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Summary
Background Pituitary adenylate cyclase-activating peptide (PACAP) is a neuropeptide with strong

vaso- and bronchodilator capacity. There is recent evidence that PACAP decreases the release of

proinflammatory cytokines and we have previously shown that PACAP inhibits neutrophil

chemotaxis in vitro, but little is known about the effects of PACAP in human upper and lower

airways.

Objective To investigate the effects of PACAP in the human upper respiratory tract focusing on

vasodilatation/nasal airway resistance (NAR), neutrophil recruitment, plasma extravasation and

endogenous production of IL-1-related mediators.

Methods Surgical specimens from five patients (aged 19–55 years), obtained in conjunction with

nasal surgery, were used for immunohistochemical localization of PACAP in the nasal mucosa. In

seven, healthy, non-allergic, non-smoking subjects (aged 19–45 years), NAR was measured with

rhinomanometry. Nasal lavage was performed, before and after intranasal application of PACAP

(200mL of a 1mM PACAP solution in each nasal cavity), with and without the addition of histamine.

Cells, albumin and IL-1-related mediators were analysed in nasal lavage. In addition, the effects on

pulse, blood pressure, ECG and pulmonary function were evaluated.

Results In the nasal mucosa, PACAP-like immunoreactive nerve fibres were seen close to blood

vessels and seromucous glands. Application of PACAP in the nasal cavity increased NAR and

augmented the increase in NAR induced by histamine. In addition, PACAP inhibited histamine-

induced recruitment of neutrophils, increased plasma leakage and reduced the level of IL-1RA (an

endogenously produced IL-1 receptor antagonist) in nasal lavage. Cardiovascular and pulmonary

parameters were not affected.

Conclusion These results imply that PACAP is an important endogenous mediator in human upper

airways, with a potential role as a regulator of vascular smooth muscle, secretion, plasma

extravasation, neutrophil recruitment and cytokine activity.
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Introduction

Pituitary adenylate cyclase-activating peptide (PACAP) is a
38-amino-acid peptide discovered in 1989 as a hypothalamic
factor that potently increased cAMP levels in pituitary cells
[1]. Later, it was found to be widely expressed in the central
and peripheral nervous systems. The amino-acid sequence of
PACAP is 70% homologous to vasoactive intestinal peptide
(VIP), both members of a peptide family that also includes
secretin and glucagon [1]. In the human lung, PACAP is
found in association with bronchial and vascular smooth
muscle and around seromucous glands [2, 3]. We have
previously demonstrated that PACAP is a potent dilator of
isolated human airways and pulmonary vessels, and that it
causes relaxation of contracted guinea-pig airways in vivo

[3, 4]. PACAP is also found in the microenvironment of
lymphoid organs and increasing evidence suggests that
PACAP, as well as VIP, plays a role in the immune system
[5–7]. One of the most interesting actions of PACAP in the
immune system is the anti-inflammatory function, which is
exerted by its capacity to decrease proinflammatory cytokines
like TNF-a and IL-6 and by the increase of anti-inflammatory
cytokines, i.e. IL-10 [8–10]. PACAP activity is closely
connected to IL-1 [11, 12], a cytokine suggested to contribute
to glandular secretion in the inflammatory nose [13]. Like
other cytokines, IL-1 activity is modulated by soluble
cytokine receptors, i.e. a soluble IL-1 receptor (IL-1sR2) in
the fluid phase can prevent IL-1 from interacting with the
functional IL-1 receptor on the plasma membrane [14]. In
addition, we have previously reported that high concentra-
tions of the natural IL-1 receptor antagonist, IL-1RA, can be
found in nasal lavage fluids (M Benson, G Wennergren, M
Fransson, LO Cardell: unpublished data). Neutrophils might
play a role in inflammatory airways, i.e. asthma and rhinitis
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[15]. PACAP and VIP inhibit neutrophil migration and both
PACAP and VIP take part in neutrophil activation, although
via different pathways [16–18]. Based on the above-described
bronchodilator and anti-inflammatory effects of PACAP, the
use of PACAP and PACAP analogues has been suggested in
the treatment of asthma [19]. However, PACAP has never
been tested in the human airways. The aim of the current
study was to investigate the effects of PACAP in the human
upper respiratory tract, focusing on vasodilatation/nasal
airway resistance, neutrophil recruitment, plasma extravasa-
tion and changes in the amount of IL-1-related mediators.
Systemic effects of intranasal PACAP on pulse, blood
pressure, ECG and pulmonary function were also evaluated.

Methods

Immunohistochemistry

Specimens from human nasal mucosa were obtained in
conjunction with nasal surgery (resection of the inferior
turbinate) from five patients (age range 19–55 years) with no
history of allergic disease. Two of the patients displayed nasal
deviation following trauma, and the surgery was primarily
performed to correct the nasal septum. The other three
patients had problems with nasal breathing due to enlarge-
ment of the inferior turbinate. Two of these patients reported
a non-specific nasal hyper-reactivity.
The specimens were immersed in an ice-cold fixative

solution composed of 2% formaldehyde and 0.2% picric
acid, buffered to pH 7.2 with 0.1M phosphate buffer. After
12h, the specimens were rinsed for 48 h in a Tyrode solution
containing 10% sucrose, frozen on dry ice and sectioned in a
cryostat at 10mm thickness. The sections were processed for
immunocytochemical studies of PACAP using indirect
immunofluorescence. The PACAP antiserum (code no.
B57-1, Eurodiagnostica, Malmö, Sweden) was raised in a
rabbit against ovine PACAP and used in a dilution of 1 : 640.
The sections were exposed to the peptide antiserum for 48 h at
4 1C in a moist chamber. The site of the antigen–antibody
reaction was revealed by application of fluorescein isothio-
cyanate (FITC)-labelled antibodies against immunoglobulin
G (IgG) (Dakopatts, Copenhagen, Denmark) in a dilution of
1 : 320 for 1 h at room temperature. Control sections were
exposed to primary antiserum that had been pre-absorbed
with excess amounts of the antigen. In addition, absorption
tests showed that the PACAP antiserum does not cross-react
with VIP, peptide histidine isoleucine, helodermin, helospec-
tin, bombesin or substance P [20]. However, cross-reaction
with still other peptides or proteins sharing amino-acid
sequences with the examined peptide cannot be excluded.
Therefore, it is appropriate to refer to the immunoreactive
material as PACAP-like.

Subjects

Two separate groups were included in the functional studies:
one subjected to rhinomanometric investigations and nasal
lavages, and one for characterization of effects induced on
heart rate, blood pressure and lung function. The first group
included seven and the second group five healthy, non-

smoking subjects. The median ages were 35 (range 19–45) and
33 (range 30–53) years, respectively. Five subjects in the first
group and two in the second group were women. All
participants were symptom-free, had no history of allergic
rhinitis or any other atopic disease, and had negative skin
prick tests against a panel of common airborne allergens.
Patients with aspirin-induced airway symptoms were ex-
cluded from the study along with subjects with a history of
concurrent purulent nasal infection in the 6 weeks before the
study or any kind of nasal surgery during the last year. None
of the participating patients suffered from asthma.
The study was approved by the local Ethics Committee of

the University of Lund and an informed written consent was
obtained from all subjects. Subjects were recruited through
advertisements.

Rhinomanometry

Nasal airway resistance (NAR) was determined by active
anterior rhinomanometry [21]. A pressure catheter was
connected to one nostril. The flow was measured by a
pneumotachograph via an anaesthetic mask held air-tight
with as little pressure as possible over the nose and mouth.
Each nasal passage was measured separately and a total
resistance was calculated. The recording of a pressure-flow
curve was presented on a computer screen and total NAR
was expressed as V2tot representing the resistance of nasal
airflow according to the polar co-ordinate system of Broms
et al. [22]. This method delivers adequate comparable
resistance data even during periods of severe nasal obstruc-
tions. Before the measurements all subjects rested in a sitting
position close to the equipment.

Nasal lavage and cell quantification

Nasal lavage fluids were collected as previously described [23].
Briefly, after clearing excess mucous by forceful exsufflation,
a sterile saline solution of room temperature was aerosolized
into both nostrils, alternately. The fluids were allowed to
return passively and collected in a graded test tube, until 7mL
was recovered. The total number of cells/mL was computed
in a Bürker chamber. The fluids were then centrifuged for
10min at 1300 g at 4 1C. The supernatant was separated from
the pellet. The pellet was used to prepare slides that were
stained according to the May-Grünwald and Giemsa method
for morphological assessment of cells in the fluid. A
differential count was performed including epithelial cells,
eosinophils, neutrophils and mononuclear cells (100 cells/
slide). The total number of each cell type as also estimated
(cells/mL). All fluid samples were processed within 30min
after the lavage (M Benson, G Wennergren, M Fransson,
LO Cardell: unpublished data).

Mediators in nasal lavage fluid

The nasal lavage fluids were analysed for levels of albumin
(Pharmacia Albumin RIA, Pharmacia Diagnostics, Uppsala,
Sweden), IL-1b, IL-1 receptor (IL-1sR2) and IL-1 receptor
antagonist (IL-1RA) using ELISA kits (Quantikine HS) from
R&D Systems (Abingdon, UK).
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Study design

After 15min of supine rest, the NAR was measured and a
nasal lavage was performed. Then 200mL of a 1mM PACAP
solution was sprayed in each nasal cavity. NAR was
measured after 5min and a second nasal lavage was
performed after 10min. A third nasal lavage was performed
4h later. After 7–10 days, the protocol was repeated replacing
the PACAP solution with vehicle (0.9% NaCl).
Since the sensitivity of rhinomanometry is limited at low

levels of NAR (normal conditions), the effect of PACAP
pretreatment on histamine-induced increase of NAR was also
evaluated. After an initial resting period, rhinomanometry
and nasal lavage were performed followed by the application
of PACAP in the nasal cavity (same dose and application
procedure as above). NAR was measured after 5min. Then
solutions with rising concentrations of histamine (0.1, 0.9, 3, 7
and 10mg/mL) were sprayed in both nasal cavities with an
interval of 5min between doses. Higher concentrations of
histamine than 10mg/mL could not be used due to systemic
side-effects. NAR was measured before each new dose of
histamine. A final nasal lavage was performed at 4 h. After
7–10 days, the protocol was repeated replacing the PACAP
solution with vehicle (0.9% NaCl).
The effects of nasal application of PACAP on blood

pressure, heart rate and pulmonary functions were evaluated
in separate experiments (see below).

ECG, blood pressure and spirometry

The effects on the cardiovascular system and the function of
the lower airways after PACAP application in the nose were
evaluated in separate experiments. Initially the subjects rested
for 20min in a supine position. Then, with the subjects
remaining in a supine position, an ECG (MAC 6, Marquette
Electronics Inc., Milwaukee, WI, USA) was recorded, and
pulse and blood pressure were measured. These proceedings
were followed by spray application of 200mL of PACAP
(1mM) in each nasal cavity. The pulse and blood pressure were
subsequently recorded after 2, 5, 10, 15, 20, 25 and 30min,
and an ECG was recorded at 2 and 30min. A couple of weeks
later, the PACAP application procedure was repeated, but
this time followed by measurement of the lung function using
spirometry (Master Scope, Erich Jaeger GmbH, Höchberg,
Germany) after 15min and 3 h. Any subjective discomfort
following the PACAP application was noticed.

Solutions and drugs

PACAP 38 (Peninsula Laboratories, San Carlos, CA, USA)
and histamine (Sigma, St Louis, MO, USA) were used. All
drugs were dissolved in 0.9% NaCl.

Statistics

Results are expressed as mean7SEM in text and median in
figures (if not otherwise stated). Statistical comparisons were
made by Student’s t-test and P-values less than 0.05 were
considered to be statistically significant.

Results

Thin, varicose, PACAP-like containing nerve fibres were
observed close to the smooth muscle of arteries and veins, and
close to seromucous glands in the nasal turbinates from all
investigated patients (Fig. 1). There was no principal
difference in the PACAP innervation pattern between
patients.
PACAP (1mM) increased the V2tot from 14.971.81

(vehicle) to 18.172.21 (PACAP) 10min after the application
(n5 7, Po0.05) (Fig. 2a). The cumulative application of
histamine resulted in a dose-dependent increase of V2tot.
Pretreatment with PACAP (1mM) augmented the effects
induced by higher concentrations of histamine (7 and 10mg/
mL) (n5 7) (Fig. 2b).
Nasal lavage fluids were obtained on three occasions:

before, 10min and 4 h after the application of PACAP or
vehicle. With the exception of epithelial cells, the neutrophils
were the dominating cells in the nasal lavage fluid. A
differential count revealed that more than 97% of the cells
were neutrophils and about 1% consisted of eosinophils. This
relation was not altered following the application of
histamine (98/1% and 96/4% at 10min, and 4h, respectively).

Fig. 1. PACAP-like immunoreactive nerve fibres in human nose (a), thin
PACAP-like nerve fibres close to nasal blood vessels (arrows) (b), and in
connection with seromucous glands (arrows) (�300).
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Neither was the relation significantly affected by PACAP
(PACAP only; 86/0% and 91/3% at 10min and 4 h,
respectively; PACAP in combination with histamine; 98/0%
and 97/0% at 10min and 4 h, respectively). However, PACAP
tended to decrease the total amount of cells found in the
lavage fluid at 4 h from 1.870.6� 104 cells/mL (vehicle) to
1.170.6� 104 cells/mL (PACAP) (Fig. 3a). The inhibitory
effect of PACAP became more evident with histamine.
Histamine increased the number of neutrophils with
4.972.3� 104 cells/mL at 4 h. This increase was reduced to
0.870.8� 104 cells/mL following PACAP pretreatment
(n5 7, Po0.05) (Fig. 3b). No increase in the amount of cells
was obtained at 10min after the application of either PACAP
or vehicle.
The amount of albumin in nasal lavage fluid increased

following the application of PACAP, from 1675mg/L
(vehicle) to 2679mg/L (PACAP) at 10min (n5 7, Po0.05)
(Fig. 3). An increase was seen when histamine was admini-
strated to the nose after PACAP pretreatment; vehicle1his-
tamine: 71719mg/L and PACAP1histamine: 107714mg/L
(n5 7, Po0.05). An increase was still evident at 4 h; vehicle:
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Fig. 2. (a) Nasal application of PACAP and rhinomanometric evaluation of
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solution was sprayed into the nasal cavity and NAR was measured 5min
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Fig. 3. (a) Nasal application of PACAP and neutrophils in nasal lavage
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expressed as neutrophils per ml, horizontal bars represent the median
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significant.
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1774mg/L, PACAP: 43719mg/L and vehicle1histamine:
71719mg/L, PACAP1histamine: 75718mg/L (n5 7,
Po0.05) (Fig. 4).
Previous work has demonstrated that the IL-1 receptor

antagonist IL-1RA exists in relatively high concentrations
in nasal lavage (M Benson, G Wennergren, M Fransson,
LO Cardell: unpublished data). Thus, IL-1 related ligands
became the focus for our cytokine measurements. The levels
of IL-1b and its soluble receptor IL-1sR2 were not affected by
PACAP application, whereas the levels of IL-1RA were
reduced (n5 7, Po0.05) (Fig. 5).
Heart rate and blood pressure were not affected by nasal

PACAP application (n5 5) (Fig. 6), neither was the ECG
(n5 5, not shown). In accordance, no change in VC, FEV1,
FEV1% or FVC were seen at 15min and 4h after the PACAP
application (Table 1). None of the tested subjects, with the
exception of a mild sensation of nasal secretion and blockage,
reported any discomfort following the PACAP treatment.

Discussion

PACAP-like immunoreactive nerve fibres were seen in the
nasal mucosa, close to vessels and seromucous glands.

Application of PACAP in the nasal cavity increased NAR
and augmented the increase in NAR induced by histamine. In
addition, PACAP inhibited histamine-induced recruitment of
neutrophils, increased plasma leakage and reduced the level
of the IL-1RA in nasal lavage.
PACAP has a wide distribution in the central and

peripheral nervous system [24, 25]. In the present study, the
human nasal mucosa was shown to contain a moderate
number of PACAP-immunoreactive nerve fibres, which is in
line with a previous report on the upper airways [26].
PACAP-immunoreactive fibres in the superficial layer of the
dorsal horns of the spinal cord and in the epithelium have
been reported in the rat [20]. This together with the findings of
PACAP-immunoreactive neurons in sensory ganglia and the
observation that capsaicin treatment markedly reduces the
number of PACAP-immunoreactive nerve fibres, has sug-
gested a role for PACAP as a sensory peptide [20, 27].
However, in airways, the majority of PACAP-immunoreac-
tive nerves have been described in association with para-
sympathetic neurons [28, 29], indicating a role for PACAP in
secretion and vasodilatation.
PACAP has been reported to produce a potent, long-lasting

vasodilatation in vitro as well as in vivo [30, 31]. Local
application of PACAP in the nose resulted in an increase of
NAR. This reflects an increased thickness of the nasal
mucosa, as a result of augmented blood content and oedema
due to vasodilation. In analogy, we have previously
demonstrated that PACAP is a dilator of isolated human
pulmonary arteries [3]. As dilators of pulmonary arteries,
PACAP and VIP appear to induce identical effects [3],
suggesting that the activity is mediated by a receptor
subtype with high affinity for both peptides (VPAC1

or VPAC2) [1]. In contrast, the bronchodilator effects of
PACAP in human tissue appear to be more consistent than
the effects induced by VIP [3, 32], indicating an involvement
of a receptor with higher affinity for PACAP than VIP
(PAC1) [1, 17].
In vivo experiments on guinea-pig have demonstrated that

inhalation of PACAP has no effect on airway tonus per se,
but inhibits histamine- and allergen-induced bronchoconstric-
tion [4, 33]. Similar data can be obtained with isolated
airways, where a pre-contraction is necessary in order to
demonstrate PACAP- and VIP-induced relaxations [3, 31]. So
far, in vivo studies of PACAP have not been performed in
humans airways, but an inhibitory effect of VIP on histamine-
induced bronchoconstriction has been demonstrated in
asthmatic subjects [34]. In the present study, nasal application
of PACAP did not seem to affect pulmonary functions. The
values for FEV1, VC and FEV1% remained unchanged
during the 3-h testing period. These results were not
unexpected since airway precontraction in vivo as well as in
vitro is a prerequisite in order to demonstrate a bronchodi-
latory effect of PACAP [3, 33].
The patients reported a mild sensation of nasal secretion

following nasal application of PACAP. Nasal secretion is a
mixture of mucus from goblet cells, fluid secretion from
seromucous glands and watery secretion from anterior serous
glands. In addition, there is a contribution from transudated
blood plasma [35, 36]. PACAP has been reported to induce
secretion of saliva from all major salivary glands in rat [37].
The presence of PACAP-like immunoreactivity in nerve fibres
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heart rate; after 20min of rest in the supine position, blood pressure and
pulse were checked followed by the application of 400 mL of a 1 mM PACAP
solution (arrow) in the nasal cavity. Blood pressure and pulse were
continuously controlled after the application. Data are expressed as mmHg
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Table 1. PACAP-induced effects on blood pressure, heart rate and
pulmonary functions

0min 2min 15min 25min 3 h

Syst (mmHg) 11372 11472 11472

Diast (mmHg) 6873 6972 6972

Pulse (beats/min) 5872 6072 5872

FEV1 (L/1 s) 4.370.4 4.370.4 4.370.3

VC (L) 4.870.4 4.970.4 4.870.4

FEV1% 8670.5 8471.8 8672.0

Systolic (Syst) and diastolic (Diast) blood pressure, pulse; 1-s forced
expiratory volume (FEV1), vital capacity (VC) and FEV1% were measured
before, 2min, 25min and 3h after spraying 400 mL of a 10�6

M PACAP
solution into the nasal cavity. Data are expressed as mean1SEM for seven
individuals.
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surrounding seromucous glands, in conjunction with the
described secretory sensation, might reflect a similar role for
PACAP in humans. Albumin is a well-known marker of
plasma extravasation [38]. The amount of albumin in nasal
lavage increased following the application of PACAP. In
addition, the increase in albumin induced by histamine was
further augmented by PACAP pretreatment. These results are
in concordance with previous findings in rat and rabbit skin
[39, 40]. Neutrophils were the dominating cells in the nasal
lavage in all test situations. This is a reflection of the
continuous migration of neutrophils into the nasal cavity.
The relatively high amounts of neutrophils is a well-known
phenomenon often seen as ‘physiological inflammation’ in the
mucosa, induced by continuous exposure to microorganisms
and inhaled particles [41]. Eosinophils, which are quite
common in the connective tissue of the lamina propria,
appear under normal conditions in relatively low numbers
both in the epithelium and in nasal secretions [42, 43]. In the
present study, we demonstrated that PACAP pre-treatment
decreased histamine-induced influx of neutrophils into the
nasal cavity. The relation between cells in the differential
count was not changed, implying a down-regulation also of
eosinophil migration. However, due to the low levels of
eosinophils this could not be statistically proven. A tendency
for PACAP to reduce the normal, physiological influx of
cells to the nasal cavity was also seen. The neutrophil data
are in line with results derived from recent Boyden chamber
experiments; PACAP as well as VIP were reported to
inhibit neutrophil chemotaxis [16]. We have recently demon-
strated an increased activation of neutrophils following
migration into the nasal lumen during allergic rhinitis, an
effect that is paralleled by a marked increase of the total
amount of neutrophils found in the nasal cavity, suggesting a
role for the neutrophils in the local allergic reaction [15]. The
neutrophil data therefore support the idea of an anti-
inflammatory role of PACAP. However, this interpretation
is not entirely in line with the finding of an enhanced
activity of neutrophils following PACAP application in vitro
[17]. The reduced levels of IL-1RA in nasal lavage, along
with unaltered levels of IL-1 and IL-1sR2, might argue
against an anti-inflammatory role of PACAP. The
IL-1 family consists of two agonists, IL-1a and IL-1b, two
receptors, biologically active IL-1R1 and inert IL-1R2,
and a specific receptor antagonist, IL-1RA. IL-1R2 also
exists as a soluble receptor (IL-1sR2) in the fluid phase,
preventing IL-1 from interacting with the functional IL-1R1
on the plasma membrane. The balance between IL-1 and IL-
1RA in local tissues is suggested to play an important role in
the susceptibility to and severity of many diseases, including
airway inflammation [44]. The concentration of IL-1RA
is reported to be about 1000 times higher than the
concentrations of most other cytokines and soluble cyto-
kine receptors in nasal lavage (M Benson, G Wennergren,
M Fransson, LO Cardell: unpublished data), and the
present analysis confirms the unique position of IL-1RA
in this aspect. A lowered ratio of IL-1RA to IL-1, follo-
wing PACAP application, is generally associated with
airway disease [44]. A reduction of this ratio is seen in
nasal lavage in conjunction with symptomatic intermittent
allergic rhinitis (M Benson, G Wennergren, M Fransson, LO
Cardell: unpublished data), and similar findings are seen in

bronchoalveolar lavage fluid from patients with status
asthmaticus [45].
The IL-1RA findings, together with the previous report

about PACAP-induced neutrophil activation, could be
interpreted as contradicting an anti-inflammatory effect of
PACAP in airways. However, evidence for an anti-inflam-
matory role of PACAP can be derived from a long series of
experiments on macrophages. For instance, PACAP inhibits
the release of TNF-a and increases IL-6 production in
unstimulated macrophages, through activation of PKA and
PKC. In lipopolysaccharide-stimulated macrophages, PA-
CAP enhances the production of IL-10 and inhibits the
release of IL-6, IL-12 and TNF-a, thereby acting as a
protective agent regulating excessive release of pro-inflam-
matory cytokines [9, 10, 46–48].
It is known from experiments in animals that PACAP

administrated as a bolus intravenously increases heart rate
and induces systemic hypotension [17]. Presently, nasal
application of PACAP in concentrations inducing local
vascular and secretory effects had no effect on systemic
blood pressure, heart rate or ECG pattern. These findings are
in line with data obtained after airway administration of
PACAP to animals, where only mild cardiovascular side
effects were noticed [4, 33]. Furthermore, infusion of PACAP
in man has been reported to result in only negligible effects on
heart rate and blood pressure [49, 50].
In summary, the results strengthen the case for PACAP as

an important endogenous mediator in human upper airways,
with a potential role as a regulator of vascular smooth
muscle, secretion, plasma extravasation, neutrophil recruit-
ment and cytokine activity. In addition, the dual effects of
PACAP on airway inflammation are emphasized.
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