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Abstract

Rationale: Neuroplasticity of bronchopulmonary afferent neurons
that respond to mechanical and chemical stimuli may sensitize the
cough reflex. Afferent drive in cough is carried by the vagus nerve,

Conclusions: PGP9.5-immunonegative nerves are strikingly
similar to myelinated airway afferents, the cough receptor, and
smooth muscle-associated airway receptors described in rodents.
These have never been described in humans. Full description of
human airway nerves is critical to the translation of animal studies to

and vagal afferent nerve terminals have been well defined in animals.
Yet, both unmyelinated C fibers and particularly the morphologically
distinct, myelinated, nodose-derived mechanoreceptors described in
animals are poorly characterized in humans. To date there are no
distinctive molecular markers or detailed morphologies available for
human bronchopulmonary afferent nerves.

the clinical setting.
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At a Glance Commentary

Objectives: Morphologic and neuromolecular characterization of

the afferent nerves that are potentially involved in cough in humans. Scientific Knowledge on the Subject: The cough reflex is

mediated by vagal afferent nerves in humans, and the responsible
A-delta and C-fiber nerves have been well described in animals.
We describe innervation in human airways with novel
morphology similar to vagal afferents described in animals.

Methods: A whole-mount immunofluorescence approach, rarely
used in human lung tissue, was used with antibodies specific to
protein gene product 9.5 (PGP9.5) and, for the first time in human

lung tissue, 200-kD neurofilament subunit.
What This Study Adds to the Field: This is the first study to

describe the potential vagal afferents responsible for cough in
human airways. This level of detail has never before been
described, yet it is vital for the effective development of
treatments for neural targets in the lungs.

Measurements and Main Results: We have developed a robust
technique to visualize fibers consistent with autonomic and C fibers and
pulmonary neuroendocrine cells. A group of morphologically distinct,
200-kD neurofilament-immunopositive myelinated afferent fibers,

a subpopulation of which did not express PGP9.5, was also identified.

The role of airway innervation in respiratory
disease has received little attention in recent
years, despite the clear involvement of
neuronal pathways in respiratory

symptoms, such as dyspnea, wheeze,
bronchoconstriction, mucus hypersecretion,
and cough (1), characteristics of many
respiratory diseases that impact

significantly on patients’ quality of life (2).
Patients suffering from chronic cough
describe enhanced sensitivity to

a variety of inhaled irritants and air
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temperature changes (3). In keeping
with patient-reported symptoms, they
also cough more readily in response to
inhaled capsaicin or citric acid (4).
This hypersensitivity may be caused
by neuroplasticity in mucosal

fibers, contributing to increased
excitability of the afferent limb of the
cough reflex (5).

Afferent fibers including those
activated during breathing, such as
slowly adapting receptors, rapidly
adapting receptors, and those that
mediate tussive responses to mechanical
and chemical stimulation, broadly
divided into rapidly transmitting A delta
and slower C fibers, have been well
defined in animals (6-9). Yet, prominent
discoveries of immunochemically distinct
receptor end organs, such as the
unmistakable guinea pig cough
receptor (10) and the murine smooth
muscle-associated airway receptor and
neuroepithelial body (NEB) innervation
(11), have been conspicuously absent in
descriptions of human airway innervation
to date (12). The sparsity of such vagal
afferent mechanoreceptors in comparison
with the easily identified vagal and spinal C
fiber counterparts and lack of appropriate
antibodies might explain this phenomenon.
However, it is also evident from published
data and denervation studies that the
immunologic markers, or the nerves
themselves, decay rapidly in explanted
tissue (13-15).

Few studies have used a whole-mount
technique necessary for full morphologic
description of human bronchopulmonary
nerves, even fewer in whole-mount
endobronchial biopsies (16, 17). Studies
conducted to date are limited by the extent
of innervation observed and antibodies
used. In two studies that assessed epithelial
nerves, the observed density was very low,
in the range of 1-3% epithelial area (5, 18).
In our experience, it is difficult to observe
nerves in thin tissue sections and the
frequent absence of innervation in
published data suggests that it becomes
even harder when targeting mainly C
fiber—specific markers (5, 18). A detailed
understanding of the afferent neuronal
structures of the human airway, the
presence of key ion channels and
G-protein—coupled receptors at their
terminals, and how these factors change
in disease is central to the effective
development of treatments of respiratory

disorders associated with neural
sensitization (5).

We capitalized on the opportunity
to study endobronchial biopsies from
a well-phenotyped group of patients with
treatment-resistant chronic cough, who were
undergoing clinical investigation and agreed
to participate in the study. Here, we describe
the extensive assessment of the innervation
present in mucosal biopsy tissue and for the
first time, morphologic equivalents of the
innervation described in other species. Some
of these results have previously been reported
in abstract form (19, 20).

Methods

For detailed discussion of methods, see the
online supplement.

Study Design, Samples, and Subjects
Study samples consisted of endobronchial
biopsies obtained from 21 patients
undergoing clinical bronchoscopy for

a chronic cough (>8-wk duration). All
subjects were attending a specialist cough
clinic at University Hospital of South
Manchester, United Kingdom and were
enrolled in the ManRAB biobank (REC Ref:
10/H1010/7) between March 2011 and
March 2012. All provided written informed
consent. Characteristics of patients from
whom data in this manuscript were obtained
are shown in Table 1. Ex-smokers had at
least a 9-year abstinence from smoking.

Bronchoscopy

Fiberoptic bronchoscopy was performed
under conscious sedation with topical
lidocaine. Endobronchial biopsies were

Table 1. Study Subject Characteristics

obtained from the distal and proximal spurs
of the right middle and lower lobes.

Immunofluorescence Microscopy
Imaging

Briefly, biopsies were removed from the
forceps into warmed (37°C) 0.9% sterile
normal saline solution before immediate
fixation in ice cold, 4% paraformaldehyde
in Dulbecco phosphate-buffered saline
solution containing protease inhibitors for
3 hours at 4°C. All subsequent incubations
were performed at 4°C. Nonspecific binding
was blocked using 10% normal serum,

1% skimmed milk, and 0.5% Triton

X-100 for tissue permeabilization.
Immunofluorescent staining was performed
using specific primary antibodies and Alexa
Fluor-labeled secondary antibodies (see
Table E1 in the online supplement).
Biopsies were mounted onto glass slides
with coverslips. Images were collected using
epifluorescence or confocal microscopy
and adjusted as described in the online
supplement. Where multiple fluorophores
are shown, images were collected
sequentially. Single-channel images are
shown in the online supplement. Control
experiments were performed by omitting
primary antibody from the procedure. No
immunoreactivity was observed in control
biopsies.

A full list of antibodies trialed is
detailed in the online supplement (see Table
El) but these data pertain to observations
with anti-200-kD neurofilament (Leica
Biosystems, Newcastle upon Tyne, UK) and
anti-protein gene product 9.5 (PGP9.5;
Ultraclone, Wellow, UK). The conventional
use of these antibodies is to identify
myelinated neurons, and as a panneuronal
marker, respectively.

Number
Age, yr, mean (SEM)
Male, n (%)
Cough duration, yr, median (IQR)
Smoking status
Never, n (%)
Ex-smoker, n (%)
Pack-years, n =10, median (IQR)
Years since quit, median (IQR)
FEV4, % predicted, mean (SEM)
FVC, % predicted, mean (SEM)

All Patients

Definition of abbreviation: |QR = interquartile range.
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Nerve Fiber Diameter Analysis

Nerve fiber diameter measurements

were conducted on epifluorescence
photomicrographs by a single observer. A
mean of 2.5 fields per biopsy was chosen and
a mean of 2.4 individual nonconnected
nerve fibers per field was analyzed. Fiber
diameters were based on an average of
24 manual linear measurements across
each fiber, spaced at regular intervals of
approximately 2-5 pm along its length.

Nerve Tracing

Computerized line drawings of nerves
were produced from models, which were
generated using Neuromantic version 1.7.5
(University of Reading, Reading, UK).
Semiautomatic tracing was performed on
grayscale conversions of original two-
dimensional images. Plan view of the
skeletonized model is presented as a guide to
the structure observed.

Statistical Analysis

Data are expressed as median (interquartile
range [IQR], 25th-75th percentile).
Statistical comparisons were conducted

on nonparametric data using the Mann-
Whitney U test or Kruskal-Wallis test with
Dunn’s post-test correction in Prism
Version 5 (Graphpad, San Diego, CA).
Significant differences are presented as

P less than 0.001.

Results

The results we present are primarily
restricted to morphologic observations
using antibodies immunoreactive to the
structural proteins PGP9.5 and 200-kD
neurofilament. Tissue was orientated with
the epithelium uppermost and nerve
fibers were identified by their associated
structures, depth from the epithelium, and
on the basis of published literature. We
concentrated on structures within the
epithelium and lamina propria, which
studies suggest are more relevant to airway
sensation (21, 22). We have only briefly
described our observations of autonomic
fibers and deeper neural plexuses because
there is an extensive body of literature
concerning human autonomic
bronchopulmonary neurons.

Putative Autonomic Fibers
Fibers observed close to blood vessels,
mucosal glands, and smooth muscle were

presumed to be autonomic based on
immunoreactivity to vesicular acetylcholine
transporter and synaptic vesicle protein 2
and the known function of fibers in these
locations. We observed two distinct
subepithelial fiber types. One type was
straighter and less branched than

other observed fibers (Figure 1A) with
a median (IQR) diameter of 1.44
(1.23-1.71) pm. a-Smooth muscle
actin immunofluorescence revealed
innervation of subepithelial blood
vessels (Figure 1B; see Figures E2 and
E3). These nerve fibers and blood

\i# / PGP9.5/

‘<

Figure 1. Autonomic fibers in the human airway mucosa. (A and B) Protein gene product 9.5 (PGP9.5)
immunopositive (green, Alexa Fluor 488) subepithelial fibers (arrowheads) were associated with a-smooth
muscle actin (SMA)-immunoreactive (red, Alexa Fluor 568) blood vessels (asterisks). (C—E£) PGP9.5-
immunopositive (green, Alexa Fluor 488) convoluted fibers (arrows) were observed in parallel to bronchial
smooth muscle (daggers) labeled with a-SMA (red, Alexa Fluor 568) and a proportion were immunopositive
for vesicular acetylcholine transporter (VAChT) (red, Alexa Fluor 568). (F—H) The distinctive circular pattern
of PGP9.5 and VAChT immunoreactive fibers (open arrows) around acinar cells of bronchial mucosal
glands observed with a-SMA (circles). (I and J) Airway intrinsic autonomic ganglia (split arrowheads)
immunoreactive for both PGP9.5 (green, Alexa Fluor 488) and 200-kD neurofilament (NF200; red, Alexa
Fluor 568) were observed. Biopsies were from right middle lobe entrance (A, B, E, F, and H), right lower
lobe (C, D, and G), right upper lobe entrance (/), and right main bronchus (/). Results are independent
experiments of staining in nine biopsies from seven patients. Scale bars = 100 um. Unprocessed and
single-channel images are shown in Figures E1 and E2 with additional images in Figure E3. A video
of additional images of separate focal planes from B is shown in Video E1.
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Table 2. Features Observed in Cough Patient Biopsies with PGP9.5 and 200-kD Neurofilament Immunofluorescence

Number of Biopsies Observed in

PGP9.5 Positivity

Features Observed Biopsies Patients
Totals 38 20
Varicose epithelial fibers 25/38 16/20
Subepithelial fibers 36/38 20/20
Convoluted fibers 34/38 20/20
Mucosal gland innervation 22/38 16/20
Nerve trunks 38/38 20/20
PNEC 25/38 16/20
Morphologic afferents 4/38 3/20

Number of Biopsies Observed in
200-kD Neurofilament

Biopsies Patients
19 11
8/19 711

17/19 10/11
15/19 10/11
6/19 5/11
17/19 10/11
0/19 0/11
719 7/11

Definition of abbreviations: PGP9.5 = protein gene product 9.5; PNEC = pulmonary neuroendocrine cells.

vessels were situated in the lamina
propria between the epithelium and the
smooth muscle layer. The second, deeper
plexus comprised slightly thicker fibers
with a median (IQR) diameter of 1.81
(1.50-2.17) wm, which we termed
convoluted fibers. These fibers were
observed within the smooth muscle layer
(Figures 1C-1E) and also between this
layer and the straighter fibers in the
submucosa.

We observed distinctive circular
patterns of PGP9.5-positive nerves
(Figure 1F), consistent with fibers
underlying the basal membrane of the
serous acini of submucosal glands in 58%
of biopsies. a-Smooth muscle actin and
cytokeratin staining confirmed this
observation, allowing visualization of the
tubules and myoepithelial cells of the
gland (Figure 1G; see Figures E1-E3).
Mucosal gland fibers had a median (IQR)
diameter of 1.97 (1.65-2.41) pm. We
observed airway ganglia in five biopsies.
These were both PGP9.5 and 200-kD
neurofilament immunopositive (Figures 11
and 1J). Four of the ganglia were small in
size (median [IQR], 53.5 [36] X 88 [47.25]
pm) and were closely associated with
airway smooth muscle. One larger ganglion
was 175 X 240 pm.

Convoluted and mucosal fibers
expressed the vesicular acetylcholine
transporter, a marker of cholinergic nerves
(Figures 1E and 1H) (23). Both
subepithelial fiber types were observed in
biopsies from all sampling locations in all
20 patients where biopsies were stained
for PGP9.5. Mucosal glands were
observed in PGP9.5-stained biopsies from
16 out of 20 patients and in all sampled
regions (Table 2), but only in 1 of 15

biopsies taken from the right main stem
bronchus (total eight subjects). Additional
images are shown in Figures E1-E3 and
Video EI.

Varicose Epithelial Fibers and
Pulmonary Neuroendocrine Cells

We observed the presence of fine, varicose
epithelial nerves and pulmonary

PGP9.5/

Figure 2. Protein gene product 9.5 (PGP9.5) immunoreactivity in human airway epithelium. (A
and B) PGP9.5-immunopositive (green, Alexa Fluor 488) varicose epithelial fibers (arrowheads)
appeared in patches at the luminal edge of the epithelium. (C and D) A population of epithelial
cells were immunoreactive for PGP9.5, with typical flask-shaped pulmonary neuroendocrine

cell morphology (asterisks) and cellular projections (open arrows). Segments of epithelial fibers
were also observed (arrowheads). (E and F) Epithelial fibers were mostly 200-kD neurofilament
(NF200) immunonegative (open arrow), but some were observed only with antineurofilament

(red, Alexa Fluor 568, solid arrow) or were dual positive (arrowheads). Biopsies were from right

main bronchus (A, D, and E) and right middle lobe entrance (B, C, and F). Results shown are
independent experiments of six biopsies from separate patients. Scale bars =100 pm.

Unprocessed, single-channel images, additional images, and videos are shown in Figures E4-E6

and Videos E2 and ES3.
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neuroendocrine cells (PNECs) in biopsies
from 16 of the 20 patients whose tissue was
stained for PGP9.5 (Table 2). These biopsies
were from the basal segments of the right
lower lobe, the right middle lobe entrance,
right upper lobe entrance, and right main
stem bronchus. These fibers formed
extensively branched networks across the
epithelium (Figures 2A and 2B; see Figure
E6) and occurred in patches of variable size
(~50-500 pm). A median (IQR) of 33.3%
(25.4%) of these fibers were concurrent
with areas of PNECs. We observed solitary
PGP9.5-positive PNECs (Figures 2C and
2D) in three patients; in all other cases
PNECs were observed in clusters, but not
NEBs. The number of PNECs in these
clusters ranged from 10 to greater than
100 (see Figure E6 and Videos E2 and E3).
We calculated, from counting the number
of cells per target area (area range varied
from 4 to 16 X 10* pm?) on
photomicrographs, that PGP9.5-
immunoreactive cells occur at a mean
density of 267 (168-375) cells per square
millimeter, accounting for 0.2-1.2% of
epithelial cells in these areas. PGP9.5-
immunopositive varicose fibers were
associated with a median (IQR) of 70.8%
(63.5%) of PNECs clusters.

Although the epithelial fibers were
predominantly PGP9.5 immunopositive,
small numbers of them were
immunoreactive to anti-200-kD
neurofilament or were dual positive
(Figures 2E and 2F; see Figure E5).

Fiber Diameter Analysis

Measured nerve fibers from PGP9.5-
immunostained biopsies were grouped
morphologically (Figure 3). Epithelial
nerves had a significantly smaller median
(IQR) diameter (0.73 [0.68-0.84] pm) than
other nerve types, and nerve bundles

with a median (IQR) diameter of 16.12
(10.40-25.51) pwm were significantly

larger than all other nerve fibers. Other
fiber subtypes were not significantly
different (Kruskal-Wallis test with

Dunn’s post-test correction). Smoking
history had no significant effect on the
diameter of any fiber type (Mann-Whitney
U test).

Potential Afferent Neurons

Based on the assumption that fibers within
the epithelium likely responded to the
luminal environment, we observed these
fibers in more detail. Some epithelial fibers
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Figure 3. Nerve fiber diameter analysis. The median fiber diameter (in micrometers) of five identified
protein gene product 9.5—-stained fiber subtypes is shown. Measurements (n =200 fibers) were
obtained from 31 biopsies of 18 patients and grouped morphometrically into epithelial (n = 35),
subepithelial (n = 42), mucosal gland (n = 32), convoluted (n = 44), and nerve trunk (n = 40). Individual
fiber diameters are represented as separate data points, with midline and error bars to indicate
median diameters with interquartile range. ***Significant differences (P < 0.001, Kruskal-Wallis test

with Dunn’s post-test correction).

arose from thicker subepithelial fibers that
branched extensively at the basement
membrane just below the epithelium, with
fine projections throughout the epithelial
layer (Figure 4A; see Video E4). For others,
no obvious origin could be ascribed,
although epithelial projections were
apparently derived from a shallower plexus
of nerves (Figure 4B; see Video E4) and
seemingly consisted of directionally parallel
fibers arising from the subepithelial plexus
and anastomosing at many points in the
epithelial plexus to form an interconnected
network (see Figure E9). PNECs and blood
vessels were more common in these areas.
Other epithelial fiber patches seemed to
arise directly from nerve trunks, branching
within the epithelial plexus (Figure 4C). We
noted the arboreal appearance of some
fibers and used DAPI (4',6-diamidino-2-
phenylindole) to confirm that these
structures were innervating the epithelium
(Figure 4D; see Figure E8). These fibers
branched extensively from a single point
and at least a proportion were 200-kD
neurofilament immunopositive in the
thicker parts of the fiber, whereas
varicosities were only detected with
PGP9.5 immunofluorescence (Figures
4F-4H). In all cases, epithelial fibers
formed discrete areas, presumably
receptive fields.

PGP9.5-Immunonegative fibers

Some arboreal fibers were only identifiable
when labeled with 200-kD neurofilament
(Figure 5; see Figures E10-E12 and Video
E5). These nerves were commonly located
beneath the epithelium and were laterally
branched with terminal buds. These

fibers were thicker than PGP9.5-
immunopositive fibers with diameters of
3-6 pm, consistent with thinly myelinated
fibers that conduct in the A delta range.
The morphology of these fibers shows
similarity to subsets of neurofilament-
positive airway afferents identified in
animals, such as the “cough receptors.” Of
note, there was little PGP9.5 positivity in
the region of these receptors, with the
exception of one receptor (Figure 5C),
which seemed to terminate in contact
with PGP9.5-positive PNECs. This finding
was a unique observation because this
PGP9.5-negative fiber branched at the
epithelium rather than in the region of the
basement membrane but yet was not
morphologically similar to other epithelial
fibers.

Antibodies to Further Markers

Despite extensive trials, we were unable to
detect any specific staining of the sort
observed with PGP9.5 or 200-kD
neurofilament in this tissue, with

American Journal of Respiratory and Critical Care Medicine Volume 192 Number 1 | July 1 2015



PGP9.5/ G Model

| Model

Figure 4. Protein gene product 9.5 (PGP9.5)-immunoreactive putative airway afferent fibers.
Immunostaining for PGP9.5 (green, Alexa Fluor 488) 200-kD neurofilament (NF200; red, Alexa Fluor
568) using 4',6-diamidino-2-phenylindole (DAPI; blue) as a nuclear counterstain (where shown). (A
and B) Nerves that gave rise to varicosities in the epithelial plexus (E) were associated with nerve
branches located superficially near the epithelial basement membrane (arrowheads). (C) Some similar-
sized axons (arrowhead), which gave rise to epithelial fibers (bracket), arose directly from deeper nerve
trunks (asterisk). (D and E) Varicose epithelial fibers (arrowheads) were arranged into extensively
branched arboreal structures from a central point (asterisks). (F-I) The main branches of these fibers
were immunopositive for NF200, whereas varicose nerve endings were only immunopositive for
PGP9.5. (G and /) Computerized tracings show that these fibers form part of a larger arboreal structure,
which appeared partly fragmented. Data are from biopsies from right middle lobe entrance (A-C
and H); right lower lobe (D and E); and right main bronchus (F) from six separate patients. £ is

a maximume-intensity projection of five epifluorescent images. Scale bars = 100 wm. Unprocessed,
single-channel, and additional images are shown in Figures E7 and E8 and Video E4.

antibodies directed against a3 subunit of
Na /K" -ATPase, transient receptor
potential cation channel (TRP) vanilloid

1 and 4, TRP melastatin 8, TRP ankyrin 1,

acid-sensing ion channel 3, and brain-
derived neurotrophic factor, as previously
described in animals. We identified
extensive neuronal processes with an

West, Canning, Merlo-Pich, et al.: Human Afferent Nerves

antibody to the BIII-tubulin subunit and
some staining was also observed with
antibodies directed to substance P, neuron-
specific enolase, and synaptic vesicle
protein (data not shown).

Discussion

Very few studies have used a whole-
mount approach to investigate

neuronal structures in human airways.
This approach provides a significant
improvement on traditional sectioning
and staining techniques. It enables
greater preservation and provides easier
identification of the neuronal structures
in three dimensions, which would
otherwise be difficult to detect. Using
this technique has allowed us to reveal
morphologic structures akin to airway
afferent nerves, such as cough receptors,
which have not previously been described in
human tissue.

Methodologic Approach
Despite work that has described the
innervation of segments of the
bronchial mucosa over a period of many
decades, the picture of airway mucosal
innervation in humans is still to be fully
elucidated in a manner similar to that
conducted in animals (24). There are
several ways in which structure and
function of airway nerves have been
determined in animals, many of them
powerful, but invasive (6, 14, 25). These
techniques are not available for use in
humans and so development of robust
antibody techniques and careful
characterization is paramount for the
translation of animal data into the clinical
setting. Therefore we have developed
a robust procedure for the identification of
airway nerves in patient samples. As others
have described (24), immediate fixation in
fresh fixative was paramount, particularly
for the preservation of epithelial fibers.
Corresponding to this observation, much
longer timeframes before downstream
processing were detrimental to our results.
This may account for the paucity of
epithelial nerves described in similar
human studies (26).

Although previous studies
examining epithelial nerve density
have suggested sensitization of epithelial
C fibers in patients with chronic cough,
it was not the aim of this study to
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Figure 5. Protein gene product 9.5 (PGP9.5)-immunonegative afferent fibers. Tissue was
observed using PGP9.5 (green, Alexa Fluor 488) and 200-kD neurofilament (NF200; red, Alexa
Fluor 568) immunofluroescence. (A, C, and E) Neuronal structures were observed that were
PGP9.5 negative but NF200 positive. There were fewer other neuronal structures

in these regions, but successful PGP9.5 immunostaining identified neurons and pulmonary
neuroendocrine cells (A and C). Pulmonary neuroendocrine cells were observed in close
association with terminals of a thick NF200-stained nerve. (B, D, and F) Computerized
grayscale tracings show the outline structure of fibers. Data are from three biopsies from the
right middle lobe entrance (A and C) and right main bronchus (E) of three separate subjects.
Scale bars =200 pm. Unprocessed, single-channel, and additional images are shown in

Figures E9-E11 and Video E5.

compare patient groups (18). Therefore
we cannot know whether the types of
neuronal structures described in this

study would differ from those in

healthy volunteers. However, we speculate
that using tissue from patients may increase
the likelihood of detecting neuronal
structures.

In animals, often whole explanted
airways can be observed, whereas we
were only able to gain small samples
from the airway mucosa of our patients.
Structures present in other pulmonary

locations were not identified by this
approach. Nonetheless, we have elucidated
many of the features, particularly autonomic
fibers, which have previously been observed
in larger samples, which validates our
approach. Although the morphologic
equivalents of cough receptors have

been located mainly in the trachea and
main bronchi of rodents (27), further
observations suggest that airway afferent
fibers including mechanoreceptors can
be observed around the bifurcations in
the lobar bronchi (13, 28, 29) where

cough receptors are best placed to
respond to insults. Sampling at carina is
a standard practice for airway biopsy and
so this would have increased our chances
of detecting mechanosensitive airway
fibers.

Observations

Without the ability to trace and analyze the
cell bodies, it is difficult to draw robust
conclusions about the origin of fibers, be
they afferent or efferent. We have made
inferences based on location, morphology,
and size in combination with data drawn
from animals to describe the innervation we
observed (Figure 6). We concluded that
fibers within smooth muscle bundles,
surrounding mucosal glands, and parallel to
blood vessels were likely autonomic fibers.
Their known function in controlling mucus
secretion, bronchoconstriction, and edema
as well as their similar size (~1.5-2 wm)
makes this the most likely explanation
and is consistent with our observations

of vesicular acetylcholine transporter
immunofluorescence, mostly smaller nerve
trunks (<20 wm) and the presence of small
ganglia (14, 30, 31).

Afferent fibers may also be in these
locations but our methods would not have
been able to differentiate them (32). The
neuropeptide content of some fibers may
support a hypothesis of sensory
innervation and shared vagal origin for
a proportion of these fibers (14, 29).
However, parasympathetic autonomic
fibers can also express neuropeptides (33).
Despite clear functional separation it is not
yet apparent which markers might easily
distinguish afferent from efferent
innervation within human lung tissue.
This issue is complicated by the poor
cross-reactivity of antibodies, which are
effective in animals.

Previous studies have shown that about
85% of fibers innervating the lung from the
vagus nerve are pulmonary afferents (34)
and so there is good reason to believe
that we have identified afferent fibers.

It is widely believed that the terminal
varicosities of epithelial fibers are
nociceptive C fibers based mainly on
observations in animals that they express
neuropeptides, such as calcitonin gene-
related peptide, and can be traced to vagal
sensory ganglia (21). Fiber diameters of
less than 1 pm are consistent with this
belief but we have been unable to

obtain convincing classical C fiber
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Figure 6. Schematic representation of the putative innervation of human airway mucosa based on
morphologic observations from this study. Areas that are unknown or unproved are notated by

a question mark. Airway ganglia and protein gene product 9.5 (PGP9.5)-immunopositive innervation
of mucosal glands, smooth muscle, and mucosal blood vessels was observed. Putative afferent
epithelial fibers with multiple morphologies may represent separate types. PGP9.5-immunonegative
(PGP-ve) putative vagal afferents and morphologic equivalents of rodent vagal afferent receptors were
identified with antibodies to 200-kD neurofilament. Varicose epithelial fibers have morphology and
diameters consistent with C fibers. Neurofilament-immunopositive fine epithelial fibers may be the
terminals of myelinated afferents. SMAR = smooth muscle-associated airway receptor.

immunolabeling patterns of these fibers,
which may reflect the antibodies trialed.
However, it is not clear that the expression
of these labels is universal in all human
epithelial fibers (17).

We observed a continuous, beaded,
false network of varicose fibers, forming an
epithelial plexus with few free nerve endings
(35) as widely described in animals (14, 24,
31, 36) and humans (26). In contrast, we
also noted PGP9.5-immunolabeled fibers in
the epithelium, which formed arboreal
receptive fields, derived from deeper thicker
nerve bundles, with beaded axons and
terminal varicosities suggestive of free nerve
endings. This latter form is concordant
with early descriptions of some pulmonary
fibers (29) but it is not clear whether these
might be functionally separate fibers. The
pattern of neurofilament immunopositivity
within the nerve trunks and smaller-
diameter neurofilament-positive epithelial
fibers are reminiscent of nonmyelinated
terminals of myelinated afferents, which
have been described in other mammals
(37).

Only one notable study has previously
observed PNECs in human whole mounts

(26). Similar to that study, we observed

a nonhomogenous distribution of PNECs
with density measurement correlating

to the upper range of that previously
described. We cannot rule out that

a disease process may increase PNEC
numbers in our patients (38) but our
estimation (0.2-1.2%) is consistent with
other published work (39). Electron (40)
and confocal (41) microscopic studies in
animals have shown specialized epithelial
cells together with nerves. Accordingly, it
is probable that at least a proportion of
these cells are innervated by vagal afferents
(42). Although the formation of cytoneural
junctions is generally regarded as unlikely,
the close association of fibers with
epithelial cells is strongly suggestive of the
presence of afferent signaling (43). The
chemical mediator for signaling between
PNECs and vagal afferents is not known
but may be ATP (43-45), which would be
consistent with recent clinical studies of
cough (46). The PGP9.5-immunonegative
fibers we observed had fiber diameters that
suggest they are A delta fibers and,
despite the widely held belief that PGP9.5
is a panneuronal marker, some
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unpublished observations demonstrate
PGP9.5-immunonegative nerves in human
nodose ganglia (A. Myers, private
communication).

Even where mechanoreceptors can
be demonstrated in animals, such nerve
endings are rarely identified by PGP9.5
(15, 31). Yet, where neurofilament
antibodies have been used, they are
easily identified (47) and highly abundant
(13), strongly suggesting that such fibers
are PGP9.5 negative. This may explain
the absence of any previous descriptions of
these structures in human tissue. These
specialized receptors are difficult to
identify even in rodent tissue where
some of them do express PGP9.5 (28).
Because these structures are PGP9.5
immunonegative, and on the whole
neurofilaments are restricted to major
branches, some additional unseen
elements of these structures may remain
to be elucidated. Nevertheless, we
believe that the neurofilament-positive
neurons we have identified are likely to
represent the human equivalents of
animal cough receptors, smooth
muscle-associated airway receptor, and to
some degree, NEB innervation (48).

Conclusions

Very few previous observations of airway
innervation have been made in whole-
mount biopsy tissue and as a result an
incomplete picture of human airway
innervation remains. However, using this
technique we have provided several novel
insights into the neuronal structures present
in human endobronchial specimens. It is
clear that the use of fresh tissue and diverse
antibody techniques are very important to
the accurate analysis of fiber location and
morphometry.
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