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The neurotransmitters/modulators involved in the interaction
between pulmonary neuroepithelial bodies (NEBs) and the va-
gal sensory component of their innervation have not yet been
elucidated. Because P2X; purinoreceptors are known to be
strongly expressed in peripheral sensory neurons, the aim of
the present study was to examine the localization of nerve
endings expressing P2X; purinoreceptors in the rat lung in
general and those contacting pulmonary NEBs in particular.
Most striking were intraepithelial arborizations of P2X; pu-
rinoceptor-immunoreactive (IR) nerve terminals, which in all
cases appeared to ramify between calcitonin gene-related
peptide (CGRP)- or calbindin D28k (CB)-labeled NEB cells.
However, not all NEBs received nerve endings expressing
P2X; receptors. Using CGRP and CB staining as markers for
two different sensory components of the innervation of NEBs,
it was revealed that P2X; receptor and CB immunoreactivity
were colocalized, whereas CGRP-IR fibers clearly formed a dif-
ferent population. The disappearance of characteristic P2X;
receptor—positive nerve fibers in contact with NEBs after infra-
nodosal vagal crush and colocalization of tracer and P2X; re-
ceptor immunoreactivity in vagal nodose neuronal cell bodies
in retrograde tracing experiments further supports our hy-
pothesis that the P2X; receptor-IR nerve fibers contacting
NEBs have their origin in the vagal sensory nodose ganglia.
Combination of quinacrine accumulation in NEBs, suggestive
of the presence of high concentrations of adenosine triphos-
phate (ATP) in their secretory vesicles, and P2X; receptor
staining showed that the branching intraepithelial P2X; re-
ceptor-IR nerve terminals in rat lungs were exclusively associ-
ated with quinacrine-stained NEBs. We conclude that ATP
might act as a neurotransmitter/neuromodulator in the vagal
sensory innervation of NEBs via a P2X; receptor-mediated
pathway. Further studies are necessary to determine whether
the P2X; receptor-expressing neurons, specifically innervat-
ing NEBs in the rat lung, belong to a population of P2X; re-
ceptor-IR nociceptive vagal nodose neurons.

Pulmonary neuroepithelial bodies (NEBs) are extensively
innervated, organoid groups of neuroendocrine cells present
in the epithelial lining of the airways of all air-breathing
vertebrates investigated so far (for review, see References
1-3). NEBs are considered to play a major role in the local
regulation of airway function in health and disease, in view
of their characteristic location, receptor-effector-like mor-
phology, and complex innervation pattern, and because

(Received in original form September 14, 1999 and in revised form February
27, 2000)

Address correspondence to: Prof. Dr. Jean-Pierre Timmermans, Labora-
tory for Cell Biology & Histology, University of Antwerp, Groenenborg-
erlaan 171, B-2020 Antwerp, Belgium. E-mail: jptimmer@ruca.ua.ac.be

Abbreviations: adenosine triphosphate, ATP; calbindin D28k, CB; calcito-
nin gene-related peptide, CGRP; dorsal root ganglia, DRG; fluorescein
isothiocyanate, FITC; immunoreactive, IR; neuroepithelial body, NEB;
normal horse serum, NHS; overnight, ON; primary antiserum diluent,
PAD; phosphate-buffered saline, PBS; room temperature, RT; tyramide
signal amplification, TSA.

Am. J. Respir. Cell Mol. Biol. Vol. 23, pp. 52-61, 2000
Internet address: www.atsjournals.org

they contain many bioactive substances. It has been shown
that NEBs are capable of responding to hypoxia (4-6) in
an innervation-dependent way, but many other functional
hypotheses have been put forward (for review, see Refer-
ence 7).

The complex innervation pattern of pulmonary NEBs ap-
pears to consist of afferent and efferent components (2, 3). It
has been revealed by tracer experiments that the vagal sen-
sory component of the innervation of rat NEBs originates in
the nodose ganglia (8, 9). At present, it is still unknown which
neurotransmitters/neuromodulators might be involved in the
interaction between vagal sensory fibers and NEBs. Recently,
quinacrine accumulation was demonstrated in the neuroendo-
crine cells of rat pulmonary NEBs (10), which indicates the
presence of high levels of adenosine triphosphate (ATP),
bound to peptides in secretory vesicles (11-14). It therefore
appeared interesting to investigate the possibility that ATP
might be involved in the vagal nodose neurotransmission in
rat pulmonary NEBs. The presence of ATP receptors may be
considered crucial for such a direct involvement of ATP.

Two major families of ATP receptors (purinergic re-
ceptors, purinoceptors) have been identified as P1 and P2,
showing different affinities to adenosine and ATP/adeno-
sine diphosphate, respectively (15, 16). The P2 receptors
fall into two families, P2X and P2Y, the former of which are
ligand-gated ion channels, the latter G protein—coupled re-
ceptors (17, 18). Currently, seven members of the P2X
family have been identified (19), and most of these recep-
tors are widely distributed not only throughout the central
and peripheral nervous system, but also in non-neuronal
tissues (20, 21). The P2X; purinoceptor, one of the recep-
tor subtypes, however, appears to be limited largely to pe-
ripheral sensory neurons. This receptor was cloned, char-
acterized, and shown by in situ hybridization to be located
in small nociceptive sensory neurons (22, 23). These find-
ings were later confirmed and extended by using immuno-
histochemical methods (24-29). There is a growing body
of evidence that ATP can activate peripheral nociceptors
(29-31). Several reports suggest that the nociceptive ac-
tions of ATP are mediated at least partly by interactions
with P2X; receptors. Rat tooth-pulp afferents, which are
believed to be nociceptive, were shown to express P2X; re-
ceptor immunoreactivity and to respond to purinoceptor
ligands with a pharmacologic profile indicative of P2X; re-
ceptor activation (25). Low-threshold mechanoreceptive
afferents, on the other hand, did not show these properties
(25). The restricted distribution of P2X; receptors, possi-
bly forming heteromultimers with the P2X, receptors, sug-
gests that this receptor subtype plays an important role in
endowing nociceptors with a sensitivity to ATP (23). Be-
cause the P2X; receptor has been demonstrated on small-
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or medium-sized neurons in the vagal nodose ganglia in
rat and monkey (24, 25, 32), it might be a candidate to me-
diate purinergic signaling in rat NEBs.

The aim of this study was to examine the localization of
P2X; receptor-immunoreactive (IR) nerve endings in the
rat lung in general and in relation to pulmonary NEBs in
particular. To this end, immunocytochemical staining us-
ing P2X; receptor antibodies (29, 33) and subsequent la-
beling with antibodies to known markers for rat NEBs
were applied. A combination of quinacrine accumulation
in NEBs and P2X; receptor immunolabeling was used to
reveal possible functional units. Nerve lesion and retro-
grade tracing experiments were carried out to investigate
the involvement of vagal nodose afferents.

Materials and Methods
Animals

In this study, Wistar rats (n = 14; Iffa Credo, Brussels, Belgium)
were used. All animals were kept in acrylic cages with wood shav-
ings in a climatized room (12/12 h light/dark cycle; 22 = 3°C) and
provided with water and food ad libitum. National and interna-
tional principles of laboratory animal care were followed and the
experiments were approved by the local ethics committee of the
University of Antwerp.

P2X3 Receptor Localization

Tissue processing. The animals (adults, n = 2; 4to 5wk old, n =
4) were killed by an overdose of Nembutal (sodium pentobar-
bital). Lungs were intratracheally instilled with 4% phosphate-
buffered paraformaldehyde, dissected, degassed, and fixed for an
additional 2 h. The tissues were rinsed in phosphate-buffered sa-
line (PBS) (0.01 M, pH 7.4), stored overnight (ON) in 20% su-
crose (in PBS; 4°C), and mounted in Tissue Tek (Sakura Finetek
Europe, Zoeterwoude, The Netherlands) on a cryostat chuck by
freezing in a CO, chamber. Cryostat sections, 20-um thick, were
thaw-mounted on poly-L-lysine-coated microscope slides, air-
dried, and stored at —80°C in a closed container.

Immunocytochemistry. Freeze-sections were allowed to warm
to room temperature (RT) in a closed container, and endogenous
peroxidase activity was blocked by H,O, (0.4% in 50% methanol;
10 min). The sections were rinsed in PBS, preincubated (30 min)
with the same solution to be used for dilution of the primary anti-
body (10% normal horse serum [NHS], 0.05% thimerosal; in PBS),
and incubated (ON; RT) with a rabbit polyclonal antibody to P2X,
receptors (gift from Roche Bioscience, Palo Alto, CA,; dilution
0.625 p.g/ml for amplified and 0.625 or 10 wg/ml for nonamplified
immunostaining; see Reference 33), followed by incubation with a
biotinylated donkey antirabbit antibody (diluted 1:500 in a solution
containing 1% NHS, 0.05% thimerosal; in PBS; 1 h; RT; Jackson,
West Grove, PA), and Extr-Avidin-horseradish peroxidase (1:1,500
in PBS containing 0.05% thimerosal; 1 h; RT; Sigma, Bornem, Bel-
gium). To allow for an enhanced staining of P2X; purinoceptors on
nerve fiber endings, an indirect tyramide signal amplification
(TSA) (TSA kit; NEN, Boston, MA) was applied. Between subse-
guent steps the sections were washed (0.05% Tween 20 in PBS;
three times for 5 min each; RT). Sections were incubated with bi-
otinyl tyramide in “amplification solution” (1:50; 8 min; RT). Visu-
alization was performed using a fluorescein isothiocyanate (FITC)—
conjugated streptavidin (diluted 1:200 in PBS containing 0.05%
thimerosal; 10 min; Amersham, Roosendaal, The Netherlands) af-
ter TSA or, for control purposes, directly after the incubation with
the biotinylated donkey antirabbit antibody. The sections were
mounted in Vectashield (\VVector Laboratories, Burlingame, CA).

Immunocytochemical Double Staining of P2X; Receptors
and Neuroepithelial Bodies

For the simultaneous demonstration of P2X; receptor-IR nerve fi-
bers and pulmonary NEBs, lung sections that were processed for
P2X; receptor staining were additionally subjected to an indirect im-
munocytochemical staining using rabbit polyclonal antibodies to cal-
citonin gene-related peptide (CGRP) (diluted 1:200 in primary anti-
serum diluent [PAD]: PBS containing 10% normal goat serum, 0.1%
bovine serum albumin, 0.05% thimerosal, and 0.01% NaNg; ON; RT;
Affinity, Exeter, UK) or calbindin D28k (CB) (1:2,500 in PAD; ON;
RT; SWant, Bellinzona, Switzerland), and a Cy-3-conjugated goat
antirabbit (GAR) serum (GAR-Cy-3; 1:200 in PAD; 1 h; RT; Jack-
son). PBS was used as a rinsing solution, and the sections were
mounted in Vectashield. The use of TSA allowed a consecutive im-
munostaining with two rabbit antisera, as previously described (34).

Fourteen random lung sections from each animal processed
for the localization of P2X; receptors and NEBs (n = 6) were
used for quantitative analysis. The total numbers of NEBs
(marked by their CGRP or CB staining), P2X; receptor-IR in-
traepithelial nerve terminals, and NEBs receiving P2X; receptor—
IR innervation were counted.

Quinacrine Accumulation in Neuroepithelial Bodies
and Consecutive Demonstration of P2X;
Receptor-IR Innervation

Wistar rats (4 to 5 wk old; n = 3) were pretreated for quinacrine accu-
mulation (10, 35). To this end, the animals were injected intraperito-
neally with 50 mg/kg body weight quinacrine (Mepacrine; Sigma; dis-
solved in injectable water) 24 h before death. The animals were killed
by an overdose of Nembutal. The lungs were isolated and freshly fro-
zen on a cryostat chuck in a CO, chamber. Cryostat sections, 10 to 15
wm thick, were cut, collected on poly-L-lysine—coated glass slides, and
instantly fixed on the slide using 4% phosphate-buffered paraformal-
dehyde (2 min). The sections were rinsed briefly in PBS and mounted
in Vectashield. Quinacrine fluorescence was viewed and photo-
graphed immediately because of the rapid loss of fluorescence.

To verify whether quinacrine-storing NEBs are innervated by
nerve fibers expressing P2X; purinoceptors, the distribution of
quinacrine-positive pulmonary NEBs and P2X; receptor-labeled
nerve fibers was compared. For this purpose, coverslips were re-
moved from sections that had shown quinacrine-stained NEBs.
After rinsing with PBS, the sections were air-dried and stored at
—80°C until further treated for the immunofluorescent detection
of P2X; receptors as described earlier.

P2X; Receptor-IR Innervation of Neuroepithelial Bodies
after Unilateral Vagal Crush

Adult Wistar rats (n = 3) that had been deprived of food over-
night were anesthetized by intramuscular injection of Hypnorm (1
ml/kg; fentanyl 0.315 mg/ml plus fluanisone 10 mg/ml; Janssen
Pharmaceuticals, Beerse, Belgium) approximately 20 min after an
intramuscular injection of atropine (0.2 mg/kg). When the animals
were fully irresponsive, the left cervical vagal nerve was exposed
about 15 mm caudal from the larynx by a ventral approach. The
vagal nerve was crushed by smooth-surfaced tweezers for at least
15s. At completion of the surgical procedure the skin was sutured.
The animals were killed 3, 7, and 14 d after the surgical procedure,
respectively, by an overdose of Nembutal, and the tissues were
further processed for immunocytochemistry as described earlier.

P2X5 Receptor Expression in Vagal Nodose Neurons
Retrogradely Traced from the Lungs
Combined retrograde neuronal tracing (36) and immunocytochem-

istry were used to check whether vagal nodose neurons, specifically
involved in pulmonary innervation, express P2X; receptors.
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Adult Wistar rats (n = 2) were anesthetized by an intramuscu-
lar injection of Hypnorm (1 ml/kg). When the animals were fully
irresponsive, the cervical trachea was exposed and an incision
was made between two cartilage rings, allowing instillation of the
yellow-fluorescent neuronal tracer Fluorogold (0.25 mg/ml in in-
jectable water; 0.1 ml/kg; Fluorochrome, Englewood, CO) (37) in
the lungs by means of a 1-ml syringe, connected to a polyethylene
tube (1-mm diameter) that was inserted as far as the tracheal bi-
furcation. At 1 wk after instillation, the animals were killed by an
overdose of Nembutal. Nodose ganglia were fixed in 4% para-
formaldehyde (in PBS) and processed for immunocytochemistry
as described for lung tissue.

In one of the rats, the right cervical vagal nerve was exposed
and sectioned, and a portion of about 5-mm length was removed
before the instillation of tracer.

Control Experiments

For P2X; receptor expression, negative staining controls were
performed by substitution of nonimmune sera for the primary or
secondary antisera and by preabsorption of the primary P2X,
receptor antiserum with the receptor antigen (0.5 wl antibody
was incubated with 24 wl peptide in 475 pl 10% NHS in 0.1 M
PBS; ON).

As a positive control, cryostat sections of rat nodose ganglia,
which are known to contain P2X; receptor-IR neurons (24, 25,
32), were processed for P2X, receptor immunostaining together
with lung sections, as described earlier. Additional sections of no-
dose ganglia were immunostained without TSA enhancement.

To check for non-cross-reactivity after consecutive double
staining with two rabbit primary antisera, the results of single im-
munostaining for both substances were evaluated and compared
with those from double labeling. Staining controls were per-
formed by omission of the primary antiserum of the second incu-
bation. Also, a nonamplified staining with antibodies to P2X; re-
ceptors, using the same concentration (0.625 wg/ml) as for the
TSA-enhanced reaction, was routinely included.

In the unilateral vagal crush experiments, lungs contralateral
to the denervated side were regarded as control lungs with re-
spect to the vagal sensory component of the NEB innervation (8).

Vagal nodose ganglia of the denervated side of rats that un-
derwent a unilateral vagotomy before the intraluminal instilla-
tion of Fluorogold in the lungs were used as controls for the spe-
cific vagal transport of the tracer to nodose neurons.

Microscopic Analysis

An epifluorescence microscope (Zeiss Axiophot) equipped with
filters for the visualization of FITC (Zeiss 17; BP 485-20/ FT 510/ BP
515-565), Cy-3 (Zeiss 14; LP 510-KP 560/ FT 580/ LP 590), and
quinacrine (Zeiss 5; BP 395-440/ FT 460/ LP 470), was used to
evaluate the results.

To obtain detailed images of the individual nerve endings in
NEBs, a confocal laser scanning microscope (Zeiss LSM 410) and
the attached image reconstruction facilities (Imaris 2.7 software;
Fairfield Imaging, Kent, UK; Silicon Graphics Indigo 2 workstation)
were used. A helium-neon laser (543 nm) and an argon laser (488
nm) were utilized for the excitation of Cy-3 and FITC, respectively.

Results

P2X3 Receptor Immunoreactivity in the Lower
Respiratory Tract of Rats

Nerve fibers containing P2X; receptor immunoreactivity
were seen in sections of the vagal nerve at the level of the
cervical trachea and in adventitial and submucosal nerve
bundles of primary and intrapulmonary bronchi. Solitary
nerve fibers or small bundles expressing P2X; receptor im-

munoreactivity were present, seen in the submucosa and
in the lamina propria of bronchi and bronchioles. Nerve-
fiber bundles harboring P2X; receptor—expressing fibers
were also observed in the walls of terminal airways and in
the interstitium of peripheral alveolar areas.

Most conspicuous were the terminal arborizations of
P2X; receptor—positive nerve fibers at distinct locations in
the epithelial layer of bronchi (Figure 1), bronchioles (Fig-
ure 2), terminal and respiratory bronchioles (Figure 3),
and alveolar areas (Figures 4 and 5). These P2X; receptor—
IR nerve fibers characteristically ramified at the base of
the epithelium, giving rise to intraepithelial complexes.
Some P2X; receptor-IR nerve fibers were seen to supply
several intraepithelial complexes (Figure 2), whereas in
other cases multiple nerve fibers terminated in just one
complex (Figures 1b and 5).

Smooth-muscle bundles surrounding intrapulmonary
airways showed a weak but distinct P2X; receptor labeling
(as discussed later with Figures 15b and 15c). Some P2X;
receptor-IR nerve fibers could be seen to loop through
the bronchial smooth-muscle bundles and subsequently
give rise to an intraepithelial arborization (see Figure 15c).

After nonamplified indirect staining using 10 wg/ml of
P2X; receptor antibodies, no clear intraepithelial nerve
terminals could be distinguished in rat lung; using 0.625
pg/ml there was no reaction at all. The positive control
sections of vagal nodose ganglia showed a high number of
P2X; receptor-IR neurons. No differences in staining pat-
terns could be observed between the sections processed
with and without TSA enhancement.

No labeled nerve endings were seen in the respiratory
tract after omission of the primary or secondary antibodies
from the immunocytochemical procedure. Also, preab-
sorption of the primary P2X; receptor antiserum with the
receptor antigen abolished all staining.

Immunocytochemical Double Staining of P2X,4
Receptors and Neuroepithelial Bodies

Subsequent labeling of sections processed for P2X; recep-
tor localization with antibodies to CGRP or CB (as mark-
ers for pulmonary NEB cells) showed that the intraepithe-
lial nerve terminals in all cases coincided with the presence
of an NEB (bronchial: Figures 9, 10, and 12; bronchiolar:
Figures 6, 8, and 11; and alveolar: Figure 7). However, not
all NEBs, marked by their CGRP or CB staining, ap-
peared to receive a nerve ending positive for P2X; recep-
tor immunoreactivity. Quantitative analysis (Table 1), per-
formed to obtain more accurate data on the proportion of
NEBs contacted by P2X; receptor-IR nerve terminals, re-
vealed that about 47% of the NEBs received such a termi-
nal, whereas 100% of the intraepithelial P2X; receptor-IR
terminal arborizations coincided with the presence of NEBs.

Optical sections obtained by confocal microscopy re-
vealed that the P2X; receptor-IR nerve fibers protrude
between and surround the CGRP- or CB-positive NEB
cells (Figures 6-8 and 10-12). Nerve profiles were often
seen to cover the luminal surface of NEBs (Figures 7, 8,
and 11), separated from the airway lumen by processes of
the overlying Clara-like cells only.

Besides NEBs, CGRP immunoreactivity also labels a
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presumably sensory subpopulation of nerve fibers making
contact with pulmonary NEBs. P2X; receptor—positive
nerve endings, however, did not express CGRP immu-
noreactivity (Figures 6, 8, and 9).

CB immunoreactivity has recently been demonstrated
to be a marker for the vagal afferent component of the in-
nervation of NEBs (38). In cross sections of the lower tra-
chea, P2X; receptor and CB immunoreactivity were seen
in the same nerve fibers in branches of the vagal nerve. All
P2X; receptor-expressing nerve fibers in contact with
NEBs could subsequently be stained using antibodies to
CB, although the staining intensity of both substances var-
ied from fiber to fiber (Figures 10-12). Some CB-IR fi-
bers, apparently not making contact with NEBs, did not
express P2X; receptors.

After consecutive double labeling with two rabbit anti-
bodies (anti-P2X; receptor and anti-CGRP or -CB, re-
spectively) P2X; receptor immunoreactivity appeared
identical to that seen in single P2X; receptor—labeled sec-

Figures 1-5 show confocal microscopic images
obtained at different levels of rat intrapulmonary
airways. FITC-labeled nerve fibers expressing
P2X,; purinoceptors (arrows) approach the epi-
thelium, protrude between the epithelial cells,
and from intraepithelial terminals (arrowheads).
(Panels are labeled in lower right corners.) Fig-
ure 1. Branching point of an intrapulmonary
bronchus. (a) Low-magnification overview show-
ing two P2X; receptor-IR intraepithelial ar-
borizations. Single optical section. (b) High mag-
nification of one of the complexes (asterisk in a)
shows that several nerve fibers participate in giv-
ing rise to a single intraepithelial arborization.
Many terminals are seen close to the luminal sur-
face. (L, lumen of the bronchus.) Maximum in-
tensity projection of 20 optical sections (0.5-pm
interval). Figure 2. Bronchiole. A network of
branching P2X; receptor-IR nerve fibers gives
rise to two intraepithelial terminal arborizations.
Maximum intensity projection of 27 optical sec-
tions (0.95-pwm interval). Figure 3. Terminal and
respiratory bronchiole. Low-magnification over-
view of P2X; receptor-IR nerve terminal. Single
optical section. Figure 4. Detail of intraepithelial
P2X; receptor-IR terminals at the alveolar level.
Maximum intensity projection of 12 optical sec-
tions (1-pm interval). Figure 5. Peripheral area.
A bundle of P2X; receptor-IR nerve fibers gives
rise to a single terminal complex. Maximum in-
tensity projection of 15 optical sections (0.95-um
interval).

tions. No reaction was observed for the second labeling af-
ter omission of the primary antibodies.

P2X; Receptor Innervation of Quinacrine-Accumulating
Neuroepithelial Bodies

At 1d after the intraperitoneal injection of quinacrine, intraep-
ithelial cell groups accumulating this fluorescent compound
could be found at all levels of rat intrapulmonary airways
(Figures 13a, 14a, and 15a). Subsequent immunocyto-
chemical staining with antibodies to the rat NEB markers
CGRP (Figure 13b) or CB (Figure 14b) revealed that the in-
traepithelial quinacrine-labeled cell groups invariably cor-
responded to pulmonary NEBs. When quinacrine loading
was combined with P2X; receptor labeling, it was shown that
the location of all branching intraepithelial P2X; receptor-IR
nerve terminals corresponded with the presence of quina-
crine-stained NEBs (Figure 15). Not all quinacrine-accumu-
lating NEBs, however, received such nerve endings.
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Effects of Unilateral Cervical Vagal Crush on the
P2X; Receptor-IR Innervation of the Rat Lower
Respiratory Tract

At 3,7, and 14 d after a unilateral cervical vagal crush, no
P2X; receptor-IR nerve fibers could be observed in the
lower respiratory tract of the lung ipsilateral to the dener-
vation, whereas bronchial smooth muscle still expressed
P2X; receptors. No NEBs could be observed to receive
P2X; receptor-IR nerve terminals.

Lungs contralateral to the crushed side, on the other
hand, did not show obvious differences in the amount or
location of P2X; receptor-IR nerve fibers, as compared
with control animals.

P2X3 Receptor Expression in Vagal Nodose Neurons
Retrogradely Traced from the Lungs

At 1 wk after instillation of Fluorogold in the lungs, the
vagal sensory nodose ganglia harbored Fluorogold-traced

Figures 6-9 show immunocytochem-
ical double-staining for P2X; recep-
tors (green FITC fluorescence) and
CGRP (red Cy-3 fluorescence).
(Panels are labeled in lower right
corners.) Figure 6. NEBs in a rat
bronchiole are contacted by P2X,
receptor-expressing and CGRP-
expressing nerve fibers. Maximum
intensity projections of 16 confocal
optical sections (1-pwm interval). (a)
Green channel showing three neigh-
boring intraepithelial complexes of
P2X; receptor-IR nerve terminals.
Note an approaching nerve fiber
(arrows). (b) Red channel showing
three CGRP-IR NEBs contacted
by CGRP-containing nerve fibers
(arrowheads). (c) Combination of
both channels clearly demonstrat-
ing that P2X; receptor and CGRP
immunoreactivity are located in sep-
arate nerve-fiber populations. Fig-
ure 7. P2X; receptor-IR nerve fibers
protruding and overlying the lumi-
nal (L) surface of the CGRP-posi-
tive neuroendocrine cells of an al-
veolar NEB. Single confocal optical
section. Figure 8. Single confocal
optical section of a bronchiolar NEB
showing P2X;-IR nerve fibers pro-
truding between the neuroendo-
crine cells and covering their lumi-
nal surface (arrowheads). Note that
the CGRP-IR nerve fiber (arrow)
contacting the NEB does not express
P2X;receptors. Figure 9. Overview
of an NEB located at a bronchial
bifurcation point. P2X; receptor and
CGRP staining are seen in separate
nerve fiber populations. Maximum
intensity projection of 19 confocal
optical sections (0.95-um interval).

neurons (Figure 16a), many of which were P2X; receptor—
positive (Figure 16b). Just a small fraction of the P2X;
receptor-expressing nodose neurons coexpressed Fluo-
rogold, whereas only few retrogradely Fluorogold-traced
neurons did not express P2X; receptors (Figure 16). The
intensity of P2X; receptor staining appeared to vary from
neuron to neuron (Figure 16b).

Intrapulmonary Fluorogold instillation after a unilat-
eral cervical vagotomy resulted in the absence of Fluo-
rogold-traced neurons in the nodose ganglion ipsilateral to
the denervation side. No changes were observed in the
contralateral ganglion.

Discussion

The present study describes the expression of purinergic
P2X; receptors on terminal arborizations of vagal nodose
afferent nerve fibers in contact with NEBs in the rat lung.

The rabbit polyclonal antibody against P2X; receptors
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Figures 10-12 show immunocy-
tochemical double-staining for P2X,
receptors (green FITC fluores-
cence) and CB (red Cy-3 fluores-
cence). (Panels are labeled in lower
right corners.) Figure 10. Bronchial
CB-IR NEB contacted by P2X; re-
ceptor and CB-IR nerve terminals.
Maximum intensity projection of 18
confocal optical sections (1-pm in-
terval). (a) Green channel showing
an intraepithelial P2X; receptor—ex-
pressing arborization originating
from multiple nerve-fiber endings
(arrowheads). (b) Red channel show-
ing CB-IR nerve fibers (open arrow-
heads) in contact with the NEB. (c)
Combination of both channels re-
vealing that nerve fibers in contact
with the NEB express both P2X; re-
ceptors and CB, though the staining
intensity varies along the nerve fi-
bers. Figure 11. Bronchiolar CB-IR
NEB contacted by P2Xj-receptor
and CB-IR nerve fibers. (a) Maxi-
mum intensity projection of the com-
plete NEB and all nerve endings
(eight confocal optical sections; 2-um
interval). Notice that in the lamina
propria the approaching CB-IR fi-
ber (arrowheads) shows no clear
P2X, receptor immunoreactivity. (b)
Reconstruction of five optical sec-
tions showing nerve fibers that colo-
calize P2X; receptor and CB immu-
noreactivity (arrows) enter the base
of the NEB and form terminals that
surround the apical region of the
NEB cells (arrowheads). (c) Image
identical to a showing the green
channel only. Arrows point to the
same fibers as in b and d. (d) Recon-
struction of three optical sections
showing the expression of CB in nerve

fibers entering the NEB (arrows). Figure 12. Bronchial NEB contacted by a complex network of nerve fibers. (a) Combination of the
green (b) and red (c) channels. A high degree of colocalization between P2X; receptor and CB immunoreactivity is obvious in the nerve

fibers.

used in this study (kindly supplied by Roche Bioscience)
has been characterized and found not to cross-react with
other P2 receptors (29, 33). To increase the sensitivity of
detection, we visualized P2X; receptor expression after
amplification with biotinylated tyramide (39). We are con-
fident that, in our results, the labeling using an indirect
TSA enhancement is specific, because omission of the spe-
cific antisera or preabsorption of P2X; receptor antiserum
with the receptor antigen consistently led to negative re-
sults. The necessity of TSA specifically for the clear visual-
ization of intraepithelial nerve terminals in the rat lung in
this study was demonstrated by the fact that a procedure
without amplification, which gives good results in the posi-
tive control tissue, appears unable to provide a clear labeling
of nerve terminals in the lung. After unilateral cervical (in-
franodose) vagal crush, no P2X; receptor-IR intraepithelial

nerve terminals could be detected in the ipsilateral lung, ar-
guing for the specific labeling of a subset of vagal fibers.

The use of TSA allows the consecutive application of
two antisera raised in the same species, provided that the
concentration of the first (enhanced) primary antibody is
too low to be detectable using a nonamplified procedure
(34). In the present study, the P2X; receptor staining pat-
tern in single labeled sections was identical to that seen af-
ter double staining with CGRP. Moreover, no colocaliza-
tion could be detected, clearly illustrating the absence of
any cross-reaction between the antirabbit antiserum used
for the visualization of rabbit anti-CGRP antibodies and
the initially bound rabbit anti—-P2X; receptor antibodies. A
disadvantage of TSA, though, is that the diameter of IR
nerve fibers often appears to be increased, most likely due
to the large number of interacting proteins. This might in-
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TABLE 1
Quantitative analysis of intraepithelial P2X; receptor—IR nerve terminals in rat lungs and their relation to NEBs
Number of animals included in the analysis 6
Number of sections included in the analysis 84 (14 random sections from each animal)
Total number of NEBs in the analyzed sections 393
Total number of P2X; receptor-IR intraepithelial arborizations 185
Number of P2X; receptor-IR intraepithelial arborizations colocalizing with NEBs 185
Number of P2X; receptor-IR intraepithelial nerve endings not colocalizing with NEBs 0

Percentage of the total number of NEBs that receive P2X; receptor-IR nerve endings

47.07% (185 out of 393)

fluence the interpretation of consecutive double-labeling
procedures, in which some fluorescent staining appears to
overlap even without being colocalized.

For P2X, receptor localization, rats of 4 to 5 wk of age
were used because no difference with adult rats could be
found regarding the subject of interest in this study and
because the density of NEBs in relation to lung volume is
higher in this age group, therefore leading to a much more
efficient investigation.

The observed P2X; receptor-IR nerve fibers, protrud-
ing between the neuroendocrine cells of about 47% of the
CGRP- or CB-labeled NEBs, morphologically resemble
the vagal afferent component of the innervation of rat
NEBs that originates in the nodose ganglia, as has been
characterized in anterograde tracer experiments (8). Simi-
lar to what is seen using P2X; receptor immunoreactivity,
the latter study strongly suggested that only part of the
pulmonary NEBs receives a vagal nodose innervation. It
was unambiguously demonstrated that NEBs receive at
least two different sensory nerve fiber populations: affer-
ent nerve fibers originating from neurons located in the
nodose ganglia, of which the chemical coding needed fur-
ther investigation; and putative sensory CGRP-IR fibers
that do not have a vagal origin (8). Although precise infor-
mation about the origin of the CGRP-IR fibers in contact
with NEBs is still lacking, retrograde tracing experiments
have revealed that CGRP-IR fibers in rat lungs predomi-
nantly originate from dorsal root ganglia (DRG) (40). Be-
cause P2X; receptors in rats have been localized on nerve-
cell bodies in nodose ganglia as well as in DRG (24, 32),
and on their central and peripheral extensions using in situ
hybridization and immunohistochemical methods (24, 27,
29, 41, 42), theoretically both options for the origin of
P2X; receptor-IR nerve fibers innervating pulmonary
NEBs should be considered.

Immunohistochemical staining of sections of rat lung
showed CGRP-IR nerve fibers in nerve bundles, between
neurons in bronchial ganglia, between cells of the ciliomu-
cous epithelium in large-diameter intrapulmonary and ex-
trapulmonary bronchi, and innervating the basal pole of
NEB:s at all airway levels, similar to descriptions in the lit-
erature (43-45). Combination of P2X; receptor and
CGRP immunohistochemistry revealed that P2X; recep-
tor and CGRP immunoreactivity are not coexpressed in fi-
bers contacting NEBs, indicating that different nerve fiber
populations are concerned. Bradbury and colleagues (27)
further showed that in DRG only few CGRP-IR perikarya
also revealed P2X; receptor immunoreactivity.

After a unilateral infranodosal (cervical) vagal crush,
no P2X; receptor-IR nerve fibers could be observed in the
vagal nerve or surrounding NEB cells ipsilateral to the
denervated side, whereas the contralateral lung appeared
unchanged with regard to the distribution and morphology
of P2X; receptor immunoreactivity. Because it has been
shown that the vagal afferent component of the innerva-
tion of pulmonary NEBs has its origin in the ipsilateral no-
dose ganglia (8), these data strongly suggest that the P2X;
receptor—-expressing nerve terminals contacting NEBs also
originate in the ipsilateral vagal nodose ganglia and that
contralateral lungs may be regarded as control lungs.

Only recently, it has become clear that the calcium-
binding protein CB is expressed by a subpopulation of the
nerve fibers that specifically contact rat NEBs (38). It was
shown that CB-positive nerve fibers innervating NEBs dis-
appeared after infranodosal vagotomy. Therefore, CB was
put forward as a marker for the vagal nodose afferent com-
ponent of the innervation of rat pulmonary NEBs. TSA-
enhanced P2X; receptor labeling and subsequent conven-
tional immunocytochemical staining for CB clearly showed
that P2X; receptor and CB immunoreactivity were colocal-
ized in nerve fibers contacting NEBs. It was, however, seen
that CB-IR nerve fibers approaching NEBs did not always
reveal a clear P2X; receptor expression. Intraepithelially,
on the other hand, P2X; receptor immunoreactivity is usu-
ally strong. This might be explained by a different expres-
sion of P2X; receptors in different regions of the neurons.
Because ligand-gated ion channels are built up by receptor
proteins that are synthesized in perikarya and transported
to the peripheral nerve endings, accumulation of peptides
and surface expression of the receptors might be higher in
the peripheral nerve endings. This might explain why some
pictures obtained in this study also show a difference in ex-
pression of P2X; receptors along the nerve fibers. Simi-
larly, in single P2X, receptor—labeled sections, nerve fibers
protruding between the NEB cells invariably show a bright
fluorescent staining, whereas nerve fibers entering the
NEB are not always clearly recognizable.

P2X; receptors were shown to be present in a subpopu-
lation of large-, medium-, and small-sized neurons in rat
nodose ganglia (24). In the present study, retrograde Fluo-
rogold tracing from the lungs and subsequent P2X; recep-
tor immunocytochemistry revealed that many but not all
Fluorogold-labeled nodose neurons showed P2X; receptor
immunoreactivity. Therefore, we may assume that differ-
ent subpopulations of nodose neurons are involved in the
innervation of rat lung, but only one of them gives rise to
the P2X; receptor—-expressing nerve terminals specifically
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Quinacrine

Quinacrine

Figures 13-16. Figure 13: Quinacrine his-
tochemistry and subsequent CGRP im-
munocytochemistry demonstrate that the
quinacrine-accumulating intraepithelial
cell group can be identified as a bronchial
NEB. (a) Fluorescence micrograph of a
quinacrine-accumulating cell group. Note
that the quinacrine accumulation is most
prominent at the basal pole of each indi-
vidual cell (arrowheads). The nuclei are
free of fluorescence. (b) The same spot as
in a after CGRP immunostaining. Also
the CGRP-immunoactivity appears to
be strongest at the base of the neuroen-
docrine cells (arrowheads). The staining
pattern is reminiscent of that seen in a.
Figure 14. Quinacrine fluorescence (a)
and sequential CB immunostaining (b)
demonstrate the colocalization of quina-
crine-accumulating cell groups and CB-
IR NEB:s. (a) Also in this fluorescent cell
group, quinacrine accumulation is high-
est at the basal side (arrowheads). (b)
Subsequent CB immunocytochemistry
shows that CB-immunoreactivity reveals
a different intracellular staining pattern.
Figure 15. Consecutive quinacrine accu-
mulation and P2X; receptor staining in a
rat bronchus. (a) Fluorescence micrograph
of quinacrine accumulation in an intraep-
ithelial cell group (arrowhead), indicating
the presence of an NEB. (b and c) P2X,
receptor immunocytochemistry reveal-
ing the presence of extensive receptor-
expressing nerve terminals at exactly the
same spot as marked in a (arrowhead).
Notice P2X; receptor-immunoreactivity
in bronchial smooth muscle bundles (SM).
Single confocal optical section. (¢) High
magnification detail of b clearly showing
the P2X; receptor-IR nerve fiber (ar-
row) that loops through the smooth-mus-
cle bundles, branches (arrowheads), and
gives rise to a terminal intraepithelial ar-
borization. Maximum intensity projec-
tion of 20 confocal optical sections (0.95-
pm interval). Figure 16. Fluorescence

micrographs of the nodose ganglion after consecutive retrograde tracing from rat lungs, using an intraluminal application of Fluorogold,
and P2X; receptor immunolabeling. Some retrogradely Fluorogold-traced neurons (arrows in a) express P2X; receptors (arrows in b),
whereas other traced neurons (arrowheads in a) do not express P2X, receptors (arrowheads in b). (a) Fluorogold accumulation reveals a
limited number of retrogradely traced neurons. (b) A majority of the nodose neurons express P2X; receptors.

contacting NEBs. Because retrograde tracing after unilat-
eral infranodosal vagotomy showed no fluorescent neu-
rons in nodose ganglia ipsilateral to the operated side, we
are confident that the fluorescent dye is transported via
vagal nerve fibers and not via diffusion or the circulation.
It is therefore likely that at least part of the retrogradely
traced neurons expressing P2X; receptors are involved in
the innervation of NEBs.

In contrast to the situation in nodose ganglia, the ex-
pression of P2X; receptors in DRG is restricted to small-
sized sensory neurons that are presumed to be involved in
nociceptive signaling (22, 23, 27, 46). Although the involve-

ment of vagal afferent nerve fibers in facilitation or inhibi-
tion of nociception has been described in rats (47, 48), the
preferential involvement of a specific subpopulation of no-
dose neurons in nociception has not yet been established.
Sensory neurons in cultured nodose ganglia demon-
strated P2X,/P2X; heteromultimeric channels, which, ac-
cording to Lewis and associates (23), accounted for gener-
ation or transmission of primary afferent information.
Vulchanova and coworkers (24) have shown that subpop-
ulations of rat nodose neurons colocalize P2X, and P2X;
receptor expression. Whether the P2X; receptor subunits,
either alone or in combination with P2X, receptors, should
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be regarded as crucial for the depolarization of the vagal
fibers is not clear.

The hypothesis that P2X; receptors play a major role in
nociceptive signaling gains more strength (25, 41, 49, 50).
Studies using in vivo pain models showed that homomulti-
meric P2X; or heteromultimeric P2X,/P2X; channels can
be selectively stimulated by application of ATP, resulting
in intense pain perception (51-53).

The most widely used method to detect an accumula-
tion of ATP in secretory granules is quinacrine histochem-
istry (11, 14, 35). This antimalaria drug appears to bind to
ATP (13, 54) when stored in high concentrations in secre-
tory granules. Quinacrine histochemistry has, among oth-
ers, been shown to specifically label members of the dif-
fuse neuroendocrine system (DNES) (55), of which one of
the main characteristics is the presence of dense-cored
vesicles. Inasmuch as it is generally agreed that pulmonary
NEBs belong to the DNES, it was not surprising that we
succeeded in specifically labeling NEBs by their quina-
crine accumulation (10), as was confirmed in the present
study by consecutive CB or CGRP immunolabeling. Anal-
ogous with other systems, our data suggest that ATP is ac-
cumulated in the dense-cored vesicles of pulmonary
NEB:s.

Because ATP is able to stimulate peripheral nocicep-
tors, resulting in intense pain and increased sensory dis-
charge (51), we suggest that release of ATP by NEB cells
as a reaction to a specific stimulus might result in pain per-
ception via a vagal afferent mechanism. Therefore, pulmo-
nary NEBs could be added to the list of possible sources of
ATP acting on P2X; receptors in relation to pain (31, 49).

NEBs are well placed to perform chemoreceptor func-
tions (7, 8). A carotid body-like oxygen-sensing mecha-
nism has been identified on the surface membrane of NEB
cells (5, 6). In several species, subpopulations of NEBs ap-
pear to be “closed,” buried in the epithelium and without
direct contact with the airway lumen. The possibility that
some NEBs might act as mechanoreceptors has never
been ruled out (56-59), but no direct evidence could be
presented. Recently, Burnstock (60) has proposed that in
hollow organs and tubes, the pain caused by distension
works through a purinergic mechanosensory transduction
mechanism. Although the presence of other P2X receptors
in lungs is still under investigation, the present study un-
masks NEBs as sources of secretable ATP, potentially in-
volved in nociception via contacting P2X; receptor—-
expressing vagal sensory nerve terminals.

Taking into account that in many organs ATP is be-
lieved to mediate activities in health and disease (for re-
view, see Reference 61), the interaction between NEBs
and P2X; receptor-IR vagal afferents may just be the first
of several purinergic signaling pathways to be morphologi-
cally characterized in lungs. Inasmuch as only a subpopu-
lation (ca. 47%) of ATP-storing NEBs appears to receive
P2X, receptor-expressing nerve terminals, it will be inter-
esting to investigate the presence of other P2 receptor sub-
types as well.

In conclusion, the expression of purinergic P2X; recep-
tors on terminal arborizations of vagal nodose afferent
nerve fibers contacting pulmonary NEBs indicates that
purines, or more specifically ATP, may have direct actions

in the local control of rat lungs. The intimate relationship
between intrapulmonary vagal afferent nerve terminals
expressing P2X; receptors and ATP-storing NEB cells
may represent the morphologic substrate for the vagal af-
ferent ATP-mediated transmission that has been postu-
lated in the literature. Whether the involved vagal nodose
neurons, expressing P2X; receptors on their cell bodies
and peripheral extensions, indeed belong to nociceptive
signaling pathways is of great medical interest and will
need further investigation.
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