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Pituitary adenylate cyclase-activating peptide 38 a potent
endogenously produced dilator of human airways
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ABSTRACT: Pituitary adenylate cyclase-activating peptide (PACAP) 38 displays
several biological activities relevant to obstructive airway disease.

In this study, the occurrence of PACAP 38 in human small bronchi and cor-
responding pulmonary arteries was analysed immunocytochemically. The dilatory
effects of this peptide on the same structures were also studied in vitro.

A moderate number of PACAP-like immunoreactive nerve fibres was seen in
association with bronchial and vascular smooth muscle and around seromucous
glands. PACAP 38 caused a concentration-dependent relaxation of precontracted
bronchial and pulmonary arterial segments. The maximal relaxation was more pro-
nounced in the airways than in the arteries, whereas the potency in both was identi-
cal. PACAP 38 caused relaxation of all segments tested (nine patients), whereas
vasoactive intestinal polypeptide (VIP) failed to cause relaxation of bronchial seg-
ments from six of nine patients. Both PACAP and VIP dilated all pulmonary arterial
segments tested.

In conclusion, pituitary adenylate cyclase-activating peptide 38 is a potent dilator of
human bronchi and is present in the human lung. Pituitary adenylate cyclase-
activating peptide 38 may, therefore, play a role in the endogenous regulation of
airway tone. The inhibitory effects of pituitary adenylate cyclase-activating peptide 38
are more consistent than those of the related neuropeptide vasoactive intestinal
polypeptide, perhaps reflecting a difference in susceptibility to degrading enzymes.
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Pituitary adenylate cyclase-activating peptide (PACAP)
is a neuropeptide of the vasoactive intestinal polypeptide
(VIP)/secretin/glucagon family [1, 2]. PACAP occurs in
two endogenous forms, PACAP 27 and PACAP 38,
PACAP 27 constituting the N-terminal, "VIP-like", por-
tion of PACAP 38 [2]. The name derives from the ob-
servation that they are powerful stimulants of adenylate
cyclase in anterior pituitary cells in culture, being >1,000
times more potent than VIP [3]. PACAP 27 and PACAP
38 display several biological activities that may be rele-
vant to the understanding and treatment of obstructive
airway diseases such as asthma and chronic obstructive
pulmonary disease. These activities include inhibition of
airway and vascular smooth muscle tone in different
animal models as well as modulation of inflammatory cell
activity [4]. PACAP-containing nerve fibres are found in
association with bronchial smooth muscle in primates and
rodents [5, 6] and appear to be more abundant than VIP
fibres in human bronchi [7], supporting a role for PACAP
in the endogenous control of bronchial smooth muscle
tone. The findings of high-affinity binding sites for both
receptors in the rat lung further support this idea [8, 9].

In the present study, it was investigated whether
PACAP-like immunoreactivity was also present in the
human lung and the effect of PACAP 38 on isolated airway
and pulmonary arterial segments from patients undergoing
pulmonary surgery was evaluated.

Foundation and the University of Lund.

Materials and methods

Human lung tissue was obtained during lung lobectomy
from donors (age range 50-72 yrs) with lung cancer. All
donors had a history of smoking and reported symptoms of
chronic bronchitis at the time of surgery. A macroscopi-
cally normal portion of the lung, located =5 cm from the
palpable edge of the tumour, was excised and immersed in
either an ice-cold fixative solution for use in immunocy-
tochemical investigations or a cold (4°C) buffer solution
for use in in vitro pharmacological evaluations. Approval
for this study was granted by the local Ethics Committee at
Malmo University Hospital, Sweden.

Immunocytochemical investigations

The specimens were immersed in a fixative solution
composed of 2% formaldehyde and 0.2% picric acid and
buffered to pH 7.2 with 0.1 M phosphate buffer. After 12 h,
the specimens were rinsed in Tyrode's solution containing
10% sucrose for 48 h frozen on dry ice and sectioned in a
cryostat at 10-um thickness. The sections were processed
for the immunocytochemical demonstration of PACAP 38
using indirect immunofluorescence. The PACAP antiser-
um (B57-1; Eurodiagnostica, Malmd, Sweden) was raised
in a rabbit against ovine PACAP 38 and used at a dilution
of 1:640. The sections were exposed to the peptide
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antiserum in a moist chamber for 24 h at 4°C. The site of
the antigen/antibody reaction was revealed by application
of fluorescein isothiocyanate-labelled antibodies against
immunoglobulin G (Dakopatts, Copenhagen, Denmark) at
a dilution of 1:320 for 1 h at room temperature (22°C).
Control sections were exposed to primary antiserum that
had been preabsorbed with excess amounts of antigen (10
ug synthetic peptide-mL diluted antiserum™). In addition,

absorption tests showed that the PACAP 38 antiserum does
not cross-react with VIP, peptide histidine isoleucine, helo-
dermin, helospectin, bombesin or substance P. However,
cross-reaction with other peptides or proteins sharing
amino acid sequences with the examined peptide cannot be
excluded. Therefore, it is appropriate to refer to the im-
munoreactive material as PACAP-like.

In vitro experiments

Small human bronchi and corresponding pulmonary art-
eries were dissected out (5th—7th branches, with an internal
diameter of ~2-4 mm). Care was taken to avoid excess
manipulation of the tissue in order to minimize damage to
the walls. Each segment was divided into two or three
matching cylindrical segments. The specimens were used in
experiments within 1-3 h of dissection. The segments were
immersed in small (2.5 mL) water-mantled temperature-
controlled (37°C) tissue baths containing a Na'-Krebs
solution. The solution was continuously equilibrated with
5% carbon dioxide in oxygen, resulting in a pH of 7.4
[10]. The segments were mounted on two L-shaped metal
prongs (50-200 um in diameter). One prong was con-
nected to a force-displacement transducer (FT03C; Grass
Instruments, Quincy, MA, USA) attached to a computer
(486 LOOP, Phoenix Technologies, San Jose, CA, USA)
to record isometric tension. The other prong was con-
nected to a displacement device, allowing fine adjustment
(with an accuracy of 2.5 um) of the distance between the
two parallel prongs. The segments to be tested were given
an initial passive load (0.2-3.0 mN) through adjustment
of the distance between the two metal prongs. The tension
was chosen with regard to the type of segment (bronchial
or arterial) investigated and adapted to variations in outer
diameter and length. The specimens were subsequently
allowed to stabilize at the selected tension for 90 min. The
contractile capacity of each tissue segment was examined
through exposure to a potassium-rich (60 mM) buffer.
Only segments exhibiting reproducible contractions (<
10% variation between the two tests) were included in the
study. In order to study relaxation capacity, the segments
were submax1mally precontracted with histamine (3 x 10°¢
M and 10 M in arteries and airways, respectively), which
has been shown to elicit a stable contraction throughout
the course of an experiment [5].

In most experiments, the concentration/response relation-
ship for agonists was determined by the cumulative appli-
cation of increasing drug concentrations. There were no
differences in the response to PACAP 38 when concentra-
tion/response curves obtained by cumulative application
were compared to those obtained using a single-dose pro-
cedure [11]. The integrity of the vascular endothelium was
assessed by measuring the dilator response to acetylcho-
line [12].

In comparing the effects of PACAP and VIP, the dis-
sected bronchial segments were divided into two matching

pieces, one used to analyse the effects of PACAP and the
other to analyse the effects of VIP. The tests were per-
formed in parallel in separate tissue baths. The effects of
PACAP and VIP on pulmonary arterial segments were ana-
lysed using the same procedure. Some bronchial segments
did not respond to the cumulative apphcatlon of VIP. To
these segments one dose of PACAP (107" M) was applied 3
min after the highest concentration of VIP was given.

The dilatory responses were standardized using the
maximal dilatory response induced by the investigated
dilatory agents (PACAP, VIP) expressed as a percentage of
the contraction induced by the precontracting agent (his-
tamine) (Imax). A separate Imax was calculated for each
experiment. To obtain the negative logarithm of the agonist
(PACAP, VIP) concentration eliciting half the maximal
response, (pEC50) the log concentration/response relation-
ship was approximated by linear regression analysis of the
data within the 5-95% confidence interval.

Solutions and drugs

Buffers. Standard buffer (Na'-Krebs solution) contained
(mM): NaCl 119, KCl1 4.6, CaCl, 1.5, MgCl, 1.2, NaHCO;
15, NaH,PO4 1.2, glucose 11. The potassium-rich buffer
contained the same components but with the NaCl replac-
ed with 59.5 mM NaCl and with 59.5 mM KCI. Analytical-
grade chemicals and double-distilled water were used for
preparing all solutions.

Drugs. Acetylcholine hydrochloride and histamine dihy-
drochloride were obtained from Sigma (St Louis, MO,
USA), PACAP 38 and VIP (Peninsula Laboratories, San
Carlos, CA, USA) were dissolved in saline containing
bovine serum albumin (1%), further diluted in saline and
used in the experiments within 30 min. The use of bovine
serum albumin did not affect the segments. The concen-
trations of the agents are expressed as the final molar
concentrations in the baths.

Statistics

All results are expressed as means+sem. Statistical com-
parisons were made using Student’s t-test for unpaired
data, and p-values of <0.05 were accepted as statistically
significant. The number of donors involved is represented
by z and the number of experiments performed by n.

Results

Thin PACAP-like immunoreactive nerve fibres oc-
curred, in moderate numbers, in the airway smooth muscle
of human bronchi and pulmonary blood vessels as well as
in connection with seromucous glands (fig. 1). A few
PACAP-like immunoreactive fibres could also be seen
beneath the epithelium. Control sections, exposed to anti-
serum that had been preabsorbed with an excess amount
of antigen, showed no immunoreactivity. Neither did
controls for nonspecific binding including normal rabbit
serum without primary antibody and secondary antibody
alone (not shown).

PACAP 38 induced concentration-dependent relaxation
of human small bronchial segments, and dilation of cor-
responding pulmonary arterial segments, precontracted by
histamine (fig. 2). The onset of PACAP 38-induced dila-
tory responses in arterial segments occurred <30 s after
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Fig. 1. — Pituitary adenylate cyclase-activating peptide (PACAP)-like immunoreactivity in human lung. A moderate number of fine varicose PACAP-
like immunoreactive nerve fibres can be seen: A) in the smooth muscle layer of the bronchi; and B) in connection with seromucous glands.

addition of PACAP 38 to the bath, whereas the peak dila-
tory response was obtained in 2—4 min. In the bronchial
segments, the response was slower than in the arterial
segments with an onset time of 1 min and a peak relaxant
response within 10 min.

The (Imax) induced by PACAP 38 was 50+4% (3 x 107
M, n=20) in human bronchial segments and 35+5% (10~
M, n=15) in corresponding pulmonary arterial segments.
Larger doses of PACAP 38 did not elicit any further re-
laxation. There were no differences in PACAP 38 potency
for airways and pulmonary arteries. The potency and effec-
tiveness of PACAP 38 on precontracted human bronchial
and pulmonary arterial segments are summarized in table 1
and concentration/response curves shown in figure 2.

In a separate set of experiments, the dilatory response to
PACAP 38 was compared with that to VIP. One bronchial
segment and one pulmonary arterial segment was ob-
tained from nine different donors. Each segment was sub-
sequently divided into two identical segments, one used for
PACAP and the other for VIP analyses. In the pulmonary
arteries, both PACAP 38 and VIP relaxed all segments
tested. There was no significant difference between the
pECs0 and Imax values obtained (fig. 2a). In the bronchi,
PACAP relaxed all segments tested, whereas VIP only
relaxed segments from three (Imax 40+24%, pEC50: 7.95+
0.51, n=3, fig. 2b) of nine patients. However, application
of PACAP (107 M) to the six "nonresponding" segments
resulted in marked dilation (fig. 2c).

Discussion

The present study demonstrates the presence of PACAP-
like immunoreactive nerve fibres in association with bron-
chial smooth muscle, small blood vessels and seromucous
glands in the human respiratory tract, as well as the potent
bronchodilatory effect of PACAP 38. The presence of
PACAP-like immunoreactivity in the airways of primates
and rodents has previously been reported [5, 6] and it has
been proposed that PACAP-like immunoreactive nerve
fibres may be more abundant than VIP-containing nerve
fibres in nonvascular smooth muscle in humans [7].
PACAP 27 and PACAP 38 have been reported to induce
relaxation of precontracted guinea-pig airways in vitro [5,
13] and to inhibit histamine- and allergen-induced bron-
choconstriction in vivo [14, 15]. PACAP 27 seems to be
equipotent with the clinically utilized B-adrenoreceptor
agonist salbutamol in vitro [16], whereas the bronchodila-
tory effect of PACAP 38 is reported to be more sustained
than that of PACAP 27 [15]. No differences in PACAP
sensitivity between the human bronchi and pulmonary art-
eries could be demonstrated in the present paper, but
relaxation seemed to be more pronounced in the airways.
The latter is in agreement with previous data on guinea-
pig airways, whereas the lack of difference in sensitivity
stands in contrast to previous findings in guinea-pig [5].

The mechanisms of action of PACAP are not known in
detail, but, in guinea-pig airways, PACAP-induced smooth
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Fig. 2. — Concentration/response curves for pituitary adenylate cyclase-
activating peptide (PACAP) 38 (O) and vasoactive intestinal peptide
(VIP) (@) in: a) histamine (3 x 10 M) precontracted pulmonary arterial
segment; and b) histamine (10° M) precontracted human bronchial
segments. VIP failed to relax bronchial segments from six of nine pa-
tients; thus the presented curve (b) reflects the response of the three
responding patients. Data are expressed as mean+sem. ¢) Typical exam-
ple of PACAP-induced relaxation of bronchial segments not responding
to VIP. The segments were precontracted with histamine (HA, 107 M)
and challenged by the cumulative application of VIP, followed by a
subsequent application of one dose of PACAP. VIP failed to induce any
relaxation, whereas the application of PACAP (107 M) resulted in rela-
xation, indicating a difference between the two peptides. The VIP
concentrations are -log molar. The intermediate concentrations represent
3x10" M, etc.

muscle relaxation appears to be associated with cyclic
adenosine monophosphate-mediated activation of calcium-
dependent potassium channels [ 16—18]. High-affinity neu-
romuscular binding sites for both PACAP and VIP have
been localized pre- and postjunctionally in bronchial
smooth muscle. At these binding sites, the affinity for
both peptides is similar [8, 19]. However, in the present

Table 1. — Pituitary adenylate cyclase-activating peptide
(PACAP) 38 and vasoactive intestinal peptide (VIP)-induc-
ed relaxation of histamine precontracted human bronchial
and pulmonary arterial segments

Segment z n  Precontraction Imax %  pECs0
mN

PACAP 38

Bronchial 15 20 2.5+0.6 5044 8.24+0.11

Pulmonary

arterial 11 15 1.7+0.7 35+£5*% 8.45+0.14

VIP

Bronchial 9 609 2.2+0.4 0" -

Pulmonary

arterial 9 9 1.1£0.2 347  8.55+0.12

Data are presented as mean+sem. *: VIP failed to relax bronchial
segments from six of nine donors. Imax: maximal dilatory resp-
onse induced by the dilatory agent as a percentage of precon-
traction; pEC50: negative logarithm of the agonist concentration
eliciting half the maximal response. z: number of donors. *:
p<0.05 versus bronchial segment value.

study, VIP failed to relax human bronchial segments from
six of nine patients, whereas PACAP relaxed paired
segments from all of these patients. The finding that VIP
causes only transient and limited relaxation of isolated
human bronchi has been described by other investigators
and the differences between PACAP and VIP may be
explained by a susceptibility of VIP to degradation by
different enzymes present in the airways [20-22]. It has
been reported that VIP but not PACAP 38 is cleaved by
neutral endopeptidase (NEP), and a cocktail of protease
inhibitors including phosphoramidon has been shown to
enhance bronchial relaxation induced by VIP, but not by
PACAP [23, 24]. Furthermore, the authors have found
that if PACAP 38 and VIP are preincubated with NEP,
VIP loses its ability to induce plasma extravasation in
guinea-pig skin, whereas the extravasation induced by
PACAP is not affected (unpublished data). However,
phosphoramidon has also been reported to enhance
PACAP effects in other types of airway set-up [16, 25].

PACAP 38 induces secretion of saliva from all major
salivary glands in the rat [26], and the presence of PACAP-
like immunoreactivity in nerve fibres surrounding human
seromucous glands, in the present study, might reflect a
similar role for PACAP in nerve-mediated pulmonary
secretion. The strong vasodilatory effect on pulmonary
vessels documented in the present paper further supports
a role for this peptide in the regulation of pulmonary
secretion. Data derived from guinea-pig skin models
suggest that PACAP 38 also has the ability to both pot-
entiate and induce plasma extravasation [27, 28]. Taken
together, these results strengthen the case for PACAP as
an important endogenous mediator of bronchial smooth
muscle activity but also as a regulator of pulmonary
vascular smooth muscle and secretion. The question is
whether the similar response induced by PACAP in bron-
chi and blood vessels would prevent the eventual future
use of PACAP and related molecules as clinically rel-
evant bronchodilatory agents. However, airway admi-
nistration of PACAP to animals, at doses producing
significant bronchodilation, seems to give rise to only
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very mild cardiovascular side effects [14, 29] and infu-
sion of PACAP in the human resulted in only negligible
effects on heart rate and blood pressure [30, 31].

In conclusion, the current data suggest that pituitary

adenylate cyclase-activating peptide 38 is potent dilator of
bronchi, present in the human lung. Pituitary adenylate
cyclase-activating peptide-38 may therefore play a role in
endogenous nerve-mediated airway regulation. Further-
more, pituitary adenylate cyclase-activating peptide 38 and
related analogues might provide a new therapeutic angle
for the treatment of asthma and related diseases. Further
evaluation of potential side-effects as well as bronchodi-
latory experiments in humans will be needed.
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