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ABSTRACT:  Vascular congestion could play an important role in causing airway
narrowing in asthma.  However, the effects of altered bronchial vascular volume
and blood flow on airway morphology and pulmonary resistance have not been
studied.  The aim of this study was to measure airway calibre and vascular volume
during inhalation of reputed dilators and constrictors of the airway vasculature in
sheep.

After baseline measurements of pulmonary resistance (RL) and airway blood flow
(Qaw),  anaesthetized sheep inhaled an aerosol of either: 0.9% saline (n=6); histamine
16 mg·ml-1 (n=5); phenylephrine 0.1–10 mg·ml-1 (n=6), or methoxamine 1 mg·ml-1 (n=5).
RL and Qaw were measured at the time of peak bronchoconstriction, and the sheep
were rapidly killed and lung blood loss prevented.  Right lung Qaw was calculated
and left lung processed for histology; measurements of cartilaginous airway size, wall
thickness and fraction of the wall occupied by blood were made using morphomet-
ric techniques.

Results showed that 20–30% of the airway wall was occupied by blood vessels.
Inhalation of histamine caused an increase in Qaw and RL, and a 50% increase in
the vascular volume fraction of the airway wall, whereas inhaled alpha-agonists did
not reduce Qaw or vascular volume fraction.

We conclude that the major cause of airway narrowing after inhalation of hist-
amine is contraction of the smooth muscle, and the bronchovascular congestion con-
tributes little to airway narrowing in cartilaginous airways of sheep.  In addition
inhaled alpha-agonists do not constrict the bronchial microvasculature under base-
line conditions.  Therefore, our results do not support the hypothesis that protec-
tion against bronchoconstriction provided by alpha-agonists is due to vasoconstriction.
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There is considerable indirect anatomical and physio-
logical evidence to suggest that the bronchial vascula-
ture can influence airway wall thickness and luminal
calibre.  The bronchial vascular bed consists of two inter-
connecting capillary networks - a peribronchial plexus
and a subepithelial plexus [1–3].  In many species (sheep,
rabbits and humans) there is also a system of conspicu-
ous sinuses in the tracheobronchial mucosa [4, 5].   In-
creased permeability and/or engorgement of the bronchial
vessels could lead to airway wall thickening and lumi-
nal narrowing.  LAITINEN et al. [6] have shown that
parasympathetic nerve stimulation and vasodilator drugs,
such as histamine and methacholine, increase mucosal
thickness in the dog's trachea, whereas the constrictor
drug,  phenylephrine, decreases mucosal thickness.

Morphometric techniques have also been used to assess
the potential contribution of the bronchial vasculature to
airway narrowing.  MARIASSY et al. [7] have shown that
when the bronchial vasculature is dilated it can occupy
up to 30% of the submucosal tissue volume.  KUWANO

et al. [8] counted the number of bronchial vessels and
the area occupied by bronchial vessels in the airways of
patients who had asthma and chronic obstructive lung

disease.   Patients who had fatal asthma showed an increase
in the number and size of their bronchial vessels.  JAMES

et al. [9] have shown an increased number of bronchial
venules in cartilaginous airways of asthmatic subjects,
when compared to those of control subjects.

The results from several clinical studies also provide
indirect evidence that vascular congestion and oedema
could play an important role in causing the airway nar-
rowing associated with asthma induced by exercise and
isocapnic hyperventilation [10–12], and the airway hyper-
responsiveness observed in patients who have pulmonary
venous hypertension [13, 14].

Despite this indirect evidence, no actual measurements
have been made of the effects of altering bronchial vas-
cular volume and blood flow on airway wall thickness,
airway calibre and pulmonary resistance.  Therefore, we
nebulized reputed dilators and constrictors of the bron-
chovasculature in anaesthetized sheep and measured
airway blood flow, using radioactive microspheres.
Pulmonary resistance was used as an index of airway cal-
ibre, and morphometric techniques were used to assess
changes in airway wall thickness and tracheobronchial
blood volume.
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Methods

Twenty two Dorset-cross rams weighing 41±4 kg were
studied. All studies were performed according to the
guidelines of the Helsinki convention for the use and care
of animals.  Sheep were anaesthetized by intravenous injec-
tion of thiopental (15–20 mg·kg-1) and placed in the supine
position; a tracheostomy tube was inserted just below the
larynx and the sheep were ventilated using a tidal vol-
ume of 12–15 ml·kg-1 and a rate of 15 breaths·min-1.
Anaesthesia was maintained using 1–2% halothane in
50% air and oxygen.  Catheters were inserted into the
right femoral vein and artery to administer fluids and to
obtain a reference flow blood sample, respectively; and
into the left carotid artery for measurement of systemic
arterial blood pressure and to take blood samples to mea-
sure arterial blood gas tensions.  A thermistor-tipped,
triple lumen catheter was inserted, under fluoroscopic
control, through the right jugular vein into the left main
pulmonary artery for measurement of pulmonary arteri-
al pressure and determination of cardiac output, using
the thermodilution technique.  An 8 French balloon-tipped
(volume 4 ml) catheter was inserted into the right jugu-
lar vein and positioned in the right main pulmonary artery.
This balloon was inflated to transiently block the right
pulmonary artery during injection of the microspheres,
to prevent any recirculation of the microspheres to the
right lung.  All vascular pressures were referenced to the
level of the left atrium.

The chest was opened using a median sternotomy inci-
sion, and 3 cmH2O positive end-expiratory pressure was
applied.  A 3 mm diameter catheter was inserted into the
left atrial appendage for later injection of radioactive
microspheres.  A loose tie was placed around the hilum
of the left lung. A short section of the trachea (~5 cm),
with no obvious blood vessels supplying it, was freed of
surrounding tissue and ties were placed loosely around
the lower and upper sections of this segment.

To calculate pulmonary resistance, we measured air-
flow using a pneumotachometer coupled to a differen-
tial pressure transducer, and changes in volume were
calculated by electrical integration of the flow signal;
tracheal pressure was measured, using a differential
pressure transducer (Validyne 45 MP ±100 cmH2O).
Pulmonary resistance (RL, cmH2O·l-1·s) was measured at
an oscillatory frequency of 4–6 Hz, using the electrical
subtraction method of MEAD and WHITTENBERGER [15].

Sheep were divided randomly into four groups, as fol-
lows.  Group 1, (n=6) served as controls.  After record-
ing baseline measurements, as described below, each
sheep received an aerosol of 2 ml (total volume in neb-
ulizer was 4 ml) of nebulized 0.9% saline delivered by
an acorn nebulizer driven at a flow rate of 5 l·min-1, using
100% oxygen as the gas source.  Sheep in the other three
groups received an equivalent volume of nebulized solu-
tion. Group 2, (n=5) received an aerosol of nebulized
histamine solution (16 mg·ml-1).  Group 3, (n=6) received
an aerosol of nebulized phenylephrine solution (2 sheep,
0.1 mg·ml-1; 2 sheep, 0.5 mg·ml-1; 2 sheep, 10 mg·ml-1).
Pilot dose-response curves showed an increase in sys-
temic arterial blood pressure in response to the higher

dose of phenylephrine.  Group 4, (n=5) received an aerosol
of nebulized methoxamine solution (1 mg·ml-1). This dose
was determined from the results of a pilot study, in which
we gave increasing concentrations of aerosolized methox-
amine (0.5, 1 and 5 mg·ml-1).  Inhalation of 5 mg·ml-1

produced systemic effects: namely, an increase in sys-
temic arterial blood pressure, heart rate and cardiac out-
put.  No systemic effects were noted during inhalation
of 1 mg·ml-1 methoxamine.

Experimental protocol

After the surgery and when physiological variables
were stable, we recorded baseline measurements of sys-
temic and pulmonary arterial pressure, pulmonary arter-
ial wedge pressure, cardiac output, arterial blood gas
tensions, pulmonary resistance and dynamic compliance.
For Groups 2, 3 and 4, systemic blood flow to the right
lung and trachea was measured as follows:  firstly, the
balloon in the right main pulmonary artery was inflated
and its correct position verified by fluoroscopy; at time
0 a femoral arterial reference flow blood sample was with-
drawn over a 2 min period, by use of a withdrawal pump
set at a rate of 10 ml·min-1.  Ten seconds after starting
the pump, 3.6 MBq of 85Sr-labelled microspheres (>6×106

spheres, 15±2 µm diameter) suspended in 5 ml 0.9%
saline, were injected as a bolus into the left atrial appen-
dage.  After collection of the reference flow sample, the
balloon in the right pulmonary artery was deflated.

After completion of the baseline measurements, each
sheep received an aerosol of the selected agent.  Pulmonary
resistance was measured before (time 0) and at 1, 5 and
30 min after aerosol administration.  The time of peak
response of pulmonary resistance (between 3–5 min after
the end of nebulization of histamine) to the aerosolized
drug was noted.  When the physiological parameters of
each sheep had returned to baseline values, generally
within an hour, haemodynamics, arterial blood gas ten-
sions, pulmonary airway resistance and compliance were
measured again.  Sheep were subjected to another dose
of the nebulized aerosol and, for the histamine group,
the second measurement of systemic blood flow (2.6
MBq 153Gd-labelled microspheres) was made to coincide
with the time of peak response in pulmonary resistance,
as previously noted during the first nebulization of the
aerosol.  Because there was no systematic change in pul-
monary resistance in response to inhalation of phenyle-
phrine or methoxamine, and the effect of the alpha-agonists
is short-acting, the second measurement of blood flow
was made after 5 min of inhalation of the alpha-agonists.

Immediately after blood flow had been measured, the
experiment was rapidly terminated: special care was taken
to prevent loss of blood volume from the tracheal seg-
ment and the left lung.  This was achieved as follows:
firstly, the upper and lower ligatures around the tracheal
segment were tied firmly (a modified tracheal cannula
had been carefully positioned within the region of tra-
chea to be sampled; both ends of the cannula were solid
tubing and the central portion was fenestrated, permitting
ligation of the tracheal segment without collapsing it and



at the same time allowing contact of the central portion
by the fixation fluid).  Secondly, and simultaneously, the
ventilator was turned off at end-inspiration, the ligatures
around the left hilum were tied tightly, and saturated
potassium chloride was injected into the heart via the
left atrial appendage.

Tissue preparation

The lungs and trachea were carefully excised.  The
tracheal segment was fixed by immersion in 10% formalde-
hyde solution for 24 h.  It was then removed, and five
1–2 mm thick cross-sections were cut from sequential
tracheal rings.  The rings were embedded in paraffin,
sectioned and stained using Masson's trichrome.  The left
lung was immediately immersed in -70°C liquid nitro-
gen and rapidly frozen.  It was then removed and 4–6
1 cm thick, sagittal sections were cut using a band-saw.
The slices of lung were placed in a 750 ml container of
precooled acetone (<-70°C).  The container and lung
slices were then returned to the -70°C freezer.  They
were removed the following day and allowed to remain
at room temperature for at least 24 h.  Seven 1 mm thick
sections were cut from the lung slices, care being taken
to ensure that cross-sections of peripheral and central
cartilaginous airways were obtained.  The samples were
put into cassettes and placed in acetone at room tem-
perature.  They were embedded in paraffin, sectioned
and stained with Masson's trichrome.

Blood flow

The right lung (excluding the cranial lobe) and remain-
ing trachea were dissected to permit measurement of flow
to the following regions: tracheal mucosa; mainstem,
lobar and segmental bronchi; and central and peripheral
parenchymal tissue. All lung and reference flow blood
samples were placed in preweighed scintillation vials,
reweighed to obtain the wet weight, and placed in a
Beckman 8,000 gamma counter.  The radioactivity of
the samples was counted and correction made for gamma
spectrum overlap, background counts and radioactive
decay.  Tracheal mucosal and right lung blood flow were
calculated, as described previously [16].

Blood flow (ml·min-1) = At/Af x Qref 

where At and Af are the radioactive counts in the lung
tissue and reference flow blood sample, respectively, and
Qref is the reference flow rate in ml·min-1.  Flow to each
region was also expressed per 100 g of tissue, by divid-
ing the flow to each region by the tissue's wet weight
and multiplying by 100.

Morphometric measurements

We examined tracheal cross-sections and peripheral
and central cartilaginous airways that had been cut in
cross-section (short:long diameter > 0.6).  Morphometric
measurements were made by an observer who was blind
with respect to the grouping of the histological slides.

A total of 266 airways (Group 1, n=67; Group 2, n=37;
Group 3 n=75; Group 4 n=87) were examined.  Measure-
ments were made using a Nikon microscope equipped
with a camera lucida attachment and a digitizing tablet
coupled to an Apple IIe computer.  The measurements
made for the cartilaginous bronchi were: 1) airway inter-
nal perimeter (Pi) and area (Ai), defined by the luminal
border of the airway epithelium; 2) airway smooth mus-
cle perimeter (Pm) and area (Am), defined by the out-
ermost layer of airway smooth muscle; and 3) airway
outer perimeter (Po) and area (Ao), defined by the adven-
titial border.  The measurements made for the trachea
were: Pi, Ai, Po and Ao; Po being the junction between
the mucosa and the perichondrial layer.  Inner wall area
was defined as the area of the wall internal to the out-
ermost layer of smooth muscle (Am-Ai).  Outer wall area
(adventitial area) in bronchi was defined as the area
between the outermost layer of smooth muscle and the
surrounding lung parenchyma (Ao-Am).

Point counting was performed on the tracheal sections
to determine the percentage of wall occupied by blood
vessels, and on the cartilaginous airway sections to deter-
mine the percentage of wall occupied by blood vessels,
smooth muscle and cartilage.  For the purpose of calcu-
lating the percentage of the wall occupied by blood ves-
sels, the airway was divided into the inner wall and the
outer wall (as defined above).  To test intraobserver repro-
ducibility, measurements of airway wall areas were repeat-
ed in 30 airways, and the difference between the two
measurements was divided by the average value of the
two measurements and expressed as a percentage.

Data analysis

All data are expressed as mean values±SEM.  A p-value
less than 0.05 was taken to be statistically significant. A
two-way analysis of variance (ANOVA) was used to test
for differences between groups in physiological variables;
one factor for the ANOVA was the repeated measures
"time" and the other was the "experimental group".  A
Bonferroni adjustment was made for multiple compar-
isons. Airway size was determined from the length of
the internal perimeter (Pi), and the area of the airway
wall and its components were converted to their square
root to linearize the relationship to Pi [17, 18]. 

The restricted maximal likelihood technique of FELDMAN

[19] was used to examine the relationship between air-
way wall area and airway size.  This technique is an
effective way to analyse this relationship because of the
way random effects are dealt with; within-sheep varia-
tion is separated from between-sheep variation and con-
sistent between-sheep trends can be detected.  Because
multiple measurements from one sheep are not inde-
pendent observations, it is not appropriate to pool the
data and form a single regression line for the group. The
Feldman technique [19] is based on the assumption that
the individual slopes and intercepts within a group are
normally distributed around some mean value.  Each
sheep's data is weighted according to how well they fit
the relationship, and an iterative process is used to min-
imize the variance of the slopes and intercepts.  This
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method allows the calculation of average relationships
for each group, and the establishment of confidence
intervals for the relationships.  Significance levels can
be determined for the difference between the slopes, inter-
cepts, and regression lines.  To detect airway luminal
narrowing we plotted Ai against Pi for each group, and
compared the relationship using the same analysis [19].

Results

Haemodynamics and arterial blood gas tensions

There was no difference between groups, before and
30 min after nebulization, in measurements of vascular
pressures, cardiac output and arterial blood gas tensions.
Mean values±SEM for these parameters for all groups are
shown in table 1.

Pulmonary resistance

There was no differences between groups in baseline
values of pulmonary resistance.  Aerosolized histamine
produced more than a two fold increase in resistance 5

min after stopping inhalation of the drug (p<0.01) (fig.
1).  However, there were no changes in resistance after
inhalation of phenylephrine or methoxamine.

Blood flow

There were no differences between Groups 2, 3, and 4
in baseline values of blood flow to the tracheal mucosa,
peripheral or central airways (fig. 2).  Nebulized histamine
produced more than a two fold increase in tracheal mucos-
al (p<0.05), and central airway (p<0.05), blood flow but
no change in peripheral airway blood flow.  There were
no changes in flow to any of these regions after nebulized
phenylephrine or methoxamine.
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Table 1.  –  Haemodynamics and arterial blood gases before
and after nebulization (n=22)

Before After

BP  cmH2O 94±3 93±3
Ppa  cmH2O 11±0.4 11±0.3
CO l·min-1 3.5±0.2 3.7±0.1
pH 7.42±0.01 7.43±0.01
PacO2 mmHg 38±0.6 38±0.6

(kPa) (5.1±0.1) (5.1±0.1)
PaO2 mmHg 186±1 143±7

(kPa) (24.8±0.1) (19.1±0.9)

Data are presented as mean±SEM. BP: systemic arterial blood pres-
sure; Ppa: pulmonary arterial pressure; CO: cardiac output; PaCO2:
arterial carbon dioxide tension; PaO2: arterial oxygen tension.

*
12

10

7

5

2

0
0 1 5 30

Time  min

R
L 

 c
m

H
2O

·l-1
·s

Fig. 1.  –  Pulmonary resistance (RL) before (time 0) and at 1, 3, 5
and 30 min after inhalation of an aerosol of saline (control, n=6), his-
tamine (n=5), phenylephrine (n=6) and methoxamine (n=5).  Data are
presented as mean±SD.  *: p<0.01, different from baseline.   ■ :
saline;    ❏ : histamine;    ❍ : phenylephrine;    ▲ : methox-
amine.

Fig. 2.  –  Changes in: a) tracheal mucosal blood flow; b) central; and
c) peripheral airway blood flow, before and after inhalation of an aerosol
of histamine (n=5), phenylephrine (n=6) and methoxamine (n=5).  Data
are presented as mean±SEM.  *: p<0.05, different from baseline. 

❏ : histamine;   ❍ : phenylephrine;   ▲ : methoxamine.
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Fig. 3.  –  Photomicrograph showing cross-section of a trachea (con-
trol group). L: tracheal lumen; c: cartilage; v: blood vessels, occupy-
ing a considerable proportion of the mucosal area. (×20 magnification).
Bar length is 80 µm.

Table 2.  –  Cartilaginous intraparenchymal airways; per-
centage of the airway wall occupied by blood vessels and
smooth muscle (inner wall), blood vessels and cartilage (outer
wall), and blood vessels (total wall)

Group 1 Group 2 Group 3 Group 4

Inner wall
Blood vessels 15±1 24±4* 18±2 19±6
Smooth muscle 24±3 19±4 26±1 18±2

Outer wall
Blood vessels 21±2 31±6* 25±4 27±6
Cartilage 36±6 33±5 35±7 36±6

Total wall
Blood vessels 18±2 28±5* 23±3 25±5

Data are presented as mean±SEM. *: p<0.01, different from control
(Group 1).

Morphometry

There was close intraobserver reproducibility of mor-
phometric measurements of airway wall areas.  The aver-
age percentage variation (SEM) between two measurements
for Ai, Am and Ao was 0.9±0.16, 1.8±0.33 and 5.9±1.1%,
respectively.

A photomicrograph of a cross-section of a trachea is
shown in figure 3, to illustrate the substantial contribu-
tion made by the blood to tracheal mucosal volume.  In
Group 1 (control) blood vessels occupied 34±10% of the
tracheal submucosa; this percentage was not different in
the other three groups (Group 2: 30±6%; Group 3: 34±8%;
Group 4: 30±8%).  Mean values (±SEM) for the per-
centage of the intraparenchymal cartilaginous airway wall
occupied by blood vessels, smooth muscle and cartilage
is shown in table 2.  In Group 1 the percentage of the
inner wall occupied by blood vessels was 15±1%; this
percentage was significantly higher (24±4%; p<0.01) in
Group 2 (histamine), but not different in Groups 3
(phenylephrine; p=0.3), or Group 4 (methoxamine; p=0.07).
In Group 1 the percentage of the outer wall occupied by
blood vessels was 21±2%; this percentage was higher
(31± 6%, p<0.01) in Group 2, but not different in Group
3 or Group 4.  In Group 2, (histamine) the area occupied
by blood vessels for the total airway wall was also sig-
nificantly greater than the control group (p<0.01).  There
was no difference between groups in the percentage of
the wall occupied by smooth muscle and cartilage.

When we examined the relationship between the square
root of the airway wall area (inner, outer and total wall
area) and the length of the internal perimeter, which we
used as a measure of airway size [17, 18], there was no
difference between the groups.  Mean values for each
group for the slopes and intercepts for these relation-
ships and for the corresponding R2 value and range of
R2 values are shown in table 3.  There was also no dif-
ference between the slopes of the relationship between
Pi and Ai for the four groups.

Table 3.  –  Airway wall dimensions

Group 1 Group 2 Group 3 Group 4
n=67 n=37 n=75 n=87

Inner wall
Slope 0.06 0.05 0.06 0.06
Intercept 0.27 0.42 0.31 0.33
R2-value 0.982 0.985 0.975 0.985
R2-range 0.877–0.996 0.975–1.0 0.941–0.981 0.958–0.991

Outer wall
Slope 0.18 0.18 0.16 0.19
Intercept 0.35 0.35 0.51 0.48
R2-value 0.964 0.984 0.960 0.976
R2-range 0.877–0.996 0.958–1.0 0.946–0.981 0.958–0.991

Total wall
Slope 0.19 0.19 0.18 0.20
Intercept 0.43 0.40 0.59 0.56
R2-value 0.972 0.986 0.960 0.979
R2-range 0.953–0.997 0.961–1.0 0.950–0.983 0.964–0.992

Data are presented as mean values.  Slope, intercept, R2-value and R2-range from relationship between
airway internal perimeter versus square root of airway wall area (inner, outer and total).
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Discussion

The results of this study show that in normal sheep a
considerable fraction of the tracheal and bronchial wall
is occupied by blood vessels, and that during histamine-
induced airway narrowing there is a 50% increase in this
volume fraction in both the inner and outer bronchial
walls.  In contrast to histamine, inhaled alpha-agonists
did not decrease the tracheal or bronchial blood flow or
vascular volume fraction.  Despite the increase in vas-
cular volume observed in the sheep challenged with his-
tamine, there was not a significant change in the slope
relating total wall area to airway internal perimeter.  This
suggests that histamine did not produce measurable air-
way wall oedema, and also indicates that the increase in
airway wall thickness due to congestion alone is insuf-
ficient to be detected by this method of analysis.  These
results do not support a major role for vascular conges-
tion as a cause of airway narrowing, and suggest that
smooth muscle shortening is the main mechanism respon-
sible for bronchoconstriction.

A 50% increase in vascular volume could increase air-
way resistance. We calculated the potential effect of this
amount of vascular congestion, making the assumption
that the entire increase in vascular volume would encroach
upon the airway lumen.  The results of this calculation
are shown in figure 4, in which airway size (Pi) is plot-
ted against the calculated fold-increase in resistance.  It
is evident that for the larger airways, a doubling of bron-
chovascular volume would have a minimal effect on air-
way resistance.  However this does not hold for the
smaller airways, because of their relatively greater wall
thickness.  It can be seen in figure 4 that in airways hav-
ing an internal perimeter of <5 mm (the boundary between
cartilaginous and membranous airways) there is a steep
rise in the calculated increase in resistance.  In this study,
however, only 12% of the measured airways had inter-
nal perimeter of <5 mm and we cannot be sure that the
vessels occupy the same fractional area in smaller air-
ways.  The tissue was not good enough to allow us to
make accurate measurements of airway vascular volume
in the membranous airways.  It is known that the wall
thickness of noncartilaginous airways is greater than that
of cartilaginous airways [18], so that a similar relative

amount of vascular congestion in the smaller airway could
have a more pronounced effect on airway resistance.
Despite an increase in bronchial blood volume in the his-
tamine group, there was no increase in tracheal blood
volume.  The tracheal blood occupied >30% of the sub-
mucosal tissue, and it is possible that this represents max-
imal vasodilation.

JAMES et al. [17, 18] have shown that airway wall area
remains constant during changes in lung volume and smooth
muscle contraction; therefore, in the absence of any sig-
nificant oedema or vascular congestion the relationship
between Pi and the square root of the wall area remains
constant.  Therefore, an increase in intercept or slope of
the relationship of Pi and wall area will give an indica-
tion of airway wall thickening.  In our study, although his-
tamine inhalation produced an increase in the volume
fraction of the airway wall occupied by blood vessels,
there was no evidence to suggest the presence of airway
wall oedema, because when we examined the relationship
between the square root of the airway wall area and the
internal perimeter, there was no difference between the
four groups.  It may be that this method of assessing the
presence of oedema is not sensitive enough for relatively
small increases in oedema.  By plotting the internal peri-
meter versus square root of wall area we should also be
able to detect the wall thickening due to congestion.
However, a 50% increase in the volume of a compartment
that only occupies 18% of the wall could result in only a
9% increase in total wall area, which might be less than
we can detect by this method.  Alternatively, there could
actually have been a redistribution of fluid from the air-
way wall interstitium to the vascular compartment.  RUBINSKY

et al. [20] have described such a shift in fluid between
compartments in rapidly frozen liver.  Fluid might shift
from the interstitium to the vascular compartment if the
blood froze first.  During freezing, ice crystals would
exclude solute and increase the osmolarity of the remain-
ing intravascular fluid, causing water to move from the
interstitial compartment into the vessels.  If a similar phe-
nomenon occurred in the bronchial walls, it would result
in an apparent engorgement of bronchial vessels.  However,
if this artefact had occurred in our study, it would have
effected all groups; therefore, it is unlikely to explain the
difference in vascular volume seen in the histamine group.
We believe that the methods we used to preserve vascu-
lar volume enabled us to trap all the pulmonary, tracheal
and bronchial blood in the lung and airways.  In the
bronchial vessels, there could have been redistribution from
the bronchial to the pulmonary vascular compartment
through bronchopulmonary anastomoses.

To our knowledge, this is the first report to document
the effects of altering bronchial vascular volume and blood
flow on airway wall thickness, airway calibre and pul-
monary resistance.  LAITINEN et al. [6] have recorded an
increase in mucosal thickness during perfusion of hista-
mine into the dog's tracheal circulation, and a decrease in
thickness after perfusion of the alpha-agonist, phenyle-
phrine.  However, the changes in mucosal thickness were
small (usually not more than 100 µm). MARIASSY et al. [7]
have reported the results of a study designed to determine
the effects of altering tracheal and bronchial vascular
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Fig. 4.  –  Potential effect of a 50% increase in vascular volume on
airway resistance (see text for explanation).



volume on airway wall thickness and luminal diameter.
However, they did not measure changes in airway blood
flow or pulmonary resistance.  They used morphometric
techniques to quantitate the subepithelial (55 µm depth)
microvascular volume fraction in the wall of the trachea
and in 1.0 and 0.5 mm diameter bronchioles of sheep in
the normal state and under conditions of "hyperaemia"
(pulmonary hypertension and vasodilation).  They per-
fused the bronchial vasculature with fixative at varying
pressures under hyperaemic and normal states (with and
without nitroprusside).  Results showed that the microvas-
culature comprised from 12–16% of the subepithelial tis-
sue volume, and that vascular congestion produced about
a doubling of this volume fraction.  Qualitatively, their
results are similar to ours.  Although, in our study the con-
trol values for the volume fraction were higher than theirs
for the trachea (34%) and for the cartilaginous airways
(19%), the increase due to vascular congestion was less.
The reason for the differences in control values is proba-
bly related to the specific anatomical areas which were
examined.  Their study was designed to exclude the large
venous sinusoids present in the sheep trachea and con-
ducting airways [5], and our study was designed to include
all vessels internal and external to the smooth muscle layer.

The results from this study do not support the indirect
evidence from previous studies, which suggested that
bronchial vascular dilation could contribute to airway
narrowing [10–12].  This was based on the fact that there
was attenuation of exercise-induced asthma after inhala-
tion of methoxamine [10], an exacerbation of airflow
obstruction after acute expansion of thoracic blood vol-
ume [11, 12].  The results in the sheep showing mini-
mal airway narrowing during bronchial vasodilation, and
no vasoconstriction after inhalation of the alpha-agonists,
suggest that the interventions may have produced their
effects by other mechanisms.

It has been suggested that the airway obstruction asso-
ciated with bronchiolitis may be secondary to vascular
congestion, rather than to airway smooth muscle con-
traction.  Results from recent studies in infants who had
bronchiolitis [21] have shown a decrease in airway resis-
tance after the children received nebulized epinephrine,
but not after receiving nebulized salbutamol.  However,
there have been no direct measurements of airway blood
flow or volume in subjects with this condition.  Indeed,
there are no data in humans or animals that have demon-
strated a decrease in bronchial blood flow or volume
after inhalation of alpha-agonists.

In the present study, we were surprised to find there
was no change in bronchial blood flow or vascular vol-
ume after inhalation of the alpha-agonists, methoxamine
and phenylephrine, as there is considerable evidence that
alpha-receptors are present in bronchial vascular smooth
muscle [22, 23].

There are several possible explanations to account for
this absence of measurable vasoconstriction.  One is that,
in sheep, alpha-receptors may be located mainly on larg-
er rather than smaller bronchial microvessels; if this were
the case, then it is possible that phenylephrine or methox-
amine, diffusing from the airway lumen, will not reach
these larger bronchial vessels.  In humans, alpha-recep-

tors may be located preferentially on smaller vessels and,
if so, this could account for the difference between the
purported vasoconstriction caused by inhaled alpha-ago-
nists in humans and its absence in sheep.  Another pos-
sible explanation is that, in the presence of disease, there
is novel expression of alpha-receptors on the bronchial
microvessels.  We also considered the possibility that
vasoconstriction by alpha-agonists may only occur if the
vessels are dilated.  The non-dilated vessels in normal,
healthy sheep might not respond to alpha-agonists, where-
as asthmatics and patients in heart failure who "respond-
ed" to inhaled alpha-agonists may do so because they
are already vasodilated.  We think this latter explana-
tion unlikely, however,  because we have observed, in a
separate group of sheep, a varying response to alpha-
agonists depending on the route of administration.  In
six sheep, in which we measured bronchial blood flow
using a transonic flow probe placed around the common
bronchial artery, there was a rapid reduction in bron-
chial blood flow of 64±10% (SD) on infusion of phenyle-
phrine (0.001 mg·ml-1 at a rate of 1 ml·min-1) into the
bronchial artery.  However, when we administered increas-
ing doses of phenylephrine as an aerosol (0.001, 0.1 and
10 mg·ml-1 for 5 min each) to some of these sheep there
was no reduction in bronchial blood flow.

In the present study, we are confident that a sufficient
dose of agonist was administered, because we saw slight
but significant rises in systemic arterial pressure during
inhalation of the higher doses of phenylephrine (10
mg·ml-1) and methoxamine (5 mg·ml-1 given in the pilot
study).  The aerosol of alpha-agonist was administered
in the same way as the histamine aerosol, which had a
pronounced vascular effect, indicating that delivery of
the aerosol was not a problem.  Conceivably, adminis-
tration of alpha-agonists in aerosolized form could release
a vasodilator substance from airway epithelial cells or
another source, thereby counteracting its vasoconstrictor
effect.  Such an interactive mechanism has been pro-
posed for beta-adrenoceptors located on epithelial cells
and airway smooth muscle cells.  Release of endothe-
lial-derived relaxing factor can be activated by stimula-
tion of beta-receptors on the epithelial cells [24].

We were surprised that we could not detect airway
luminal narrowing in the histamine group when we exam-
ined the relationship between Pi and Ai, despite the fact
that the lungs were removed from the sheep and frozen
quickly at the time of the peak response to histamine.
The possible explanations for this are as follows:
1. That the airway narrowing which increased resis-
tance was in airways peripheral to those that we sam-
pled.  For reasons of accuracy we measured the morphometric
dimensions only in cartilaginous airways.  It is possible
that the major airway narrowing which caused the increase
in resistance was in more peripheral airways.
2. That the airway smooth muscle shortening which
occurred in vivo and caused increased resistance, relaxed
during the freezing and subsequent fixation.  In previ-
ous studies we have used rapid fixation in excised human
[17], guinea-pig [18], and dog lungs [25], and have
demonstrated airway luminal narrowing following the
administration of bronchoconstricting agents.  However,
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in this study the sheep were alive at the time of the bron-
choconstriction and it is possible that it reversed much
more quickly.  We did everything to try to retain the air-
way geometry as it was at the time of the peak response
to histamine, by having the chest open and ligatures in
place around the left hilum and continuing to nebulize
the histamine up until the moment of death of the sheep.
However, it must take a finite amount of time for the
airway tissues to freeze after removal of the lungs from
the sheep, especially when the entire pulmonary and
bronchial vascular blood volume exists as a heat sink.
3. It could be that the increase in resistance is pre-
dominantly due to an increase in tissue resistance, not
reflected in airway narrowing [26].  However, we mea-
sured airway resistance using a rapid oscillatory tech-
nique (frequencies between 4–6 Hz), which should reflect
mainly airway rather than tissue resistance.

The failure to demonstrate significant luminal nar-
rowing does not detract from the fact that we have shown
vascular dilation in the histamine group.  It does mean,
however, that we cannot actually compare the degree of
luminal narrowing due to vascular congestion with that
due to smooth muscle shortening.

In summary, the results of this study indicate that vas-
cular congestion is unlikely to play a major role in air-
way narrowing, at least in cartilaginous airways.  Most
of the increase in airflow resistance following inhalation
of histamine is presumably due to airway smooth mus-
cle contraction.  These data also show a lack of vaso-
constrictor response to inhaled alpha-agonists.  This
observation is relevant to the studies in which a protec-
tion against bronchoconstriction provided by alpha-ago-
nists has been attributed to vasoconstriction.
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