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The quantitative histological analysis of airway innervation using
tissue sections is challenging because of the sparse and patchy
distribution of nerves. Here we demonstrate a method using a com-
putational approach to measure airway nerve architecture that will
allow for more complete nerve quantification and the measurement
of structural peripheral neuroplasticity in lung development and
disease. We demonstrate how our computer analysis outperforms
manual scoring in quantifying three-dimensional nerve branch-
points and lengths. In murine lungs, we detected airway epithelial
nerves that have not been previously identified because of their
patchy distribution, and we quantified their three-dimensional
morphology using our computer mapping approach. Furthermore,
we show the utility of this approach in bronchoscopic forceps
biopsies of human airways, as well as the esophagus, colon, and skin.
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Airway nerve architecture is complex, three-dimensional, and re-
gionally heterogeneous. It is important to measure nerve architec-
ture accurately because it can change (structural neuroplasticity)
during development or disease, resulting in altered nerve signaling.
Changes in nerve structure are related to increased excitability in
airway hyperreactivity, pain, itching, cardiac arrhythmias, and intes-
tinal dysmotility (1-4), and may represent therapeutic targets in
nerve lesions, heart arrhythmia, and inflammatory pain (5-8), to
name a few. Changes in neuroplasticity may include swelling, cen-
tral and peripheral sprouting, reduced axonal diameter, and nerve
retraction. Subtler changes in nerve structure such as swelling
or tortuosity may identify earlier disease time points and milder
disease preceding large-scale changes in overall density (1, 9).
Three-dimensional nerve architecture has been inferred from ei-
ther tissue sections or from whole mounts, where data are acquired
in three dimensions but are flattened to two dimensions for anal-
ysis. However, morphologically complex nerve architecture, in-
cluding branching axonal processes and dendritic spines, are
undersampled in two-dimensional images. Undersampling likely
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CLINICAL RELEVANCE

This research allows for the more comprehensive quanti-
fication of nerves and other complex linear structures in the
lung, despite marked organ-wide heterogeneity. This more
comprehensive quantification will improve basic and clinical
studies of lung neural development and normal lung neu-
ronal architecture, will allow for the accurate quantification
of neuroplasticity in airway disease, and may provide earlier
markers of disease-specific and treatment-specific neuro-
plasticity.

contributes to opposite findings of hyperinnervation and hypoin-
nervation in studies of asthma (10-12), diabetes (13-15), and in-
flammatory pain (15, 16). Design-based stereology is a newer
method to reduce experimental bias (17), but objects with low
sampling probability, such as airway epithelial nerve populations,
require an impractical amount of sampling to fulfill the American
Thoracic Society’s stereology requirements for sufficient precision
and efficiency (18). The limited (albeit randomized) sampling of
extremely rare objects with heterogenous distributions will yield
data with high variability and will require unreasonable effort to
sample. Thus, all these mostly two-dimensional approaches may be
inaccurate because of undersampling.

The confocal microscopy of whole mounts can image the
branching structure of entire nerves, capture the organ-wide hetero-
geneity of nerve density, and detect low-density subpopulations.
However, using confocal microscopy to model nerve architecture
entails multiple problems, primarily because of tissue thickness,
and even when these problems are solved, no method can currently
quantify the complex three-dimensional morphology of peripheral
nerves. Three-dimensional analysis is currently available for larger-
scale imaging methods, such as magnetic resonance imaging (19)
and X-ray computed tomography (20), and smaller-scale methods
such as cryoelectron microscopy (21) and cortical fluorescence mi-
croscopy (22). Our goal involved developing an efficient method to
map nerve architecture in three dimensions throughout the lung,
with sufficient resolution to quantify nerve density, length, branch-
ing, and neurotransmitter content. The method we describe here
can be used to image nerves throughout whole organs and tissue
biopsies. A combination of adapted available computer programs
with newly designed software allows for the generation of three-
dimensional maps of nerve architecture that can be quantified.

MATERIALS AND METHODS

Animal and Human Tissue

Computer mapping was demonstrated for epithelial nerves in various
murine tissues. Tissues were harvested from wild-type female 6- to
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8-week-old C57Bl/6 mice. Airway tissues included whole airways from
the trachea to the terminal bronchioles, gastrointestinal tissues included
the esophagus and descending colon, and skin was harvested from the
base of the ear.

Epithelial nerves were also mapped in tracheal epithelia from guinea
pigs and humans, and in airway forceps biopsies from dogs and humans.
Human tracheal tissue was obtained from anonymous cadaveric organ
donors via the Pacific Northwest Transplant Bank (Portland, OR). All
families provided informed consent for the use of these tissues. Deiden-
tified and fixed human airway biopsy tissues were provided by Dr. Richard
Costello (Royal College of Surgeons, Dublin, Ireland), and were obtained
from consenting patients with institutional approval by the Royal College
of Surgeons. Pathogen-free female Dunkin-Hartley guinea pigs were ob-
tained from Elm Hill Labs (Chelmsford, MA) in filtered crates. Canine
airways were provided by the Department of Comparative Medicine
at Oregon Health and Sciences University. All animals were treated in
accordance with standards established by the United States Animal
Welfare Act, as set forth in National Institutes of Health guidelines.
All protocols involving animals were approved by the Institutional
Animal Care and Use Committee of Oregon Health and Sciences
University.

Tissue Dissection and Immunohistochemistry

Tissues were dissected and whole mounts were immunostained as de-
scribed in the online supplement.

Generation of Deformable Surfaces for Identifying
Three-Dimensional Layer Boundaries

We developed custom MatLab (Mathworks, Natick, MA) software to cal-
culate the three-dimensional shape of each tissue layer, as detailed in the
online supplement.

Diffusion Filtering to Identify Nerve Structures

For large field-of-view images, we developed diffusion filtering methods
to reduce image noise and enhance nerve edges, as detailed in the online
supplement.

Quantification of Nerve Structural Characteristics

For computing epithelial nerve branching and lengths from nerve maps,
we used commercially available image-processing software (Imaris; Bit-
plane, Zurich, Switzerland). The program’s image-filtering 64-bit capa-
bility and user interface allow for adaptive contour fiber tracking and
the generation of tessellated nerve maps. The user defines controls
points, and the computer generates three-dimensional best-fitted nerve
maps to intervening image data. With nerve structures mapped, struc-
tural characteristics are quantified by the computer, including nerve
lengths, branching, surface areas, and branch angles. Epithelial nerve
lengths and branching were calculated for the present study and
expressed in microns and number of branchpoints per 1,000 wm? of
epithelial volume.

Comparison of Computer Nerve Mapping Analysis to Manual
Human Quantification

The manual quantification of three-dimensional branchpoints and three-
dimensional and two-dimensional nerve lengths was compared with
three-dimensional computer nerve mapping. Three trained human observ-
ers counted branchpoints as convergences of three or more neurites or
“branches,” and each nerve length was calculated as the sum of Cartesian
lengths for traced nerve segments, as detailed in the online supplement.

Statistical Analysis

One-way repeated-measures ANOV A with the Tukey post hoc test was
used for nerve-mapping data. One-sample ¢ tests were used for com-
paring manual quantifications of branchpoints and nerve lengths to the
results of computer nerve mapping. Data were analyzed using Graph-
Pad Prism 5 (GraphPad Software, La Jolla, CA).
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RESULTS

Imaging Airway Innervation in Mice

Airways were imaged from the trachea to the terminal bron-
chioles, including the whole circumference (ventral and dorsal
sides) and carina and secondary bifurcations (see Figure E1 in
the online supplement). We acquired all images using laser scan-
ning confocal microscopy of whole mounts. Although we also
used the newer super-resolution structured illumination micros-
copy to acquire images, this method did not provide a practical
balance of scan speed, multicolor imaging, depth resolution, and
postprocessing time.

The images of nerves (labeled with protein gene product [PGP]
9.5) in airways of a whole murine lung that was also labeled with
4’ 6-diamidino-2-phenylindole for cell nuclei, a—smooth muscle
actin for smooth muscle, and substance P for a nerve population
implicated in inflammatory disease and cough (23) are shown in
Figure 1 and Video Ela in the online supplement. Whole-airway
morphology can be imaged, capturing the depth from the lumen
to adventitial layers, and the length from the larynx to the termi-
nal bronchioles (Figure 1 and Videos Ela and E1b). In Figure 1
and Videos Ela and Elb, the large-scale and small-scale nerve
heterogeneity (Figures 1a-1d) includes the decreased density of
proximal-to-distal nerves (Figure 1a), transverse submucosal
intercartilage nerves (Figures 1b and 1c), adventitial nerve bun-
dles and ganglia (Figure 1b), undulating large-diameter nerves in
smooth muscle (Figure 1c), branching small-diameter epithelial C
fibers (Figure 1d), and low-density epithelial substance P nerves
(Figure 1d). To quantify epithelial nerves in large field-of-view
images, we developed custom software to calculate the vari-
able three-dimensional aspects of tissue layers (Figure E2),
and used image diffusion filtering to enhance nerve signals
(Figure E3). We used the fiber tracking software Imaris to gen-
erate tessellated, three-dimensional maps of epithelial nerves
(Figures le and 1f, and Video Elc).

Identification of Nerve Branching by Computational Analysis
of Nerve Maps Is Superior to Manual Human Analysis

Computer analysis of the nerve maps identified more out-
of-plane nerve branchpoints than did human analysis of the orig-
inal images (Figures 2a—2c). Nerve branchpoints are defined as
the contact points between three or more neurites. We trained
volunteers in the use of the custom software, Space Software
(M. Dow and G. Scott, http://Icni.uoregon.edu/~dow/#Space_
software) to rotate three-dimensional nerve images to any an-
gle, and to identify in-plane and out-of-plane branchpoints using
examples. Branchpoints were designated as “in-plane” if three
branches were visible within the nonrotated image (i.e., parallel
to the objective, x/y field of view, colored red in Figures 2a and
2b), or “out-of-plane” if at least one branch was not visible in
the nonrotated image (colored blue in Figures 2a and 2b).

Human analysis did not find any additional branchpoints beyond
those identified by computer (n = 3). In contrast, nerve mapping
analysis by computer identified substantially more (50 versus 39.33 +
3.0 per observer) branchpoints than did human analysis (Figure
2¢). The increased branchpoints identified by computer were al-
most all out-of-plane, where the computer detected more than
twice as many branchpoints as did humans (Figure 2¢ and Video
E2). Computer nerve mapping showed human volunteers their
missed out-of-plane branchpoints, which were subsequently con-
firmed by human analysis, after volunteers were shown by the
computer analysis where to search. We suspect that humans missed
out-of-plane branchpoints because of the amount of time and
effort required to see objects that can only be visualized at one
angle out of hundreds of possible angles (Video E2).
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Measurement of Nerve Length Using Computational Analysis
of Three-Dimensional Nerve Maps Is Superior to Manual
Two-Dimensional Analysis

Nerve length was measured in nerve maps by the computer.
Nerves were also manually traced by connecting line segments
in three-dimensional images or in flattened two-dimensional pro-
jections of three-dimensional images, using maximum intensity
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Figure 1. Whole-organ innervation and com-
puter mapping of peripheral nerves. (a—d) Flat-
tened projections of three-dimensional (3D)
airway images at four magnifications capturing
(a) whole airway innervations up to (d) higher-
resolution epithelial nerve structure. The boxed
areas indicate the field of view for the next
panel. Nerves are labeled with a pan-neuronal
antibody, PGP 9.5 (green). The identification of
tissue compartments and subtyping nerves is
demonstrated using a-smooth muscle actin
(pink) for airway smooth muscle, 4',6-diamidino-
2-phenylindole (white) for cell nuclei, and sub-
stance P (red) for a subpopulation of sensory
nerves. (e and f) Computer mapping of epithe-
lial nerves. (e) Optical sectioning (z-stack) image
series of airway epithelial nerves and three-di-
mensional visualization of images at orthogonal
and oblique angles, using maximum intensity
projection. (f) Computer nerve map (green)
was overlaid on raw image data (white). After
mapping, nerve structural characteristics are au-
tomatically identified and quantified. Branch-
points are shown as red spheres. See videos
la-1c in the online supplement.

projection, analogous to camera lucida tracing (Figures 2d and
2e). Nerve lengths were significantly (25.3% = 8.8%) reduced
when measured according to two-dimensional tracings of flat-
tened images versus three-dimensional computer calculations.
Nerve lengths using three-dimensional manual tracings were
not significantly different from computer mapping measure-
ments (Figure 2e), but were more labor-intense.

Figure 2. Computer nerve mapping identifies
branchpoints and nerve lengths missed by man-
ual analysis. (a—c) Out-of-plane branchpoints
were identified by nerve mapping and not by
manual counting. (a) Image slice from nonro-
tated (“Original Image”) data contains an in-
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Computer Mapping Demonstrates Marked Epithelial Nerve
Heterogeneity as a Function of Anatomic Location
in the Airways

We demonstrated (n = 6 mice) that nerves are present through-
out the epithelial layer of airways from the trachea to the sec-
ondary bronchi (Figure 3). Epithelial nerves exhibited a patchy
distribution and complex three-dimensional morphology, with
repeated branching (Figure 3a) and tortuous fiber projections
between epithelial cells (Figure 1d and Videos Ela and E1b).

The quantification of nerve maps demonstrated a regional het-
erogeneity of epithelial nerve branches and lengths, with density de-
creasing markedly from the trachea to the secondary bronchi (Figure
3). Past the secondary bronchi, solitary epithelial nerves were only
infrequently observed (data not shown). Within the trachea, both
nerve branching and nerve length were greatest at the top of the
trachea and at the dorsal midline (luminal to the trachealis muscle),
and decreased both going down the trachea and moving around
toward the front of the trachea (Figure 3b and Video E3a).

Decreased nerve branching was not caused by decreased
nerve length for dorsal-to-lateral or dorsal-to-ventral locations,
because the number of branches/unit length also decreased (Fig-
ure E4b). Furthermore, regional changes in nerve structure were
not caused by changes in epithelial layer volumes, because the
results did not change when ignoring epithelial volumes (Figure
ES5a). Both nerve lengths and nerve branching continued to de-
crease into the primary and secondary bronchi. A notable excep-
tion to this trend involved a dramatic increase in nerve lengths
and nerve branching at airway bifurcations (i.e., at the carina and
secondary bifurcation; Figure 3b).

Mapping a Low-Density, Focally Distributed Subpopulation
of Murine Airway Epithelial Nerves

We mapped and quantified (n = 6 mice) low-density, focally distrib-
uted subpopulations of epithelial nerves in murine lungs that con-
tained substance P (Figure E6 and Figure 4). Substance P—positive
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nerves accounted for 8.1% of the total nerve branchpoints and
18.4% of total neurite lengths. Similar to total nerves, as identified
by PGP 9.5, substance P—containing nerves decreased progres-
sively going down the airway from the trachea to the secondary
bronchi (Figure 4 and Video E3b). However, in contrast with the
total epithelial nerves, where branching and length were highest
on the dorsal surface, substance P—containing nerve branching and
lengths were lowest on the dorsal surface of the trachea, and in-
creased moving ventrally (Figure 4 and Video E3b). This proximal/
distal and ventral/dorsal distribution of substance P-containing
nerves was evident regardless of whether branchpoints or nerve
lengths were quantified, or whether data were expressed as per-
centages of total nerves (identified by PGP9.5 staining; Figure 4).
Increased substance P nerve branching, measured dorsal to ven-
tral, was independent of total nerve length (Figure E4d) or epi-
thelial volume (Figure E5b). In contrast, decreased substance
P nerve branching, measured proximal to distal, was dependent
on nerve length (Figure E4c), but not epithelial volume (Figure
ESb). Moreover, in contrast to epithelial nerves as a whole, no
increase in substance P—containing nerves at airway bifurcations
was evident (compare Figure 3 with Figure 4).

Clinical Potential: Mapping Human Airway Nerves

We were able to preserve the delicate epithelial nerve morphology
in both human tracheas obtained at autopsy and guinea pig tra-
cheas. We performed similar tissue preparations and analyses as
in mice, with the additional step of dissecting the epithelium free
of deeper tissues to reduce light absorbance/scatter during image
acquisition. Nerves were stained and imaged and mapped with the
computer, and their morphology was quantified. For two guinea
pig tracheas, mean epithelial nerve branching comprised 81 =
5.0 branchpoints per field, and nerve length was measured at
3,233.6 = 2541 pM per field (Figure E7a). In three human-
autopsy tracheas, the mean epithelial nerve branching comprised
23.2 = 22.7 branchpoints per field, and nerve length was measured
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at 1,9152 = 1,127.4 uM per field (Figures Sa and 5b and Videos
E4a and E4b). Although these data appear to demonstrate that
the nerves were less dense, in terms of both branching and length,
in human tracheas than in guinea pig tracheas, more variability
was evident in the human tracheas, and thus additional data would
be required before a species comparison could be performed.
Because airway tissues from living humans are predominantly
obtained by bronchoscopy using endobronchial biopsy forceps
and are typically only approximately 1 mm in diameter, to deter-
mine whether we could image nerves in such biopsies was impor-
tant. These biopsies could also be crushed or the epithelium
abraded, both of which could damage nerve architecture. We ini-
tially demonstrated that nerve architecture was preserved and
quantifiable in forceps biopsies from an otherwise discarded
dog airway (Figure E7b). Bronchoscopic forceps biopsies ob-
tained from human volunteers also showed quantifiable nerve
architecture in biopsies taken from the carina and from the sec-
ondary bifurcation of the airways (Videos E4c and E4d). The in-
nervation of columnar and squamous epithelia in biopsy tissue
specimens is demonstrated in Figures 5c and 5d, respectively.

Application in Skin, Esophagus, and Intestine

The nerve supply is unique in each organ system. To test whether
we could quantify the nerve architecture in organs outside the lungs,
we mapped epithelial nerves in murine skin, esophagus, and colons.
Similar to the airways, the nerve morphology was preserved and
quantifiable. In skin (Figure E8a), epithelial nerve branching com-
prised 167 * 43.8 branchpoints per field, and the nerve length was
measured at 3,356.6 = 699.4 uM per field (n = 8; 5 replicates/
mouse). In the esophagus (Figure E8b) and colon (Figure E8c),
we counted 72 and 166 branchpoints, respectively, and nerve
length was measured at 1,659.7 pM and 3,564.4 pM per field,
respectively (n = 1).

Mapping the Substance P Subpopulation of Epithelial Nerves
in Human Tissues and Other Organs

Using this method, we were also able to detect and map substance
P—containing nerves in human airway biopsies (Figure E9b and

Videos E4c and E4d), human autopsy tracheas (Figure E10),
guinea pig airways (Figure E9a), and murine skin (Figure E9c).

DISCUSSION

Nerves are capable of exhibiting an array of rapid and long-term
structural changes, including nerve swelling, fragmentation,
retraction, growth, and branching (24, 25). Previous work has
shown that in disease, structural neuroplasticity coincides with
functional neuroplasticity (1, 13, 26). Human studies have
linked increased nerve density to cough (27), cardiac arrhyth-
mias (28), and inflammatory pain (16), to name a few condi-
tions. However, our ability to measure these changes has been
hindered by a limited view of individual nerve morphologies.

We mapped airway epithelial nerves to demonstrate the
quantification of fine nerve architecture in the context of
organ-wide heterogeneity. We used whole-mount confocal mi-
croscopy and computer mapping because they captured more
nerve structural information compared with traditional two-
dimensional methods. We detected a heterogeneous distribution
of epithelial nerves throughout the large airways, although epi-
thelial nerves in mice were previously thought either not to exist,
or to supply only neuroepithelial cells (29, 30). We found that
the distribution of epithelial nerves fluctuates, with dense patches
near airway bifurcations, and decreases in average nerve lengths
and branching distally. A map that includes both fine nerve ar-
chitecture and organ-wide distribution has not been previously
created. The heterogeneity of epithelial nerve density may be
anatomically important for sensing inhaled particles, because
nerve distribution is remarkably similar to inhalant deposition
patterns (31). This sparse distribution and complex branching
morphology would likely have been undersampled by two-
dimensional methods. Our results show that two-dimensional
image flattening leads to underestimations of nerve length and
branching, particularly when nerves and branches are oriented
out-of-plane in the z direction.

We further tested the sensitivity of this method by imaging the
sparse subpopulation of epithelial nerves that contain substance P.
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In the lungs, this subset of afferent C-fibers is associated with the
symptoms of asthma and with neurogenic inflammation (32, 33).
Our data showed a dorsal-to-ventral distribution of substance P—
expressing epithelial nerves that was opposite to the distribution
of all epithelial nerves. This demonstrates how nerve distribution,
as a whole, is not necessarily predictive of the distribution of
individual subpopulations, and requires a sensitive technique
for purposes of study. Substance P nerves were heterogeneous
and present at low density (only 8% of branchpoints were sub-
stance P—positive), and thus an impractically large number of
tissue sections would have been necessary to capture substance
P-positive epithelial nerve distribution.

We have also shown that in biopsy specimens, this method
will keep three-dimensional nerve morphology intact, and can
quantify nerve architecture. Clinical studies in living patients re-
quire the use of biopsies from the airways, skin, and intestine.
Fiberoptic bronchoscopy with endobronchial forceps biopsy
allows for the quantification of nerves before and after any
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Figure 5. Epithelial nerve mapping in human
airway tissue. (a and b) Top, oblique, and lateral
projections of human epithelial nerves (white) in
the proximal and distal trachea were overlaid
with computer nerve maps (green, with red
spheres as branchpoints). (c and d) Epithelial
nerves and nerve mapping in airway forceps bi-
opsy tissue from airway bifurcations. Columnar
epithelium was present in the trachea autopsy
specimens and carina biopsy specimen. Squa-
mous epithelium was present in the secondary
bifurcation biopsy specimen. Substance P epi-
thelial nerves (red) are shown in c and d.

treatment, and also allows for the correlation of nerve quantifi-
cation with disease (as assessed by clinical findings or laboratory
tests). Our method contains a major advantage, namely, by not
sectioning the tissue or flattening nerve images, we are able to see
all nerves in the biopsy, thus drastically reducing undersampling.
Our method was also sensitive enough to identify substance
P—positive nerves consistently in human biopsy specimens,
whereas some studies using tissue sections could not identify
substance P—containing nerves (11). We also demonstrated the
feasibility of our approach to quantify nerves in other organs,
including the skin, esophagus, and colon. Organ-wide quanti-
fication will be important for future studies of these organs,
because nerves in the gastrointestinal system and skin are
known to be highly heterogenous. The colon contains a patch-
work of hypoganglionic regions surrounded by dense nerve
clusters (34), whereas nerve density in human skin can vary
by up to 50%, depending upon a patient’s age and skin region
(35).
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Opverall, our technique is applicable to the preclinical and

clinical research of disease and developmental structural changes
to peripheral nerves. We expect newer image analysis techniques
to resolve the widespread conflicts in disease neuroplasticity
studies (10-16), to quantify early subtler changes in nerve ar-
chitecture that precede changes in overall density (1, 9), and to
advance studies of neuroplasticity as a therapeutic target (5-8).
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