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The  presence  of  pituitary  adenylate  cyclase-activating  polypeptide  (PACAP)  and its  receptors  in  capsaicin-
sensitive  peptidergic  sensory  nerves,  inflammatory  and  immune  cells  suggest  its involvement  in
inflammation.  However,  data  on  its role  in  different  inflammatory  processes  are contradictory  and  there  is
little known  about  its  functions  in  the  airways.  Therefore,  our  aim  was  to  examine  intranasal  endotoxin-
induced  subacute  airway  inflammation  in PACAP  gene-deficient  (PACAP−/−) and  wild-type  (PACAP+/+)
mice.  Airway  responsiveness  to inhaled  carbachol  was  determined  in  unrestrained  mice  with  whole
body  plethysmography  6 h and  24  h after  LPS.  Myeloperoxidase  (MPO)  activity  referring  to  the  number  of
accumulated  neutrophils  and macrophages  was  measured  with  spectrophotometry  and  interleukin-1�
(IL-1�) concentration  with  ELISA  from  the lung  homogenates.  Histological  evaluation  and  semiquan-
titative  scoring  were  also  performed.  Bronchial  responsiveness,  as  well  as  IL-1�  concentration  and
MPO  activity  markedly  increased  at both  timepoints.  Perivascular  edema  dominated  the  histological
picture  at  6 h, while  remarkable  peribronchial  granulocyte  accumulation,  macrophage  infiltration  and

−/−
goblet cell  hyperplasia  were  seen  at 24  h.  In PACAP mice,  airway  hyperreactivity  was  significantly
higher  24  h  after  LPS  and  inflammatory  histopathological  changes  were  more  severe  at  both  timepoints.
MPO  increase  was  almost  double  in PACAP−/− mice  compared  to the  wild-types  at  6 h. In contrast,
there  was  no  difference  between  the IL-1�  concentrations  of  the PACAP+/+ and  PACAP−/− mice.  These
results  provide  evidence  for a protective  role  for  PACAP  in  endotoxin-induced  airway  inflammation  and
hyperreactivity.
. Introduction

Endotoxin (lipopolysaccharide: LPS) is a constituent of Gram-
egative bacteria found in the environment including house dust,
nd it induces an intensive inflammatory reaction in the air-

ays accompanied by bronchopulmonary hyperreactivity. This

s related to an increased responsiveness to bronchoconstrictor
gents, e.g. muscarinic receptor agonists [32]. Intranasal endotoxin
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administration in mice evokes an acute pulmonary inflammation
with a well-described mechanism involving neutrophil infiltra-
tion and cytokine, mainly TNF-� and IL-1�, production [49,51].
Granulocyte activation, as opposed to recruitment alone, is an
important factor of LPS-induced inflammation and consequent
bronchial hyperreactivity, since their depletion is fully suppres-
sive [50]. They are recruited to the airway epithelial/subepithelial
regions and cause tissue damage via the production and release
of oxygen radicals, proteases, cytokines and chemokines [30],

which attract and stimulate mononuclear cells and lympho-
cytes.

Our earlier data demonstrated that pro-inflammatory sen-
sory neuropeptides, substance P (SP) and calcitonin gene-related
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eptide (CGRP), are released from capsaicin-sensitive sensory
erve terminals of the lung in response to endotoxin-induced
irway inflammation and they contribute to the development
f the inflammatory reaction and hyperresponsiveness [13]. Fur-
hermore, we have shown that in this model somatostatin is
lso released from these fibers and mediate potent inhibitory
ctions through the activation of somatostatin receptor sub-
ype 4 (sst4) [22,23]. These data provided clear evidence that
europeptides released from sensory nerves can both positively
nd negatively modulate this type of inflammatory reaction
n the lung. Pituitary adenylate cyclase-activating polypeptide
PACAP), which is a member of the vasoactive intestinal pep-
ide (VIP)/secretin/glucagon peptide family, is also present in
he cell bodies [40,42] and peripheral terminals of capsaicin-
ensitive primary sensory neurons [14,69]. In most sensory
bers PACAP coexists with CGRP [14,19,26,41,53,54] and SP
39,53,57].

PACAP exerts several functions in a large array of physiologi-
al and pathophysiological processes related to inflammation and
mmune responses by activating three receptors [61]. These are

 protein-coupled receptors mainly associated with the adeny-
ate cyclase and phospholipase C: the PAC1 receptor which
pecifically binds PACAP and the VPAC1/VPAC2 receptors which
ave a similar binding affinity for PACAP and VIP. Both recep-
ors have been described, among others, on neurons, smooth

uscle cells and several inflammatory cells [10,55,61,70].  Our
arlier data provided evidence that PACAP inhibits the release
f SP and CGRP from peripheral terminals of capsaicin-sensitive
erves of isolated rat tracheae [43], as well as acute neurogenic
nd non-neurogenic inflammatory processes in both mice and
ats [22,43]. These inhibitory actions on nerve terminals can-
ot be explained by the presently known signal transduction
athways, therefore, the existence of a yet unidentified receptor,
plice variant and/or intracellular signaling process can be pro-
osed.

In a recent study, increased PAC1 receptor mRNA expression
as found in the mouse lung in ovalbumine-induced inflam-
ation. In this chronic asthma model PAC1 receptor-deficient
ice showed markedly increased inflammatory reactions, while

 PAC1-selective agonist treatment resulted in significant anti-
nflammatory effects. However, there was no effect on lung
unction [31]. PACAP deficient mice provide a tool to study func-
ions of endogenous PACAP. PACAP deficient mice have been shown
o display several abnormalities, such as behavioral alterations,
hanged sympathetic nerve activity and increased vulnerability
o ischemia/reperfusion injury in the small intestine and kidney
16,20,21,58]. In a dextran-induced model of colitis, more severe
linical symptoms as well as increased inflammation have been
bserved [44]. The aim of the present study was to investigate the
evelopment of endotoxin-induced pneumonitis and consequent
yperresponsiveness in PACAP-deficient mice using functional,
iochemical, immunological and morphological techniques.

. Materials and methods

.1. Animals

Experiments were performed on female PACAP gene knock-
ut mice (PACAP−/− [20]) and their female wild-type counterparts
eighing 20–25 g, which were bred and kept in the Laboratory Ani-
al  Center of the University of Pécs under standard pathogen free
onditions at 24–25 ◦C provided with standard chow and water ad
ibitum. Each experimental series presented in this paper were per-
ormed in blocks with 6–8 mice per day. Each group presented in
ne figure ran at the same time.
 (2011) 1439–1446

2.2. Ethics

All experimental procedures were carried out according to the
1998/XXVIII Act of the Hungarian Parliament on Animal Protec-
tion and Consideration Decree of Scientific Procedures of Animal
Experiments (243/1988) and complied with the recommendations
of the Helsinki Declaration. The studies were approved by the Ethics
Committee on Animal Research of Pécs University according to the
Ethical Codex of Animal Experiments and license was  given (license
No.: BA 02/200-6-2001).

2.3. Endotoxin-induced airway inflammation model

Subacute interstitial lung inflammation was  evoked in mice
(n = 8–10 per group) by intranasal administration of 60 �l
Escherichia coli (serotype: 083) lipopolysaccharide (LPS; 167 �g/ml;
Sigma, St. Louis, MO,  USA) dissolved in sterile PBS. The same volume
of sterile PBS was  applied to control mice regarded as intact (non-
inflamed) animals. This procedure was  performed in light ether
anesthesia by gently holding the mouse in the left hand in a vertical
position and the solution was dropped on the nose with a pipette
in one portion. It was  completely sniffed in within approximately
20 s, but the animal was  held in the same vertical position for a
minute to provide a relatively equal distribution of the solution in
the lung. Airway reactivity measurements were done 6 and 24 h
following the challenge [22,23,46].  This type of pneumonitis is a
well-established model with mostly identified mechanisms: LPS
binds to a specific LPS binding protein (LBP) forming a complex
that activates the CD14/TLR4 receptor structure predominantly on
macrophages triggering the production of a variety of inflammatory
mediators, which leads to a remarkable neutrophil activation [38].
Data showing that intranasal administration of this LPS dose evokes
maximal inflammation (neutrophil accumulation and inflamma-
tory cytokine production) 24 h after its instillation served as basis
for choosing the latter timepoint, the development of the inflam-
matory process was  aimed to be analyzed at 6 h.

2.4. Assessment of bronchoconstriction

Airway responsiveness in conscious, spontaneously breathing
animals was measured by recording respiratory pressure curves
by whole body plethysmography (Buxco Europe Ltd, Winchester,
UK) [11,37]. Aerosolized saline and then the muscarinic acetyl-
choline receptor agonist carbachol (carbamoyl-choline; Sigma, St.
Louis, MO,  USA) were administered in increasing concentrations
(50 �l solution of the 11 and 22 mM concentrations nebulized into
the chamber for each mouse for 50 s) to induce bronchoconstric-
tion 6 and 24 h after LPS. Recordings were taken and averaged
for 15 minutes following each nebulization [17]. Baseline val-
ues usually returned at the end of this period. Enhanced pause
(Penh) was measured as an indicator of bronchoconstriction and
consequent increase of airway resistance. Penh is a complex, cal-
culated parameter ((expiratory time/relaxation time) − 1): (max.
expiratory flow/max. inspiratory flow), which closely correlates
with airway resistance measured by traditional invasive tech-
niques as evidenced by our own  studies [13,22,23],  as well as
by other authors [11,37].  Percentage increases of the mean Penh
values above baseline after each carbachol stimulation were calcu-
lated.

2.5. Histological studies and scoring
At the end of the experiments the animals were sacrificed by
cervical dislocation under ketamin (100 mg/kg i.p.; Richter-Gedeon
Ltd., Budapest, Hungary) and xylazine (10 mg/kg i.m.; Phylaxia-
Sanofi, Veterinary Biology Co. Ltd., Budapest, Hungary) anesthesia,
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Fig. 1. Bronchial hyperreactivity to inhaled carbachol. LPS-induced bronchial
hyperreactivity measured in freely moving, unrestrained mice by whole body
plethysmography. Bronchoconstriction was evoked by aerosolization of 11 and
22  mM carbachol (50 �l/mouse) and the responses were evaluated by percentage
increase of the mean Penh above baseline for a 15 min period after each carba-
chol stimulation. Each value represents the means ± S.E.M. of n = 8–10 experiments;
*p  < 0.05 vs. LPS-treated PACAP+/+ mice and +p < 0.05 vs. saline-treated respective
K. Elekes et al. / Pept

he lungs were excised and the left lung samples were fixed
n 4% formaldehyde for 8 h for histological processing. Paraffin-
mbedded specimens were sectioned with microtome (5–7 �m)
nd stained with hematoxylin (Sigma, St. Louis, MO,  USA) and
osin (Molar Chemicals Ltd., Budapest, Hungary) or periodic acid-
chiff (PAS; Sigma, St. Louis, MO,  USA) to more precisely visualize
ucus producing goblet cells. Evaluation and semiquantitative

coring of the inflammatory changes at the 24 h time-point was
erformed by an expert pathologist blinded from the experimental
esign.

.5.1. Quantitative evaluation of the perivascular edema
At the 6 h time-point the predominant histopathological alter-

tion was the perivascular edema and diffuse, initial inflammatory
ell infiltration, therefore, semiquantitative scoring could not be
erformed. The remarkable perivascular edema formation was
uantified by drawing the contours of these edematous regions
t the 100× magnification in 4 distinct randomly chosen fields of
ision in each slide with the help of the “Analysis” software. This
rogram automatically calculates the edema region values, which
ere added for each histological section.

.5.2. Scoring of the LPS-induced acute inflammatory reaction
At the 24 h time-point scoring parameters were chosen on

he basis of the presence or abundance of the following [68]:
1) perivascular edema (0: absent; 1: mild to moderate, involv-
ng less than 25% of the perivascular spaces; 2: moderate to
evere, involving more than 25% but less than 75% of perivascular
paces; 3: severe involving more than 75% of perivascular spaces);
2) perivascular/peribronchial acute inflammation (0: absent; 1:

ild acute inflammation in the perivascular edematous space
ith fewer than 5 neutrophils per high-power field; 2: moder-

te acute inflammation in the perivascular spaces extending to
nvolve the peribronchial spaces with more than 5 neutrophils
er high power field in these regions; 3: severe acute inflamma-
ion in the perivascular and peribronchial spaces with numerous
eutrophils around most bronchioles); (3) goblet cell metaplasia
f the bronchioles (0: absent; 1: few goblet cells present in one
r two bronchioles; 2: large number of goblet cells present); (4)
acrophages/mononuclear cells in the alveolar spaces (0: absent;

: present in fewer than 25% of alveolar spaces, 2: >25% of alveo-
ar spaces). The score values for these individual parameters were
dded to form a composite inflammatory score ranging from 0 to
0. From every specimen (8–10 mice in each group) 4–5 sections
ere taken from different depths to give a representative appre-

iation of the whole lung. Mean scores were determined from the
ifferent sections of the individual animals and composite score
alues of the different experimental groups were calculated from
hese mean scores [13,22].

.6. Measurement of myeloperoxidase (MPO) activity in the lung

The LPS-induced inflammatory response is a predominantly
eutrophilic inflammation, they represent the major cell type in the
istological picture together with macrophages [32,33,38].  Since
oth cells express the MPO  enzyme, its activity was determined
rom the lung homogenates, as a biochemical marker of the inten-
ity of the inflammatory reaction. The right lungs were cut into
wo parts, and after measuring the weight of the pieces, one was
rozen at −20 ◦C for later determination of neutrophil accumulation
y spectrophotometric determination of the MPO  activity. Upon
rocessing, these samples were thawed and chopped into small

ieces then homogenized in 4 ml  20 mM potassium-phosphate
uffer (pH 7.4). The homogenate was centrifuged at 10,000 × g at
◦C for 10 min  and supernatant was removed. The pellet was then

esuspended in 4 ml  50 mM potassium-phosphate buffer contain-
non-inflamed group (one-way ANOVA followed by Bonferroni’s modified t-test).

ing 0.5% hexadecyl-trimethyl-ammonium-bromide (pH 6.0) and
centrifuged again. The spectrophotometric measurement was done
from the supernatant using H2O2-3,3′,5,5′-tetramethyl-benzidine
(TMB/H2O2). Reactions were performed in 96-well microtitre
plates in room temperature. The optical density (OD) at 620 nm was
measured at the 0 and 5 min  timepoints using a microplate reader
(Labsystems) and plotted. The reaction rate was  determined as
�OD/min according to the slope of the line. A calibration curve was
then created with the rate of reaction plotted against the human
standard MPO  preparation [22,23]. All reagents used for this assay
were obtained from Sigma, St. Louis, MO,  USA.

2.7. Measurement of interleukin-1  ̌ (IL-1ˇ) and tumor necrosis
factor-  ̨ (TNF-˛) concentration in the lung

The other half of each right lung was frozen separately in
liquid nitrogen and stored at −80 ◦C. The wet  weight of the sam-
ples was measured before homogenization in 450 �l RPMI 1640
buffer (Biochrom Ltd., Berlin, Germany) containing 50 �l phenyl-
methyl-sulphonyl-fluoride (PMSF; Sigma, St. Louis, MO, USA) with
a polytrone homogenizer (Kika Lab Techniques) at 13,500 rpm for
2 min. The homogenates were centrifuged for 10 min  at 10,000 rpm
and 4 ◦C. The concentrations of the inflammatory cytokines IL-1�
and TNF-� were determined by specific sandwich ELISA techniques
(BD Biosciences, NJ, USA).

2.8. Statistical analysis

Values for all measurements were expressed as the mean ± SEM
of n = 8–10 mice in each group. Evaluation of the mean Penh data
has been performed by one-way ANOVA followed by Bonferroni’s
modified t-test to see statistical differences between different data
sets and then between the respective data points. Histological

inflammatory score values were analyzed with Kruskal–Wallis fol-
lowed by Dunn’s post test.
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Fig. 2. Representative histopathological pictures of the lung obtained from PACAP+/+ and PACAP−/− mice. Histopathological pictures of lung samples obtained (A) 24 h after
intranasal saline treatment (non-inflamed control); (B) 6 h following LPS administration; and (C) 24 h after LPS-treatment of PACAP+/+ mice. In comparison, the lower panels
show  the respective pictures of PACAP−/− mouse lung samples: (D) saline-treatment; (E) 6 h after LPS-treatment; (F) 24 h after LPS-administration. Double headed arrows in
panels  B, C, E and F indicate the perivascular edema formation. Panels G–H represent higher magnifications of the representative histopathological alterations: perivascular
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dema  with infiltrating inflammatory cells (G: double-headed arrow indicates edem
hite  arrow indicates a macrophage) and mucus-producing goblet cells (I, black arr
agnifications; a: alveolar spaces, b: bronchi, v: vessels. Scale bars indicate 200 �m

. Results

.1. Inflammatory airway hyperresponsiveness in PACAP+/+ and
ACAP−/− mice

Inhalation of the muscarinic receptor agonist carbachol evoked
oncentration-dependent bronchoconstriction as shown by the
enh curves. These responses were markedly enhanced in the LPS-
reated groups at both the 6 h and 24 h time-points compared to
he non-inflamed saline-treated controls. There was no significant
ifference between the carbachol-induced responses of PACAP+/+

nd PACAP−/− mice either without LPS treatment or 6 h after LPS
dministration. In contrast, 24 h after the induction of the inflam-
ation both the maximal Penh values were higher and the duration

f the responses were longer in PACAP gene knockout mice, the
ercentage increase of the Penh responses above baseline in case
f the 22 mM carbachol stimulation was significantly higher in the
ACAP−/− group than in the PACAP+/+ one (Fig. 1).

.2. Inflammatory changes in the lung of PACAP+/+ and PACAP−/−
ice

Histological examination and scoring revealed that compared
o the intact lung structure (Fig. 2A and D), LPS induced a promi-
ite arrow shows a macrophage; H: black arrow points to a neutrophil granulocyte,
amples were stained with PAS and shown at 200× (A–F), 400× (G–H) and 600× (I)
nels A–F and 50 �m in panels G–I.

nent perivascular edema formation with initial diffuse granulocyte
infiltration 6 h after its administration (Fig. 2B and E). The perivas-
cular edema was markedly greater in the PACAP−/− group (Fig. 2E),
this significant difference could also be justified with the quan-
titative analysis. The total area of the edematous tissue in 4
randomly chosen fields of vision at 100× magnification was  about
4–5-times higher in the PACAP−/− animals (Fig. 3A). At the 24 h
time-point peribronchial/perivascular edema (Fig. 2G) was  still
present, but decreased compared to that observed at 6 h. Further-
more, granulocyte accumulation around the bronchi, infiltration
of mononuclear cells (Fig. 2H) and hyperplasia of mucus pro-
ducing goblet cells (Fig. 2I) were also detected (Fig. 2C and F).
The composite inflammation score determined on the basis of
these inflammatory parameters was significantly higher in PACAP
receptor gene-deficient mice than in their wild-type counterparts
(Figs. 2C, F, 3B).

3.3. Myeloperoxidase activity in the lung of PACAP+/+ and
PACAP−/− mice
The basal MPO  activity measured in the non-inflamed lung
homogenates of saline-treated control mice did not differ signif-
icantly between the PACAP+/+ and PACAP−/− groups. Endotoxin
administration induced an about 2–3-fold increase of MPO  activity
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Fig. 3. Histopathological evaluation of LPS-induced inflammatory changes in the lung of PACAP+/+ and PACAP−/− mice. Panel A shows the total area of edema around the vessels
and  the bronchioles 6 h after intranasal LPS administration. The lower panel (B) represents the (a) detailed and the (b) composite semiquantitative inflammation score values
determined 24 h after the induction of the inflammation. The parameters for scoring were perivascular edema formation (edema), perivascular/peribronchial granulocyte
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ccumulation (gran.), infiltration of macrophages into the alveolar spaces (mac.) an
 = 6–8 mice, boxes represent the median with the upper and lower quartiles of n =

easured in the lung homogenates of wild-type mice 6 h and 24 h
ater. This elevation was significantly higher, about 4-fold in the
ACAP knockout group at the earlier time-point (Fig. 4).

.4. Interleukin-1  ̌ and TNF-  ̨ concentrations in the lung

Inflammatory cytokine concentrations in the non-inflamed lung
amples of saline-treated PACAP+/+ and PACAP−/− mice were very
imilar, about 2 ng/g wet tissue for IL-1� and around the detection
imit for TNF-�, respectively. The levels of these cytokines signif-
cantly increased the 6 h and the 24 h time-points in both groups,
ut there were no remarkable differences in the PACAP-deficient
nimals compared to the wildtypes (Fig. 5).

. Discussion

The present results provide clear morphological and bio-

hemical evidence that endotoxin-induced subacute airway
nflammation is more severe in PACAP-deficient mice. There is a
ignificantly greater perivascular edema formation at the 6 h time-
oint and a higher histopathological inflammatory score at 24 h.
et cell hyperplasia in the bronchioles (goblet). Columns show the means ± S.E.M. of
animals; *p < 0.05, **p  < 0.01 vs. PACAP+/+ (unpaired t-test; Mann–Whitney U test).

Furthermore, a larger number of accumulated granulocytes can be
detected in the early stage in case of PACAP deficiency as shown by
greater the MPO  activity and also by the histopathological exami-
nation. In contrast to these results, the concentrations of the two
general inflammatory cytokines, IL-1� and TNF-�, synthesized by
several inflammatory cells, such as granulocytes, macrophages and
also lymphocytes were not significantly different in the PACAP-
deficient mice. These data suggest that the anti-inflammatory effect
of PACAP is not mediated by inhibiting the production of these
widely expressed cytokines, which are important, but not the pre-
dominant cellular mediators of this type of inflammatory reaction
at the examined timepoints. Other parameters reflecting the func-
tion of these cells might be decreased by PACAP. Furthermore, there
are many lymphocytes as well, the infiltration of which is secondary
in this model, mainly induced by macrophage and neutrophil-
produced mediators. They are not involved in the semiquantitative
scoring, but they also synthesize both IL-1� and TNF-�. Inflamma-
tory airway hyperreactivity is not altered by the lack of PACAP in the

early stage, but markedly increases later. This result suggests that
in this mouse model PACAP exerts an indirect action on bronchial
hyperresponsiveness through the inhibition of the inflammatory
reaction.
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Fig. 4. Myeloperoxidase activity in the lung samples of PACAP+/+ and PACAP−/− mice.
MPO  activity, as a quantitative indicator of the number of accumulated granulocytes
and  macrophages, was  determined from homogenized lung samples 6 h and 24 h
after intranasal LPS administration. Saline-treated animals examined at both time-
points served as non-inflamed controls. Each column represents the means ± S.E.M.
of n = 8–10 mice; *p < 0.05 vs. respective PACAP+/+ group and +p < 0.05 and ++p < 0.01
vs. respective saline-treated mice. (ANOVA followed by Bonferroni’s modified t-
test.)

Fig. 5. Inflammatory cytokine concentrations of lung samples of PACAP+/+ and PACAP−/−

mice. The inflammatory cytokines (A) IL-1� and (B) TNF-� were determined from
lung homogenates 6 h and 24 h after intranasal LPS administration compared to
saline-treated animals examined at both time-points. Each column represents the
means ± S.E.M. of n = 8–10 mice; *p < 0.05, **p < 0.01 vs. respective saline-treated
mice. (ANOVA followed by Bonferroni’s modified t-test.)
 (2011) 1439–1446

Immunohistochemical data demonstrate the presence of PACAP
in capsaicin-sensitive sensory nerves [15], and our earlier results
showed that a significant amount of PACAP can be released from
these afferent fibers of the rat tracheae in response to low concen-
tration capsaicin or electrical field stimulation [43]. Furthermore,
PACAP and all of its three receptors are localized in epithelial,
smooth muscle and inflammatory cells in the airways of several
species [8,25,27,48,60]. PACAP causes relaxation of tracheal smooth
muscle [4,9,66], promotes bronchodilation [35], and increases nasal
resistance in rodents [29]. It is also a potent stimulator of air-
way mucus [36,62] and chloride secretion [12], suggesting its role
in airway defense. PACAP also exerts an anti-apoptotic effect in
the respiratory system and attenuates the cytotoxicity of cigarette
smoke extracts on alveolar cells [47]. Owing to the broncho-
relaxant and protective properties of PACAP and VIP, synthetic
analogs have been developed for potential application in the treat-
ment of asthma [5,59,67], and a VIP aerosol formulation, aviptadil, is
currently under evaluation for the treatment of pulmonary hyper-
tension [34,61].

Functional, molecular biological and immunohistochemical
data showed that VPAC2 receptors are present on bronchial
and vascular smooth muscle [3,52,56], as well as on leuko-
cytes [6].  The activation of VPAC2 receptors also results in a
potent vasodilator effect in the lung and prevents antigen-induced
bronchoconstriction, vasoconstriction, edema formation and gran-
ulocyte accumulation in guinea pigs [45]. Furthermore, Yoshihara
and colleagues showed that both PACAP1-27 and its synthetic ana-
log induced concentration-dependent smooth muscle relaxation in
in vitro human [67], monkey and guinea pig bronchus preparations
[66]. Another long-acting VPAC1/2 synthetic agonist protects rat
alveolar cells from the cytotoxicity of cigarette smoke [47].

PACAP has been shown to modulate immune and inflamma-
tory cell functions [1,18].  Some papers show its pro-inflammatory
actions, such as vasodilation and edema formation in the rabbit
eye [63,64]. Intradermal injections of low PACAP-38 concentra-
tions (10−14 to 10−9 M per site) evoked plasma extravasation
in the rat and rabbit skin by inducing histamine release from
activated mast cells and directly dilating blood vessels [7,65].
However, the majority of the studies report on its inhibitory
actions. Intraperitoneal administration of PACAP in mice has been
shown to reduce inflammatory changes (paw swelling, erythema
and cellular response) in the collagen-induced arthritis model by
modulating several inflammatory soluble factors [2] and to ame-
liorate the clinical manifestations of experimental autoimmune
encephalomyelitis by suppressing the function of antigen present-
ing cells [28]. The cellular anti-inflammatory effect of PACAP can
be explained by the presently known signal transduction path-
ways, since cAMP increase in the inflammatory and immune cells
leads to decreased activation, chemotaxis, phagocytosis and medi-
ator/cytokine release [61]. However, we  have also provided several
lines of direct evidence for the ability of PACAP to inhibit the
release of SP and CGRP from capsaicin-sensitive sensory fibers in
a concentration-dependent manner, as well as acute neurogenic
edema formation in the skin [24]. These findings are in good cor-
relation with the presently described early anti-edema action of
PACAP in the lung. In contrast to the cellular anti-inflammatory
action of PACAP, the well-described signal transduction processes
of either the PAC1 or the VPAC receptors do not serve as logical
explanations for the observed inhibitory action at the level of the
sensory nerve terminals. Therefore, the existence of a yet uniden-
tified receptor, splice variant and/or intracellular signaling process
can be proposed, particularly on the afferent fibers.
The upregulation of PAC1 receptor mRNA has recently
been shown in the mouse lung in response to ovalbumine-
induced inflammation. In this chronic asthma model PAC1
receptor-deficient mice showed remarkably increased inflamma-
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ory reactions, while a PAC1-selective agonist treatment resulted
n significant anti-inflammatory effects. However, there was no
ffect on lung function [31]. These findings support our present
ata obtained with mice deficient in PACAP, although we  in fact
ound increased hyperresponsiveness at the timepoint when the
ntensity of the inflammatory reaction was more pronounced. This
ifference can either be due to the different inflammatory mecha-
ism or to the VPAC receptor-mediated anti-hyperreactivity effect
f PACAP.

In summary, our results are the first that show that PACAP plays
n important inhibitory role in LPS-induced airway inflammation.
ts anti-inflammatory action is also remarkable in the early stage,
ut its anti-hyperreactivity effect is presumably not a direct mech-
nism, but related to the decreased inflammatory reaction.
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