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ABSTRACT: In guinea pigs, chronic cigarette smoke exposure produces physiological
and structural alterations in the pulmonary vasculature via unknown mechanisms.
This study aimed to determine whether chronic cigarette smoke exposure can induce
altered pulmonary vascular reactivity, and whether chronic smoke exposure would be
associated with a continued increase in vascular cell deoxyribonucleic acid (DNA)
synthesis, indicative of cell proliferation. Guinea-pigs were therefore exposed to two
regimens of smoke.

In the first experiment, animals were exposed once to the smoke of seven cigarettes,
and sacrificed 24 h post-smoke, while in the second experiment, the guinea-pigs were
exposed for 5 days each week for 4 months. Control animals were exposed to air. Lung
explant preparations and computer linked image photography were utilized to
determine vascular reactivity, and DNA synthesis was assessed using the 5-bromo-2'-
deoxyuridine technique.

Neither acute nor chronic smoke exposure affected vascular reactivity, although the
older animals had lesser reactivity. In the chronically smoked animals, evidence was
found of ongoing vascular DNA synthesis, and evidence of structural alterations with
increased muscularization of the arterioles (34.7+7.6% of arterioles in control versus
62.7+5.5% after smoke exposure).

Despite evidence of continued deoxyribonucleic acid synthesis in the peribronch-
iolar vessels, the alterations of vascular physiology previously found in this model
cannot be ascribed to increased reactivity at this site. Instead, the chronic deoxy-
ribonucleic acid synthesis in the arterioles adjacent to the alveolar ducts, culminating
in an increased number of fully muscularized vessels, would suggest this compartment
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The association of pulmonary hypertension and chronic
airflow obstruction in cigarette smokers is well documen-
ted, although its pathogenesis is controversial, and probably
has a multifactorial basis. Suggested aetiologies include
vascular bed destruction secondary to emphysema [1], hy-
poxia (either systemic or pulmonary) induced vasocon-
striction [2, 3] and alteration of the arterial structure with
either increased vascular tone, or increased resistance to
flow due to a distorted vessel wall [3]. To investigate
these possible aetiologies, an animal model was devel-
oped in which guinea-pigs were chronically exposed to
cigarette smoke. It was found that the smoke exposed
animals developed emphysema, airflow obstruction and
elevated pulmonary arterial pressure in the absence of
systemic hypoxia or capillary bed destruction [4-7].

There is no question that the structure of the pulmonary
vasculature is extensively altered in humans and animals
chronically exposed to cigarette smoke [8—11]. Alteration
of the vasculature can occur extremely quickly after
stimulation by either cytokines or flow [12], and there is a
rapid proliferative response in the vessel endothelium and
wall in both muscular arteries and peribronchiolar arte-
rioles after a brief exposure to cigarette smoke [13]. In
addition to this acute effect, a marked increase in the

degree of muscularization of the small peribronchiolar
vessels, with no increase in intima or muscular wall in the
larger and more proximal muscular arteries was found
using the guinea-pig model; this process appeared to be
independent of emphysematous airspace enlargement,
degree of airflow obstruction and presence of increased
pulmonary arterial pressure [5, 14]. Since the group with
increased pulmonary arterial pressure had an altered
induced pressure-flow relationship, it was suggested that
there was dynamic alteration of the vasculature with an
increased basal vessel tone secondary to vascular medi-
ators. Cigarette smoke may contain or induce these medi-
ators; smoke is known to contain large concentrations of
oxidants [15], and it is possible that, in addition to indu-
cing a proliferative response [16], it exerts a direct con-
strictive effect on the pulmonary vasculature, or can alter
the contractility of arterial smooth muscle cells by inter-
fering with the nitric oxide endothelin relationship [17].

The aim of the present study was to determine whether
cigarette smoke would directly alter the dynamic response
of the muscular pulmonary arteries. Specifically, the ani-
mal model was used to investigate whether the pulmonary
arterial vasculature of animals which were either acutely or
chronically exposed to cigarette smoke would be either
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more sensitive, or respond to a greater degree, to a contractile
stimulus. In addition, since acute smoke exposure is known
to produce proliferation in the vasculature, particularly the
arterioles in the airway compartment adjacent to the alveolar
ducts [13, 18], it was an aim to ascertain whether chronic
cigarette smoke exposure would induce vascular deoxy-
ribonucleic acid (DNA) synthesis, indicative of cell pro-
liferation, as it is possible that the initial proliferative
response would be abrogated by feedback regulatory
systems. If chronic cell proliferation existed, the iden-
tification of any relationship between the degree of vas-
cular cell proliferation and vascular reactivity was to be
determined.

Methods

Both experimental protocols utilized male Hartley strain
guinea-pigs obtained from Charles River (Quebec, Can-
ada), with three animals in each of the test and control
groups. To conserve animals, a power analysis was per-
formed based on previous experiments in which a 3-month
exposure to cigarette smoke produced an increase in mus-
cularization of the vessels adjacent to the alveolar ducts
[5]; the degree of muscularization, and the co-efficient of
variation were such that a power analysis allowed for a
group size of three animals.

In the first, short-term, experiment, the animals weighed
(mean=£sp) 453437 and 443433 g, respectively, and were
~12 weeks old. The test group was exposed to the whole
smoke of seven cigarettes using the standard nose-only
exposure chamber [4], while the control animals were
sham smoked. This dose of smoke has been chosen since
it produces a carboxyhaemoglobin of ~5%, values similar
to those found in human cigarette smokers [19], and also
produces airflow obstruction and pulmonary vascular
alteration in animals after chronic exposure. The cigar-
ettes used were purchased through the Canada Tobacco
Manufacturers’ Council, (Montreal, Quebec, Canada)
were nonfilter tipped, and were blended to yield 16 mg of
tar, 1.1 mg of nicotine and 11 mg of carbon monoxide
when smoked to a 23-mm butt length.

In the second experiment, the test animals weighed
46328 g at the commencement of exposure while the con-
trol animals weighed 45939 g; at the termination of the
experiment, the smoke exposed animals weighed 822133 g
while the control animals weighed 98361 g (values not
significantly different). In this protocol, the test animals
were exposed to the smoke of seven cigarettes each day, 5
days each week for a total of 4 months; control guinea-pigs
were sham smoked. The 4 month period was chosen since
previous experiments have shown that animals exposed to
smoke for this length of time developed structural alter-
ations in the pulmonary vasculature [5]. In order to label
cells synthesizing DNA, each animal received an intra-
venous injection of 60 mg-kg™ 5~bromo-2'-deoxyuridine
(BrdU; Boehringer-Mannheim, Laval, Quebec, Canada)
in phosphate buffered saline (PBS) vehicle, 3 h prior to
sacrifice.

Explant preparation

Explants were prepared using a slight modification of
the method of SHiet al. [20]. All animals were sacrificed
24 h post-smoke or sham exposure, using anaesthesia

with intraperitoneal urethane (0.5 g-kg weight), and
exsanguination through a catheter placed in the vena
cava. The anterior chest wall was removed, and in the
second protocol the left lung was clamped and removed
prior to flushing the vasculature of the right lung with 10
mL of heparinized Ringer’s solution; the vasculature of
both lungs was flushed in the first protocol. The lung
block was then removed, the trachea cannulated, and the
lungs inflated with 1% agarose in bicarbonate buffered
culture medium (BCM) at 37°C to near total lung
capacity and cooled for 30 min at 40°C.

The lungs were then placed in a small chamber; using a
hand-held microtome blade, sections 0.5—1 mm in thick-
ness were obtained. Explant sections which appeared to
contain at least one vessel in cross-section were placed in a
60&times;15 mm culture well containing 3 mL of BCM
and incubated overnight at 37°C in air enriched to 5%
CO..

Image acquisition

The lung explants were transferred to a Lab-Tec cham-
ber slide (Nunc Inc, Naperville, IL, USA) containing 300
UL of N-2-hydroxyethylpiperazine-N-2-ethanesul nic acid
(HEPES)-buffered culture medium (HCM), and placed on
the stage of a computer linked inverted microscope. The
small arteries adjacent to bronchioles were identified, and
baseline images photographed through a video camera
(JVC TK-107; JVC, Tokyo, Japan) and recorded on com-
puter disk. Vessels 1,000-100 pum in diameter could be
measured accurately. As the preliminary experiments had
not shown any response of the vessels to a nitric oxide
generator, the vessels were assumed to have a minimal
baseline tone. To deliver the appropriate concentrations of
constrictor, the methodology of Sur et al. [20] was used;
50 uL of 10® M histamine in HCM was added directly
onto the surface of the explants, and 20 s later (the time of
the peak response), images of the vessels were again
obtained. After a 2-min interval, this procedure was again
repeated for each concentration of histamine (107, 107,
10~ M). After each dose, 50 UL of liquid was taken out of
the well in order to maintain a total solution of 300 pL in
the chamber [21]. After completion of the dose response
curves, the stored images were printed, and lumen area
and perimeter measured using a Bioquant™ (R&M Bio-
metrics, Nashville, TN, USA) morphometric analysis sys-
tem.

Bromodeoxyuridine analysis

The assay was performed according to a previously pub-
lished protocol [13]. In brief, the left lungs were removed
and inflated to 25 cmH,O pressure with 4% cold fresh
paraformaldehyde. The lungs were sectioned after 7 h,
and a midsagittal slice was dehydrated, embedded in pa-
raffin, and sections cut at 4 um thickness. The depa-
raffinized lung sections were trypsinized with 0.05%
trypsin in 0.5m tris-hydroxymethyl-amino methane (Tris)-
HCI pH 8.0 for 10 min, washed with PBS, and endo-
genous peroxidase blocked with 0.3% H,O, in methanol.
Nuclei which had incorporated BrdU were visualized
by overnight treatment at 4°C with mouse anti-BrdU
(Boeringer-Mannheim) diluted 1:80. Sections were then
washed in PBS, and the secondary antibody (mouse
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immunoglobulin (Ig)G; Vector Laboratories, (Burlin-
game, CA, USA) applied. After a final wash, the sections
were incubated with aminoethylcarbazole (AEC) for 10
min to produce a visible product. A light haematoxylin
counterstain was utilized for nuclear identification. All
pulmonary arteries adjacent to the bronchioles, and all of
the small arterial vessels adjacent to the alveolar ducts
were examined. The fraction of staining nuclei was det-
ermined by counting, at x1,000 magnification, all of the
stained and unstained nuclei in the arterial endothelium
and arterial wall. It has been previously shown [13] that
neither macrophages nor acute inflammatory cells are
found in significant numbers in the vessel endothelium or
wall; the proliferating cells in the wall are therefore of
muscle or fibroblastic origin.

Vascular structure

A section from the paraffin block was stained with
aldehyde fuchsin elastic stain, and the muscularization of
the pulmonary arterioles and small arteries was assessed
using the method of HUNTER ef al [22]. This method
defines a muscularized arteriole as one which has a
double elastic lamina, and is based on the concept that as
the muscle develops, so does an internal elastic lamina.
Twenty random fields were examined, and the number of
small arteries/arterioles adjacent to the alveolar ducts in
each field counted, excluding muscular arteries adjacent
to membranous or respiratory bronchioles. These vessels
measured 35-10 um in diameter. Each vessel was then
examined under x100 oil immersion to determine
whether it had a double elastic lamina. A vessel was
counted as positive only if the elastic lamina was double
for at least 50% of the circumference.

Statistics

All analyses were performed using the SYSTAT system
(SYSTAT Inc., Evanston, IL, USA) [23]. The values for
explant vessel lumen area were expressed as a percentage
of the baseline values. Comparisons between the smoke
exposed and control vascular reactivity data and the
reactivity data of the acutely and chronically exposed
animals were performed using a Kolmogorov-Smirnov
analysis for nonparametric data. Using influence plots,
the DNA synthesis data were first examined to make sure
that no one animal influenced the group data. Since there
was no single animal which had undue influence, the data
were combined, and the groups compared using the
nonparametric Kruskal-Wallis analysis. The percentage
of muscularized arteries/arterioles, using a single value
for each animal, was compared between groups utilizing
an one way analysis of variance, and data are expressed as
meansp.

Results
Lung explants

To assess the reactivity of the vessels to increasing hist-
amine concentrations in the animals which received a

single exposure to cigarette smoke 24 h prior to sacrifice,
29 arteries in the explants from the control animals and 29
arteries in the explants from the smoke exposed animals
were examined. The data indicated that there was no
difference between the vascular reactivity in the smoke ex-
posed group compared to the control, nonexposed, ani-
mals. After treatment with increasing concentrations of
histamine (1010~ M), the control arteries contracted to
98+3, 96+5, 74+16 and 62+15% of the baseline area, re-
spectively. The animals which had received a single ex-
posure to smoke contracted to 102+6, 9948, 85+14, and
72+15% of the baseline area, respectively.

To assess the reactivity in the animals which were
exposed to smoke or sham smoke for 4 months; 25 arteries
in the explants from the control animals and 28 arteries in
the explants from the smoke exposed animals were exam-
ined. No difference in the reactivity between the groups
was found. After treatment with increasing concentrations
of histamine (10°-10 M), the control arteries contracted
to 9843, 9645, 91£8 and 84+11% of the baseline area
respectively. The animals which had received daily expo-
sure to smoke for four months contracted to 99+4, 97+6,
8849 and 80+9% of the baseline area respectively.

Because it was possible that vascular contractility was
altered by age, comparisons between the control groups of
the acutely exposed and chronically exposed animals who
were some 4 months older were performed. This analysis
showed that the older animals had a lesser degree of
contraction at the higher concentrations (107 and 10~ M)
of histamine (each comparison p<0.01).

Deoxyribonucleic acid synthesis

These data are highly skewed, and as it is the
distribution of the data, rather than mean or median values
which is important in this analysis, these data have been
illustrated using multiple histograms, as shown in figures 1
and 2. Nineteen vessels adjacent to the bronchioles in the
control animals, and 22 in the smoke exposed animals
were examined; 37 vessels adjacent to the alveolar ducts
were studied in the control animals compared to 36 in the
smoke exposed animals. Figure 3 illustrates BrdU
staining in the endothelium and muscular wall of a
vessel adjacent to an alveolar duct. The peribronchiolar
vessel wall cells in the smoke exposed animals had a
significantly increased percentage of labelled cells (p<
0.001) compared to the control animals. Although the
endothelial cells of the peribronchiolar vessels in the
smoke exposed animals had a tendency to have increased
labelling, this did not reach statistical significance. In the
small vessels adjacent to the alveolar ducts, the smoke
exposed animals had an increased percentage of labelled
cells in both the vessel wall (p<0.001) and the endothelial
cells (p<0.01).

Vascular structure

A total of 20£1 vessels per animal in the control
animals, and 1744 per animal in the smoke exposed
animals were examined; 34.7+7.6% of the control vessels
had double elastic laminae, compared to 62.7+5.5% of
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Fig. 1 — ahistogram based on the percentage of nuclei labelled with 5-bromo-2'-deoxyuridine (BrdU) in cellular compartments of the arteries adjacent to
the bronchioles. a) Percentage of labelled nuclei in the vessel wall cells of control animals; b) percentage of labelled nuclei in vessel wall cells of the
animals exposed to cigarette smoke for 4 months; c¢) percentage of labelled nuclei in the endothelial cells of control animals; d) percentage of labelled
nuclei in the endothelial cells of the animals exposed to cigarette smoke for 4 months.

vessels in the smoke exposed group (p<0.01). Figure 4
illustrates a muscularized arteriole.

Discussion

In the authors’ laboratory, a model of cigarette smoke
induced pulmonary disease which includes both pulmon-
ary vasculature and airspace alteration has been developed
[5], and has been utilized to try to understand the mech-
anism of the development of pulmonary hypertension in
cigarette smokers. It has been shown that the animals
were not systemically hypoxic [5], and that, although
there appeared to be a relationship between the presence
of airflow obstruction and increased pulmonary arterial
pressure, there was no relationship between the presence
of emphysema and the presence of pulmonary hyperten-
sion [14]. When microvascular casts of the lungs from
guinea-pigs chronically exposed to smoke were examined
[7], alterations in capillary network structure was found,
but no evidence of capillary destruction in the smoke
exposed animals; there were no correlations of the struc-
tural alterations with the vascular physiology, data consist
with the hypothesis that there was a dynamic as well as a
structural alteration of the vasculature.

In a previous study (14), It has been found that guinea-
pigs which had developed pulmonary hypertension had a
different pulmonary artery pressure response to induced
increases in blood flow, and it was concluded that the
group which had pulmonary hypertension had an increased
baseline tone in the pulmonary vascular tree, but that these
vessels could still respond appropriately to increased blood
flow. Interestingly, there are also human data which would
suggest that vascular resistance can increase without chan-
ges in cardiac output in patients with chronic obstructive
pulmonary disease [24-26]. It has been speculated that the
increased basal tone in the vasculature in the smoke
exposed animals might be the result of an increased
response to contractile stimuli such as oxidants in
cigarette smoke or smoke induced cytokine mediators.

To investigate this possibility, the present study utilized
the original technique of Swr1 et al. [20]. It is important to
note that the area of the vessels at baseline in the present
study was similar in both control and smoke exposed
animals; any increase in basal tone was not reflected by
vascular constriction. While this study has shown that the
muscular arteries in animals exposed either acutely or
chronically to cigarette smoke have neither increased
sensitivity nor increased responsiveness to constrictor
agents, it remains possible that exposure to smoke will



836

30 .

Number of vessels

J.L.WRIGHT, J-P SUN

C) 40~

30 T

20 7

Number of vessels

0 T T T T T

I —

.
iy
o

T T
(SN © o o <{- ©
| | ] — |
o N < © | N <

10-12-]

% Labelled nuclei

.
i
©

8-10 -
10-12 {]
12-14 -
14-16 ||
16-18 -
18-20 -
20-22 |
20-24 -
24-26 {|
26-28 |
28-30 -
30-32 -
32-34 |
34-36 |

% Labelled nuclei

Fig. 2 — a histogram based on the percentage of nuclei labelled with 5-bromo-2’-deoxyuridine (BrdU) in cellular compartments of the arteries adjacent to
the alveolar ducts. a) Percentage of labelled nuclei in the vessel wall cells of control animals; b) percentage of labelled nuclei in vessel wall cells of the
animals exposed to cigarette smoke for 4 months; c) percentage of labelled nuclei in the endothelial cells of control animals; d) percentage of labelled
nuclei in the endothelial cells of the animals exposed to cigarette smoke for 4 months.

alter the ability of the vessels to respond to dilators.
Although there have been relatively few studies which
have examined vascular constriction, several studies have
shown that both the systemic and pulmonary vasculature
in smokers has an impaired relaxation response, which
appears to be related to alterations in structure [27-32].
Kiowski et al. [30] examined the peripheral vasculature of
smokers, and found that while short term smoking was
associated with an enhanced endothelin induced vaso-
constriction, the vessels in the chronically exposed smo-
kers had impairment of the endothelial control of vascular
tone. DiNnH-XUAN and coworkers [27, 28] worked with
pulmonary artery rings and demonstrated that vessels
from patients with chronic obstructive pulmonary disease
(COPD) had 50% of the degree of induced relaxation
found in control vessels. The degree of relaxation corre-
lated negatively with the severity of intimal thickening in
the vessels, and the production of nitric oxide in the
vessels appeared impaired. Impairment of nitric oxide
mediated, endothelium-dependent relaxation was found
as well in the vessels of patients with COPD by PEINADO
et al. [33], who also observed a correlation between
maximal relaxation and forced expiratory volume in one
second (FEV1)/ forced vital capacity (FVC)% predicted.

In the 12 week old control animals, similar degrees of
arterial contractility to those of Sui et al. [20] were obtain-
ed; these investigators used histamine or 5-hydroxytryp-
tamine as primary constrictors. The 7 month old control
animals, however, had a much lower constrictor response.
In a subsequent study, Shi ef al. [34] found that contractile
responses could be altered by the presence of endothe-
lium-derived factors. Since histamine does stimulate endo-
thelial nitric oxide release [35], it is possible that the
vessels of the older animals in the present study had en-
hanced nitric oxide release. However, in that both the con-
trol and smoke exposed animals had similar contractile
patterns, and smoke exposure did not affect the response
of these vessels to the contractile effects of histamine, it is
concluded that it is unlikely that chronic smoke exposure
has altered the ability of these vessels to constrict.

The pulmonary vasculature can be divided into several
structural compartments, and this study has examined only
the compartments adjacent to the bronchioles (muscular ar-
terial compartment) and adjacent to the alveolar ducts (ar-
teriolar compartment). It remains possible that vessels of
the size that can be examined using the explant technique
are not the main site of vascular contractility in the smoke-
exposed guinea-pig. Although the vessels adjacent to the
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Fig. 3 — A muscularized arteriole which demonstrates 5-bromo-2'-
deoxyuridine (BrdU) staining in the nuclei of the endothelial cells
(arrow). BrdU haematoxylin stain, original magnification x650. Internal
scale bar = 15 um.

membranous bronchioles can be analysed using explants, it
is not possible to examine the vessels adjacent to the
alveolar ducts. The DNA synthesis data indicate that
chronic smoke exposure causes increased activity in the
walls of the arteries adjacent to the membranous bron-
chioles, but there is also marked proliferative response in
both the endothelial and wall cells of the muscular vessels
adjacent to the alveolar ducts. Furthermore, an increased
percentage of vessels in this area with a double elastic
lamina was found, indicative of increased muscularization
and ultimate arterialization, data which are in agreement
with those of a previous study [5].

Increased proliferative activity has been found pre-
viously after acute exposure to cigarette smoke in vivo [13]
and cigarette smoke components in vitro [36, 37]. While
some of the proliferation appears to be related to acti-
vation of the nicotinic receptor [36], it has also been
shown that at least part of the proliferative activity ap-
pears to be mediated via the endothelin A receptor [18]
and through oxidant-antioxidant imbalance [16]. How-

/ -

Fig. 4 — A muscularized arteriole. Note the prominent double elastic
lamina which extends almost the entire circumference. Aldehyde fuchsin
elastic stain, original magnification x650. Internal scale bar = 15 um.

ever, the present study is the first to confirm that DNA
synthesis appears to continue with chronic smoke expo-
sure. It is possible that it is this continuing proliferative
response which has resulted in the muscular media hyper-
plasia of the arterioles adjacent to the alveolar ducts.

In summary, chronic cigarette smoke exposure will pro-
duce increased deoxyribonucleic acid synthesis in the pul-
monary arteries and arterioles, and this is associated with
increased muscularization of the vessels adjacent to the
alveolar ducts. The deoxyribonucleic acid synthesis in the
walls of the vessels adjacent to the bronchioles is not, how-
ever, associated with any increased contractile response.
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