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ABSTRACT
Rationale Overexpression of the (+)insert smooth
muscle myosin heavy chain (SMMHC) isoform could
contribute to airway bronchospasm by increasing the
velocity of contraction. Whether the (+)insert isoform is
present in the small airways and its expression is
reversible in asthma are unknown.
Objectives To determine the anatomical location and
the expression kinetics of the (+)insert SMMHC isoform
in airways of horses with heaves and to evaluate its
modulation in response to disease status.
Methods We evaluated the (+)insert SMMHC isoform
in the airways of horses with heaves during disease
exacerbation and remission, and in controls. The
expression kinetics of the SMMHC (+)insert was then
assessed at multiple time points in two studies: first, in
horses with heaves treated for a 1-year period with
antigen avoidance alone, inhaled corticosteroids alone or
both; second, in horses with heaves before and after a
30-day natural antigen exposure. Gene expression
analysis was assessed by quantitative PCR and protein
expression was confirmed by targeted mass
spectrometry.
Measurements and main results The (+)insert
SMMHC isoform was significantly increased in central
and peripheral airways, but not in the trachea of heaves-
affected horses in clinical exacerbation when compared
horses with heaves in remission and controls. Both
corticosteroid administration and antigen avoidance led
to a significant reduction of the (+)insert expression in
the airways. The (+)insert SMMHC isoform was not
significantly increased in airways after 1 month of
antigenic re-exposure.
Conclusions The (+)insert SMMHC expression is
increased throughout the bronchial tree in horses with
heaves and reversible by corticosteroids administration
and antigen avoidance.

INTRODUCTION
Asthma is a chronic lung disease characterised by
recurrent episodes of airway inflammation and
obstruction. Clinical signs result primarily from
bronchospasm but mechanisms leading to airway
obstruction remain ill defined. Smooth muscle con-
traction involves complex interactions between
numerous contractile proteins, with actin and
myosin playing a central role in this process. Myosin
is a homodimer that contains four light chains and
two heavy chains.1 Alternative splicing of the

myosin gene produces four isoforms of the smooth
muscle heavy chain, two of which, the (−)insert and
(+)insert, are in the motor domain of the protein.2–4

The smooth muscle myosin heavy chain (SMMHC)
(+)insert isoform contains a seven-amino acid insert
near the ATP binding site that makes ATPase activity
approximately twofold greater than that of the (−)
insert isoform.1 3 5 6 The expression of (+)insert
isoform is predominant in phasic smooth muscle
such as urinary bladder and small intestine, whereas
the (−)insert isoform is mostly expressed in tonic
smooth muscle such as aorta,5 7 suggesting that each
isoform contributes to the different functional
requirements of these muscles. Modulation of the
(+) and (−)insert SMMHC isoform was demon-
strated during development and pathologies.8 9

Recently, it was shown that the (+)insert mRNA
was overexpressed in endobronchial biopsies of
patients with asthma when compared with con-
trols.10 Thus, this isoform could be implicated in
airway obstruction by promoting faster contraction
of the airway smooth muscle (ASM). Moreover,
strains of rats with hyperreactive airways have con-
stitutive increased expression of the (+)insert
isoform,10 and knockout mice exhibit a slower time
course of bronchoconstriction.11 Interestingly, in
the urinary bladder and intestine, the (+)insert
isoform expression decreases with urethral and

Key messages

What is the key question?
▸ Is expression of the (+)insert smooth muscle

heavy chain (SMMHC) isoform reversible with
antiasthma therapy?

What is the bottom line?
▸ The (+)insert SMMHC isoform is altered and

reversible in equine asthmatic airways and may,
therefore, contribute to the modulation of
airway mechanics in asthma.
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▸ This is the first study that demonstrated a

reversibility of the expression of the (+)insert
isoform either by antigen avoidance strategies
or with the administration of inhaled
corticosteroids.
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intestinal obstruction,9 12 and this process is reversible by restor-
ing a normal function of the organs. Ethical considerations
prevent longitudinal studies of peripheral lung tissues of human
patients, and therefore it is currently unknown whether the (+)
insert is overexpressed at different levels in the asthmatic lungs
and if its expression is reversible. Heaves is a spontaneously
occurring asthma-like disease of horses, characterised by vari-
able and recurring airflow obstruction, airway inflammation and
airway remodelling.13–15 Thus, we studied heaves-affected
horses to first investigate the anatomical location of the (+)
insert isoform within the airways and its expression in different
states of the disease. We also evaluated the reversibility of its
expression by following the same animals over 1-year period,
while they were under different antiasthma treatments. Finally,
we investigated the re-expression kinetics of this myosin isoform
by following a group of horses with heaves reintegrated in a
natural antigenic environment, subsequently to a remission
period.

METHODS
Animals
A total of 26 adult horses (394–580 kg, 12–27 years of age)
were studied. Sixteen heaves-affected horses had a history of
reversible airway obstruction and inflammation upon hay expos-
ure, whereas control horses (n=10) had no history of respira-
tory diseases (see table 1). Horses were deemed otherwise

healthy. All experimental procedures were performed in accord-
ance with the Canadian Council for Animal Care guidelines.

Pulmonary function and bronchoalveolar lavage fluid
cytology
Lung function was measured in unsedated standing horses,
using a pneumotachograph attached to a mask and an oesopha-
geal balloon catheter as previously described.16 Bronchoalveolar
lavages (BAL) were performed using 2×250 mL boluses of iso-
tonic saline instilled in the main bronchi through a 2.5 m
videoendoscope (Olympus Medical System Corp, Tokyo,
Japan).17 Thin-layer cell from BAL fluid was prepared with a
cytocentrifuge (Cytospin2, Shandon, Fisher Scientific, Waltham,
Massachusetts, USA) and stained with a modified Wright–
Giemsa solution (DiffQuick, Fisher Scientific, Waltham,
Massachusetts, USA). Differential cell counts were obtained
from 400 cells.

Design
Study 1
Eight controls and six heaves-affected horses were antigen
exposed by being stabled and fed hay for ≥3 weeks. Three add-
itional horses with heaves were pastured for ≥3 months to
induce clinical remission. Animals were euthanised and the
lungs and trachea were removed.

Study 2
Horses were part of a larger study evaluating the effects of
inhaled corticosteroids on airway remodelling, and the animals,
experimental protocol, physiological, inflammatory and selected
remodelling features have been reported previously.18 In brief,
11 adult heaves-affected horses were housed indoors and
exposed to hay until they all exhibited clinical signs suggesting
airflow obstruction (Baseline). Antigen exposition induced an
airflow limitation in horses with heaves with increased pulmon-
ary resistance and lung elastance values. The antigen avoidance
group consisted of five horses at pasture without hay feeding as
sole therapy. The remaining six horses were treated with inhaled
fluticasone propionate (Flovent HFA, GlaxoSmithKline,
Montreal, Quebec, Canada) while being stabled and exposed to
hay for the first 6 months and then turned out on pasture for
6 months with continued treatment with fluticasone. Pulmonary
function, BAL fluid and endobronchial biopsies (see below)
were obtained at baseline and then 1, 3, 6, 7 and 12 months
later. As previously reported,18 both treatments resulted in
improved airway function, although it was more rapidly
observed when horses were treated with inhaled fluticasone
than with antigen avoidance strategies alone. Conversely, nor-
malisation of BALF neutrophilia was present only when horses
were at pasture without hay feeding.

Study 3
These horses were part of a larger study evaluating the asthmatic
remodelling and inflammation.19 In a prospective study, six
horses with heaves and five age-matched controls were kept in
an antigen poor environment (pasture) ≥3 months prior to
study. Both groups were then stabled and fed hay for a month.
Horses with heaves, but not controls, developed airway neutro-
philia and obstruction with stabling and hay feeding.
Endobronchial biopsies were collected prior to antigen exposure
and then 24 h and 30 days following exposure.

Table 1 Characterisation of the animals, airway function and lung
inflammation

Group
Age
(years)

Weight
(kg) Sex

Airway
resistance
after antigen
challenge (cm
H2O/L/s)

Neutrophils
count in BALF
after antigen
challenge (%)

Control 15 497 Mare 0.52 18
Control 16 475 Mare 0.81 1
Control 18 394 Gelding 0.87 2
Control 18 425 Mare 0.38 4
Control 19 494 Gelding 0.43 2
Control 22 444 Mare 0.44 1
Control 23 490 Mare 0.47 24
Control 27 508 Mare 1.02 8
Control 16 453 Mare 0.53 18
Control 12 NA Mare 0.30 2
Heaves 18 443 Mare 2.63 37
Heaves 20 452 Mare 2.87 42
Heaves 20 506 Gelding 2.37 64
Heaves 23 442 Gelding 2.02 37
Heaves 21 477 Gelding 1.83 38
Heaves 26 480 Mare 3.44 32
Heaves 22 440 Mare 2.12 42
Heaves 14 580 Mare 3.83 25
Heaves 17 546 Mare 2.49 36
Heaves 20 570 Gelding 2.10 63
Heaves 17 555 Gelding 3.07 25
Heaves 23 475 Mare 4.37 48
Heaves 19 472 Mare 1.70 35
Heaves 19 491 Mare 2.39 NA
Heaves 16 462 Mare 3.27 20
Heaves 20 444 Gelding 2.15 42

BALF, bronchoalveolar lavage fluid; NA, not appropriate.
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Airways, smooth muscle and endobronchial biopsies
Smooth muscle from main bronchi and trachea were dissected
on ice and stored at −80°C. Airways were also dissected from
the parenchyma, placed in liquid nitrogen, then classified as per-
ipheral (≤10 mm of diameter) or intermediate (10–25 mm of
diameter) airways and stored at −80°C. Endobronchial biopsies
were obtained using disposable forceps (standard fenestrated
and smooth, 2.3 m, Olympus Medical Systems Corp, Tokyo,
Japan) from different branching sites, starting approximately
30 cm distal to the carina and moving cranially.19 Biopsies were
placed in RNAlater for 24 h at 4°C then stored at −80°C.

RNA extraction
Total RNA extraction was performed on airways and smooth
muscle using TRIzol Reagent (Invitrogen, Brulington, ON, CA)
for study 1, and on two endobronchial biopsies per horse, for
studies 2 and 3, using RNeasy Plus Mini Kit (Qiagen,
Burlington, ON, CA). RNA concentration and purity were eval-
uated by spectrophotometry.

Reverse transcription
Reverse transcription of mRNA was performed using
Superscript III 200 U/μL (Invitrogen, Burlington, ON, CA) in
the presence of RNasin Ribonuclease inhibitor 10 000 U
(Promega, Madison, Wisconsin, USA) and Oligo(dt) primers
0.5 μg/μL (Invitrogen, Burlington, ON, CA). Details are pro-
vided in the online supplement. Samples were reverse tran-
scribed and purified in duplicate, that is, two repeats of the
same mRNA sample.

Quantitative PCR
Real-time PCR was performed using the Rotor-Gene RG3000
(Corbett Research, Sydney, AS) with the QuantiTect SYBR
Green PCR Kit (Qiagen, Toronto, Ontario, Canada) according
to the manufacturer’s instructions, with minor modifications.
Details are provided in the online supplement. Primers were
designed to span exon–intron boundaries to prevent amplifica-
tion of genomic DNA (table 2). Samples were run in duplicate
with an appropriate negative control.

(+)Insert relative protein analysis
Proteins were extracted from bronchial smooth muscle using
Tissue Protein Extraction Reagent from Fisher Scientific
(Waltham, Massachusetts, USA) and quantified by a standard
Bradford assay. Thirty micrograms of each sample was loaded
on 10% sodium dodecyl sulfate polyacrylamide gel (BioRad,
Hercules, California, USA). Bands of interest (228 kDa) were
cut and sent to the Quebec Genomics Center (Quebec, Canada)
for relative quantification of (+)insert isoform by targeted mass
spectrometry (see online supplementary for detailed method).

Statistical analysis
For study 1, group characteristics were analysed by a Mann–
Whitney U test and physiological and protein data by a one-way
analysis of variance (ANOVA) with Turkey’s post-hoc test.
Within-group and between-group differences were evaluated
using a priori contrasts. For studies 2 and 3, data were evaluated
by repeated-measure ANOVA and a priori contrasts. The soft-
ware SAS V.9.2 was used and p<0.05 was considered
significant.

RESULTS
Study 1
Age, weight and sex were not statistically different between
groups (control (mean±SD): 19.8±1.4 years, heaves: 21.3
±1.1 years, remission: 20.3±1.3 years; 466±14 kg, 467±10 kg
and 501±27 kg; and 2/8, 3/6 and 1/3 mares and the remaining
animals were castrated males). Horses with heaves under
antigen exposure (stabling and hay feeding) developed airway
obstruction, whereas heaves-affected horses in a low antigen
environment (figure 1A, B) and control horses had normal lung
function. Similarly, the percentage of neutrophils in BAL fluid
was significantly increased with antigen exposure in horses with
heaves when compared with controls (p<0.0001) and to horses
in clinical remission (p=0.0002; figure 1C).

The (+)insert SMMHC isoform expression to total myosin
ratios were twofold to threefold increased in bronchial smooth
muscle of horses with heaves in exacerbation when compared
with controls whether mRNA (figure 2A) or protein (figure 2B)
levels were evaluated. Furthermore, the (+)insert SMMHC
isoform mRNA expression to total myosin ratio was significantly
increased in bronchial smooth muscle, intermediate and periph-
eral airways of horses with heaves in crisis compared with con-
trols (p<0.0001, p=0.0005 and p=0.004, respectively) and to
horses with heaves in remission (p<0.0001, p<0.0001 and
p=0.002, respectively). However, there was no significant dif-
ference in (+)insert isoform expression to total myosin ratio
between groups in tracheal smooth muscle. The (+)insert
isoform protein normalised to total myosin was similarly signifi-
cantly increased in the bronchi of heaves-affected horses when
compared with controls (p=0.002), but not during clinical
remission of the disease (p=0.083). There was no significant
difference in protein expression between control horses and
heaves-affected horses during disease remission (p=0.500).

Study 2: reversibility of (+)insert expression with the
remission of the disease
To confirm the reversibility of the (+)insert isoform expression
in a given animal, we studied endobronchial biopsies of
heaves-affected horses before and after treatments with flutica-
sone or antigen avoidance (study 2). Both treatments resulted in
a twofold reduction on average of (+)insert isoform (figure 3;
p=0.003 and p=0.020) after 3 months, and levels were main-
tained up to month 12. Healthy control horses were not evalu-
ated in this experiment.

Study 3: (+)insert does not increase within a month of
antigen exposure
No significant differences in (+)insert isoform expression were
observed in horses with heaves or in controls throughout the
30-day continuous antigenic re-exposure study (p=0.433).
However, large variability was seen between horses after
30 days where two of the six horses with heaves exhibited a

Table 2 Sequences of primer pairs used for quantitative PCR
analysis

50-ATTCTATGCACAGGCGAGTCTGGA-30 SMMHC (+)insert forward
50-GTAGGCAAGAGGTGGGCCTTG-30 SMMHC (+)insert reverse
50-TGAACAAGGCCCTGGACAAGAC-30 Total SMMHC forward
50-TGCAGCTTCTCGTTGGTGTAGT-30 Total SMMHC reverse

SMMHC, smooth muscle myosin heavy chain.
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twofold to threefold increase in (+)insert isoform expression
(study 3; figure 4).

DISCUSSION
Bronchoconstriction is a hallmark of human asthma, but its
underlying mechanisms remain elusive. Factors possibly contrib-
uting to the increased ASM mass observed in asthmatic airways
have generated considerable interest because of the potential to
lead to increased force generation.20 Studies have also suggested
a greater shortening velocity of asthmatic ASM,21 but this has
not been observed at the single muscle strip level.22 These
experiments are, however, difficult to perform in human sub-
jects because of the effects of medications, which may influence
the contractile protein make-up of the ASM. Nonetheless, a
recent study reported an altered ASM composition, with
increased mRNA expression of the fast (+)insert isoform in the
central airways of asthmatic subjects.10 The increased rate of
contraction provided by the (+)insert isoform in phasic tissues23

suggests that this isoform could potentially accentuate broncho-
constriction by counteracting the dilating effects of tidal breath-
ing. The present study demonstrates that the (+)insert isoform
is overexpressed in both large and small airways in an equine
model of asthma. Furthermore, this overexpression is reversible

with both inhaled corticosteroids and antigen avoidance strat-
egies. Taken together, these results indicate a potential role for
the (+)insert isoform in airway hyperresponsiveness and
asthma. The expression of this isoform was not modulated by
disease status in tracheal smooth muscle, suggesting that
the intrapulmonary environment contributes to the changes in
(+)insert isoform expression.

We chose to study equine heaves as, unlike other animal
models and in humans, this condition allows the prospective
study of the central and peripheral airways of the same subject,
and in asymptomatic and symptomatic stages of the disease.
Neutrophils are predominant cells present in the airway lumen in
heaves. Interestingly, while airway eosinophilia is uncommon
in heaves, it is now recognised that neutrophils are also present in
the airway secretions of a significant proportion of asthmatics,
ranging from mild to severe.24–30 Also, clinical improvement is
observed in these horses with common asthma medication such
as corticosteroids and bronchodilators and also through antigen
avoidance strategies, which is difficult to implement in humans.
In contrary to smaller animal models, the size of the airways in
horses also allows for macroscopic dissection of ASM.

Previous studies have demonstrated that the presence of the
(+)insert SMMHC isoform doubles the propulsion velocity of

Figure 1 Pulmonary function and bronchoalveolar lavage fluid. (A) Pulmonary resistance, (B) elastance and (C) bronchoalveolar lavage fluid (BALF)
differential cell count of control horses (n=8), heaves-affected horses in clinical exacerbation (n=6) and in clinical remission (n=3) for study 1. Mean
±SEM. *Different between groups. p<0.05.
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actin filament in an in vitro motility assay.5 31 Thus, it has been
suggested that a differential expression of this isoform could
contribute to altering the contractile properties of ASM in

asthma.2 In the current study, we observe for the first time that
the (+)insert isoform is present in the entire bronchial tree, and
that its expression varies according to disease status. These find-
ings correlate with the distribution pattern of the smooth
muscle thickening (remodelling) observed in the airways of

Figure 2 Relative quantification of (+)insert isoform in bronchial tree
of horses. (A) Total RNA was extracted from airways of control horses
(white bars; n=8), heaves-affected horses in clinical exacerbation (black
bars; n=6) and heaves-affected horses in clinical remission (chess bars;
n=3). Expression of (+)insert was measured by quantitative PCR and
reported to total SMMHC expression. Mean±SEM of quantified levels
from experiments performed in duplicate, that is, two repeats on the
same RNA sample; (B) proteins were extracted from bronchial smooth
muscle of control horses (n=8), heaves-affected horses in clinical
exacerbation (n=6) and heaves-affected horses in clinical remission
(n=3). Expression of (+)insert was measured by targeted mass
spectrometry and reported on expression of total SMMHC. Mean±SEM
of quantified levels from experiments performed in duplicate, that is,
two repeats on the same protein sample. *Different between groups.
p<0.05.

Figure 3 Reversibility of (+)insert isoform expression. Total RNA was
extracted from two endobronchial biopsies of heaves-affected horses
either treated with antigen avoidance (light grey bars; n=5) or inhaled
corticosteroids (dark grey bars; n=6). Expression of (+)insert isoform
and total SMMHC was analysed by real-time PCR with appropriate
negative control. Expression of (+)insert was reported to total SMMHC
expression. Mean±SEM of quantified levels from experiments
performed in duplicate, that is, two repeats on the same RNA sample.
*Different from baseline (month 0) in the same group. p<0.05.

Figure 4 Kinetics of (+)insert SMMHC isoform expression. Total RNA
was extracted from two endobronchial biopsies of controls (open
circles; n=5) and heaves-affected horses (black circles; n=6). Expression
of (+)insert isoform and total SMMHC was analysed by real-time PCR
with appropriate negative control. Expression of (+)insert was reported
to total SMMHC expression. Mean±SEM of quantified levels from
experiments performed in duplicate, that is, two repeats on the same
RNA sample.
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heaves-affected horses,15 32 which was also found in human sub-
jects with type II asthma.33 However, the tracheal smooth
muscle did not show a differential expression of this myosin
isoform with disease state, which suggests that this tissue may
not be implicated in the disease. It is conceivable that inflamma-
tory mediators do not affect the extrapulmonary trachealis
muscle as much as the intrapulmonary ASM. Alternatively, the
presence of almost complete cartilage rings may reduce tidal
breathing-induced length changes in the trachealis muscle. The
difference in dynamic environment may affect the type of
remodelling that occurs in the muscle and these findings also
suggest that results obtained using trachea may not be represen-
tative of bronchial smooth muscle behaviour.

The increased (+)insert isoform to total SMMHC ratio
during clinical exacerbation is not permanent, as it can be
reversed by antigenic avoidance strategies (studies 1 and 3) or
by the use of inhaled corticosteroids despite continuous antigen
challenge and persisting airway inflammation (study 218). In
study 2, the decrease of the (+)insert isoform to total SMMHC
ratio coincided with the normalisation of pulmonary neutrophi-
lia only in the antigen avoidance-treated group. However, in
contrast with the (+)insert isoform to total SMMHC ratio, pul-
monary neutrophilia was not significantly altered by corticoster-
oid treatment in the absence of antigen avoidance strategies.
Moreover, we also showed a dissociation of (+)insert isoform to
total SMMHC ratio from airway neutrophilia following a
30-day of antigen exposure and bronchoconstriction (study 3).
From these results, one could conclude that inflammation is not
required for the modulation of the (+)insert isoform isoform
expression. However, the timeline of events may be more
complex.

As lung function improvement precedes normalisation of the
(+)insert isoform expression at least in the fluticasone group,
the (+)insert isoform expression cannot be solely responsible
for the lung function changes observed.

These results suggest that of the multiple changes occurring
in ASM and other airway wall components, some factors con-
tributing to altered lung function act prior to the changes in the
(+)insert isoform to total SMMHC ratio. The (+)insert changes
may still contribute to the change in pulmonary resistance by
making it more stiff. One possible mechanism by which this
may occur is by changes in the dynamic environment of the
ASM as the lung function changes. As the lung elastance
decreases rapidly upon antigen avoidance and corticosteroid
treatment,18 the ASM will experience increased length oscilla-
tions from tidal breathing. It has previously been shown in in
vitro studies that ASM cells respond to oscillatory forces with
reorganisation of its contractile protein network.34

Furthermore, findings obtained in the intestine and the urinary
bladder showed that mechanical obstruction can modulate the
(+)insert isoform expression.9 12

The (+)insert isoform is only one of the potential contractile
proteins that can be altered in smooth muscle to lead to its
phenotype changes. It is, therefore, not surprising that its time
course of alterations is not perfectly matched with the inflam-
matory cells and pulmonary mechanical parameters measured
here. The improvement in airway resistance and elastance in
these horses18 preceded the decrease of the (+)insert isoform
expression in study 2, and we did not observe a significant cor-
relation between the (+)insert isoform and these measures (data
not shown). Furthermore, in study 3, severe airway obstruction
was present in all heaves-affected horses after 30 days of antigen
challenge,19 while only two of the six horses had increased
expression of (+)insert isoform. Thus, (+)insert isoform would

not be directly implicated in the initial clinical symptoms. Other
studies have also failed to correlate the (+)insert isoform expres-
sion with smooth muscle mechanical properties.35–37 Thus, this
suggests that the expression of a number of contractile proteins,
such as myosin light chain kinase and actin regulatory proteins,
may also need to be altered in concert with the (+)insert
isoform to alter the smooth muscle mechanics. Similarly, neutro-
phils may not have any role to play in directly altering the con-
tractile protein expression, but potentially other inflammatory
cells or cytokines may be responsible for orchestrating the
changes in smooth muscle contractile properties.

CONCLUSION
In summary, we showed that the (+)insert SMMHC isoform
expression was increased in bronchial smooth muscle at the
both mRNA and protein levels of heaves-affected horses and
that its expression was reversible either by antigen avoidance or
by administration of inhaled corticosteroids. Thus, our results
demonstrate that ASM phenotype is altered throughout the
bronchial tree, but not in trachealis muscle, in this naturally
occurring asthmatic disease of horses. The sequence of events
required to lead to such alterations in ASM and the key players
required to lead to such changes will require further investiga-
tions. Furthermore, the modulation of the (+)insert isoform by
corticosteroids in the present study should be taken into
account when studying human asthmatic ASM phenotype.
These conclusions should, nevertheless, be ascertained in larger
equine and human cohorts, and the sequence of events leading
to alterations in the (+)insert SMMHC isoform and the key
players involved for these changes require further investigations.
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