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Abstract

Background: Altered innervation structure and function contribute to airway

hyperresponsiveness in human asthma, yet the role of innervation in airflow limita-

tion in asthma in horses remains unknown.

Hypothesis: To characterize peribronchial innervation in horses with asthma. We

hypothesized that airway innervation increases in horses with asthma compared with

controls.

Animals: Formalin-fixed lung samples from 8 horses with severe asthma and 8 healthy

horses from the Equine Respiratory Tissue Biobank. Ante-mortem lung function was

recorded.

Methods: Blinded case-control study. Immunohistochemistry was performed using

rabbit anti-s100 antibody as a neuronal marker for myelinating and non-myelinating

Schwann cells. The number and cumulative area of nerves in the peribronchial region

and associated with airway smooth muscle were recorded using histomorphometry

and corrected for airway size.

Results: Both the number (median [IQR]: 1.87 � 10�5 nerves/μm2 [1.28 � 10�5]) and

the cumulative nerve area (CNA; 1.03 � 10�3 CNA/μm2 [1.57 � 10�3]) were higher in

the peribronchial region of horses with asthma compared with controls (5.17 � 10�6

nerves/μm2 [3.76 � 10�6], 4.14 � 10�4 CNA/μm2 [2.54 � 10�4], Mann-Whitney,

P = .01). The number of nerves within or lining airway smooth muscle was significantly

higher in horses with asthma (4.47 � 10�6 nerves/μm2 [5.75 � 10�6]) compared with

controls (2.26 � 10�6 nerves/μm2 [1.16 � 10�6], Mann-Whitney, P = .03).

Conclusions and Clinical Importance: Asthma in horses is associated with greater air-

way innervation, possibly contributing to airway smooth muscle remodeling and exac-

erbating severity of the disease.

Abbreviations: AHR, airway hyperresponsiveness; ASM, airway smooth muscle area; BALF, bronchoalveolar lavage fluid; CNA, cumulative nerve area; CNA-ASM, smooth muscle-associated

cumulative nerve area; EL, lung elastance; ERTB, equine respiratory tissue biobank; ID, internal diameter; IP, internal perimeter; IQR, interquartile range; LA, lumen area; MT, morphometric

tracing; NBN, number of peribronchial nerves; NBN-ASM, number of smooth muscle-associated nerves; NVN, number of perivascular nerves; PC, point counting analysis; RL, lung resistance;

VSM, vascular smooth muscle area.
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1 | INTRODUCTION

Severe asthma is a chronic disease affecting approximately 15% of adult

horses.1 Asthma reduces the quality of life and athletic performance of

horses and results in premature retirement and euthanasia.2 Airflow

obstruction in horses during exacerbations of asthma is largely caused

by bronchoconstriction and airway hyperresponsiveness (AHR) in

response to inhalation of environmental antigens, as 60% to 70%

improvement in lung function is typically observed after the administra-

tion of bronchodilators.3,4 There is also evidence of mild but persistent

airflow limitation that bronchodilators can revert when horses are in

clinical remission and under low antigenic stimulation.5 Furthermore,

coughing, frequently observed in horses with asthma, is a neural reflex.6

The presence of AHR in the absence of inflammation highlights

how other mechanisms, such as nerve activity, could contribute to the

development and persistence of AHR.7-9 In humans and mice, the sen-

sitivity to inhaled antigens and peribronchial smooth muscle contrac-

tion is mostly controlled by afferent sensory nerves, which include

myelinated A fibers and unmyelinated C fibers, and efferent myelin-

ated and unmyelinated parasympathetic airway nerves.10,11 Impaired

airway innervation could contribute to AHR, bronchoconstriction, and

airway remodeling as acetylcholine released by nerve endings

increases airway smooth muscle mass in mice, and vagotomy prevents

AHR and airway inflammation in dogs.12-14 Altered innervation might

not be limited to bronchi as increased length and branching of immu-

noreactive substance P nerves are observed in vessels and glands of

lung tissues in humans with asthma.15

Afferent and efferent nerves of the respiratory tract travel via the

vagus nerve and regulate not only airway smooth muscle tone and

breathing pattern, but can also affect vascular tone, mucus secretion

and inflammation via the muscarinic receptors on many cell

types.10,16,17 Furthermore, innervation may be involved in the airway

and vascular smooth muscle remodeling occurring in horses with

severe asthma.18-20 Although there are functional alterations of air-

way innervation in horses with severe asthma,21,22 histological quanti-

fication of peribronchial nerves has not yet been investigated, to the

knowledge of the authors.

This study aimed to characterize peribronchial innervation in

horses with asthma using immunohistochemistry and histomorphome-

try. We hypothesized that peribronchial innervation (number of

nerves and cumulative nerve surface area) would increase in horses

with severe asthma compared with controls. Considering that the

main effector of peribronchial nerves is the smooth muscle surround-

ing bronchi and bronchioles, we also hypothesized that smooth

muscle-associated innervation would be increased. Finally, we mea-

sured the vascular wall innervation of adjacent pulmonary arteries to

investigate whether the increase in vascular innervation was specific

to the bronchial wall.

2 | MATERIALS AND METHODS

2.1 | Study design

Blinded case-control study.

2.2 | Horses

The study was performed using peripheral samples collected post-

mortem from the caudodorsal lungs. Eight horses previously diag-

nosed with severe asthma (5 in exacerbation and 3 in remission at the

time of euthanasia) and 8 healthy horses from the Equine Respiratory

Tissue Biobank (ERTB) were included. Ante-mortem pulmonary func-

tion testing, bronchoalveolar lavage fluid (BALF) cytology, housing

characteristics, and diet were available for review for each horse. To

be included in the ERTB, horses with severe asthma had a documen-

ted history of labored breathing at rest and airflow obstruction with

pulmonary resistance (RL) > 1 cm H2O/L/s, pulmonary elastance (EL)

> 1 cm H2O/L, and neutrophilic airway inflammation (BALF neutro-

phils >15%) when exposed to hay. In addition to labored breathing, at

least 2 of these 3 criteria were met at the time of euthanasia for

horses in exacerbation, which was induced by exposure to dusty hay

in a research barn. The duration of exacerbation before euthanasia

varied between horses (approximately 2-6 weeks). Horses in remis-

sion had met these criteria in the past but had no abnormal respiratory

signs at the time of euthanasia and had at least 2 of the following:

RL ≤ 1.0 cm H2O/L/s; EL ≤ 1.0 cm H2O/L; BALF neutrophils ≤10%.

These horses had been in an antigen-poor environment (pasture or

hay alternatives and shavings) for 1.5 to 12 months before tissue sam-

pling. Control horses had no history of asthma, no current respiratory

signs, and had normal pulmonary function and BALF cytology

(RL ≤ 1 cm H2O/L/s, EL ≤ 1 cm H2O/L; BALF neutrophils ≤10%). The

horses' BALF neutrophil percentages and pulmonary function testing

can be found in Figures S1 and S2. Horses entered the ERTB under

the animal use and care protocols associated with the projects they

were enrolled in before euthanasia (Rech-1578).

2.3 | Immunohistochemistry

The protocol was adapted from a previous study using equine tis-

sue.23 The lung tissue was fixed in 4% formaldehyde for 24 hours and

embedded in paraffin. Five-micrometer histologic slides were treated

with citrate-based antigen unmasking solution (Vector Laboratories,

#H-3300, Burlingame, California) and incubated in blocking solution

(phosphate buffered saline with 10% goat serum [Vector Laboratories,

#S-1000, Burlingame, California]) for 1 hour. The slides were
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incubated overnight at 4�C with a rabbit polyclonal anti-s100 anti-

body (dilution 1:2500, Dako #IR504, Agilent Technologies, Missis-

sauga, Ontario, Canada), a neural marker for Schwann cells. Negative

controls were processed with the same protocol using an isotype con-

trol antibody (dilution 1:2500, Rabbit IgG, Thermofisher Scientific,

#02-6102, Burlington, Ontario, Canada) instead of the primary anti-

body. Equine intestinal tissue was used as a positive control. Slides

were incubated for 45 minutes at room temperature with a goat anti-

rabbit biotinylated secondary antibody (dilution 1:200, Jackson Immu-

noresearch Laboratory, #B8895, West Grove, Pennsylvania) and

developed with Vecastain ABC-alkaline phosphatase kit (Vector Labo-

ratories, #SK5100, Burlingame, California) to mark the neural tissue in

red (Figure 1A,B). Samples were then counterstained with Harry's

hematoxylin and mounted in Leica Micromount (Surgipath Micro-

mount Mounting Medium, Leica #3801731, Buffalo Grove, Illinois).

2.4 | Histomorphometric analysis

Histologic slides were scanned and digitalized at �40 magnification as

SVS images. Histomorphometry was performed using morphometric

tracing with QuPath software (version 0.4.2) and point counting analysis

with newCAST software (Visiopharm, version 2019.02.16005,

Hoersholm, Hovedstaden, DK), as previously described.24,25 Four to

8 peripheral bronchioles and 2 to 5 peripheral pulmonary arteries with a

minimal internal diameter of 40 μm were analyzed for each horse. The

internal diameter (ID), internal perimeter (IP), lumen area (LA), number of

peribronchial nerves (NBN), and number of smooth-muscle associated

nerves (NBN-ASM) were measured using morphometric tracing

(Figure 2A). Because the nerve area was challenging to measure with

morphometric tracing because of the tortuous appearance and small

size, point counting analysis was used to measure the cumulative nerve

surface area (CNA) and smooth muscle-associated cumulative nerve sur-

face area (CNA-ASM; Figure 2B). Nerves were considered to be within

the peribronchial or perivascular region if the proximity was closest to

bronchi or arteries, respectively, as opposed to alternative structures.

Smooth muscle-associated nerves were defined as those within or lining

the airway smooth muscle. Airway and vascular smooth muscle area

(ASM and VSM) were measured both by morphometric tracing (MT) and

point counting analysis (PC). Each point corresponding to an area of

81.29 μm2, nerve and smooth muscle area were estimated as n

points � 81.29 μm2. Peripheral bronchi were included if they had an

internal diameter of less than 2 mm, a major-to-minor axis ratio below

2 (Figure 2), and an intact epithelium. Measurements were corrected by

the internal perimeter squared to allow comparison between airways of

different sizes.26 The internal diameter, perimeter, lumen area, number

of nerves (NVN), and vascular smooth muscle area (VSM) were mea-

sured in pulmonary arteries by morphometric tracing (QuPath). Arteries

were included if the internal diameter was greater than 40 μm, the

major-to-minor axis ratio was less than 3, and the endothelium was

intact. The definition of measured variables and measurement methods

are summarized in Table 1.

2.5 | Statistical analysis

The sample size was estimated based on other airway and vascular

remodeling studies in horses with severe asthma.20,27 Data normality

F IGURE 1 Immunohistochemistry of peribronchial innervation. Representative images of the peribronchial innervation of a horse with
asthma stained with anti-s100 antibody (Vector Red, counterstained with hematoxylin). In panel A, small nerves (arrowheads) around a
bronchiole. Panel B shows a large nerve in the surrounding of a bronchi. ASM, airway smooth muscle; C, cartilage; E, bronchi epithelium.
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was assessed by visual analysis and with Shapiro-Wilk tests. Descriptive

data were expressed as the median and interquartile range (IQR). Com-

parisons between controls and horses with asthma were performed

using the Mann-Whitney test. Horses in remission and exacerbation

were grouped for histomorphometric data (n = 8 controls and 8 horses

with severe asthma) to increase statistical power and because no differ-

ence were expected (nor observed). Only horses in exacerbation were

analyzed when comparing lung function and BALF neutrophil percent-

ages (n = 8 controls and 5 horses with severe asthma in exacerbation)

as there were too few horses in remission (n = 3) to perform appropri-

ate statistical analysis. Correlations between histomorphometric data

and pulmonary function and BALF neutrophils were evaluated with

Spearman's correlations. Differences were considered significant at

P < .05. Statistical analysis was performed using GraphPad Prism version

9.2.0 (GraphPad Software, San Diego, California).

3 | RESULTS

3.1 | Horses

Sixteen horses were studied (14 mares, 2 geldings). Age was signifi-

cantly higher in the severe asthma group (median [IQR]: 16.0 years

old [3.8]) than in the control group (9.0 years old [7.0], P = .04).

Weight was not statistically different between both groups (asthma

group: 511.5 ± 116.5 kg; controls: 475.0 ± 71.5 kg [P = .49]).

F IGURE 2 Histomorphometric measurements by tracing and point counting. (A,B) Bronchiole (histological section, �40). IP = internal
perimeter (yellow), LA = lumen area (area inside the yellow outline), ID = internal diameters (blue lines), ASM = smooth muscle area (areas
between the green lines), NBN = number of peribronchial nerves (pink dots). (C) Point counting technique using a grid of 1024 crosses per
screen. Crosses were counted as either nerve (CNA, cumulative nerve area) if they encompassed red-stained peribronchial tissue or as smooth
muscle (ASM, smooth muscle area).
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3.2 | Lung function and airway inflammation

As expected, horses with severe exacerbation of asthma had signifi-

cantly higher RL, EL, and BALF neutrophilia when compared with con-

trols (Figures S1A,B). A comparison of controls and horses in

exacerbation with horses in remission was not performed because of

the small sample size of the latter group.

3.3 | Histomorphometric analysis

3.3.1 | Airways (NBN)

The number of nerves corrected for the perimeter squared was signifi-

cantly higher in horses with asthma (median [IQR]: 1.87 � 10�5 nerves/

μm2 [1.28 � 10�5]) compared with controls (5.17 � 10�6 nerves/μm2

[3.76 � 10�6], P = .01, Figure 3A). Additionally, the cumulative nerve

area of peribronchial innervation was also larger in horses with severe

asthma (1.03 � 10�3 CNA/μm2 [1.57 � 10�3]) when compared with

controls (4.14 � 10�4 CNA/μm2 [2.54 � 10�4], P = .01, Figure 3B).

The number of smooth muscle-associated nerves was also higher in

horses with asthma (asthma group: 4.47 � 10�6 nerves/μm2

(5.75 � 10�6); control group: 2.26 � 10�6 nerves/μm2 (1.16 � 10�6),

P = .03, Figure 4A). The smooth muscle-associated cumulative nerve

area was not significantly higher in horses with asthma (asthma group:

4.13 � 10�4 CNA/μm2 [5.75 � 10�4]; control group: 1.79 � 10�4

CNA/μm2 [1.68 � 10�4], P = .16, Figure 4B). Airway smooth muscle

area (ASM) was larger in horses with severe asthma compared with

healthy horses (asthma group: 7.68 � 10�3 ASM/μm2 [4.80 � 10�3];

control group, 4.11 � 10�3 ASM/μm2 [1.68 � 10�3], P = .01,

Figure 4C). The correlation between airway smooth muscle area mea-

sured by both histomorphometric techniques (morphometric tracing and

point counting analysis) was strong (Spearman's correlation; r = .97,

P < .001) and is presented in Figure S3.

Airway innervation (number of nerves and cumulative nerve area) in

horses in exacerbation was not correlated with lung function (resistance

and elastance: Spearman's correlation—r < .35, P > .5). Age was not cor-

related with the number of nerves or the cumulative nerve area within

each group (Spearman's correlation—asthma group: r = .09 [P = .83]

and r = .39 [P = .34] for the number of nerves and the cumulative nerve

area, respectively); control group: r = .56 (P = .15) and r = .47 (P = .24)

for the number of nerves and the cumulative nerve area, respectively.

3.3.2 | Pulmonary arteries (NVN)

The number of nerves was not significantly different in horses with

asthma (2.87 � 10�5 nerves/μm2 [2.35 � 10�5]) compared with con-

trols (1.31 � 10�5 nerves/μm2 [6.67 � 10�5], P = .57, Figure S4A).

Vascular smooth muscle area (VSM) was increased in horses with

severe asthma compared with controls (asthma group: 3.97 � 10�2

VSM/μm2 (5.43 � 10�2); control group, 2.47 � 10�2 VSM/μm2

(2.68 � 10�2), P = .04, 1-tailed test, Figure S4B).

4 | DISCUSSION

4.1 | Peripheral airway innervation and asthma

In the present study, the peribronchial innervation of horses with

asthma was characterized with immunohistochemistry and histomor-

phometry. The results indicate an increase in peribronchial nerve sup-

ply of the peripheral airways in horses with severe asthma. Those

results could be interpreted as (i) an increased number of nerves with-

out an increase in size or (ii) an increase in both the number and the

size of the nerves. The results do not allow us to conclude on those

theories, as the point-counting method can only estimate the cumula-

tive area of the nerves, and not the size of individual nerves.

Airway and lung parenchymal nerves supply the airway smooth

muscle, glands, epithelium, and vascular system.12,13 Alteration of the

TABLE 1 Histomorphometric measurements.

Linear measurements

(1D) (μm)

Internal perimeter (IP) MT Outline of the internal

epithelium

Internal diameter (ID) MT Longest distance between

epitheliums

Number of peribronchial

nerves (NBN)

MT Number of nerves in the

peribronchial region

Number of perivascular

nerves (NVN)

MT Number of nerves in the

perivascular region

Number of smooth muscle

associated nerves

(NBN-ASM)

MT Number of nerves within or

lining the airway smooth

muscle

Bidimensional
measurements
(2D) (μm2)

Lumen area (LA) MT Area enclosed by the internal

perimeter

Airway smooth muscle

area (ASM-MT)

MT Sum of smooth muscle area

measured by tracing the

border of airway smooth

muscle bundles

Vascular smooth muscle

area (VSM)

MT Sum of smooth muscle area

measured by tracing the

border of vascular smooth

muscle bundles

Airway smooth muscle

area (ASM-PC)

PC Sum of smooth muscle area

measured by tracing the

border of airway smooth

muscle bundles

Cumulative nerve area

(CNA)

PC Sum of nerve-positive

points � 81.29 μm2

Airway smooth muscle

associated nerve area

(CNA-ASM)

PC Sum of smooth muscle-

associated nerve-positive

points � 81.29 μm2

Abbreviations: MT, morphometric tracing; PC, point counting analysis.
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structure or the function of airway innervation can therefore contrib-

ute to impaired smooth muscle tone, modulation of inflammation, and

mucus secretion.10 By mediating local airway reflexes and releasing

neurotransmitters such as substance P and calcitonin gene-related

peptide, afferent sensory nerves play a major role in inducing airway

smooth muscle contraction in other species.9 Increased cholinergic

tone also contributes, in part, to bronchoconstriction and mucus

hypersecretion, hence the effectiveness of anticholinergics as bron-

chodilators in horses with asthma.28-30 Furthermore, the persistence

of AHR in the absence of inflammation during the remission state of

asthma suggests that other mechanisms, such as neural activity, are

involved.7,31,32 Several studies reported on the role of airway nerves

in the development of AHR, as evidenced by the inhibition of AHR in

response to stimuli after anticholinergic administration.7,31 Moreover,

AHR is inhibited by vagotomy in dogs and mice,14,33 demonstrating

the importance of neural activity in the pathophysiology of asthma.

Functional alterations of airway innervation in asthma have also been

shown in horses. Derksen et al investigated the role of vagal input on

ovalbumin-sensitized ponies. They found that vagal blockade reversed

the increased minute ventilation, lung resistance, and respiratory rate

and increased the tidal volume.21 These results suggest that vagal

fiber activity and sensitivity could be involved in the pathogenesis of

airway obstruction in horses with asthma.

4.2 | Airway smooth muscle remodeling and
innervation

In agreement with previous reports, airway smooth muscle area

was significantly increased in horses with severe asthma in the

current study.18,19,34 The increase in nerves associated with

smooth muscle in horses with asthma supports the theory that

innervation is linked to smooth muscle remodeling. However,

increased peribronchial smooth muscle-associated innervation

could be either a cause or a consequence of the smooth muscle

remodeling observed in equine asthma or a combination of both. In

utero, the maturation of airway innervation follows the develop-

ment of smooth muscle35 and an increased innervation could be

needed to compensate for the increased number of muscle cells

(hyperplasia) occurring in asthma.19 Therefore, smooth muscle

remodeling could precede the augmentation of innervation. On the

other hand, there is evidence that sympathetic innervation can

induce and promote vascular smooth muscle differentiation,36

which could also affect smooth muscle in the airway. However,

sympathetic innervation plays a limited role in regulating airway

caliber, and, at least in humans, sympathetic nerves do not inner-

vate ASM directly.10 Finally, studies have shown that anticholiner-

gics reduce bronchial muscle mass, which could indicate smooth

muscle remodeling is at least partly caused by altered innervation.

For example, the administration of tiotropium bromide, an anticho-

linergic drug, reduced the airway smooth muscle mass and thick-

ness, contractility, and myosin expression in murine models of

asthma.37,38 Of note, 1 of the control horses was an outlier in the

airway innervation and airway smooth muscle data, but met all the

clinical, lung function and lung inflammation criteria. This might

suggest (i) increased airway smooth muscle leads to increased air-

way innervation, regardless of the asthma status, or (ii) this specific

horse could have had mild or moderate asthma that went unde-

tected with standard lung function, BAL cytology and physical

examination at rest.

F IGURE 3 Airway innervation. (A) Number of nerves (NBN) and (B) cumulative nerve area (CNA) corrected for the internal perimeter squared
(μm2) in the peribronchial region of horses with asthma (n = 8) and controls (n = 8). Horizontal lines represent the median, and the error bars
represent the interquartile range.
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4.3 | Airway inflammation and innervation

In addition to the effects on ASM hyperplasia/hypertrophy, peribron-

chial nerves can contribute to pulmonary inflammation as inflamma-

tory cells express muscarinic receptors and are susceptible to the

effect of acetylcholine released by efferent motor airway nerves.13,32

Conversely, the effects of inflammatory cells on airway nerve remo-

deling have also been reported.39,40 In fact, the release of acetylcho-

line at the neuromuscular junction, as well as the sensitivity of smooth

muscle to acetylcholine, could be increased by inflammatory media-

tors present in horses' airways.22 Moreover, inflammatory mediators

such as histamine and leukotriene increased endogenous cholinergic

tone in peripheral and central airways of horses.22,41 Therefore, air-

way innervation could contribute to airway inflammation but also be

affected by it, not only functionally but also structurally.

4.4 | Vascular smooth muscle remodeling and
innervation

The increase in vascular smooth muscle area in horses with severe

asthma is consistent with a previous study.20 In a murine model of

F IGURE 4 Smooth muscle-associated innervation. (A) Number of nerves (NBN-ASM) and (B) cumulative nerve area (CNA-ASM) within or
lining airway smooth muscle (ASM) corrected for the internal perimeter squared (μm2) in the peribronchial region of horses with asthma (n = 8)
and controls (n = 8). (C) Airway smooth muscle area (ASM; μm2) of horses with asthma (n = 8) and controls (n = 8). Horizontal lines represent the
median, and the error bars represent the interquartile range.
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asthma, both ASM and VSM remodeling occurred and persisted at

least 1 month after allergen exposure.42 The lack of increased inner-

vation in the pulmonary arteries of horses suggests (a) the increased

peribronchial innervation is specific to the airways and (b) the increase

in VSM is not secondary to increased innervation. This does not allow

to conclude on the mechanisms of the increased airway innervation,

but it makes a response to circulating cytokines less likely. Also, vas-

cular smooth muscle remodeling can be caused by other mechanisms,

such as chronic hypoxia and inflammation, that can induce migration

and proliferation.43-45 The low statistical power could also contribute

to the lack of observed increased pulmonary artery innervation as a

post hoc power calculation shows a statistical power of less than 80%

with the data obtained.

4.5 | Immunohistochemistry and
histomorphometry

Antibodies targeting s100 proteins are a general neural marker for the

s100 calcium-binding protein, which is present in the cytoplasm and

nucleus of Schwann cells peripheral neurons.23,46 It is also used as a neu-

ral marker in the human superficial fascia, temporal dura mater, epider-

mis, and other tissues.46-48 However, it does not allow discrimination

between autonomic and sensory nerve fibers. The use of specific

markers for neuropeptides released from afferent sensory nerves, such

as substance P, calcitonin gene-related peptide, or neurokinin A could

provide more information regarding functional neural activity in future

studies. Protein Gene Product 9.5 is commonly used in human literature

as a pan-neural marker.49,50 However, immunohistochemical staining

with this antibody was deemed poor and inadequate for histological

quantification in the present study (unpublished data). Two histomor-

phometric methods were used to characterize peribronchial innervation

and smooth muscle remodeling in this study. While morphometric trac-

ing allowed for straightforward manual counting of peribronchial nerves,

the cumulative nerve area could only be assessed via point-counting

analysis because of the tortuous and small nature of the nerve fibers.

Previous studies investigating airway remodeling in severe equine

asthma also combined these 2 histomorphometric approaches.20,51

4.6 | Limitations

Several limitations of this study should be acknowledged. First, only a

small sample size was included based on tissue availability. For the

same reason, we studied tissues from horses in either remission or

exacerbation of asthma. However, horses in asthma remission had

been in exacerbation less than a year before tissue sampling. Because

structural plasticity of airway innervation appears to be a chronic

phenomenon,10 and the horses with severe asthma we study had

been affected for at least a year, it seems appropriate to have grouped

these samples. Additionally, all samples were collected from the cau-

dodorsal lung field and may not represent changes occurring in other

regions of the lung. In a study assessing pulmonary arteries

remodeling in equine asthma, changes were mainly located in the api-

cal and caudodorsal lung.20 Of note, horses with milder forms of

asthma were not included in this study; therefore, extrapolation to

this population is not possible. The quantification of the nerve archi-

tecture can be challenging as quantitative manual analyses are suscep-

tible to sampling errors. Studies in humans have generated

inconsistent results with this technique, and it was suggested that

bronchi originating from different airway locations could have distinct

nerve structures.52-54 While not evaluated in the present study,

recent findings indicate that the central and peripheral airways are

innervated to a comparable degree.55,56 Finally, histomorphometric

quantification of rare events such as nerve fibers faces multiple chal-

lenges, including overestimating size (the result of the events counted

and the size of the points [ie, crosses in Figure 2B]). Thus, the findings

regarding cumulative nerve area are helpful for comparing groups but

should not be interpreted as absolute nerve size.

5 | CONCLUSION

This study showed an increased innervation of the peripheral airways

in horses with severe asthma, which could contribute to asthma

severity. To the knowledge of the authors, this is the first study inves-

tigating histologic airway innervation in equine asthma. Bronchial

innervation dysfunction could be involved in the initiation and persis-

tence of severe equine asthma.
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