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ABSTRACT

Background: Increases in blood vessel density and vascular area are now recognized as important features of
remodeled airways in asthma. However, the time sequence for these vascular changes and whether they resolve
in the absence of continued antigenic exposure is not well elucidated. The aim of the present study was to corre-
late progressive changes in airway vascularity with changes in functional airway responses in sheep chronically
challenged with house dust mite (HDM) allergen, and to examine the resolution of vascular remodeling following
allergen withdrawal. Methods: Progressive changes in vascular indices were examined in four spatially separate
lung segments that received weekly challenges with HDM allergen for 0, 8, 16, or 24 weeks. Reversibility of these
changes was assessed in a separate experiment in which two lung segments received 24 weeks of HDM chal-
lenges and either no rest or 12 weeks rest. Lung tissue was collected from each segment 7 days following the
final challenge and vascular changes assessed by a morphometric analysis of airways immunohistochemically
stained with an antibody against type IV collagen. Results: Blood vessel density and percent airway vascularity
were significantly increased in bronchi following 24 weeks of HDM challenges compared to untreated controls
(P < .05), but not at any of the other time-points. There was no significant correlation between vascular indices
and airway responses to allergic or nonspecific stimuli. The increase in blood vessel density induced by re-
peated allergen exposures did not return to baseline levels following a 12-week withdrawal period from allergen.
Conclusions: Our results show for the first time that the airways of sheep chronically exposed to HDM aller-
gen undergo vascular remodeling. These findings show the potential of this large animal model for investigating
airway angiogenesis in asthma.
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INTRODUCTION

Neovascularization of the airway wall is now rec-
ognized as an important feature in the pathophys-
iology of asthma. Increased blood vessel density
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and vascular area have been observed in the air-
way walls of asthmatic patients relative to healthy
subjects [1–3]. These changes, referred to as vas-
cular remodeling, are associated with airflow limi-
tation in asthma [4]. In particular, an increase in
bronchial vascularity may lead to an increase in the
trafficking of inflammatory cells and mediators to af-
fected airways, and contribute to vascular engorge-
ment and airflow obstruction [5]. Concomitant with
increases in airway vascularity, are increases in the
levels of angiogenic factors present in bronchoalve-
olar lavage fluid and induced sputum of asthmatic
subjects compared with the levels found in healthy
subjects. These include vascular endothelial growth
factor (VEGF), angeogenin, and monocyte chemo-
tactic protein-1 [6].
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There is evidence that some pathologic features of
asthmatic airways occur early in disease progression,
including basement membrane thickening, epithelial
damage, and increased vascular density [7]. However,
the precise temporal sequences for vascular changes
and their relationship to lung function in asthma are
not well understood. Very little is known about the
progressive temporal stages of vascular remodeling in
the airways, and less is understood about whether the
remodeled vasculature in asthmatic airways can re-
vert back to the healthy state after the airways are no
longer continually exposed to allergen. Several fea-
tures of airway remodeling have been shown to per-
sist for up to 8 weeks following the withdrawal of
allergen in mouse models of chronic asthma, includ-
ing: subepithelial fibrosis, epithelial hypertrophy, and
increased airway smooth muscle mass [8, 9]. Whether
the increased vessel density and vascular area persists
in asthmatic airways in the absence of continuing al-
lergen exposure is not known, and is the subject of
the present investigation.

Investigations of vascular remodeling in asthmatic
patients predominantly rely on airway tissue from
bronchial biopsies that is collected from large prox-
imal airways and offers little or no information on the
vascularity of the small airways [10]. Although post
mortem tissues from asthmatic patients enable more
in-depth studies to be performed on the bronchial
vascularity in the small airways, they do not allow
for the same well-controlled studies as can be per-
formed with animal models [11, 12]. A systematic
investigation of vascular remodeling in the small air-
ways can benefit from the use of large animal mod-
els, which have an extensive microcirculation in the
small airway walls. In particular, sheep have well-
developed bronchial circulations that nourish wall tis-
sues in the large and small airways [13]. In addition to
the bronchial circulation, the small airways of sheep
have active mast cell components, mucous glands,
and smooth muscle bundles that all contribute in
different ways to the pathophysiology of asthma
[14, 15]. In the present study, we have taken ad-
vantage of these features, which together with the
attributes of the sheep asthma model, including
airway remodeling and deteriorating lung function in
response to allergen challenge to investigate vascular
remodeling.

The aim of this study was to determine whether
the airways of sheep undergo vascular remodeling in
response to repeated lung challenges with house dust
mite (HDM) and to examine the resolution of vascu-
lar remodeling following allergen withdrawal. Tempo-
ral aspects of vascular remodeling, were investigated
by sampling airway tissue collected from four spatially
separate lung segments that have been differentially

challenged with HDM for 0, 8, 16, or 24 weeks re-
spectively. In a separate experiment, we modified our
segmental challenge design to investigate whether the
allergen-induced vascular changes persist following a
lengthy period without repeated allergen challenges.

MATERIALS AND METHODS

Experimental Animals and Allergen
Sensitisation

Six-month-old female Merino-cross sheep were
sensitized with HDM extract (Dermatophagoides
pteronyssins; CSL, Melbourne, Australia) in alum via
three subcutaneous injections as previously described
[16]. Atopic sheep with high HDM-specific serum
IgE levels (>2 fold increase) were selected for lung
challenges with HDM as previously described [16].
The remaining sheep were used as non-allergic con-
trols. A fibre-optic bronchoscope was used for local-
ized delivery of solubilized HDM (1 mg in 5 mL
phosphate buffered saline; PBS) into spatially sepa-
rate lung segments. Previous studies have shown that
both functional changes and inflammatory cell infil-
tration following a bolus HDM-challenge are local-
ized to the specifically treated lung segment [17]. All
experimental animal procedures and the collection of
tissues were approved by the Animal Experimentation
Ethics Committee of the University of Melbourne.

Segmental Challenge Regimes

Progressive vascular remodeling
To investigate progressive stages of vascular remodel-
ing, we studied archived airway tissue collected from
the right apical, right medial, right caudal, and left
caudal lung segments that were challenged weekly
with HDM for different durations [17]. The com-
mencement of challenges in each segment was stag-
gered so that the right apical, right medial, right cau-
dal, and left caudal segments received 0, 8, 16, or 24
weekly challenges respectively (n = 7). To ensure that
there were no natural differences in vascular indices
between segments a separate group of control sheep
that did not receive HDM-treatment to any of their
lung segments was used (n = 7).

Lung function correlations
Segmental lung function indices were taken from a
separate study performed on these sheep [17] and
used to ascertain whether the vascular remodeling
found in this model was associated with lung func-
tion decline.
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Reversibility of vascular remodeling
The reversibility of allergen-induced vascular remod-
eling was investigated in a separate group of sheep,
which were sensitized to allergen as described above.
The right and left caudal segments each received 24
weeks of HDM-challenges and then either 0 or 12
weeks without HDM respectively (n = 8; Figure S1).
The challenges in each segment were staggered so
that they concluded together.

Lung Tissue Collection,
Immunohistochemistry and Morphometric
Analysis

Sheep were euthanized 7 days after the final HDM
challenge. This time-point was chosen to avoid the
acute effects of HDM challenge on blood vessel size.
Lung segments were inflated with optimal cutting
temperature compound diluted in PBS (1:1). Blood
vessels were identified on frozen sections of lung tis-
sue immunostained with an antibody against type IV
collagen. Sections were fixed with 95% ethanol for
10 minutes were blocked for endogenous peroxidase
with 3% H2O2. After washing sections were incu-
bated for 2 hours with mouse anti-human type IV
collagen (1:100; Dako, Kingsgrove, Australia). Af-
ter washing, sections were incubated with rabbit anti-
mouse HRP-conjugated secondary antibody (1:100;
Dako) for 1 hours. Sections were then washed and a
peroxidase-based detection system was used for visu-
alization. Specificity for type IV collagen was deter-
mined by omission of the primary antibody.

The number and area of blood vessels within the
airway wall was determined by digital image analysis
of photographs using Image-Pro Plus (Media Cyber-
netics, version 4.1.0.0). The area of the airway wall
was defined as the area enclosed by the outer perime-
ter of the basement membrane and the outer perime-
ter of the airway wall, as previously described [18].
Two bronchi from the same position in the tracheo-
bronchial tree, approximately 1–2 mm diameter and
free from branching, were analyzed for each segment
and the results averaged for each sheep. All measure-
ments were made by a single observer who was blind
to the experimental group and lung segment.

Data Analysis

Vessel density, % vascularity and vessel size values
are reported as the mean ± standard error. Normal-
ity of variables was assessed using a Shapiro–Wilk’s
test. A Friedman test with a Dunn’s multiple com-
parison post-test were used to compare between seg-
ments in one group. Differences between the HDM-
challenged and control groups were assessed using a

student’s t test for data with a normal distribution and
a Mann–Whitney test for data with a nonparametric
distribution. Correlations were assessed by the Spear-
man correlation coefficient (rs). A P value of < .05
was taken as significant.

RESULTS

Progressive Vascular Remodeling

It was established by challenging spatially separate
lung segments with HDM for sequentially longer pe-
riods of time that it took between 16 weeks and 24
weeks to significantly increase blood vessel density.
The number of vessels per mm2 of airway wall in the
HDM-challenged sheep group was significantly in-
creased in the segment that received 24 weekly chal-
lenges compared to the unchallenged control seg-
ment (295 ± 29 versus 217 ± 22 vessels per mm2;
P < .05, n = 7; Figure 1A). Vessel density in seg-
ment challenged for 24 weeks was also significantly
increased compared to the corresponding segment in
the naı̈ve control sheep group (295 ± 29 versus 201
± 29 vessels per mm2; P < .05, n = 7). This in-
crease in blood vessel number was observed through-
out both the lamina propria and the outer airway wall
of bronchi, as shown in Figure 2. There were no dif-
ferences in the number of vessels per mm2 of airway
wall between the unchallenged control segment and
the segments that received 8 HDM or 16 HDM chal-
lenges (Figure 1A). Nor were there any differences in
blood vessel density between any of the segments in
the control sheep group.

The percent area occupied by blood vessels (per-
cent airway vascularity) in the HDM challenged
group was significantly increased in the segment that
was challenged for 24 weeks compared with the un-
challenged control segment (8.3 ± 0.5 versus 5.8 ±
0.5%, P < .05, n = 7; Figure 1B) and the correspond-
ing control segment in the control sheep group (8.3
± 0.5 versus 5.5 ± 0.6%; P < .005, n = 7). There
were no other differences in the percent vascularity
between the unchallenged control segment and the
segments that received 8 HDM or 16 HDM chal-
lenges. Nor were there any significant differences in
the percent airway vascularity between any of the seg-
ments in the control sheep group (Figure 1B).

An examination of the mean size of vessels revealed
that there were no significant differences in mean ves-
sel size between the lung segments that received 0,
8, 16, or 24 weeks of HDM challenge (Figure 3).
Nor were there any differences between the mean
size of vessels in the lung segments of the untreated
control group (Figure 3). There was no significant

C© 2012 Informa Healthcare USA, Inc.
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FIGURE 1 Bronchial blood vessel density and percent vascularity increase following chronic allergen challenge.
Graphs show (a) blood vessels per mm2 airway wall in untreated control and HDM challenged sheep, and (b)
vascularity, expressed as the percent area occupied by blood vessels in the bronchial walls in untreated control and
HDM challenged sheep. HDM-challenged sheep received 0, 8, 16, or 24 weeks of HDM challenges to four
spatially separate lung segments. Matched lung segments in an untreated sheep group were used as controls. Line
shows the mean, boxes show 25th and 75th percentile, whiskers represent 5th–95th percentile; ∗P < .05, n = 7.

difference in the distribution frequency of blood ves-
sel sizes between the segment that received 24 weekly
HDM challenges and the corresponding segment in
the control sheep group (Figure S2).

We correlated vascular density and percent vas-
cularity collected in the present study with indices
of peripheral airway function collected from a previ-
ous study performed on these sheep. There was no
significant correlation between increased airway vas-
cularity after 24 challenges and measurements of
allergen-induced bronchoconstriction or airway re-
sponsiveness (i.e., the percent dose of methacholine
required for PC100) (rs = −0.363 and rs = 0.414
respectively, n = 7; Figure 4). Nor was there any
relationship between increased vessel density and

percent change in resistance post-HDM challenge
or airway responsiveness after 24 challenges (rs =
0.250 and rs = −0.252 respectively, n = 7; results
not shown). There was also no correlation between
allergen-induced airway responses and vascular in-
dices after 0, 8, and 16 weeks of HDM challenges.
Similarly, resting Rp did not correlate with percent
vascularity or vascular density at any of the time-
points assessed.

Reversibility of Vascular Remodeling

Next we examined whether the increases in blood
vessel density and vascularity induced by 24 weeks
of allergen challenge returned to prechallenge levels
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FIGURE 2 Airway sections stained with type IV collagen
staining. Representative photomicrographs showing blood vessels
in the bronchial walls from an untreated control lung segment
and a lung segment which has been challenged with HDM for 24
weeks. The sections have been stained with antibodies to type IV
Collagen. Negative control shows the omission of the primary
antibody. Arrows indicate examples of blood vessels. Scale bar –
50 µm.

following a 12-week period without allergen. There
was a significant increase in blood vessels per mm2

airway wall in the segment which received 24 weeks
of HDM challenges and no withdrawal period relative
to the control group (375 ± 25 versus 292 ± 10 ves-
sels per mm2, P < .05, n = 8; Figure 5A), there was
also a significant increase in airway vascularity com-
pared with controls (10.3 ± 0.7% versus 7.9 ± 0.6%,
P < .05, n = 8; Figure 5B). Blood vessel density in
the rested segment was still significantly increased rel-
ative to controls (344 ± 15 versus 266 ± 26 vessels
per mm2 respectively, P < .05, n = 8; Figure 5A). Per-
cent vascularity also remained high in the rested seg-
ment following 12 weeks without allergen compared
with matched segments of HDM naı̈ve control sheep,

although this was not statistically significant (8.3 ±
0.7% versus 6.7 ± 0.8%, P = .058, n = 8; Figure
5B). Consistent with our previous results, there was
no difference in the mean size of blood vessels in any
segments of the HDM-treated group irrespective of
whether they had no recovery time, or 12 weeks rest
(271 ± 13 versus 262 ± 16 µm2 and 262 ± 13 versus
258 ± 18 µm2 respectively, n = 8; Figure 5C).

DISCUSSION

To our knowledge, this is the first study to attempt
to describe the temporal process of vascular changes
and their effects on lung function in small airways.
In the present study, our key findings are that blood
vessel density and percent airway vascularity increase
significantly following 24 weeks of chronic allergen
exposure and that these changes persist for up to
12 weeks following the cessation of allergen chal-
lenge. Until now, primates have been the only large
animal species where an increase in the airway vas-
culature in response to allergen exposure has been
documented [19]. The changes to the vascular com-
partment of sheep airways after allergen challenge has
revealed many similarities to the changes observed in
the airway walls of asthmatic patients. In particular,
the vessel density and vascularity ranges reported here
(219–412 vessels/mm2 and 5.5%–9.3%) are similar to
ranges previously published from the clinic [3]. The
experiments described in the present study add to our

FIGURE 3 Mean vessel size. Mean blood vessel size (µm2) in bronchial walls from control and house dust mite
(HDM) challenged sheep in four spatially separate lung segments. HDM-challenged sheep received 0, 8, 16, or 24
weeks of HDM challenges in four spatially separate lung segments. Matched lung segments in untreated control
sheep were used as controls for each segment in the HDM-challenged sheep. Line shows the mean, boxes show
25th and 75th percentile, whiskers represent 5th–95th percentile; n = 7.

C© 2012 Informa Healthcare USA, Inc.
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FIGURE 4 Correlation between airway vascularity and airway responses to allergic and nonallergic stimuli.
Correlation between percent airway vascularity and lung function taken between 21 weeks and 23 weeks of chronic
HDM challenges. The percent airways vascularity versus (a) the percent change in peripheral airways resistance
(Rp) 30 minutes after HDM challenge (rs = −0.363) (b) Airway hyperresponsiveness represented by the percent
dose of methacholine (MCh) needed to increase the Rp to 100% above the resting Rp (PC100) (rs = 0.414). n = 7.

understanding of the temporal dynamics of blood ves-
sel growth over long periods of allergic inflammation.

Our findings from two separate experiments indi-
cate that 24 weeks of HDM challenges were needed
to significantly increase blood vessel density and vas-
cular area. This suggests that a prolonged, rather than
an acute, allergic stimulus is required for vascular

remodeling to occur. In a previous study of asth-
matic airways, there was an increased in blood vessel
number relative to healthy controls when standard-
ized against the basement membrane length, but not
when standardized against airway wall area [11]. This
finding suggests that increases in airway vascularity
are directly proportional to increases in airway wall

FIGURE 5 Bronchial vascularity following the cessation of allergen challenges. Sheep received 24 weeks of HDM challenges and then
either 0 week or 12 weeks rest from HDM exposure to spatially separate lung segments (labeled “HDM + no rest” and “HDM + 12 wks
rest” respectively). Matched lung segments in an untreated sheep group were used as controls. (a) Blood vessel density in control and
HDM-challenged. (b) Percent airway vascularity in control and HDM-challenged and rested segments. (c) Mean blood vessel size in
control sheep and HDM-challenged. ∗P < .05, ∗∗P < .005, n = 8.
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thickness that occurs as a part of airway remodeling.
However, this was not the case in the present study
as vascular indices were expressed relative to airway
wall area.

The molecular and cellular mechanisms whereby
vascularization is stimulated by repeated immuno-
logic challenge are not completely understood.
Previous studies have shown that mast cells and
eosinophils are elevated in the airway walls of HDM-
challenged sheep compared to control animals fol-
lowing a similar duration of allergen exposure [16,
20]. These cell types are known sources of angio-
genic factors, such as VEGF, angiogenin, and basic
fibroblast growth factor (bFGF) [21–23] and thus
may be important cells linked to the changes to the
microvascularity in asthma. Supporting evidence for
this notion is that chymase-positive mast cells which
express VEGF have been specifically associated with
the microvascular changes in airway remodeling in
a small group of asthmatics [24]. In cell culture,
VEGF is known to stimulate primitive endothelial
tube growth, which supports its role in stimulating
increased vascularization in asthma [25, 26].

Remodeling of airway vasculature is known to be
a persistent feature of several other nonallergic lung
diseases, including chronic obstructive pulmonary
disease (COPD) [27], pulmonary arterial hyperten-
sion [28] and systemic sclerosis [28, 29]. In the
present study, we found that continual exposure to
allergen was not required to maintain the increase
in vascular density induced by earlier repeated aller-
gen challenges. This suggests that increased vascular
density in the airways maybe a persistent feature of
asthma, and moreover, that once the blood vessels
were formed they were likely to persist even when al-
lergic inflammation subsides. Our finding is support-
ive of data derived from a mouse model of asthma,
where increased vascular density and area persist for
at least 4 weeks following antigenic withdrawal de-
spite inflammatory cell numbers returning to base-
line in the withdrawal period [10]. The stability of
blood vessel number observed in the present study,
given our longer recovery period of 12 weeks, com-
pared with 4 weeks in the mouse study, suggests that
this aspect of vascular remodeling is a long-term fea-
ture of asthma. While the number of vessels observed
in the present study did not decrease following cessa-
tion of allergen challenges, the percentage area occu-
pied by blood vessels in the airway wall, i.e., percent
vascularity, was no longer increased above controls.
This suggests the possibility that this aspect of vas-
cular remodeling may be at least partially reversible
over time. Consistent with this idea is the finding
that airway vascularity, but not vessel density, is de-

creased in bronchial biopsies taken from asthmat-
ics treated with inhaled corticosteroids compared to
asthmatics that received no treatment [30]. This clin-
ical study data and our data suggest that allergic in-
flammation is required to maintain increased airway
vascularity.

Our study showed no apparent correlation between
vascular remodeling and lung function indices as as-
sessed by the wedged bronchoscope technique. The
present study is consistent with the report by Li and
Wilson [3] who found no correlation between forced
expiratory volume in one-second (FEV1) or PC20

and the percent vascularity or number of vessels in
asthmatic biopsies. However, our work and that of
Li and Wilson contrasts with Hashimoto et al. [2]
and Hoshino et al. [22] who found inverse correla-
tions between percent airway vascularity and the per-
centage of FEV1 predicted or airway responsiveness.
It is noteworthy that in the studies by Hashimoto
et al. and Hoshino et al. vessel density and area from
bronchial biopsies was increased by more than 100%
in asthmatic patients compared to controls, while in
the present study and the study by Li and Wilson,
vessel density and percent vascularity was increased
by less than 70% [3]. While it is important to ac-
knowledge that increased vascularity may not directly
contribute to altered airway function in asthma, it
is also possible that the observed increases in air-
way vascularity reported by the Japanese groups were
above a necessary threshold to negatively impact on
lung function. It is therefore possible that sheep chal-
lenged with allergen for considerably longer than 24
weeks would display a greater increases in airway
vascularity, which could impact negatively on lung
function.

While the precise mechanism underlying the im-
pact of changes to the airway microcirculation on lung
function in asthma remains unknown, it has been sug-
gested that vascular expansion contributes to airway
wall thickening, and as a consequence airway reactiv-
ity [31, 32] and airway resistance are increased [33].
It is also possible, that increases in airway vascularity
increase local blood flow to the airways and hence in-
crease the trafficking of inflammatory cytokines and
mediators to the airways compounding the effects of
local inflammation [5].

CONCLUSIONS

The results from the present study show for the first
time that the airways of sheep chronically exposed
to HDM allergen undergo vascular remodeling. Our
data gives important information on the temporal

C© 2012 Informa Healthcare USA, Inc.
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aspects of vascular remodeling in airways that have
been chronically exposed to allergen.

ABBREVIATIONS

HDM house dust mite
MCh methacholine
PBS phosphate buffered saline
Rp peripheral airway resistance
VEGF vascular endothelial growth factor

Declaration of interest: The authors declare that
they have no conflicts of interest. The authors alone
are responsible for the content and writing of the
paper.

REFERENCES

[1] Chetta A, Zanini A, Torre O, Olivieri D: Vascular remod-
elling and angiogenesis in asthma: morphological aspects and
pharmacological modulation. Inflamm Allergy Drug Targets
2007;6(1):41–45.

[2] Hashimoto M, Tanaka H, Abe S: Quantitative analysis of
bronchial wall vascularity in the medium and small air-
ways of patients with asthma and COPD. Chest 2005,
March;127(3):965–972.

[3] Li X, Wilson JW: Increased vascularity of the bronchial
mucosa in mild asthma. Am J Respir Crit Care Med.
1997;156(1):229–233.

[4] Siddiqui S, Hollins F, Saha S, Brightling CE: Inflammatory
cell microlocalisation and airway dysfunction: cause and effect?
Eur Respir J. 2007;30:1043–1056.

[5] Wilson JW, Hii S: The importance of the airway microvas-
culature in asthma. Curr Opin Allergy Clin Immunol. 2006,
February;6(1):51–55.

[6] Simcock DE, Kanabarl V, Clarke GW, O’Connor BJ, Lee
TH, Hirst SJ: Proangiogenic activity in bronchoalveolar lavage
fluid from patients with asthma. Am J Respir Crit Care Med.
2007;176(2):146–153.

[7] Barbato A, Turato G, Baraldo S, Bazzan E, Calabrese F,
Panizzolo C, Zanin ME, Zuin R, Maestrelli P, Fabbri LM,
Saetta M: Epithelial damage and angiogenesis in the air-
ways of children with asthma. Am J Respir Crit Care Med.
2006;174(9):975–981.

[8] Kumar RK, Herbert C, Kasper M: Reversibility of airway in-
flammation and remodelling following cessation of antigenic
challenge in a model of chronic asthma. Clin Exp Allergy
2004;34:1796–1802.

[9] Leigh R, Ellis R, Wattie J, Southam DS, de Hoogh M, Gauldie
J, O’Byrne PM, Inman MD: Dysfunction and remodeling of
the mouse airway persist after resolution of acute allergen-
induced airway inflammation. Am J Respir Cell Mol Biol.
2002;27(5):526–535.

[10] Rydell-Tormanen K, Johnson JR, Fattouh R, Jordana M,
Erjefalt JS: Induction of vascular remodeling in the lung by
chronic house dust mite exposure. Am J Respir Cell Mol Biol.
2008;39(1):61–67.

[11] Carroll NG, Cooke C, James AL: Bronchial blood ves-
sel dimensions in asthma. Am J Respir Crit Care Med.
1997;155(2):689–695.

[12] Green FHY, Butt JC, James AL, Carroll NG: Ab-
normalities of the bronchial arteries in asthma. Chest
2006;130(4):1025–1033.

[13] Anderson JC, Bernard SL, Luchtel DL, Babb AL, Hlastala
MP: Axial and radial distribution of the bronchial vasculature
in sheep. Resp Physiol Neurobi. 2002;132(3):329–339.

[14] Scheerlinck J-PY, Snibson KJ, Bowles VM, Sutton P: Biomed-
ical applications of sheep models: from asthma to vaccines.
Trends Biotechnol. 2008;26(5):259–266.

[15] Van Der Velden J, Snibson K: Airway disease: the use large
animal models for drug discovery. Pulmo Pharmacol Therap.
2011;24:525–532.

[16] Bischof RJ, Snibson K, Shaw R, Meeusen ENT: Induction
of allergic inflammation in the lungs of sensitized sheep af-
ter local challenge with house dust mite. Clin Exp Allergy
2003;33(3):367–375.

[17] Van der Velden J, Barker D, Barcham G, Koumoundouros E,
Snibson K: Assessment of peripheral airway function follow-
ing chronic allergen challenge in a sheep model of asthma.
PLoS ONE 2011;6(12):e28740. doi:10.1371/journal.pone.
0028740.

[18] Bai A, Eidelman DH, Hogg JC, James AL, Lambert RK, Lud-
wig MS, Martin J, McDonald DM, Mitzner WA: Proposed
nomenclature for quantifying subdivisions of the bronchial
wall. J Appl Physiol. 1994;77(2):1011–1014.

[19] Avdalovic MV, Putney LF, Schelegle ES, Miller L, Usachenko
JL, Tyler NK, Plopper CG, Gershwin LJ, Hyde DM: Vascular
remodeling is airway generation-specific in a primate model of
chronic asthma. Am J Respir Crit Care Med. 2006 (Epub 2006
Aug);174(10):1069–1076.

[20] Snibson KJ, Bischof RJ, Slocombe RF, Meeusen EN: Airway
remodelling and inflammation in sheep lungs after chronic
airway challenge with house dust mite. Clin Exp Allergy
2005;35(2):146–152.

[21] Detoraki A, Staiano RI, Granata F, Giannattasio G, Prevete
N, de Paulis A, Ribatti D, Genovese A, Triggiani M, Marone
G: Vascular endothelial growth factors synthesized by human
lung mast cells exert angiogenic effects. J Allergy Clin Immun.
2009;123(5):1142–1149.

[22] Hoshino M, Takahashi M, Aoike N: Expression of vascular
endothelial growth factor, basic fibroblast growth factor, and
angiogenin immunoreactivity in asthmatic airways and its re-
lationship to angiogenesis. J Allergy Clin Immun. 2001;107(2
Part 2):295–301.

[23] Zhenhong Q, Liebler JM, Powers MR, Galey T, Ahmadi P,
Huang X-N, Ansel JC, Butterfield JH, Planck SR, Rosenbaum
JT: Mast cells are a major source of basic fibroblast growth
factor in chronic inflammation and cutaneous hemangioma.
Am J Pathol. 1995;147:564–573.

[24] Zanini A, Chetta A, Saetta M, Baraldo S, D’Ippolito R, Castag-
naro A, Neri M, Olivieri D: Chymase-positive mast cells play a
role in the vascular component of airway remodeling in asthma.
J Allergy Clin Immun. 2007;120(2):329–333.

[25] Bischof RJ, Bourke JE, Hirst SJ, Meeusen EN, Snibson K, Van
Der Velden JL: Measurement and impact of remodeling in the
lung: airway neovascularisation in asthma. Proc Am Thorac
Soc. 2009;6:673–678.

[26] Psarras S, Volonaki E, Skevaki CL, Xatzipsalti M, Bossios A,
Pratsinis H, Tsigkos S, Gourgiotis D, Constantopoulos AG,
Papapetropoulos A, Saxoni-Papageorgiou P, Papadopoulos
NG: Vascular endothelial growth factor-mediated induction of
angiogenesis by human rhinoviruses. J Allergy Clin Immunol.
[Research Support, Non-U.S. Gov’t]. 2006;117(2):291–297.

[27] Golpon HA, Voelkel NF: The vasculature as a target in
the treatment of pulmonary emphysema. Curr Drug Targets
2006;7(6):737–741.

Experimental Lung Research



Vascular Remodeling in a Sheep Model of Asthma 315

[28] Farber HW, Loscalzo J: Pulmonary arterial hypertension.
New Engl J Med. 2004;351:1655–1665.

[29] Carreira PE: Pulmonary hypertension in autoimmune
rheumatic diseases. Autoimmun Rev. 2004;3:313–320.

[30] Orsida BE, Li X, Hickey B, Thien F, Wilson JW, Walters EH:
Vascularity in asthmatic airways: relation to inhaled steroid
dose. Thorax 1999;54:289–295.

[31] Boucher RC, Gilbert IA, Hogg JC, King M, Knowles MR,
Nadel J: Nonmuscular airway obstruction and asthma. Am J
Respir Crit Care Med. 1995;152(1):408–410.

[32] James AL, Pare PD, Hogg JC: The mechanics of airway nar-
rowing in asthma. Am Rev Respir Dis. 1989;139:242–246.

[33] Moreno RH, Hogg JC, Pare PD: Mechanics of airway narrow-
ing. Am Rev Respir Dis. 1986;133(6):1171–1180.

Supplementary Material

Supplementary Figures S1 and S2 are available with the online edition of this paper.

C© 2012 Informa Healthcare USA, Inc.



Copyright of Experimental Lung Research is the property of Taylor & Francis Ltd and its content may not be

copied or emailed to multiple sites or posted to a listserv without the copyright holder's express written

permission. However, users may print, download, or email articles for individual use.


