of pneu-
mococcal pneumonia [10].

The objective of the present study was to obtain more insight
into the role of PAFR in the pathogenesis of pneumococcal
pneumonia. For this purpose, we compared host responses in
PAFR-deficient (PAFR ™) and normal wild-type (w#) mice after
intranasal (inl) inoculation with live S. preumoniae.

MATERIALS AND METHODS

Animals. PAFR™'™ mice were generated in Japan, as described
elsewhere [11], and were shipped to the animal facility of the
Academic Medical Center in Amsterdam in 1999 (i.e, 3 years
before the experiments were conducted). Hence, all PAFR™
mice used in the present study were born in Amsterdam.
PAFR™™ mice were backcrossed 7 times to a C57BL/6 back-
ground, making them 99.6% pure C57BL/6. wt C57BL/6 mice
were obtained from Harlan Sprague Dawley. Both PAFR™™ and
wt mice were specific pathogen free. All experiments were con-
ducted with 10-12-week-old male mice. Fighting between mice
did not occur during the studies described. All experiments
were approved by the Institutional Animal Care and Use Com-
mittee of the Academic Medical Center.

Induction of pneumonia. Pneumococcal pneumonia was
induced as described elsewhere [12, 13]. In brief, S. pneumoniae
serotype 3 (ATCC 6303) were grown in Todd-Hewitt broth
(Difco) for 6 h to mid-logarithmic phase at 37°C, harvested
by centrifugation at 1500 g for 15 min, and washed twice in
sterile isotonic saline. Bacteria were then resuspended in sterile
isotonic saline at a concentration of ~1 X 107 cfu/mL, as de-
termined by plating serial 10-fold dilutions on sheep’s blood
agar plates. Mice were lightly anesthesized by inhalation of
isoflurane (Abott), and 50 pL of bacterial suspension was in-
oculated inl, corresponding with 5 X 10° cfu of S. pneumoniae.

Preparation of lung homogenates. At 24 or 48 h after
inoculation, mice were anesthetized by intraperitoneal injection
with Hypnorm (Janssen Pharmaceutica) and midazolam
(Roche), and blood was obtained from the inferior caval vene.
Whole lungs were harvested and homogenized at 4°C in 5
volumes of sterile isotonic saline by use of a tissue homogenizer
(Biospect Products), which was carefully cleaned and disin-
fected with 70% ethanol after each homogenization. Serial 10-
fold dilutions in sterile saline were made from these lung ho-
mogenates and from blood, and 50-uL volumes were plated
onto sheep’s blood agar plates and incubated at 37°C. Colony-
forming units were counted after 16 h. For cytokine measure-

ments, lung homogenates were lysed in lysis buffer (300 mmol/
L NaCl, 15 mmol/L Tris, 2 mmol/L MgCl, 2 mmol/L Triton
X-100, and 20 ng/mL pepstatin A, leupeptin, and aprotinin
[pH 7.4]) and spun at 1500 gat 4°C for 15 min; the supernatant
was frozen at —20°C until cytokine measurement,

BAL. The trachea was exposed through a midline incision
and was cannulated with a sterile 22-gauge Abbocath-T catheter
(Abbott). BAL was performed by instilling two 0.5-mL aliquots
of sterile isotonic saline; 0.9-1 mlL of BALF was retrieved from
each mouse, and total cell numbers were counted from each
sample in a hemocytometer (Emergo). BALF differential cell
counts were determined on cytospin preparations stained with
modified Giemsa stain (Diff-Quick).

Histologic examination.  After lungs were fixed in 10%
formaline and embedded in paraffin for 24 h, 4-pm-—thick sec-
tions were stained with hematoxylin-eosin. All slides were
coded and scored by a pathologist who did not know the ge-
notype of the mice.

Assays.  Levels of the following cytokines and chemokines
were measured by use of commercially available ELISAs, in
accordance with the manufacturers’ recommendations: tumor
necrosis factor (TNF)-« and interleukin (IL)-6 (Pharmingen)
and IL-1B3, macrophage inflammatory protein (MIP)-2, and
KC (R&D systems). Limits of detection were 150 pg/mL for
TNF-o and IL-18, 75 pg/mL for IL-6, 47 pg/mL for MIP-2,
and 12 pg/mL for KC. Protein concentrations were measured
in BALF by use of a commercially available assay (Micro Bicin-
choninic Acid Protein Assay; Pierce Biotechnology), according
to the recommendations of the manufacturer.

Statistical analysis.
less otherwise indicated. Comparisons between groups were
conducted by use of the Mann-Whitney U test. Survival curves
were compared by log-rank test. P<.05 was considered to be
statistically significant.

Data are shown as means = SEM, un-

RESULTS
Protection against pneumococcal pneumonia in PAFR™'™
To investigate the involvement of PAFR in the outcome
of pneumococcal pneumonia, PAFR™" and wt mice were in-
fected inl with 5 X 10° cfu of S. pneumoniae and monitored for
10 days. All wt mice died within 85 h after induction of pneu-
monia. Mortality was delayed and reduced among PAFR™~
mice; 21% survived until the end of the 10-day observation
period (P<.0001, wt vs. PAFR™" mice; figure 1).
Reduced ousgrowth of pneumococci in PAFR™/"
obtain insight into the role of PAFR in early antibacterial defense
during pneumococcal pneumonia, we assessed the number of
viable bacteria in the lungs 24 and 42 h after inoculation (i.e.,
at time points before the occurrence of the first deaths). At both
time points, the numbers of colony-forming units recovered from

mice.

mice. To
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Figure 1.  Enhanced survival in platelet-activating factor receptor~defi-

cient (PAFR~/~) mice. Survival after intranasal inoculation with Streptococcus
pneumoniag in wild-type fwt) {O) and PAFR™~ {E) mice was assessed
twice daily for 10 days (n = 14 mice/group). *P<.05, vs. wi mice.

the lungs of PAFR™™ mice were significantly lower than those
recovered from wt mice (P<.05; figure 2). At 24 h after inoc-
ulation, blood cultures were positive for 71% of the wt mice and
for 14% of the PAFR ™™ mice (P = .03). At 42 h after inoculation,
blood cultures were positive for 83% of the wt mice and for 50%
of the PAFR™" mice (P, not signiﬁcant).

Unaliered neutrophil numbers and protein concentrations
in BALF of PAFR™" mice. Neutrophils play a prominent
role in host defense against bacterial pneumonia [14, 15]. Be-
cause inhibition of PAFR function has been shown to reduce
leukocyte influx into the lungs in response to intrapulmonary
delivery of killed pneumococci [9], we assessed the number of
neutrophils recruited to the alveoli. At 42 h after inoculation,
no difference was seen in the number of neutrophils in BALF
from wt and PAFR™" mice (figure 3). Moreover, protein con-
centrations measured in BALF at this time point did not differ
between PAFR™™ and wt mice (234.3 + 42.8 and 298.3 +
68.4 ug/mL, respectively).
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Figure 2.

Histologic analysis. At 42 h after inoculation, lungs of wt
mice displayed heavy inflammatory infiltrates characterized by
endothelialitis, peribronchial inflammation, and pleuritis. Lung

inflammation was clearly less pronounced in PAFR™™ mice
(figure 4).
Lung cytokine and chemokine concentrations, Cytokines

and chemokines are pivotal mediators of an adequate host re-
sponse to bacterial infection of the respiratory tract [14, 16].
Therefore, we investigated whether the improved outcome of
PAFR ™'~ mice was associated with a favorable shift in cytokine
or chemokine production by measuring the concentrations of
TNF-a, IL-18, IL-6, KC, and MIP-2 in lung homogenates.
However, at 24 h after the induction of pneumonia, the pul-
monary levels of these protective mediators were lower in
PAFR™" mice than in wt mice (all P<.05), whereas, at 42 h,
all levels were similar in both mouse strains (table 1).

DISCUSSION

S. pneumoniae is the most frequently isolated pathogen in com-
munity-acquired pneumonia [17]. In the United States alone,
>500,000 cases of pneumococcal pneumonia are reported each
year, with a fatality rate of 5%-7%. In recent sepsis trials, S.
preumoniae emerged as an important causative pathogen, es-
pecially in the context of pneumonia [18]. In the United States,
the mortality rate of 40,000 deaths/year caused by S. preurmoniae
is higher than that caused by any other bacterial pathogen [19].
Because infections caused by S. prneumoniae aré increasingly
difficult to treat as a result of the emergence of antibiotic-
resistant strains, it is clear that respiratory-tract infection by S.
prneumoniae represents a major health care problem. Funda-
mental research has elucidated an important mechanism by
which the pneumococcus interacts with cells lining the respi-
ratory tract to cause tissue invasion. In particular, the PC com-
ponent that prominently features in the pneumococcal cell wall
specifically binds to PAFR expressed on human respiratory ep-
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Decreased nos. Streptococcus pneumoniae organisms in lungs of platelet-activating factor receptor—deficient (PAFR~/~) mice. Pneumacocei

in lungs of wild-type (wil {white bars) and PAFR™"~ (black bars) mice were measured 24 (A} and 42 (B} h after inoculation with S. pneumoniae. Data

are mean = SEM (n = 7 mice/group/time point). *P< .05, vs. wt mice.
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Figure 3. Mean = SEM granulocyte influx in bronchoalveolar lavage
fuid (BALF) 48 h after intranasal inoculation of Streptococcus pneumoniae
in wild-type {wt) and platelet-activating factor receptor—deficient (PAFR~/~)
mice (¢ = 8 mice/group). PAFR deficiency does not influence recruitment
of polymarphonuciear leukocytes (PMNLs) into alveoli during pneumo-
coccal pneumonia. *P< .05, vs. wt mice.

ithelial cells, which facilitates bacterial entry into these cells [6].
In addition, the capacity of pneumococci to transcytose to the
basal surface of rat and human endothelial cells is dependent
on PAFR [7]. Although, to our knowledge, an interaction be-
tween pneumococci and the murine PAFR has not been for-
mally demonstrated, here we provide compelling evidence that
this mechanism is important for the virulence of pneumococci
during murine respiratory tract infection in vivo. Using PAFR™"
mice, we have demonstrated that PAFR is used by S. pneu-
moniae to induce lethal pneumonia, as reflected by greatly re-
duced mortality, attenuated bacterial outgrowth in the lungs,
and diminished dissernination of the infection in PAFR™™ mice.

The favorable outcome of PAFR™™ mice can not be explained

by an enhanced innate immune response to S. pneunioniae.

~Indeed, even the local levels of protective cytokines and che-

mokines were lower in PAFR™'™ mice early after the inoculation,
suggesting that the initiation of the production of these me-
diators depends, at least in part, on the early interaction be-
tween pneumococci and PAFR. Alternatively, the absence of
PAF signaling itself may have contributed to this finding, be-
cause inhibition of PAF has been found to attenuate the pro-
duction of cytokines, especially TNF-q, induced by lipopoly-
saccharide (LPS) [1-3]. Similarly, the attenuated inflammatory
response in lung tissue of PAFR™™ mice can be explained by
either the absence of an interaction between pneumococcal PC
and PAFR, the absence of endogenous PAF activity, or the
presence of lower bacteria loads in the lungs of PAFR ™™ mice,
providing a less potent proinflammatory stimulus to the direct
environment. Of note, neutrophil influx and protein concen-
trations in the BALF were similar in PAFR™" and wt mice,
which contradicts the results of earlier investigations, dem-
onstrating that local administration of a PAFR antagonist di-
minished leukocytosis and increased protein concentrations in
the cerebrospinal fluid and BALF of rabbits given S. pneumoniae
intracisternally or int, respectively [9].

To our knowledge, 2 earlier studies investigated the effect of
PAFR antagonists on the outgrowth of pneumococci in models
of pneumonia. In the first study [6], a PAFR antagonist ad-
ministered int together with S, pneumoniae reduced the number
of colony-forming units recovered from BALF obtained up to
48 h after inoculation in rabbits, compared with BALF from
rabbits administered bacteria only. In the second study [10],
mice that received another PAFR antagonist intravenously had
higher bacteria loads than did control mice. The 2 types of data
indicate differences that remain to be explained, although spe-

Figure 4.

Histopathologic analysis of fungs, 42 h after inoculation with Streptococcus pneumoniae, shows heavy inflammatory infittrates characterized

by endothelialitis, peribronchial inflammation, and pleuritis. Lung inflammation was clearly less pronounced in platelet-activating factor receptor—
deficient mice (B) than in wild-type mice (A) Representative slides are shown (hematoxylin-eosin staining; original magnification, X33).
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Table 1. Cytekine and chemokine concentrations in lung ho-
mogenates of wild-type (wt) and platelet-activating factor re-
ceptor-deficient (PAFR~'-) mice inoculated with Streptococcus
pneumoniae,

24 h after inoculation 42 h after inoculation

Cytokine/
chemokine wt PAFR™? wit PAFR™-
TNF- 2104 09 =02 1.8 03 27 £ 11
IL-18 8 08 33 =x1.1 43 + 08 64 + 2.1
IL-6 53 £ 06 1.7 *x07 43 = 0.7 36 £ 1.2
KC 88 + 05 58 =06 9.6 + 0.9 78 £ 1.6
MIP-2 70+ 15 43 06 294 + 106 81 %18
NOTE. Data are mean = SEM nanograms of each cytokine or chemokine

per milliliter of lung homogenate {n = 8 mice/group). IL, interteukin; MIP mac-
rophage inflammatory protein; TNF-e, tumor necrosis factor—c.

# P<.05, vs. wt mice.

cific properties of the PAFR antagonist may have played a role.
Nonetheless, the present data obtained with PAFR™" mice,
together with earlier data [6, 9], are consistent with the hy-
pothesis that PAFR is used by S. preurmnoniae in vivo to cause
severe pneumonia.

PAF functions as a proinflammatory mediator in models of
severe bacterial infection. Indeed, high PAF levels were detected
in the lungs of rats after systemic injection of LPS [20] and in
the BALF of patients with sepsis (21]. Inhalation of aerosolized
PAF provoked inflammatory cell influx in the interstitium and
alveoli [22, 23]. Finally, pretreatment with PAFR antagonists
strongly diminished the pulmonary changes elicited by systemic
or intrapulmonary administration of LPS, including increased
pulmonary vascular leak and edema [24-27]. Together, these
data suggest that PAF promotes inflammatory responses to bac-
teria, especially in the lung. A proinflammatory role for PAF
in the pulmonary compartment is further supported by recent
findings in PAFR ™" mice, revealing strongly reduced lung in-
jury and respiratory failure induced by aspiration of acid [28].
Theoretically, these proinflammatory properties would make
PAF a potentially protective mediator during pnewmonia [14,
16]. Such a protective role of PAF in host defense against res-
piratory tract infection indeed was found in a model of pneu-
monia caused by Klebsielln pneumoniae, a bacterium that does
not express PC, using the same type of PAFR™™ mice that were
used in the present study [29]. The present investigation clearly
establishes that the absence of PAFR overshadows this potential
PAF-mediated increase in antibacterial defense, most likely
through a function that is unrelated to its interaction with PAF
(i.e., through its interaction with pneumococcal PC). These
data may also apply to other pathogens that express PC, al-
though this needs to be investigated in future studies.

It has been shown that S. pneumoniae needs PAFR to enter
epithelial cells. Indeed, our study confirms this by showing that

PAFR™™ mice are less likely to develop invasive disease and

have improved host defense during pneurnococcal infection.
Thus, PAFR antagonism appears to be protective. Howeyver, the
blockage of the proinflammatory properties of PAF by this
strategy might be detrimental in acute inflammation.
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Platelet-Activating Factor Receptor Develops Airway
Hyperresponsiveness Independently of Airway Inflammation in

a Murine Asthma Model®

Satoshi Ishii,*® Takahide Nagase,” Hideo Shindou,** Hajime Takizawa,” Yasuyoshi Ouchi,

and Takao Shimizu*®

Lipid mediators play an important role in modulating inflammatory responses. Platelet-activating factor (PAF) is a potent proin-
flammatory phospholipid with eosinophil chemotactic activity in vitro and in vivo. We show in this study that mice deficient in PAF
receptor exhibited significantly reduced airway hyperresponsiveness to muscarinic cholinergic stimulation in an asthma model.
However, PAF receptor-deficient mice developed an eosinophilic inflammatory response at a comparable level to that of wild-type
mice. These results indicate an important role for PAF receptor, downstream of the eosinophilic inflammatory cascade, in reg-
ulating airway responsiveness after sensitization and aeroallergen challenge. The Journal of Immunology, 2004, 172: 7095-7102.

ronchial asthma is a complex disease of the lung char-

acterized by reversible airway obstruction, chronic air-

way inflammation, and airway hyperresponsiveness
(AHR)? to nonspecific stimuli. The progression of airway inflam-
mation involves several cell types, including CD4" Th2 cells, eo-
sinophils, and mast cells (1). The immunopathogenic role of Th2
cells is suggested by the roles of their products, such as IL-4, IL-5,
and IL-13 in the recruitment and activation of the primary effector
cells of the allergic response, eosinophils and mast cells. Activa-
tion of these cells results in the release of many inflammatory
mediators that seem to induce AHR individually or coordinately
(2, 3), although the precise molecular mechanisms predisposing to
the development of AHR in asthmatics are largely unknown. The
hypothesis that airway inflammation is responsible for AHR is
based on the finding of a significant relationship between the pa-
rameters of airway inflammation and AHR (4, 5) and on the ob-
“servation that inhaled steroids reduce both airway inflammation
and AHR (6, 7). However, a number of studies in asthmatic pa-
tients have cast doubt on the requirement of airway inflammation
for AHR (see review in Ref. 8). In addition, dissociation of AHR
from airway inflamumation has also been reported in some mouse
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models of asthma, because IL-5-deficient BALB/c mice partially
developed AHR by OVA sensitization/challenge in the absence of
airway inflammation (9). Conversely, IL-10-deficient C57BL/6
mice failed to develop AHR even in the presence of robust airway
inflammation (10).

Platelet-activating factor (PAF; 1-O-alkyl-2-acetyl-sn-glycero-
3-phosphocholine) is a potent phospholipid mediator with various
biological activities besides platelet activation (11). PAF acts by
binding to a G protein-coupled seven-transmembrane receptor
(12-16). PAF has long been implicated in the pathophysiological
mechanisms of asthma (17), because exogenous PAF closely mim-
ics many of the clinical features of asthma, including AHR (18,
19), bronchoconstriction (18), tracheal fluid secretion (20), and
airway microvascular leakage (21) in animals and humans. PAF is
detected in bronchoalveolar lavage (BAL) fluid from asthmatic
patients but not from nonallergic subjects (22). Eosinophils and
mast cells activated in asthmatic airways may be the cellular ori-
gins of PAF, because these cells are known to produce PAF in
response to various stimuli in vitro (23, 24). Furthermore, PAF was
reported to be a potent chemotactic factor for eosinophils (25) and
to induce eosinophil degranulation in vitro (26). By using PAF
receptor-deficient (pafr~'") and PAF receptor-overexpressing
mice, we have previously demonstrated that PAF plays a critical
role in anaphylaxis and acute injury in the lung (27, 28), suggest-
ing that PAF mediates early-phase tesponses of allergy and in-
flammation in the tissue. However, the importance of PAF in the
development of the allergen-induced AHR and chronic inflamnmation
associated with asthma has not yet been investigated in pafr ™'~ mice.
To define the role of PAF in the late-phase responses of allergy, we
used an established murine asthma model, where mice were immu-
nized with aluminum hydroxide adjuvant-adsorbed OVA and chal-
tenged with aerosolized OVA. In this study, we describe that pafi ™~
mice, sensitized and challenged with OVA, displayed reduced AHR
despite a significant eosinophilic airway inflammatory response. PAF
may contribute to AHR in asthmatics independently of the eosino-
philic airway inflammation.

Materials and Methods

Mice

pafr~'~ mice were produced on a mixed C57BL/6 X 129/0la genetic back-
ground as described previously (27). In the present study, pafr~’™ mice and
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the corresponding wild-type (pafr™/*) control mice have been backcrossed
for 6~10 generations onto a BALB/c genetic background. The animals
were maintained in a light-dark cycle with light from 7:00 a.m. to 8:00 p.m.
at 22°C. Mice were fed with a standard laboratory diet and water ad libi-
tum. All of the mice in this study were used under a protocol approved by
the University of Tokyo Ethics Committee for Animal Experiments.

During the course of the backcrossing, we selected mice homozygous
for the intact allele of the group IIA phospholipase A, gene that is linked
to the PAF receptor gene on murine chromosome 4 (29, 30). The genetic
distance between these genes is ~4.3 cM. Both C57BL/6 and 129/0la
inbred mice are deficierit in group IIA phospholipase A, due to a congenital
disruption of the gene, whereas BALB/c inbred mice have an intact gene
for group IIA phospholipase A, (29, 31). Thus, our selection was able to
exclude the possible effects of group IIA phospholipase A, deficiency,
which may cause an abnormal metabolism of PAF, on the phenotypes of
pafr~'~ mice. For genotyping by PCR, genomic DNAs were isolated from
tail biopsies. The PCR for PAF receptor alleles was performed with 10
pmol of each primer and 2.5 U of KOD Dash DNA polymerase (Toyobo,
Osaka, Japan) in a 50-pul final volume. The PCR profile involved a 2-min
denaturation step at 94°C, followed by 35 cycles of denaturation at 98°C
for 10 s, annealing at 65°C for 2 s, and extension at 74°C for 30 s. The
primers were as follows: forward, 5'-TATGGCTGACCTGCTCTTCCT
GAT-3', and reverse, 5'-TATTGGGCACTAGGTTGGTGGAGT-3', for
detecting the intact PAF receptor allele; and forward, 5'-GCCTGCTTGCCG
AATATCATGGTGGAAAAT-3', and reverse, 5'-AGGATGCAGTAGC
CACAATGGATAC-3', for detecting the disrupted PAF receptor allele.
The former set of primers amplified a 287-bp DNA fragment, and the latter
PCR product consisted of ~900 bp. The PCR for group IHA phospholipase
A, alleles was performed with 10 pmol of each primer and 1.0 U of Ex
TagDNA polymerase (Takara, Kyoto, Japan) in a 40-pl final volume. The
PCR profile involved a 2-min denaturation step at 94°C, followed by 35
cycles of denaturation at 95°C for 30 s, and annealing and extension at
65°C for 3 min. The primers were as follows: forward, 5'-TGTACCTGT
CCTTCACAGAGCTGAC-3', and reverse, 5'-TCCACTTTTCTCCAGG
CGCTTGTAGC-3', producing 673- and 674-bp DNA fragments from
genomic DNA with the intact or mutant allele, respectively. Hinfl digestion
of the PCR products produced polymorphic fragments of 291, 267, and 115
bp with the intact allele or 368, 191, and 115 bp with the mutant allele. The
DNA fragments were detected by 2% agarose gel electrophoresis, and
ethidium bromide staining.

Experimental design

Male and female mice at the age of §—15 wk were used. Within each
experimental group, the sex ratio and the backcross generation were equal,
and the age did not differ significantly.

Sensitization and challenge protocol

Eosinophilic pulmonary inflammation was induced according to the
method of Foster et al. (32) with slight modifications. Briefly, mice were
sensitized on days O and 14 by i.p. injection of 50 ug of OVA (grade V;
Sigma-Aldrich, St. Louis, MO)/1 mg of aluminum hydroxide (Imject
Alum; Pierce, Rockland, IL) in 200 pl of 0.9% sterile saline (Otsuka,
Tokyo, Japan). Nonsensitized mice received only 1 mg of aluminum hy-
droxide in 0.9% pyrogen-free saline. On day 23, the sensitized mice were
exposed three times at 1-h intervals to an aerosol of OVA (10 mg/ml) in
0.9% saline for 30 min. The nonsensitized mice received saline only. The
aerosol with a mass median diameter of 3.8 um was generated at 20 1/min
by a nebulizer (Pariboy; Pari, Starnberg, Germany) into a plastic desiccator
of 19 liters, whose internal pressure was maintained at atmospheric pres-
sure by an aspirator. The aerosol challenge protocol was then repeated
every second day thereafter for 8 days. Mice were studied 16-22 h after the
last aerosol challenge.

Serum and BAL fluid samples

For the collection of blood and BAL fluid, mice were anesthetized with
1.5 g of urethane per kilogram of body weight by an i.p. injection at a
volume of 10 ml/kg, and placed in the supine position. The blood was taken
by cutting the femoral vein and artery. The blood sample was collected in
a serum separator tube coated with a coagulant (Seraquick Super; Azwell,
Osaka, Japan), and then allowed to clot at room temperature for 1 h. The
serum was recovered by centrifugation at 2,000 rpm for 10 min at room
temperature. After a subsequent centrifugation at 12,000 rpm for 10 min at
4°C in a microcentrifuge, the supernatant was stored at —80°C until use.

Once bleeding had ceased, the trachea of a tracheostomized mouse was
cannulated with an 18-gauge metal cannula with a beveled tip. After open-
ing of the thorax by a wide incision of the diaphragm, the lung was lavaged
twice with 1 ml of Ca?*- and Mg®*-free PBS containing a proteinase
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inhibitor mixture (Complete; Roche, Mannheim, Germany) at room tem-
perature. The initial lavage was instilled and retrieved one time, whereas
the second lavage was instilled twice. This procedure allowed for a greater
number of lung washes with less diluent. In total, ~1.6 ml of BAL fluid
was consistently recovered. The sample was centrifuged at 1000 rpm for 10
min at 4°C, and the supernatant was collected and stored at ~80°C. The
cell pellet was resuspended in 200-250 w1 of cold saline containing 0.1%
fatty acid-free BSA (Serologicals Proteins, Kankakee, IL). After an appro-
priate dilution (2- to 20-fold) of the cell suspension with Turk solution
(Mutoh Chemical, Tokyo, Japan), the total cell number was counted with
a hemocytometer. Slides of BAL fluid cells were prepared by placing 3 X
10% cells into a cytocentrifuge (Cytospin 3; Shandon, Pittsburgh, PA) at
350 rpm for 2 min; and staining with Diff-Quik (International Reagents,
Kobe, Japan). The percentages of eosinophils, lymphocytes, macrophages/
monocytes, and neutrophils were determined by counting their number in
randomly selected areas, and dividing these numbers by the total cell count
(at least 300 cells).

Determination of Ab levels in serum

The total IgE, and OVA-specific IgE and IgGl levels in appropriately
diluted sera were measured by ELISA as previously described (27). The
lower limit of detection for total IgE was 50 ng/ml.

Determination of cytokine and cysteinyl leukotriene levels in
BAL fluid

The concentrations of cytokines in the BAL fluid were determined using
murine BLISA kits obtained from Endogen (Woburn, MA) for IL-4 and
IL-5, and R&D Systems (Minneapolis, MN) for IL-13. Whole-lung sam-
ples were homogenized on ice using a rotor/stator type tissue. homogenizer
(Physcotron; Microtec, Chiba, Japan) for 40 s in 8 ml of PBS containing
the proteinase inhibitor mixture per gram of lung tissue. After centrifuga-
tion at 18,000 X g for 10 min, the resulting supernatants were stored at
—80°C until use. The lower limits of detection for IL-4, IL-5, and IL-13
were 5.0, 5.0, and 1.5 pg/ml, respectively. The total level of cysteinyl
leukotrienes (LTC,, LTD,, and LTE,) in the BAL fluid was evaluated by
an enzyme immunoassay kit from Amersham (Piscataway, NJ). The lower
limit of detection was 15 pg/ml.

Lung histology

After the blood collection, the lungs were removed and fixed in 10% phos-
phate-buffered formalin. From the paraffin-embedded right and left lobes of
lung, three sections of 3-pm thickness were prepared at the upper, middle,
and lower positions of each Iobe, and stained with either H&E or periodic
acid-Schiff (PAS). A semiquantitative scoring system was used to grade the
size of lung infiltrates in the H&E-stained sections, where +35 signifies a
widespread infiltrate around the majority of vessels and bronchioles, and
+1 signifies a small number of inflammatory foci. The total fung score
represents the sum of the scores of both lobes. The goblet cell hyperplasia
in the PAS-stained sections was graded by a semiquantitative scoring sys-
tem (0 = <5% goblet cells in airway epithelium; 1 = 5-25%; 2 = 25~
50%; 3 = 50-75%; 4 = >75%) as performed by McMillan et al. (33). The
sum of the airway scores from right lobe was divided by the number of
alrways examined (16-29 per mouse), and expressed as PAS score in
arbitrary units. For both semiquantitative scoring, randormized and blinded
slides were graded by S.I.

Measurement of airway responsiveness

A separate group of mice was anesthetized with a mixture of ketamine and
pentobarbital (35 mg/kg each) by i.p. injection. A metal cannula was in-
serted into the trachea of a tracheostomized mouse. The total lung resis-
tance (R; ) of a mechanically ventilated mouse was measured as previously
described (34). Saline and methacholine (acetyl-B-methylcholine chloride;
Wako, Osaka, Japan) were inhaled at a positive end-expiratory pressure of
3 emH,0. At the start of the protocol, two deep inhalations (3-fold the tidal
volume) were delivered to standardize the volume history. All animals
were then challenged with the saline aerosol for 2 min. The aerosol was
generated with an ultrasonic nebulizer (Ultra-Neb100; DeVilbiss, Somer-
set, PA) and delivered through the inspiratory line into the trachea. Mea-
surements of 10-s duration were made during the tidal ventilation begin-
ning 1 min after the administration of the saline aerosol. This represented
the baseline measurement. Subsequently, each dose of the methacholine
aerosol was administered for 2 min in a dose-response manner (0.3125,
0.625, 1.25, 2.5, 5.0, 10, and 20 mg/ml saline). During the experiments,
oxygen gas was continuously supplied to the ventilatory system. Airway
responsiveness was assessed as the effective concentration of methacholine
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Table I Total cell and differential counts obtained from BAL fluid®

Differential Counts (% Total Cells)

Treatment n Total Cell Counts (X 10%) Eosinophils Lymphocytes Macrophages Neutrophils
pafr“+ SAL 4 1.6 +0.1 0.0+00 27x15 972+ 15 0.1 £0.0
pafr“/— SAL 4 20+0.1 0000 2612 97.0 = 1.4 03 £02
pafrwr OVA 7 409 £ 6.3 69.1 = 3.0 17.7+23 122 = 1.9 1.0 £02
pafr"/* OVA 7 473 £ 4.1 63.5x14 21.0*x20 13713 1.7+05

“Data are the means = SEM. SAL, Saline-immunized and saline-aerosolized treatment; OVA, OV A-immunized and OV A-aerosolized treatment.
After BAL, the recovered cells were counted, and a portion of the cells were centrifuged onto microscope slides using a cytocentrifuge. The slides were
stained with Diff-Quik, and differential cell counts were obtained. For the total cell counts and the percentages of the designated cell types, no significant
differences were found between pafr*'* OVA and pafr™'~ OVA mice (7 test).

required to double the basal Ry (EC,Rp), which was calculated by
interpolation.

Binding assay for muscarinic receptors

Fach membrane fraction was prepared from four lung tissues of two male
and two female mice as previously described (35). The binding assays were
performed in triplicate using 100 ug of membrane protein.

Statistical analysis

Mann-Whitney’s U test (for nonparametric analysis) or unpaired ¢ test (for
parametric analysis) was used to determine the levels of difference between
two groups. A value of p < 0.05 was considered to have statistical signif-
icance. For four groups, the difference was evaluated by ANOVA. When
the ANOVA showed significant differences, pairwise comparisons were
tested by Bonferroni-Dunn posthoc test, where p < 0.0083 was considered
to be significant. All statistical calculations were performed with Stat-
View-J, version 5.0 (Abacus Concepts, Berkeley, CA). The values for all
measurements were expressed as the mean = SEM.

Results

Serum Ig levels

In both pafr*'* and pafr~’" mice, aeroallergen challenge was as-
sociated with a significant increase in the serum levels of total and
OV A-specific IgE, compared with their respective saline-treated
controls (data not shown). However, there were no significant dif-
ferences between pafr*'™ and pafr™/~ mice, when either the total
or OVA-specific IgE level was compared. Similarly to the IgE
levels, we found no difference in the OV A-specific IgG1 levels
between pafr™'* and pafr~'~ mice (data not shown).

Inflammatory cell recruitment in BAL fluid

The recovery of cells from the BAL fluid of saline-aerosolized
pafr™* and pafr™'~ mice revealed a predominance of alveolar
macrophages in both groups, without any significant difference
between the numbers (Table I). Aerosol challenge of mice with
OVA induced a drastic increase in the total cell number compared
with mice given aerosolized saline (Table I). Differential cell
counts revealed that the infiltrates in both genotypes were mainly

composed of eosinophils. However, the total numbers of cells and
the proportions of eosinophils, lymphocytes, macrophages/mono-
cytes, and neutrophils did not differ between pafr*’* and pafr ™'~
mice given OVA (Table I). These data imply that pafr~'~ mice
were capable of recruiting significant numbers of inflammatory
cells into the airway lumen after OV A challenge in a manner sim-
ilar to pafr™/* mice.

Th2 cytokine and cysteinyl leukotriene levels in BAL fluid

We assessed the levels of the Th2 cytokines IL-4, IL-5, and IL-13
in the BAL fluid (Table II). In saline-treated mice of either geno-
type, the levels of the Th2 cytokines were near or below the limit
of detection. Aeroallergen-challenged pafr*’" and pafr~'~ mice
showed elevated levels of the Th2 cytokines in the BAL fluid
compared with their respective nonsensitized controls. Although
there were trends toward higher levels of all three Th2 cytokines in
pafrt’™ mice compared with pafr~'~ mice, these differences did
not reach statistical significance (p = 0.10 for IL-4, p = 0.20 for
IL-5, and p = 0.12 for IL-13; Mann-Whitney’s U test). Whole-
lung homogenates of the allergen-challenged mice also contained
similar levels of IL-5 and IL-13 in both genotypes (p = 0.87 for
IL-5, and p = 0.07 for IL-13; Mann-Whitney’s U test). Next, the
total level of cysteinyl leukotrienes (LTC,, LTD,, and LTE,) in
the BAL fluid was evaluated (Table II), because these lipid medi-
ators aré also involved in airway inflammation in mice as well as
humans (36-38). In saline-treated mice of either genotype, the
levels of cysteinyl leukotrienes were below the limit of detection.
Aeroallergen challenge resulted in comparable elevation of the
cysteinyl leukotriene levels in pafr™™ and pafr™'~ mice (p =
0.38, t test).

Lung histology

The lung tissue fixed after OVA inhalation revealed dense peri-
bronchial and perivascular accumulation of inflammatory cells as
well as gross alterations in the structural integrity of the airway
walls (Fig. 1, B and D). However, semiquantitative grading of the

Table II.  Th2 cytokine and cysteinyl leukotriene levels in lung®
BAL Fluid (pg/ml) Lung Homogenate (pg/g lung)
Cysteinyl

Treatment IL-4 IL-5 IL-13 leukotrienes n IL-5 IL-13 n
pafrt’t SAL 12.0 £ 3.8 50*0.0 1.5 %200 15*+0 4 ND ND
pafr '™ SAL 9.1+09 50%00 22*05 15+0 4 ND ND
pafr™’* OVA 664+ 154 538+ 19.9 248.0 =452 239 £ 45 10 393 £ 32 2152 =203 13
pafr’” OVA 327 x£57 20.7 £ 6.0 156.4 £ 30.2 192 + 26 10 388 =27 1747 = 101 14

“Data are the means = SEM. pafr™’*, Wild-type mice; 1)afr_", PAF receptor-deficient mice; SAL, saline-immunized and saline-aerosolized
treatment; OVA, OV A-immunized OV A-acrosolized treatment. BAL fluid and whole-lung homogenate were centrifuged, and the resulting supernatant
was subjected to ELISA. There was no significant difference between pafi™’* OVA and pafi™™ OVA mice (Mann-Whitney’s U test) in any mediators.
The lower limits of detection for TL-4, IL-5, IL-13, and cysteinyl leukotrienes were 5.0, 5.0, 1.5, and 15 pg/ml, respectively.
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FIGURE 1. Histological analysis of lung sections. A, Nonsensitized
pafr™™ mice exposed to an aerosol of saline. B, Sensitized pafr*'* mice

exposed to OVA. C, Nonsensitized pafr™'™ mice exposed to sdline. D,
Sensitized pafr ™'~ mice exposed to OVA. The H&E-stained sections
shown are representative of six fung sections per mouse, from four or seven
mice in each saline-treated or OV A-treated group, respectively. Scale bar,
200 pm. E and F, Assessments of lung inflammation. The stained sections
were semiquantitatively scored as described in Materials and Methods, and
scores for individual mice are presented. Bars depict means of groups.
After aeroallergen challenge, pafr™'™ mice develop lung inflammation at a
comparable level to pafir*’* mice, as determined in sections stained with
H&E (E). The levels of OV A-induced mucus production in pafr** and
pafr~'" mice are identical, as determined in sections stained with PAS (F).

sections failed to elucidate a significant difference in the degree of
airway inflammation between pafr™’* and pafr™'" mice (p =
0.34, Mann-Whitney’s U test; Fig. 1E). Similarly, as shown in Fig.
i, A and C, the histological findings after saline treatment were
unremarkable, with no observable differences between pafi™*’™
and pafr~'™ mice (score: 0 in E). Excessive production of airway
mucus glycoproteins by goblet cells in airway epithelium is a con-
sistent finding in the lung of asthmatics. Semiquantification of gob-
let cells stained with PAS revealed similar mucus scores in
pafr™'~ mice compared with pafirt’* mice (Fig. 1F). Taken to-
gether, these results suggest that airway inflammation and goblet
cell hyperplasia fully occurs in the absence of the PAF signaling.

Airway responsiveness

To assess aeroallergen-induced physiologic changes, both baseline
R, and airway responsiveness to an inhaled spasmogen, metha-
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choline, were determined. Several aeroallergen-challenged mice
had an increased baseline R, compared with mice treated with
saline. However, when analyzed as a group, aeroallergen-chal-
lenged mice exhibited no significant difference in the basal R, in
either saline-treated pafr™'* mice (0.55 * 0.06 vs 0,39 = 0.05
cmH,O/ml/s; p = 0.09, ANOVA with Bonferroni-Dunn test) or
saline-treated pafr ™'~ mice (0.50 * 0.06 vs 0.40 = 0.04 cmH,0/
ml/s; p = 0.30) (Fig. 24). The inhalation of methacholine showed
that pafr*’* mice aerosolized with OVA developed AHR com-
pared with pafr™'™ mice treated with aerosolized saline, because
OV A-treated pafr™'™ mice required a significantly lower dose of
methacholine to achieve a 100% increase of the baseline R
(EC,00R;) than saline-treated pafr™'* mice (logEC,q0R,

~0.15 = 0.09 vs 1.01 £ 0.12; p < 0.0001, ANOVA with Bon-
ferroni-Dunn test) (Fig. 2B). Likewise, aerosol challenge of
pafr~'~ mice with OVA induced a significantly greater respon-
siveness to methacholine challenge compared with pafr™'~ mice
given saline (logEC,yR, = 0.55 = 0.16 vs 1.13 = 0.08; p =
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FIGURE 2. PAF receptor-regulated development of AHR in sensitized
and aeroallergen-challenged mice. A, Baseline R; . SAL, Saline-immunized
and saline-aerosolized treatment; OVA, OVA-immunized and OV A-aero-
solized treatment. Values for individual mice are presented. Bars depict
means of groups. Before methacholine inhalation, no significant differences
were observed among the four groups despite a nonsignificant trend toward
an increased baseline R in the acroallergen-challenged groups. B, Airway
responsiveness to methacholine. Airway responsiveness was assessed by
EC,q0R.. The logarithmic values of EC,yR, for individual mice are pre-
sented. Bars depict the means of the groups. pafi”’~ OVA mice have
significantly lower responsiveness to methacholine than pafir*’* OVA
{p < 0.0001, ANOVA with Bonferroni-Dunn test). OVA-challenged
pafrt'™ and pafr™'" mice were significantly more responsive than their
respective  saline-treated controls (< 0.0001 and p = 0.0063,
respectively).
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0.0063), but lower responsiveness than pafr*'* mice given OVA
(p < 0.0001). These findings indicate that aeroallergen-induced
AHR develops in pafr '~ mice to a significantly lower degree than
pafr™'* mice.

Because methacholine is an agonist of muscarinic acetylcholine
receptors, we examined the muscarinic receptor-binding activities
of lung tissues from OV A-treated mice using a radiolabeled antago-
nist, [N-methyl->H]scopolamine. The lung membranes of pafr™'" and
pafr '™ mice aerosolized with OVA bound similar amounts of this
nonselective antagonist (Fig. 3), indicating comparable expression of
muscarinic receptor-binding activity (B, = 42.7 = 2.7 and 44.8 =
1.8 fmol/mg protein, respectively; n = 3; p = 0.54, ¢ test). The bind-
ing was saturable with similar calculated K; values of 237 = 15 and
197 + 19 pM (n = 3; p = 0.16, ¢ test) in pafr™’* and pafir ™'~ mice,
respectively.

Discussion

The murine asthma model recapitulates many of the features of
human asthma, including the abundant eosinophilic and lympho-
cytic infiltration. PAF is chemotactic for eosinophils as well as
macrophages/monocytes and neutrophils, all of which are also able
to produce PAF (13, 14). Thus, it was reasonable to assume that
PAF receptor may contribute to the induction of the airway in-
flammation associated with asthma. Unexpectedly, however, our
studies indicate that the lack of PAF receptor did not alter the
recruitment of inflammatory cells (i.e., total numbers of cells, or
proportions of eosinophils, lymphocytes, macrophages/monocytes,
and neutrophils) in the BAL fluid in this asthma model (Table I).
Consistently, we found no significant histological differences in
the degree of inflammation in the lung between pafir™’" and
pafr™'" mice (Fig. 1). These data strongly suggest that PAF is
dispensable for the airway inflammation, at least under our murine
asthma model. Alternate chemoattractants, such as chemokines
and leukotrienes (39—42), may recruit inflammatory cells to the
airways. Indeed, BAL fluids from pafr*’* and pafr™'~ mice con-
tained comparable levels of cysteinyl leukotrienes, which are re-
ported as important mediators for airway inflammation (36-38)
(Table II). The present observations are consistent with our pre-
vious studies of thioglycolate-elicited peritoneal exudate macro-
phages (43), casein-elicited peritoneal exudate neutrophils (44),
and acid-elicited neutrophils in the lung (28), where no differences
were detected in cell numbers and differentials between pafr*’*
and pafr~'~ mice. However, another study of pafr™'~ mice dem-
onstrated diminished eosinophil recruitment in a murine model of
allergic pleurisy where the s.c. sensitized mice were challenged
once with OVA by intrapleural injection (45). The sensitization/
challenge protocol of the pleurisy model is substantially different
from that of the asthma model regarding route of Ag sensitization/
challenge and frequency of Ag challenge; in this study, the i.p.
sensitized mice were repeatedly challenged with OVA aerosols.
Therefore, the lack of any differential recruitment of inflammatory
cells in pafr ="~ airways is likely due to the nature of the chronic
inflammatory responses in the asthma model.

Elevated serum IgE levels have been reported to be important in
the development of asthmatic responses (46, 47). Mice passively
sensitized with IgG1 as well as IgE were reported to develop AHR
and airway inflammation after allergen challenge (48). IL-4 and
IL-5 are thought to be central to the development of asthmatic
symptoms, because IL-5 regulates the differentiation, recruitment,
and activation of eosinophils (49), and IL-4 drives IgE synthesis by
B cells (50). Another Th2 cytokine, IL-13, is also hypothesized to
play a pivotal role in the pathogenesis of asthma by activating B
cells, eosinophils, and airway smooth muscle cells (51). OVA sen-
sitization/challenge of pafr™~ mice resulted in serum Ab re-
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FIGURE 3. Muscarinic cholinergic receptor expression in lungs from
sensitized and aeroallergen-challenged mice. A, [N-methyl->H]Scopol-
amine binding to lung membrane fractions. The lungs were excised and
homogenized in a buffer, and the membrane fraction was prepared by ul-
tracentrifugation. Aliquots of the resuspended membranes from pafr*'™*
and pafr~'~ mice were incubated with increasing concentrations of
[N-methyl-*H]scopolamine for the detection of total binding. Nonspecific
binding was determined by incubation in the presence of 20 nM metha-
choline. After incubation, free and bound antagonists were separated by
rapid filtration on glass microfiber filters. Each point is the mean * SEM
of triplicate determinations, and the data are representative of three inde-
pendent experiments. B, Scatchard analysis of the specific binding of
[N-methyl-*H]scopolamine to the lung membrane fractions shown in A.
The specific binding was calculated as the difference between the total and
nonspecific values. The data of pafrwr and pafr™'" mice are shown. The
mean values of K, and B, from the three independent experiments had no
statistical significance between pafr*’™ and pafr ™'~ mice given OVA (see
Results).

sponses (data not shown) and airway Th2 responses (Table II). In
all of these aspects, however, they were indistinguishable from
pafr™"™ conirols. These findings suggest that a deficiency in PAF
receptor did not affect the ability to induce humoral immune re-
sponses or Th2-directed cytokine responses to Ag.

AHR is a cardinal feature of asthma. PAF has been reported to
induce AHR in animals and humans (18, 19), although the mech-
anisms are not fully understood. Moreover, we previously reported
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that transgenic mice overexpressing PAF receptor showed AHR to
inhaled methacholine under physiological conditions (52). To de-
termine whether a lack of PAF receptor has an effect on the de-
velopment of airway dysfunction, AHR was assessed in pafirt/'*
and pafr™'~ mice. We found that pafr~’~ mice had airway re-
sponsiveness similar to pafr*’* mice after saline-aerosolized treat-
ment (Fig. 2B), indicating that the basal airway responsiveness is
not different between pafr™’* and pafr™’~ mice. Following Ag
challenge, paf¥ '~ mice developed significantly increased airway
responsiveness compared with their saline-treated controls. Fur-
thermore, their responsiveness proved to be significantly lower
than that of pafr*’/* mice given OVA. Thus, PAF receptor is crit-
ical for the development of AHR following repeated aeroallergen
challenge in sensitized mice, and AHR develops by PAF receptor-
dependent and -independent pathways.

As reviewed by Drazen et al. (2) and Gali (3), two pathways
involving mast cells and eosinophils have been elucidated to me-
diate aeroallergen-induced AHR. Recently, Hogan et al. (9) pro-
posed a novel pathway to the development of AHR intimately
mediated by CD4™ T cells independently of IL-4 and IL-5, al-
though the details of this pathway remain unknown. The relative
contribution of these three cellular pathways to the induction of
AHR is likely to be dependent on a number of factors including the
strain of mouse, the choice of Ag, and the protocols for Ag sen-
sitization and challenge, which may account for the apparent con-
flict observed among the mouse asthma models used by different
investigators (9, 32, 39, 53--56). In the present study, we induced
AHR in BALB/c mice with the procedure of Foster and coworkers
(9, 32, 54, 57, 58) who have provided corroborative evidence of
the important role of IgE, eosinophils, Th2 cytokines, and CD4* T
cells. They immunized and boosted mice with OVA by i.p. injec-
tion of aluminum hydroxide-absorbed OV A, followed by repeated
exposure to aerosolized OVA. -

It is interesting that after such a strong sensitization/challenge
procedure, little or no obligatory role of mast cells in AHR was
observed in mast cell-deficient W/W* mice (56, 59, 60). Consis-
tently, AHR occurred normally with the sensitization/challenge
procedure in IL-4-deficient BALB/c mice (9). Thus, in our study,
the mast cell-dependent pathway could be excluded from the pos-
sible cellular mechanisms leading to the induction of AHR. Hence,
it still remains unclear whether PAF is involved in the mast cell
pathway. By using other procedures for sensitization/challenge to
yield relatively attenuated airway responses, an even motre pro-
nounced contribution of PAF receptor to the mast cell pathway
may be observed (56, 60).

pafr~'~ mice, which have BALB/c genetic background, showed
partially but significantly attenuated AHR despite a robust airway
inflammation with infiltration of eosinophils and lymphocytes, in-
dicating dissociation of AHR from airway inflammation in the
mice. As described above, CD4™ T cells regulate two distinct path-
ways that have been proposed to regulate aeroallergen-induced
AHR,; one is dependent on eosinophils, and another acts indepen-
dently of IL-4 and IL-5. In BALB/c mice, the latter pathway is
reported to play a major role in the development of AHR without
eosinophilic inflammation and morphologic changes in the airways
(9). Thus, it is possible that dissociation between AHR and airway
inflammation observed in pafr~'~ BALB/c mice is due to the in-
volvement of PAF in the latter pathway. However, PAF also may
be responsible for the development of AHR through the former
(eosinophil) pathway. Although this lipid mediator was shown to
be dispensable for eosinophil recruitment in this asthma model, it
is possible that the infiltrated eosinophils in pafr™'~ mice are not
fully activated at the site of inflammation because of the lack of
PAF stimulation. This is reminiscent of the results obtained in the
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murine acute lung injury model using pdfr—/ ~ mice in that PAF
was essential for the activation of neutrophils but not for their

_ recruitment (28).

The alternative possible target of PAF is smooth muscle. Our data
demonstrate that the deficiency of PAF receptor is not associated with
a detectable change in either the expression level (B,,,) or ligand
affinity (K,) of muscarinic receptors in the lung, as measured by the
nonspecific antagonist [N-methyl->H]scopolamine (Fig. 3). Although
change of a minor pool of receptors cannot be ruled out, it is likely
that the impaired muscarinic cholinergic response is due to a postre-
ceptor event. PAF increases the susceptibility of smooth muscle to
cholinergic stimulation, possibly by modulating the function of M,
muscarinic receptor, a primary receptor for smooth muscle contrac-
tion (61). Indeed, we reported that the AHR to methacholine in trans-
genic mice overexpressing PAF receptor is mediated by a pathway
sensitive to a PAF receptor antagonist (52). Similarly to the present
data, the muscarinic receptor-binding activities (B, and K) of the
PAF receptor transgenic mice were indistinguishable from those of
wild-type control mice (35). Because PAF receptor mRNA was. de-
tected in airway smooth muscle in human peripheral lung (62), it is
possible for PAF to modulate the Mj receptor-evoked smooth muscle
confraction at the level of intracellular signal transduction. Whereas
M, receptor on smooth muscle cells couples to phosphoinositol turn-
over through Gy, (61), PAF receptor is capable of coupling to Gy,
and Gy, (14), suggesting a stimulatory cross talk between the intra-
cellular signals from the two distinct receptors (63).

In most cases, AHR is strongly associated with airway inflam-
mation (64-67), and anti-inflammatory drugs are currently used
for bronchial asthma (6, 7). However, the PAF-mediated AHR
appears to be independent of inflammation, because pafr ™~ mice
showed a reduction of AHR without diminishment of airway in-
flammation as shown in this study. This notion is further supported
by our previous findings that the PAF receptor-overexpressing
mice had AHR without obvious inflammatory responses (52). Re-
combinant plasma-type PAF acetylhydrolase abrogated airway re-
sponsiveness and inflammation concomitantly in a mouse asthma
model (65). The apparent discrepancy between our data and those
of the report may be attributed to the difference of sensitization
procedure. In addition, it is notable that substrates for PAF acetyl-
hydrolase and agonists for PAF receptor do not overlap completely
(14, 68). .

In summary, the present study demonstrates an important role
for PAF receptor in the development of AHR after allergic sensi-
tization/challenge in mice despite the normal expression density
and ligand affinity of muscarinic cholinergic receptor. Further-
more, the airway inflammation was not affected by the absence of
PAF receptor, suggesting that, as a complement anaphylatoxin C3a
(69), PAF only acts downstream of the airway inflammation in
bronchial asthma.
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