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Abstract Introduction

Weexamined the effect of bronchial blood flow (BBF) on
hyperpnea-induced airway obstruction (HIAO) in dogs.
HIAO in in situ isolated pulmonary lobes with or without
BBF was monitored via a bronchoscope. An intravascular
tracer in conjunction with morphometric analysis was used
to document the efficacy of our occlusion technique. We
found that (a) Occlusion of the bronchial artery abolished
bronchovascular leakage, but did not alter HIAO; (b) HIAO
occurred in postmortem dogs, and was attenuated by cool-
ing; (c) absence of BBF did not cause mucosal damage,
although hyperpnea-induced injury was enhanced in air-
ways lacking BBF; (d) BBF did not affect either goblet/
ciliated cell ratios or hyperpnea-induced goblet cell degran-
ulation; (e) ligation of the bronchial artery and hyperpnea
each caused mast cell degranulation, and these effects were
additive; (f) hyperpnea-induced leukocyte infiltration was
reduced in the absence of BBF; and (g) ligation of the bron-
chial artery and hyperpnea with dry air each increased air-
way vessel diameter, and these effects were additive. We
conclude that either impairment or absence of BBF abol-
ishes bronchovascular leakage and increases hyperpnea-in-
duced mucosal injury, but fails to affect HIAO. Based on
these results we speculate that bronchovascular leakage pro-
tects the bronchial mucosa from excessive losses of heat and
water, and inhibits mucosal damage. (J. Clin. Invest. 1995.
96:1221-1229.) Key words: airway resistance * airway in-
jury * bronchial circulation * bronchovascular leakage * dog
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1. Abbreviations used in this paper: AR, airway rings; BBF, bronchial
blood flow; CS, cross-section, d, distance; D = Pbm/7r maximally relaxed
equivalent bronchial diameter; DAC, dry air challenge, Daw airway di-
ameter; D,,, maximum vessel diameter; D,., perpendicular vessel
diameter; D,1 = P,1/7r, vascular internal diameter; G/C, goblet/ciliated
cell ratio; HIAO, hyperpnea-induced airway obstruction; I, intact; LLL,
left lower lobe; 0, occluded; PA, pulmonary artery; PAS, periodic acid-
Schiff; Pb baseline peripheral airway pressure; Pb., perimeter of the
basement membrane; PCWP,pulmonary capillary wedge pressure; Pp,,
lobar arterial pressure; Pv1 vascular internal perimeter; RLL, right lower
lobe; r, Pearson's correlation coefficient; r, Spearman's rank analysis
coefficient; T.w airway wall temperature; TB, toluidine blue; and Tp.,
lobar arterial temperature.

Hyperventilation with dry air increases airway resistance in
guinea pigs (1), rabbits (2), cats (3), dogs (4), monkeys (5),
and humans (6). Other studies reveal that it damages the bron-
chial mucosa (7, 8), increases bronchial blood flow (9, 10),
and increases bronchovascular permeability (8, 1 1 ). All of these
phenomena are consistent with the hypothesis that hyperpnea-
induced airway obstruction (HIAO)' is a result of bronchovas-
cular hyperemia and edema formation (12). Although some
studies provide data that indirectly address this hypothesis (13,
14), there are no data that directly document these phenomena.
If bronchovascular congestion and leakage were a prerequisite
for the development of HIAO, then reduction or elimination
of bronchial blood flow (BBF) should inhibit or abolish this
response. The purpose of this study was to determine the role
of the bronchial circulation in the development of HIAO.

Methods
Dogs were handled and maintained in accordance with the standards
set forth in the Policy and Procedures Manual published by the Johns
Hopkins University School of Hygiene and Public Health's Animal Care
and Use Committee. Male mongrel dogs (mean weight+se = 20.1±0.8
kg, n = 19) were anesthetized with pentobarbital sodium (30 mg/
kg, iv), and supplemented with pentobarbital (30 mg, iv) as needed.
Anesthetic depth was assessed by heart rate, blood pressure, canthal
reflex, and the presence of spontaneous movement or breathing. A tra-
cheotomy was performed, a dual portal tracheal tube inserted, and the
dog was ventilated with room air at a tidal volume of 17 ml/kg via a
constant volume ventilator. Respiratory rate was adjusted to maintain
end-tidal CO2between 4.0 and 4.5%. Heart rate and mean arterial pres-
sure were monitored throughout all experimental trials via a catheter
placed in the femoral artery. The femoral vein was also catheterized for
infusion of fluids and drugs. Rectal temperature was monitored and
maintained with a warming pad during the course of the experiment.

Measurements of peripheral airway pressure and airway
wall temperature
A fiberoptic bronchoscope (Olympus BF Type P10, Olympus Corp. of
America, New Hyde Park, NY) was visually guided and wedged in a
sublobar bronchus. Dry room temperature 5%CO2 in air was delivered
to the wedged segment at a constant flow rate (200 ml/min) through
one lumen of a dual lumen catheter that was inserted through the suction
port of the bronchoscope. The other lumen was used to record pressure
at the tip of the scope (Pb). With ventilator stroke and frequency fixed,
changes in end-expiratory Pb reflect changes in peripheral airway resis-
tance. In experiments involving the measurement of airway wall temper-
ature (T.w), a 5 F Swan-Ganz thermodilution catheter with the thermistor
exposed at its tip was threaded through the suction port of the broncho-
scope and used to simultaneously measure Taw and Pb during dry air
challenge (15).

Dry air challenge (DAC)
Insufflation of dry 5% CO2 in air was increased from 200 to 1,500-
2,000 ml/min for either a 2- or 5-min period. The flow rate was then
returned to 200 ml/min and Pb was monitored over the next 10 min.
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Control of bronchial blood flow
The left lower lobe's (LLL) pulmonary artery and bronchus was isolated
via a left lateral thoracotomy. A 9 X 30-mm plastic tube was visually
guided into the LLL lobar bronchus to provide internal airway support.
BBF to the LLL was stopped by tightening an umbilical tape occluder
placed around the isolated lobar bronchus. In some experiments, we
attempted to stop and restart BBF by tightening and then loosening the
umbilical tape occluder placed around the bronchus.

Cooling pulmonary blood
Pulmonary blood flow to the LLL was controlled using an open chest
preparation (16). Briefly, a catheter was placed in the branch of the
pulmonary artery (PA) entering the LLL. Lobar arterial pressure (Pp,.)
and temperature (Tpn) were measured via a modified thermodilution
catheter that was inserted into and advanced to the tip of the PA catheter.
Blood from the femoral vein perfused the LLL after it passed through
a rotary pump (150 ml/min), a bubble trap, and a heat exchanger. The
blood was rapidly cooled by switching the water intake of the heat
exchanger from a 390C bath to one set at 29TC.

Experimental protocols
THE EFFECT OF BRONCHIALBLOODFLOWON HIAO
Single DAC in contralateral lobes. A 5 min 2,000 ml/min DACwas
done in a sublobar segment of the LLL in which the bronchial circulation
was occluded throughout the entire experiment (n = 3). An identical
DACwas simultaneously performed in a contralateral sublobar segment
located in the right lower lobe.

Repeated DAC. A sublobar segment in the LLL of four dogs was
repeatedly exposed to 2,000 ml/min DACfor 2 min. Bronchial blood
flow to the LLL was either intact (I) or occluded (0) with a ligature
during and for 15 min after the DAC. Sequential challenges were alter-
nately done with and without BBF in four dogs in the following order:
dog 1: I, 0, I; dog 2: I, 0, I; dog 3: I, 0; and dog 4: 0, I, 0, I. Taw of
the wedged sublobar bronchus was recorded throughout the experiment.
Data from alternate trials in dogs 1, 2, and 4 were averaged and used
along with the data from dog 3 for statistical analysis. Taw of the wedged
sublobar bronchus was recorded throughout each trial and averaged
accordingly.

DACpost mortem. Dogs died from cardiac arrest while anesthetized
and undergoing study for a similar but unrelated experiment. Within 30
min after death, one wedged segment in an in situ isolated perfused
LLL was challenged twice with a 2 min 1,500 ml/min DAC(n = 3).
The LLL was challenged first with a Tp, of -390C in two dogs; a third
dog was challenged first with a Tpa of 29TC. Approximately 15 min after
DAC, LLL temperature was changed and a second identical challenge
was repeated after Pb returned to baseline.

DRY AIR-INDUCED BRONCHOVASCULARHYPERPERMEABILITY
Extravasation of Evan's blue. Five lobes in three dogs were exposed
for 5 min to 2000 ml/min dry airflow. Adjacent sublobar airways served
as unexposed controls for each lobe. Evan's blue dye (Sigma Chemical
Co., St Louis, MO) was injected (20 mg/kg, iv) 1 min before the DAC,
and the tissues were removed as described below. Airways distal to
the bronchoscope were dissected free from the parenchyma, washed in
Hanks' buffered salt solution (HBSS), cut into 5-mm sections and
weighed. Dye was extracted in formamide (Sigma Chemical Co.) at
55°C for 24 h, quantified spectrophotometrically at 620 nm, and ex-
pressed as ng/mg of tissue (17).

Extravasation of colloidal label. A bronchoscope was wedged in a
sublobar bronchus in seven dogs and a 5-min 2,000 ml/min DACwas
performed. Adjacent sublobar airways served as unexposed controls for
each lobe. Monastral blue B (Sigma Chemical Co.) was injected (1 ml/
kg, iv) 1 min before DAC, and the tissues were removed for analysis
as described below.

Morphometric analysis of airways with or without BBF. A 5-min
2,000 ml/min DAC was done in a sublobar segment of the LLL in
which the bronchial circulation was occluded throughout the entire ex-
periment (n = 5). Adjacent sublobar airways served as unexposed

controls for the ligated lobe. An identical DACwas done in normally
perfused sublobar segments of five other dogs and adjacent sublobar
airways served as unexposed controls for those lobes. After lobar bron-
chial artery occlusion, colloidal carbon (Faber-Castell Corp., Newark,
NJ) was injected (1 ml/kg, iv) 60 s before the DACto quantitatively
assess dry air-induced microvascular leakage and the efficacy of our
occlusion technique.

Tissue removal and preparation
Dogs were bled, a median sternotomy was done, the descending aorta
was cannulated at the level of the fourth rib and clamped below the
seventh, the pulmonary artery and left atrium were cannulated, and the
bronchial and pulmonary vasculature were perfused with HBSS. The
lungs were removed within 30-60 min after DACand either assayed
for Evan's blue content as described above or were prepared for morpho-
metric analysis as follows. After each lobe was cannulated, Streck tissue
fixative (Streck Laboratories, Omaha, NE) was instilled into each lobe
to an inflation pressure of 20 cm H20. Lobes were then immersed in
the fixative for 24-48 h before dissection. After fixation, the paren-
chyma was dissected free from the bronchi, and the location of the
bronchoscope was determined by using an airway map constructed at
the beginning of the experiment. A diagram was made of the airway
tree, which was cut serially into 3-mm-long rings and labeled for
analysis. The airway rings were dehydrated with ETOHand embedded
in glycolmethyacrylate using a JB-4 embedding kit (Polysciences, War-
rington, PA). One 2-3-lim cross-section (CS) of each airway ring was
stained with periodic acid-Schiff (PAS), and one with toluidine blue
(TB) and naphthol yellow S. Distance from the tip of the bronchoscope
of each DACtissue sample was determined from the airway tree dia-
gram. Comparable distances for control tissue CSs taken from airways
adjacent to the wedged sublobar segment were calculated from the
airway diameter using the following regression equations derived from
194 distance-diameter measurements made in 13 of the 19 dogs used
in this study: right upper lobe: d = -6.064Daw + 39.418 (r = 0.558,
df = 23, P c 0.002); right middle lobe: d = -4.842Daw + 33.255 (r
= -0.618, df = 18, P < 0.002); right lower lobe: d = -8.911Daw
+ 43.952 (r = -0.790, df = 45, P c 0.0001); left upper lobe: d
= - 10.676Daw + 48.898 (r = -0.747, df = 29, P - 0.0001); left
middle lobe: d = -6.205Daw + 35.433 (r = -0.624, df = 44, P
s 0.0001); left lower lobe: d = -10.124Daw + 46.200 (r = -0.857,
df = 23, P c 0.0001).

Morphometric analysis
Airways with CSs ranging from 0.5 to 4.4 mmin diameter were exam-
ined using light microscopy and an image analysis system (Sigma Scan,
Jandel Scientific, Corte Madera, CA). Airways 4.5 mmand larger were
not used because of their proximity to the bronchoscope whose tip was
4.8 mmin diameter. All airway CS's were categorized as either bronchi
(airways with cartilage) or bronchioles (noncartilaginous airways). A
schematic representation of a bronchiole is depicted in Fig. 1. The
relative condition of the airway mucosa was assigned to one of two
categories for analysis: Normal mucosa containing ciliated and goblet
cells, and damaged mucosa composed of either nonciliated or denuded
airway surfaces. The perimeter of the basement membrane (Pb.) and
the lengths of normal and damaged mucosa were measured. Pb., which
is unaffected by changes in airway tone (18), was used to calculate the
maximally relaxed equivalent bronchial diameter (D = Pbm/7r). The
following measurements were made on each airway CS at a magnifica-
tion of 400x, and the overall average per sublobar segment was calcu-
lated for each treatment. Three to six airway CS's were evaluated from
each experimental sublobar segment, and two airway CS's were exam-
ined from each control segment. Control airways were located in sublo-
bar segments adjacent to experimental airways, but were not exposed
to DAC. Ciliated cells/mm and goblet cells/mm of basement membrane
were counted in normal mucosa of PAS stained tissues, and goblet/
ciliated cell (G/C) ratios were calculated. Goblet cells were identified
via PAS staining. The number of mast cells and granulocytes within
the lamina propria and submucosa of the airway wall located directly
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Figure 1. Schematic representa-
tion of a bronchiole showing two
mucosal categories. The percent-
age of airway perimeter (Pbm) oc-
cupied by each mucosal category
was used to calculate the average
vascular label (Asm2Imm2), mast
cells/mm2, and inflammatory
cells/mm2 in each airway cross-
section.

below either normal or damaged mucosa were counted in CSs stained
with TB. Mast cells were identified as cells that had granules stained
with TB, and granulocytes were identified by their nuclei. The lamina
propria of the bronchial wall was defined as tissue located between the
basement membrane and the luminal border of the airway smooth mus-
cle (19). The submucosa was defined as tissue lying outside the airway
smooth muscle, excluding any muscle and cartilage present. The number
of mast cells and granulocytes were expressed per mm2of lamina propria
or submucosa located below either normal or damaged mucosa. The
permeability of vessels located in the lamina propria or submucosa
below either normal or damaged mucosa was estimated by measuring
the vascular wall area occupied by colloidal label in each airway CS
stained with PAS, and bronchovascular leakage as indicated by extrava-
sation of colloidal label was expressed as either um2/mmof Pb or as
Am2/mm2of airway tissue (Fig. 1). The diameter of airway vessels was
measured in CS's stained with TB. Vessels were identified by structural
characteristics of the endothelial and periendothelial cell layer, and
blood cells that were sometimes present in the vascular lumen. Measure-
ments of vascular internal perimeter (PV1), maximum diameter (D,,,,)
and perpendicular diameter (Dni,,) of each vessel were made at 1,000x.
The vascular internal diameter (DVI = Pv1/ir) of all vessels with a D./
Dw ratio 2 0.75 was used in our analysis.

Statistical analysis
Dry air-induced changes in Pb were analyzed using a two-way analysis
of variance and Duncan's multiple range test. All morphometrically
derived data were analyzed using Kruskal-Wallis One-Way ANOVA
for comparison of treatment means. Nonparametric multiple compari-
sons were done in a fashion paralleling the Dunnett's test by using rank
sums instead of means to compare treatments (20). Spearman's rank
analysis (r,) was used to correlate the extravasation of Evan's blue dye
with that of colloidal label. All values are expressed as the mean±se.
Statistical significance was judged at P - 0.05.

Results

The effect of bronchial blood flow on HIAO
SINGLE DAC IN CONTRALATERALLOBES
Baseline Pb just prior to DACin the right lower lobe (RLL)
and the LLL with and without BBFwas 1.9±0.36 and 3.4±0.89
cm H20 (n = 3), respectively (Fig. 2 A). This difference in
baseline Pb is within the normal range reported in the canine
lung (21). Because hyperpnea-induced changes in Pb are inde-
pendent of baseline tone, APb is useful for comparing the mag-
nitude of HIAO in contralateral sublobar segments (21). Thus,
APb 5 min after DACin the RLL with BBF was not different
(P = 0.31) from that in the LLL without BBF (Fig. 2 A).

REPEATEDDAC
No difference existed between baseline Pb preceding DACei-
ther with (2.7±0.72 cm H20, n = 4) or without (2.6±0.68 cm
H20) BBF. There was also no difference (P = 0.56) between
the APb recorded 2 min after DACeither with or without BBF
(Fig. 2 B). ATaw during DAC with and without BBF was
3.1±1.0 and 2.9±1.2°C (n = 4, P = 0.993), respectively.

DAC POST MORTEM
When Tpa was maintained at 38.5±0.3°C, Pb increased from
3.9±+1.36 cm H20 before to 6.8±2.25 cm H20 (n = 3) 5 min
after DAC(Fig. 2 C). When Tp, was maintained at 29±0.4°C,
Pb increased from 3.9±1.51 cmH20 before to 4.9±1.63 cmH20
5 min after DAC, and responses were significantly attenuated (P
< 0.01) when compared with APb recorded at normal Tpa (Fig.
2 C). Pp. was 19± 1.9 mmHgwhen warm, and averaged 23±2.5
mmHgwhen the blood was cooled to 29°C.
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Figure 2. The effect of bronchial blood flow on hyperpnea-induced
changes in sublobar pressure (APb). (A) A 5 min 2,000 ml/min expo-

sure to dry air was done once in either a normally perfused lobe or a

contralaterally located ligated lobe (n = 3). (B) A sublobar segment
in the left lower lobe was repeatedly exposed to 2,000 ml/min dry air
for 2 min (vertical bar) during either normal perfusion or after temporary
ligation of the bronchial artery (n = 4). (C) Two consecutive dry air
challenges (1,500 ml/min for 2 min) were done post mortem in in situ
isolated perfused lobes in which pulmonary blood was maintained at
either - 39 or - 29TC (n = 3). All values represent mean±se. * P
c 0.05.

Hyperpnea-induced bronchovascular leakage
EXTRAVASATIONOF EVAN'S BLUE

The magnitude of dry air-induced extravasation of Evan's blue
was inversely correlated (r, = 1.0, P c 0.0001) with distance
beyond the tip of the bronchoscope (Fig. 3 A). Regardless of
location, control airways contained < 25 ng/mg of Evan's blue.
Nonspecific tissue absorbance at 620 nm was negligible.

EXTRAVASATIONOF COLLOIDAL LABEL

Extravasation of monastral blue was inversely correlated (r,
= 1.0, P < 0.0001 ) with distance beyond the tip of the broncho-
scope (Fig. 3 B). Extravasation of label was negligible in unex-

posed control bronchi, and was independent of bronchial diame-
ter. Extravasation of Evan's blue (Fig. 3 A) was significantly
correlated (rs = 1.00, P c 0.001 n = 6) with that of monastral
blue (Fig. 3 B) in identically challenged airways (Fig. 3 C).

= 5 mm

v = 10 mm

* = 15 mm

A = 20 mm

* = 25 mm

o = 30 mm

r = 1.000
P < 0.001C.

0 40 80 120 160

Evan's Blue (ng/mg)

Figure 3. Hyperpnea-induced extravasation of Evan's blue dye and
colloidal label. Extravasation of Evan's blue dye (A) and monastral
blue B (B) in dry air challenged (2,000 ml/min for 5 min) and control
(200 ml/min) airways as a function of distance from the tip of a wedged
bronchoscope. (C) Extravasation of colloidal label and Evan's blue dye
as a function of distance from the tip of a bronchoscope. Evan's blue:
n = 5. Colloidal label: at 5 mmn = 4, 10 mmn = 7, 15 mmn = 4,
20 mmn = 4, 25 mmn = 2, and 30 mmn = 5. Values represent
mean±se. * P±0.05, comparison of 2,000 ml/min to control.

MORPHOMETRICANALYSIS OF AIRWAYSWITH AND WITHOUT

BBF

A total of 128 airway rings (AR) from five dogs were examined.
The average diameter of bronchi and bronchioles was

3.28±0.08 (AR = 62) and 1.80±0.08 mm(AR = 66), respec-

tively..
Dry air-induced bronchovascular leakage. DAC signifi-

cantly increased bronchovascular leakage in normal dry air chal-
lenged bronchi and bronchioles (Fig. 4 A). Although broncho-
vascular leakage occurred primarily in the lamina propria (Fig.
4 B), similar trends were evident in the submucosa of all air-
ways (Fig. 4 C). Despite statistically significant differences,
microvascular leakage was virtually absent in normal control,
ligated control, and ligated dry air exposed airways.

Hyperpnea-induced mucosal injury. Although DACdid, li-
gation of the bronchial artery did not in itself result in mucosal
injury (Fig. 5 A). The percentage of dry air-induced damage
did not differ significantly in normal and ligated bronchi (Fig.
5 B). In contrast, 45±15% of the mucosa in ligated dry air
exposed bronchioles was damaged, compared to only 14±7%
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extravasation of vascular label. Colloidal carbon/i.m2 of control (open
bar) and dry air challenged (hatched bar) airways with either a normal
or ligated bronchial circulation. Data are expressed as an average over
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(C). Values represent mean±SEM. * P < 0.05, ** P c 0.01 when
compared to control. I P 5 0.05, tP C 0.01 when compared with
similarly treated ligated airway. n = 5.

(P < 0.05) of the mucosa of normally perfused bronchioles
(Fig. 5 C).

Hyperpnea-induced goblet cell secretion. DACsignificantly
decreased (P _ 0.01) G/C ratios in normal and ligated airways
(Fig. 6 A). Although these changes were most prominent in
dry air-challenged bronchi (Fig. 6 B), similar changes also
occurred in bronchioles (Fig. 6 C).

Hypernea-induced changes in mast cell number. DACand
ligation each decreased the total number of intact mast cells in
sublobar bronchi (Fig. 7 A). DACand ligation each decreased
intact mast cell numbers in the lamina propria of bronchi and
bronchioles, and the dry air-induced effect was significantly
greater (PCO0.01) in ligated airways (Fig. 7 B). Although DAC
did not affect mast cell number in the submucosa of normal
bronchi or bronchioles, ligation did decrease mast cell number
in bronchi (P < 0.05), and mast cell number was further re-
duced by DAC(Fig. 7 C).

Hyperpnea-induced infiltration of leukocytes. Bronchial ar-
tery ligation reduced baseline inflammatory cell number, and
either abolished or inhibited dry air-induced inflammatory cell
influx in bronchi and bronchioles (Fig. 8 A). Although DAC
did not increase inflammatory cell number in ligated bronchi,

Sublobar Airways
Figure 5. Effect of lobar bronchial artery ligation on hyperpnea-induced
mucosal injury. Percentage of airway perimeter occupied by damaged
mucosa in control (open bar) and dry air challenged (hatched bar)
airways with normal and ligated bronchial circulation. Data are ex-
pressed as an average over all airways (A), for bronchi only (B), and
for bronchioles only (C). Values represent mean±SEM. * P s 0.05,
* *P < 0.01 when compared with control. I P < 0.05 when compared
with similarly treated ligated airway. n = 5.

it significantly increased cell numbers in the lamina propria
(Fig. 8 B) and submucosa (Fig. 8 C) of ligated bronchioles.

Hyperpnea-induced changes in bronchial vessel diameter.
DACincreased (p < 0.05) bronchial vessel diameter (Fig. 9).
Bronchial artery ligation alone increased (P _ 0.05) vessel
diameter in the lamina propria of unchallenged control airways
and enhanced (P < 0.05) dry air-induced vasodilation (Fig. 9
B). Submucosal vessels were affected by DACsimilarly (Fig.
9 C).

Discussion

We used three different methods to evaluate the role of the
bronchial circulation in the development of HIAO. No differ-
ence was observed when we compared airway responses to a
single DACdone in either a sublobar region with BBF or a
contralaterally located lobe without BBF (Fig. 2 A). Similar
results were recorded in response to repeated challenges done
in the same sublobar location during intermittent periods of
normal and impaired lobar BBF (Fig 2 B). Finally, DACdone
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post mortem in dogs with pulmonary but no bronchial perfusion
elicited a normal obstructive response (Fig. 2 C). In addition,
prolonged cooling in postmortem dogs attenuated HIAO in a

fashion similar to that seen in vivo in dogs ( 16, 22, 23 ) and in
man (12). All three experiments demonstrate that peripheral
airway obstruction develops regardless of the presence or ab-
sence of BBF. However, it is possible that our method of lobar
ligation did not completely abolish BBF, and that an impaired
flow was sufficient to produce bronchovascular leakage and
airway obstruction. It is also possible that either occlusion of
the bronchovasculature or death stopped systemic bronchial per-

fusion, but did not prevent retrograde pulmonary perfusion (24)
from contributing to hyperpnea-induced bronchovascular leak-
age and airway obstruction. In addressing these possibilities,
we examined the efficacy of our method of bronchial occlusion,
and hyperpnea-induced changes in normal and ligated airways.

Before examining the efficacy of our bronchial artery occlu-
sion technique, we evaluated two different intravascular labels
commonly used to estimate bronchovascular leakage. Evan's
blue dye is an easily quantified marker of plasma albumin ex-

travasation (17). In contrast, colloidal carbon and monastral
blue B are macromolecular tracers consisting of 20- to 50-nm-
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changes in intact mast cell density. Mast cells/mm2 in control (open
bar) and dry air challenged (hatched bar) airways with normal and
ligated bronchial circulation. Data are expressed as an average over the
entire cross-section (A), the lamina propria (B), and the submucosa
(C). Values represent mean±SEM. * P c 0.05, **P < 0.01 when
compared to control. P -< 0.05, tP < 0.01 when compared with
similarly treated ligated airway. n = 5.

wide particles (25, 26) that can pass between leaky endothelial
cells and become trapped in the walls of hyperpermeable ves-

sels. Previous experiments revealed that the extravasation of
either tracer can be used to localize and quantify the broncho-
vascular leakage in canine peripheral airways after hyperventila-
tion with cool dry air (8). Although the quantification of extrav-
asated colloidal label is significantly more time consuming than
quantification of Evan's blue, it allows the collection of relevant
morphometric data that are normally lost when using the latter
method. Because the use of colloidal particles to quantify bron-
chovascular leakage in bronchi and bronchioles has not been
previously validated, we compared our morphometric method
for estimating microvascular leakage in peripheral airways with
the more commonly used Evan's blue method. Hyperpnea-in-
duced extravasation of Evan's blue was greatest in large bronchi
(- 130 ng/mg) closest to the wedged bronchoscope, decreased
with increasing distance from the scope, and was markedly
enhanced when compared with control airways (- 25 ng/mg)
located in adjacent sublobar segments (Fig. 3 A). This proximal
greater than distal hyperpnea-induced extravasation of Evan's
blue is qualitatively similar to that reported in guinea pigs,
which was also unrelated to the severity of the pulmonary ob-
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Figure 8. Effect of lobar bronchial artery ligation on hyperpnea-induced
leukocyte infiltration. Inflammatory cells/mm2 of control (open bar)
and dry air challenged (hatched bar) airways with either a normal or

ligated bronchial circulation. Data are expressed as an average over the
entire cross-section (A), the lamina propria (B), and the submucosa
(C). Values represent mean±SEM. * P s 0.05, **P s 0.01 when
compared with control. I P S 0.05, tP < 0.01 when compared with
similarly treated ligated airway. n = 5.

struction ( 11). Similar trends in hyperpnea-induced broncho-
vascular leakage were revealed by the extravasation of colloidal
label in canine peripheral airways (Fig. 3 B). This distance-
dependent change in bronchovascular permeability probably re-

flects the progressive conditioning of dry air as it penetrates
deeper into the lung periphery. A comparison of hyperpnea-
induced microvascular leakage as determined by Evan's blue
and colloidal label at similar locations along identically chal-
lenged sublobar airways indicates that both methods yield simi-
lar qualitative results (Fig. 3 C). However, the use of a colloidal
label eliminates the potential effect of tissue handling time on

the magnitude of leakage, and allows the exact localization of
the sites of fluid extravasation.

The efficacy of our bronchial artery occlusion technique
was examined via the intravenous injection of colloidal label
just before DAC. If bronchial artery occlusion was complete,
BBF would cease and transmural bronchovascular pressure

would be markedly reduced. The absence of BBF would act to
exclude circulating label from the occluded region, and the
resulting decrease in transmural pressure would reduce extrava-
sation of any label that entered the challenged region. Quantifi-
cation of colloidal label in hyperpnea-challenged airways from
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changes in vessel diameter. Average vessel diameter in control (open
bar) and dry air challenged (diagonal bar) airways with either a normal
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(C). Values represent mean±SEM. * P s 0.05, **fP 0.01 when
compared with control. I P - 0.05, tP < 0.01 when compared with
similarly treated ligated airway. n = 5

lobes with and without BBF revealed that leakage was virtually
abolished in ligated lobes (Fig. 4). This indicates that BBF to
bronchi and bronchioles located downstream from the occluder
was significantly impaired if not abolished, and that retrograde
pulmonary blood flow did not substitute in its absence. These
data, in conjunction with our experiments documenting normal
HIAO in the absence of BBF (Fig. 2), clearly show that the
bronchial circulation does not contribute to the development of
HIAO.

Although BBF does not appear to be obligatory for the
development of hyperpnea-induced airway narrowing, morpho-
metric analysis of normal and ligated airways suggests that the
bronchial circulation does modulate peripheral airway responses

to airway desiccation. Morphometric analysis revealed that oc-

clusion of the bronchial artery did not in itself result in mucosal
injury (Fig. 5). DACdamaged 50% of the airway perimeter
in sublobar segments regardless of the status of the bronchial
circulation (Fig. 5 A). Approximately 75% of the mucosal pe-
rimeter was damaged in bronchi located in normal and in ligated
segments (Fig. 5 B). In contrast, mucosal damage in dry air
exposed ligated bronchioles was three times greater than the
hyperpnea-induced damage in bronchioles with intact BBF
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(Fig. 5 C). Previous work revealed that DACin intact dogs
resulted in significant mucosal injury only in the bronchi (8).
Data presented here indicate that impairment or abolition of
BBF results in hyperpnea-induced damage to the bronchiolar
epithelium. These data are consistent with the hypothesis that an
intact bronchial circulation reduces mucosal damage by limiting
stimulus penetration into the bronchiolar region. In a similar
fashion, fi-agonists may in part inhibit dry air-induced mucosal
injury in canine bronchi (27) by increasing BBF and ablating
the stimulus to those airways. However, the direct cause of
hyperpnea-induced epithelial damage remains a mystery. We
previously suggested that microvascular leakage contributes to
epithelial injury (8): an increase in interstitial pressure during
smooth muscle constriction could disrupt the bronchial epithe-
lium. The fact that mucosal injury in this study is evident in
the absence of bronchovascular leakage indicates that fluid ex-
travasation either alone or in conjunction with smooth muscle
constriction, is unlikely to be the primary cause of hyperpnea-
induced airway epithelial damage.

The G/C ratio averaged over all airways was 0.33 and
tended to be larger in bronchi than in bronchioles (Fig. 6). We
previously reported that goblet cells were distributed heteroge-
neously throughout the canine lung periphery, that G/C ratio
decreased with decreasing airway diameter, and that challenge
with warm-moist air significantly reduced goblet cell discharge
(8). A decrease in G/C ratio reflects an increase in goblet cell
secretion. This study shows that systemic blood flow to bronchi
and bronchioles affects neither G/C ratios in unchallenged seg-
ments nor hyperpnea-induced goblet cell degranulation in the
peripheral lung (Fig. 6). This is consistent with our previous
observation that a /3-agonist, which may result in transient dila-
tion of the bronchial circulation during DAC, did not alter goblet
cell secretion (27).

The occlusion of lobar BBF decreased mast cell number in
control bronchi and bronchioles, and DACdecreased this num-
ber even further in the lamina propria (Fig. 7). Because com-
pletely degranulated mast cells would not be detected by our
morphometric analysis, a reduction in mast cell number reflects
an increase in mast cell degranulation and activity. Thus, im-
paired BBFand DACindependently cause mast cell degranula-
tion, and in combination appear to have an additive effect. The
mechanisms by which impaired blood flow and DAC cause
mast cell degranulation are unknown. Mast cell degranulation
also occurs in dogs after pulmonary artery occlusion and reper-
fusion (28). This may be related to local changes in oxygen
radical production in the lung either during the period of isch-
emia or during reperfusion (29). Although reperfusion could
have been a factor in our repeated challenge experiments (Fig.
2 B), sublobar segments were not reperfused in either our single
DAC (Fig. 2 A) or our postmortem (Fig. 2 C) experiments.
Although it is unclear whether reperfusion is necessary for oxi-
dant-induced injury to occur in canine lungs (28), our experi-
ments reveal that occlusion alone causes mast cell degranula-
tion. It is possible that ischemia- and hyperpnea-induced mast
cell degranulation are associated with the development of local
airway hypertonicity, a stimulus reported to cause mast cell
mediator release in vitro (30) and in vivo (31).

Hyperpnea-induced leukocyte infiltration into the lamina
propria and submucosa was markedly reduced in ligated, dry air
challenged bronchi and bronchioles when compared to normally
perfused airways (Fig. 8), again confirming the absence of
BBF to these ligated regions. Although DAChad no effect on

leukocyte infiltration in ligated bronchi, it did increase inflam-
matory cell density in ligated bronchioles when compared to
their ligated controls (Fig. 8). This hyperpnea-induced leuko-
cyte influx in bronchioles likely reflects the close proximity of
the pulmonary capillaries to the airway lumen. Alternatively, it
is possible that this small increase in leukocyte density results
from the local release of a chemotactic factor. The fact that
hyperpnea-induced airway narrowing occurs in airways lacking
bronchial circulation implies that leukocyte influx does not play
an important role in this acute response. The postchallenge role
of these inflammatory cells remains to be investigated, but from
the time-course of infiltration (32) it seems reasonable to con-
clude that they may be instrumental in the development of the
"late" response previously characterized in this canine model
(32, 33). These results are similar to those obtained with other
airway irritants (34, 35), and leukocyte infiltration may contrib-
ute to the prolonged period of bronchovascular hyperpermeabil-
ity that is initiated by DAC (32). Prolonged bronchovascular
leakage and leukocyte infiltration may also play an important
role in the mucosal repair which is evident between 2 and 24
h after DAC(32).

Ligation of the bronchial artery increased the average bron-
chial vessel diameter in the lamina propria from 6.4 pm in
normal airways to 7.7 ,um in ligated control airways (Fig. 9
B). Hyperpnea with dry air further increased vessel diameter
(8.2 tizm), and the lack of BBF enhanced this effect (10.2 ,m).
With the exception of an increased vessel diameter in dry air
exposed normal airways, similar trends were observed for sub-
mucosal vessels (Fig. 9 C). Based on Laitinen et al. (36),
bronchial venules (10-30 ,m diameter) and capillaries (4-9
pm diameter) appear to be important sites of vascular leakage
in this model (Fig. 9). However, we cannot rule out the possibil-
ity that arterioles (15-40 pm diameter) may also be involved.
Our data supports the hypothesis that DAC causes mast cell
degranulation (Fig. 7), and results in bronchovascular dilatation
(Fig. 9) and hyperpermeability (Fig. 4). The increase in vessel
diameter seen in the lamina propria of normal dry air challenged
bronchioles and bronchi (Fig. 9 B) would theoretically increase
BBF to those airways by 1.4- and 2.7-fold, respectively. This
is consistent with the intravascular radiolabeled microsphere
data showing that hyperpnea with dry air increases canine BBF
(9, 10). In contrast, the hyperpnea-induced change in submuco-
sal vessel diameter is unlikely to significantly alter blood flow
to the submucosa of either normal bronchi or bronchioles (Fig.
9 C). However, regardless of size or location, vessel diameter
in dry air challenged ligated airways is significantly larger than
those in normally perfused airways. This observation is consis-
tent with a hyperpnea-induced release of vasodilator mediators
that accumulate in segments without BBF. The identity of these
potential mediators is unknown, and although local bronchial
perfusion may provide intravascular clearance of these pur-
ported vasoactive mediators (37, 38), our data do not preclude
an extravascular origin.

In summary, the absence of BBF, as indicated by a marked
reduction in hyperpnea-induced bronchovascular labeling, does
not contribute to the development of HIAO. Although BBF is
not a prerequisite for the development of hyperpnea-induced
airway narrowing, it does provide the bronchial mucosa with
significant protection from dry air-induced injury. Although
BBF does not affect goblet cell secretion, its absence causes
mast cell degranulation in unchallenged segments and enhances
mast cell degranulation in response to hyperpnea with dry air. In
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addition, hyperpnea-induced leukocyte infiltration is markedly
reduced in ligated, dry air challenged airways, confirming their
passive role in the acute response to dry air. Finally, hyperpnea
with dry air causes airway vasodilation, which is enhanced in
the absence of BBF.

In conclusion, occlusion of lobar BBF abolishes broncho-
vascular leakage and increases dry air-induced mucosal injury,
but fails to affect HIAO. Wespeculate that under normal condi-
tions, hyperpnea-induced bronchovascular dilation and leakage
protects the bronchial mucosa from dry air-induced injury. This
protection may reflect a basic homeostatic mechanism in which
the replacement of water lost during hyperpnea would serve to
ameliorate airway injury and help to maintain normal airway
hydration.
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