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Abstract
A variety of clinical and experimental evidence indicates that surfactant may be
important in the pathogenesis and treatment of asthma. The purpose of this study was to
determine the effect of pulmonary surfactant and/or its components on precontracted rat
bronchi. Left and right first generation bronchial tissues from male Sprague-Dawley rats
were used in the studies done in vitro. Precontracted tissues were exposed to three kinds
of surfactant: natural rat surfactant (NRS), bovine lipid extract surfactant (BLES), and
Survanta. Surfactant was shown to relax rat bronchi in a concentration-dependent
manner. The mechanism of surfactant-induced relaxation was determined. The surfactant
relaxation response was inhibited when tissues were devoid of epithelium or when they
were treated with indomethacin. N-co-nitro-L-arginine methyl ester (L-NAME) did not
affect

the

surfactant-induced

phosphatidyicholine

(uPC),

relaxation.

Surfactant

dipalmitoylphosphatidylcholine

lipids,

unsaturated

(DPPC),

and

phosphatidyiglycerol (PG), and surfactant-specific protein A (SP-A) also showed a
relaxant effect whereas non-surfactant lipids and proteins did not. We conclude that
surfactant is an airway smooth muscle relaxant. The effect is specific and is dependent on
the presence of epithelium and release of prostanoids, but is not dependent on the nitric
oxide (NO) pathway.
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Chapter 1: Introduction
Pulmonary surfactant is a complex mixture of lipids and proteins that lines the
alveolar surface and reduces its surface tension. Without surfactant the alveoli and small
airways collapse and the work of breathing dramatically increases. Changes in pulmonary
surfactant have been demonstrated in asthma. The present study investigates the
pharmacological effect of pulmonary surfactant on precontracted rat bronchi.

1.1. Airways
The respiratory system consists of the larynx, trachea, bronchi, bronchioles, and
alveoli. The tracheobronchial tree has smooth muscle, cartilage and submucosal mucous
glands in the wall of the larger conducting airways and is lined by pseudostratified
epithelium. Most of the cells are ciliated, but mucus-secreting and basal cells also exist.
There are non-ciliated columnar cells (Clara cells) and Kulchitsky cells (Travis et al.,
1998).
A bronchus becomes a bronchiole when cartilage and mucus-secreting glands
completely disappear from its wall (Travis et al., 1998; Wang, 1987). The last purely
conducting structure free of alveoli is the terminal bronchiole, with aciliated respiratory
epithelium and a smooth muscle wall. Mucous cells gradually disappear from the
bronchioles and are replaced in the small bronchioles by non-ciliated, columnar Clara
cells (Travis et al., 1998). The next branches of the airways are those generations of
respiratory bronchioles which end in the alveolar ducts and alveoli (Travis et al., 1998;
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Wang, 1987). The acinus, the unit of gas exchange in the lung, consists of respiratory
bronchioles, alveolar ducts, and alveoli (Travis et al., 1998).
The alveolar epithelium is composed of two cell types: squamous type Iand cuboidal
type II cells. Type Icells are the sites in which gas exchange occurs. Type II cells
produce lung surfactant (Liu, 1999). The principal function of the lung and of the alveolar
epithelium is to provide a large surface area and short alveolar-capillary distance to
maximize gas exchange. The pulmonary epithelium serves anumber of functions that
essentially act to preserve the capacity for such gas exchange (Hermans and Bernard,
1999).

1.2. Neuropharmacology of Airway Smooth Muscle
Hyperreactivity of bronchial smooth muscle and spasm in response to exogenous
stimuli is characteristic of asthma (Liu et al., 1995).
Airway smooth muscle is aheterogeneous tissue, which has contractile properties that
vary among species and within airway generations (Leff, 1998). The degree of
contraction is determined by the intracellular concentration of calcium. The concentration
of calcium is influenced by neural, hormonal, and inflammatory cells and extrinsic
factors such as inhaled chemicals (Mitchell, 1996).
The smooth muscle cells (myocytes) of the airways are embedded in collagen, elastin,
fibronectin, and basement membrane substance composed of glycoproteins, glycolipids,
and glycosaminoglycans. There are also neural processes, fibroblasts, inflammatory cells,
and vascular tissue in close proximity (Kotlikoff, 1988).

3

The

smooth

muscle

cell

is

not

only

contractile

but

secretory.

It

has

immunomodulatory properties and is an active contributor to airway inflammation and
dysfunction (Johnson and Knox, 1997; Schmidt and Rabe, 2000).
Airway smooth muscle is influenced by agonists, neurotransmitters, and drugs; the
effects of which are mediated via receptors on the cell surface. Bronchoconstrictors may
have a primary action on airway smooth muscle or function indirectly by releasing
bronchoconstrictors from inflammatory cells and nerves. Bronchodilators, either act
directly on receptors on airway smooth muscle or indirectly via release of endogenous
bronchodilators such as nitric oxide (NO) or prostaglandin E2 (Barnes, 1998).
Nerves innervating airway smooth muscle play a crucial role in regulating airway
tone. The primary contractile innervation of airway smooth muscle is cholinergic and
parasympathetic in nature (Canning and Fischer, 2001). Methacholine (MCh), a
bronchoconstrictor used in the experiments described in Chapters 2, 3, 4, 5, and 6, is a
cholinergic agonist. The effects of it are mediated via muscarinic receptors on airway
smooth muscle. The muscarinic receptors interact with members of agroup of guanine
nucleotide-binding regulatory proteins that regulate effector systems within cells (Taylor,
1991). Muscarinic receptors have been detected in airway smooth muscle; muscarinic
receptor (M) 2 occurs on airway smooth muscle and M 3 occurs on airway epithelium,
airway smooth muscle, and submucosal glands. The primary receptor mediating
bronchoconstriction is M 3 (Mak et al., 1992).
5-Hydroxytryptamine (5-HT), or serotonin, is aneurotransmitter (Bloom, 1991) that
is

released

during

asthmatic

inflammation

(Sato

et

al.,

2002).

5-HT

is

a

4

bronchoconstrictor used in the experiments described in Chapters 2, 3, 4, and 5. A study
by Szarek et al. (1995) indicates that 5-HT contracts rat airways in two ways; directly by
activating 5-HT2 receptors located on airway smooth muscle and indirectly by activation
of 5-HT2 receptors on parasympathetic nerve endings causing release of acetylcholine
(ACh).
The sympathetic nervous system is involved in the homeostatic regulation of avariety
of functions, such as vasomotor tone, blood pressure, and bronchial airway tone.
Isoproterenol is asympathetic drug used in the experiments described in Chapters 2, 3, 4,
5, and 6. It is apotent non-selective 3-adrenergic agonist with very low affinity for aadrenergic receptors. It relaxes airway smooth muscle when the tone is high (Hoffinan
and Lefkowitz, 1991).
The mammalian tachykinins substance P (used in the experiments described in
Chapters 2, 3, 4, 5, and 6) and neurokinin (NK) A are known to be present in sensory
airway nerves of animals and humans (Joos et al., 1988). They act on specific receptors
to exert various biological actions (Drapeau et al., 1987). Substance P and NKA cause
bronchoconstriction in normal persons and asthmatic patients (Joos et al., 1997). In
human airways, this effect is mediated entirely via NK2receptors (Sheidrick et al., 1995).
In rats the effect of substance P is different. Substance P relaxes precontracted rat
bronchial tissues and this can be inhibited by indomethacin. It appears that substance P
relaxes rat airway smooth muscle via NK 1 receptors on the respiratory epithelium
(Bodeisson et al., 1999). The epithelium appears to exert this effect via an agoniststimulated active release of prostanoids. Devillier et al. (1992) have shown that

5

prostagladin E2 is involved in the mechanism of epithelium-dependent substance Pinduced relaxation in rat airways.
Two families of autacoids that are derived from membrane phospholipids have been
identified: the eicosanoids, which are formed from certain polyunsaturated fatty acids
(mainly arachidonic acid) and include prostaglandins, pro stacyclin, thromboxane A2,and
leukotrienes; and the modified phospholipids, represented by platelet-activating factor.
The two major routes of metabolism of arachidonic acid are the lypoxygenase and
cyclooxygenase pathways. Leukotrienes are the products of the lypoxygenase pathway,
whereas prostaglandins, prostacyclin, and thromboxane A2 are the products of the
cyclooxygenase pathway (Campbell, 1991). Prostaglandins have bronchomotor activities,
either contraction or relaxation. These responses are partly dependent on concentration
(Gardiner and Collier, 1980). In general, prostaglandins F and prostaglandin D2 contract
and

prostaglandins

B relax

bronchial

and

tracheal

muscle

(Campbell,

1991).

Indomethacin, a methylated indole derivative used in the experiments described in
Chapters 2, 3, 4, and 5, is apotent inhibitor of the prostaglandin-forming cyclooxygenase
pathway (Insel, 1991).
NO is afree radical molecule generated from L-arginine by the enzyme nitric oxide
synthase (NOS) (Sanders, 1999). There are three types of NOS

-

endothelial, neuronal

(both known as constitutive NOS), and macrophage (or inducible) NOS forms (Vallance
and Collier, 1994). Once formed, NO activates soluble guanylyl cyclase after binding to
its haem moiety to begin athree dimensional change in the shape of the enzyme which
increases

its

activity

and

consequently

the

production

of

cyclic

guanosine

6

3'5'monophosphate (cGMP) (Waldman and Murad, 1988; Zoritch, 1995). The increase
in cGMP results in relaxation of smooth muscle (Zoritch, 1995). N-co-nitro-L-arginine
methyl ester (L-NAME) is an inhibitor of NOS (Bernareggi et al., 1997; Mhanna et al.,
2001) used in the experiments described in Chapters 3, 4, and 5.

1.3. Asthma
Bronchial asthma is achronic inflammatory disease of the airways that is recognized
clinically by paroxysmal airway obstruction and an increased hyperresponsiveness to
bronchoconstrictive stimuli (Hamid and Minshall, 2000; Schmidt and Rabe, 2000).
Asthma is a significant health care problem, as reflected by its high prevalence,
morbidity and mortality (Leonard and Sur, 2002). Treatment of asthma is generally
focused on prevention of exposure to allergens and non-allergic stimuli and on
medication to attenuate bronchial responsiveness (Oetomo et al., 1996).
Little is understood about the mechanism(s) by which airway hyperreactivity
develops in asthma. Several mechanisms have been considered: an increase in the
inherent reactivity of the airway smooth muscle, an abnormality in autonomic nervous
control, or abreakdown in airway defenses secondary to inflammatory processes; but
none of these are completely satisfying. It is strongly believed that multiple influences,
including an interplay among the diverse inflammatory mediators released by the cells
involved in the inflammatory process are implicated (McFadden, 1988).
There are diverse histological changes in human asthma (Bice et al., 2000). These
include occlusion of bronchi and bronchioles by mucous plugs, edema, an inflammatory
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infiltrate in the bronchial walls, notably lymphocytes and eosinophils, an increase in size
of the submucosal glands, and hypertrophy of the bronchial wall muscle (Kobzik and
Schoen, 1994).

1.4. Pulmonary Surfactant
1.4.1. Synthesis and Metabolism
Pulmonary surfactant is acomplex mixture of lipids and proteins synthesized in
alveolar type II epithelial cells (Mason et al., 1977; Schflrch et al., 1992). After being
produced by these cells, surfactant is stored in lamellar bodies and secreted into the
alveolar space (Creuwels et al., 1997). In the alveolar space surfactant forms tubular
myelin which generates the surface active monolayer at the air-liquid interface (Banerjee
and Puniyani, 2000). Surfactant degrades over time whereupon it is taken up again by the
type II cells for recycling (Creuwels et al., 1997).

1.4.2. General Functions
The surfactant film at the air-liquid interface inside the alveoli reduces the surface
tension to less than 1mN/rn on lung deflation (Schürch et al., 1992). The interactions of
the various components of pulmonary surfactant play acritical role in the maintenance of
normal lung function (Lewis and Jobe, 1993). The most important role of surfactant is
considered to be stabilization of alveolar walls and prevention of alveolar collapse at low
lung volume (Griese, 1999). Surfactant also lines the narrow conducting airways of the
tracheobronchial tree (Banerjee and Puniyani, 2000). It preserves bronchiolar patency
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during normal and forced respiration (Griese, 1999). Other functions are enhancement of
mucociliary clearance (Banerjee and Puniyani, 2000; De Sanctis et al., 1994; Kakuta et
al., 1991) and immunomodulatory actions (Griese, 1999). While surfactant proteins seem
to stimulate cellular defense mechanisms (Katsura et al., 1993; Madan et al., 1997; van
Iwaarden et al., 1990), the lipid component of surfactant may serve to dampen
inflammatory reactions that occur at the surface of the airways (Foldes-Filep et al., 1994).

1.4.3. Composition
Pulmonary surfactant is comprised of approximately 90% lipid and 10% protein
by weight (Gehr et al., 1996; Hamm et al., 1996). Approximately 90% of the lipid
fraction consists of amixture of phospholipids (Hamm et al., 1996). The most abundant
phospholipid,

phosphatidylcholine

(PC)

(Figure

1.1),

is

primarily

disaturated

dipalmitoylphosphatidylcholine (DPPC). Surfactant also contains a relatively large
portion of phosphatidyiglycerol (PG) (Griese, 1999), which may be present in amounts of
up to 10% (Pfleger et al., 1972). The other phospholipids are phosphatidylethanolamine
(PEA), phosphatidylinositol (PT), phosphatidylserine (PS), sphingomyelin (SM), and
lysophosphatidyicholine (LPC) (Creuwels et al., 1997). The remaining lipid fraction is
composed of other lipids, mainly cholesterol (Goerke, 1974).
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Figure 1.1: Molecular structure of phosphatidyicholine.
Note: R = fatty acid residue.

By weight, the total protein portion accounts for approximately 10% of whole
surfactant. About 80% of these proteins are serum proteins and 20% are the four
surfactant-specific proteins (SP) (SP-A, B, C and D) (Hamm et al., 1996).
The approximate composition of surfactant from mammalian and other species is
35-40% DPPC, 20-25% unsaturated PC (uPC), 10-15% PG plus P1, up to 5% PEA, small
amounts of SM and LPC, some neutral lipids such as cholesterol, and 5-10% protein
(Possmayer et al., 1984).
Table 1.1 shows the composition of surfactant from bronchoalveolar lavage fluid
(BALF) (Griese, 1999; Hamm et al., 1996; Pfleger et al., 1972; Possmayer et al., 1984;
and Yu etal., 1983).
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Components of surfactant
DPPC
UPC
PG
PEA
PS
PT
SM
LPC
Other lipids (mainly cholesterol)
SP-A, B, C, and D
Serum proteins

Amount/range
35-50%
17-30%
uptol0%
upto5%

<2%
10%
8%

Table 1.1: Composition of surfactant in BALF. Taken from Griese, 1999; Hamm et al.,
1996; Pfleger et al., 1972; Possmayer et al., 1984; and Yu et al., 1983.

1.4.4. Structure and Function of Surfactant Components
An intact and well-functioning pulmonary surfactant system is crucial for normal
respiration and protection from lung infection. While surfactant phospholipids reduce
surface tension and the work of breathing, surfactant-associated proteins optimize the
biophysical function of phospholipids and/or play a role in host defense by acting as
collectins (Meyer and Zimmerman, 2002).

1.4.4.1. Surfactant Lipids
Phospholipids combine lipophilic and hydrophilic properties and carry the ability
to achieve low surface tensions when lining air-liquid interfaces. DPPC is the surfactant
phospholipid predominantly responsible for the reduction of alveolar surface tension
(Hamm et al., 1996). Phospholipids may also possess immune properties (Gehr et al.,
1996). They suppress the proliferation, immunoglobulin production and cytotoxicity of
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lymphocytes and inhibit endotoxin-stimulated cytokine release from macrophages
(Griese, 1999).
Figure 1.2 shows the molecular structures of the lipids studied and described in
Chapter 5.
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Note: R = fatty acid residue.
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1.4.4.2. Surfactant Proteins
The most abundant surfactant protein by weight is SP-A (Creuwels et al., 1997;
Khubchandani and Snyder, 2001). It is a collagen-like glycoprotein belonging to the
"collectin" class of C-type lectins (Cheng et al., 2000). The primary structure of SP-A
consists of four domains: an amino-terminal domain, a collagenous domain, a neck
domain, and acarbohydrate recognition domain (Figure 1.3). Cysteine residues which
form disulfide bonds are positioned in the amino-terminal, collagenous, and carbohydrate
recognition domains (Creuwels et al., 1997). The function of SP-A in the alveolus is to
facilitate the surface tension-lowering properties of surfactant phospholipids, regulate
surfactant phospholipid synthesis, secretion, and recycling, and counteract the inhibitory
effects

of plasma proteins released during lung injury on

surfactant function

(Khubchandani and Snyder, 2001). It also enhances host defense against microbes at the
level of the alveolus (Khubchandani and Snyder, 2001; van Iwaarden et al., 1990) and
may play aprotective role in allergic inflammation (Cheng et al., 2000; Wang et al.,
2001).
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Amino-terminal domain
A

Collagenous domain
V
A
V

Neck domain

A

Carbohydrate recognition
domain

V
Figure 1.3. Primary structure of SP-A.

SP-A and SP-D are hydrophilic molecules. SP-B and SP-C are hydrophobic. SP-A
and SP-B play arole as regulators of phospholipid insertion into the monolayer. This
function is apparently related to tubular myelin formation (Griese, 1999). SP-A is also
related to the activation and chemotactic stimulation of alveolar macrophages, and
binding and clearance of bacteria and viruses (Hickling et al., 2000; van Iwaarden et al.,
1990). SP-A and SP-D are able to suppress allergen-induced lymphocyte proliferation
and histamine release in asthmatic patients (Wang et al., 1998), suggesting aprotective
role on the allergic inflammation in bronchial asthma (Cheng et al., 2000). The main
function of SP-C is to maintain the surface activity of the lipids. SP-B and SP-C also
increase the uptake of phospholipids into alveolar type II cells (Griese, 1999). SP-B is
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also responsible for surface activity by enhancing surface tension lowering (Banerjee and
Puniyani, 2000).

1.4.5. Exogenous Surfactant Preparations
There are three types of exogenous surfactant preparations: natural, semisynthetic
and completely synthetic surfactants. Human surfactants isolated from human amniotic
fluid and animal-derived surfactants from organic solvent extracts of lavaged animal lung
surfactant or from processed animal lung tissue are the natural surfactants. Semisynthetic
surfactants include mixtures of processed extracts of animal lungs fortified with DPPC.
Completely synthetic surfactants include a mixture of DPPC and dispersing and
emulsifying agents (Banerjee and Puniyani, 2000).

1.5. Potential Role of Pulmonary Surfactant in Asthma
It is well established that the asthmatic airway is chronically inflamed. In the
inflamed airway, anumber of cytokines and inflammatory cell mediators are released.
These lead to inflammatory cell recruitment, vasodilation, and increased vascular
permeability with extravasation of plasma onto the airway surface (Yager et al., 1995).
Plasma contains an array of protein and non-protein substances that can act with varying
potency as inhibitors of surfactant function (Heeley et al., 2000; Kobayashi et al., 1991;
Liu et al., 1995). In bronchial asthma, active plasma exudation from tracheobronchial
microvessels may act to magnify the bronchoconstrictor response by increasing mucosal
thickness, altering the mechanical properties of airway wall compartments, and
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increasing airway resistance (Enhorning et al., 1995; Hohifeld et al., 1997; Hui et al.,
1992; Liu et al., 1995; Yager et al., 1995).
A study by Jarjour and Enhoming (1999) has shown that when an atopic patient is
challenged with an appropriate antigen, airway inflammation and surfactant dysfunction
occur. This dysfunction, which is related to water-soluble inhibitors, can reduce the
ability of the surfactant to keep airways patent and cause the terminal conducting airways
to become blocked by liquid columns.
Intrinsic changes of surfactant have been demonstrated in asthmatic lungs. Surfactant
pool size is decreased and the surface activity of surfactant recovered from asthmatic
lungs is impaired compared to surfactant from normal lungs (Cheng et al., 2001).
Changes of phospholipid composition in asthma may contribute to airway closure (Chong
et al., 2001; Wright et al., 2000). In addition, levels of SP-A and SP-D from BALF are
decreased in allergen-induced bronchial inflammation (Wang et al., 2001). This reduction
could be responsible for pulmonary lymphocyte activation seen in asthma attacks.
Tracheal instillation or inhalation of exogenous surfactant can be a promising
approach for the treatment of adamaged bronchial surfactant system (Lachmann, 1985).
Surfactant treatment appears to result in significant improvement in lung function in
asthma (Kurashima et al., 1997; Levtchenko and Ramet, 1997).
Kurashima et al. (1991) conducted asmall double-blind, placebo-controlled trial to
determine whether surfactant inhalation had atherapeutic effect in an acute asthmatic
attack. Eleven patients were randomly assigned to placebo or surfactant inhalation during
the attack. After placebo administration, no significant change was observed in
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pulmonary function from the baseline. However, after surfactant administration,
respiratory functions (forced vital capacity, forced expiratory volume in one second, and
maximal midexpiratory flow) were markedly improved in all patients.
Levtchenko and Ramet (1997) reported acase of a 14-month-old female who was
admitted to their pediatric intensive care unit because of a severe asthma crisis. Two
doses of abovine exogenous surfactant were instilled into the intratracheal tube during a
24 hperiod. An improvement of blood gas values (arterial 02 pressure), chest X-rays and
clinical conditions was observed.
It has been suggested that prophylactic use of pulmonary surfactant may be of value
in the treatment of asthma. Liu et al. (1996) gave pulmonary surfactant prophylactically
to sensitized guinea-pigs prior to challenge. The adverse functional changes developed by
the animals after the challenge were significantly relieved by the treatment.
In astudy by Hills and Cheng (2000), nerve fibres in the vagi were monitored to
record action potentials from irritant receptors identified in the upper airways of rat lungs
in response to aMCh challenge. Surface-active phospholipid in the form of DPPC:PG
(7:3) was applied. A comparison was also made with clinical doses of hydrocortisone and
salbutamol. Neural activity of irritant receptors was found to be significantly decreased
by topical surface-active phospholipid in response to MCh challenge in contrast to an
increase in response to asolid control. Instilled salbutamol and i.v. hydrocortisone also
decreased responses to the same challenge. They concluded that surface-active
phospholipid had a considerable effect upon irritant receptors in rat airways, reducing
neural response to aMCh challenge by an amount comparable to that of salbutamol.
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In conclusion, the studies described above reveal abroad range of beneficial effects
of surfactant in asthma. One of these is the relief of bronchoconstriction in asthmatic
patients. A possible mechanism to explain the effect of surfactant on bronchoconstriction,
that has not been studied, is that surfactant has adirect or indirect pharmacologic effect
on bronchial smooth muscle.

1.6. Objective of the Present Study
The general objective of this study was to investigate the effect of surfactant on
normal precontracted rat bronchi. To achieve this goal, studies were done in vitro using
rat bronchial tissue to evaluate the potential role of pulmonary surfactant and/or its
components in the relaxation of precontracted airway smooth muscle.

1.7. Hypothesis
Surfactant is an airway smooth muscle relaxant.

1.8. Specific Aims
To determine if surfactant will relax bronchial smooth muscle precontracted with
MCh or 5-HT and if so to study its mechanism of action:
1) Is it epithelium dependent?
2) Are prostaglandins involved?
3) Does it involve the NO pathway?
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Chapter 2: Methods
2.1. Introduction
This chapter describes the methodology used for standardizing the bioassay system,
the reagents used in the experiments and their preparation, and the statistical analysis.

2.2. Methodology
2.2.1. Materials and Reagents
MCh

(acetyl-13-methylcholine

chloride),

5-HT

creatinine

sulfate

complex,

substance P, isoproterenol hydrochloride, and indomethacin were purchased from SigmaAldrich (Oakville, Ontario, Canada).
Stock solutions of MCh, 5-HT, substance P, and isoproterenol were dissolved in
distilled water. Stock solutions of MCh and 5-HT were diluted in Krebs-Henseleit buffer
before adding to the organ bath. Indomethacin was dissolved in ethanol, such that the
final concentration in the organ bath was S0.1% (v/v); this concentration of ethanol did
not interfere with the bioassay system, based on control experiments using ethanol alone.
Perfluorocarbon (PFC) was obtained from F2 Chemicals Ltd (Preston, Lancashire,
UK).
L-NAME hydrochloride and sodium nitroprusside (SNP) dihydrate were purchased
from Sigma-Aldrich (Oakville, Ontario, Canada). L-arginine free base was obtained from
Calbiochem (La Jolla, California, USA). For the experiments, L-NAME, L-arginine, and
SNP were dissolved in distilled water.
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2.2.1.1. Extraction and Purification of Natural Rat Surfactant (NRS)
Extraction of pulmonary surfactant from BALF has been successfully performed
(Puligandla et al., 2000; Veidhuizen et al., 1996). Pulmonary surfactant can be separated
into two fractions: alarge aggregate (LA) fraction and asmall aggregate (SA) fraction.
The LA fraction represents the surface active form of surfactant (Veidhuizen et al.,
1996).
Lung lavage: male and female Sprague-Dawley rats (approximately 250-350 g)
were anaesthetized with inhaled halothane. The abdomen and chest were opened and the
abdominal aorta was cut to exsanguinate the animal. The rib cage was opened and the
trachea cannulated. The lungs were filled with

30 ml/kg of HEPES until they appeared

fully distended, then the HEPES was slowly withdrawn (HEPES buffer contains NaCl
140 mM, HEPES 10 mM, and CaCl2 2mM, pH 6.9 at 37 °C). The lavage solution was
placed into labelled polypropylene 50 ml tubes. The lavage was repeated 3 additional
times.
The processing of the lavage fluid was based on a study by Puligandla et al.
(2000). Aliquots of the lung lavage were centrifuged at 150 g for 10 minutes at 4°C to
separate fluid from cells and cell debris (150 g pellet). The 150 g supernatant was
collected in apolypropylene tube and centrifuged for 15 minutes at 40,000 gto separate
the surfactant into two fractions: aheavier, LA fraction (pellet) and alighter, SA fraction
(supernatant). The SA fraction (supernatant) was saved and used for control studies.
The LA pellets were resuspended in HEPES buffer and phospholipid analysis was
performed based on amodified version of Bartlett's method (Bartlett, 1959). This method
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basically consists of 1) digestion:

H2SO4

was added into each of the standard solution

tubes and the surfactant sample tubes, and heating was applied. After letting them cool,
H202 was added and heating was again applied; 2) color development: ammonium
molybdate solution, aminonaphthol sulfonic acid reagent, and distilled water were added
to the tubes. Heating was applied and when the tubes were cool the samples were read in
aspectrophotometer.
For the phospholipid analysis, phosphorus standard solution was purchased from
Sigma-Aldrich (Oakville, Ontario, Canada).

2.2.1.2. Bovine Surfactant
Bovine lipid extract surfactant (BLES ®)was obtained from BLES Biochemicals
Inc. (London, Ontario, Canada), courtesy of Dr. Fred Possmayer.

Survanta®

was obtained

from Abbot Laboratories Ltd (Saint-Laurent, Quebec, Canada).
BLES ® was supplied in 0.6% NaCl and 1.5 mM CaCl2 with a phospholipid
concentration of 27 mg/mi. Survanta was supplied in 0.9% NaCl with aphospholipid
concentration of 25 mg/ml.

2.2.1.3. Surfactant Lipids and Other Lipids
Dimethyl sulfoxide (DMSO), phenylephrine (PE) hydrochloride, ACh chloride,
cholesterol, uPC, DPPC, PG, and LPC were purchased from Sigma-Aldrich (Oakville,
Ontario, Canada).
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2.2.1.3.1. Lysophosphatidyichoilne (LPC)
A suspension was prepared by adding 100 p1 of DMSO and 900 j.il of distilled
water to 5mg of LPC (L-a-lysophosphatidylcholine from bovine brain). DMSO was used
to dissolve LPC according to studies done by Bing and Saeed (1987) and Saito et al.
(1988). The concentration of the suspension was 10 m

(equivalent to 5mg/ml).

2.2.1.3.2. Cholesterol and Cholesterol + Bovine Lipid Extract Surfactant (BLES s)
Cholesterol (5-cholesten-3f3-ol) was dissolved in a 1:1:0.9 ratio by volume of
chloroform, methanol, and distilled water, respectively. The fluids were then vortexed.
The top phase of water and methanol was discarded. The bottom phase of chloroform and
cholesterol was then transferred into aglass tube and dried under N2.The cholesterol was
then resuspended in 0.9% saline. The concentration of the solution was 2.7 mg/ml.
BLES ® was supplied at a phospholipid concentration of 27 mg/ml. Vials of
BLES® were opened and the surfactant dissolved in asolution of 1:1:0.9 ratio by volume
of methanol, chloroform, and

BLES®,

respectively. Cholesterol was added and the

mixture vortexed. The top phase of water and methanol was discarded. The bottom phase
of chloroform, BLES®, and cholesterol was transferred into alarge glass tube and dried
under N2.The BLES® + cholesterol mixture was then resuspended in 0.9% saline. The
concentration of the solution was 27 mg/ml of BLES ® and 2.7 mglml of cholesterol.
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2.2.1.3.3. Phosphatidyiglycerol (PG)
PG (L-a-phosphatidyl-DL-glycerol /from egg yolk lecithin /in chloroformmethanol 98:2) was dried under N2 and resuspended in HEPES. The concentration of the
solution was 30 mg/mi.

2.2.1.3.4. Dipalmitoylphosphatidylchollne DPPC)
A solution of 1:1 ratio of methanol and chloroform by volume was made and
DPPC (dipalmitoyl L-a-phosphatidyicholine) was added. The solution was dried under
N2. DPPC was resuspended in HEPES. The concentration of the solution was 30 mg/mi.

2.2.1.3.5. DPPC:PG
DPPC was added to asolution of PG (in chloroform-methanol 98:2) and the
mixture was dried under N2.The DPPC:PG (7:3) was resuspended in HEPES. The
concentration of the solution was 21 mg/ml of DPPC and 9mg/mi of PG.

2.2.1.3.6. Unsaturated Phosphatidyicholine (uPC)
A solution of 1:1 ratio of methanol and chloroform by volume was made and
uPC (L-a-phosphatidylcholine /from frozen egg yolk) was added to it. The solution was
dried under N2.uPC was then resuspended in HEPES. The concentration of the solution
was 30 mg/mi.
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2.2.1.4. Surfactant Proteins and Other Proteins
Human albumin was purchased from Sigma-Aldrich (Oakville, Ontario, Canada)
and native human SP-A was obtained through the courtesy of Dr. Nades Palaniyar
(Oxford, United Kingdom).
Albumin was dissolved in distilled water for aconcentration of 30 mg/ml. SP-A
was in 2mM EDTA +20 mM Tris (pH 7.4).

2.2.2. Preparation of Rat Bronchial Tissues for Bioassay
Male Sprague-Dawley rats (approximately 250-350

g) were cared for in

accordance with the recommendations of the Canadian Council on Animal Care and
sacrificed by decaptation. The lungs were removed and bronchial rings (2 mm x 3mm)
were dissected and prepared free from surrounding tissue. Left and right first generation
bronchial tissues were used. Bronchial rings were mounted in plastic organ baths
containing 4 ml Krebs-Henseleit buffer of composition: NaCl 115 mM, KC1 4.7 mM,
CaCl 2 2.5 mM, MgCl 2 1.2 mM, NaHCO3 25 mM, KH2PO4 1.2 mM, and glucose 10 mM
(the pH was maintained at 7.4), and gassed (95% 02 and 5% CO2)at 37 °C. Four tissues
from two animals were mounted for each experiment. Tissues were allowed to equilibrate
for 60 minutes before being exposed to agonists. Changes in isometric tension were
measured using aGrass force-displacement transducer.
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2.2.3. Calibration of Smooth Muscle Tension
Before experiments were performed, the optimal resting tension was determined as
well as dose response relationships of the agonists used in the experiments.
The optimal resting tension was established by KC1 stimulation. After applying the
first tension, tissues were allowed to equilibrate for 60 minutes. The resting tension was
then adjusted to 0.125 g. Tissues were stimulated with cumulative concentrations of KC1
(5, 15, 35, 65, and 105 mM). Tissues were then washed three times to remove agonist and
after aperiod of approximately 20 minutes the next tension was applied. Resting tensions
of 0.125, 0.25, 0.5, 1, and 2gwere studied and the best resting tension was obtained by
evaluating the maximal KCl contractile response.

2.2.4. Concentration-Response Measurements for Agonists and Inhibitors
Tissues at

0.5 gtension (optimal resting tension) were allowed to equilibrate for

60 minutes before being exposed to

agonists.

For KC1

concentration-response

measurements, tissues were exposed to single increasing concentrations of KCl (5, 10,
20, 30, 40, 50, 60, and 70 mM). The concentration of KC1 that induced a 100%
(maximal) contraction was established.
For the subsequent studies, KC1 at 50 mM (the concentration determined to induce
a 100% maximal KCl contraction) was added to the bath at the beginning of each
experiment, the contractile response was measured, and tissue wash was performed.
Rings were precontracted with single concentrations of MCh at
and

10-3

108,

1O,

106,

10, 10 4,

M followed by atissue wash. The concentration of MCh that induced a 60%
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maximal contraction was established. For 5-HT, rings were precontracted with single
concentrations of 5-HT at i0,

108,

i0, l0, i0, iO 4 , and i0

M and the

concentration of 5-HT that induced a 70% maximal contraction established.
For substance P concentration-response experiments, tissues were precontracted
with MCh (1 jtM) and after 5minutes (time when stable contraction was reached), single
concentrations of substance P were added at l0, 10, i0, 10 2, 10

1, 1,

5, and 10 jtM.

The concentration of substance P that induced maximal (100%) relaxation was
established.
For isoproterenol concentration-response measurements, rings were precontracted
with MCh (1 j.M) and exposed to single concentrations of isoproterenol at i0, 10,
i0, l0, and i0

M. The concentration of isoproterenol that induced maximal (100%)

relaxation was established.
The optimal concentration of indomethacin was also evaluated. Indomethacin is an
inhibitor of prostaglandin release. Epithelial tachykinin NK 1receptors mediate substance
P-induced relaxation of rat bronchial smooth muscle via release of prostanoids
(Bodelsson et al., 1999). Tissues were precontracted with MCh (1 p.M) and at asteady
state of contraction substance P (5 jtM) was added. The tissues were then washed 3times
and single concentrations of indomethacin (0.01, 0.05, 0.1, 0.5, 1, 5, and 10 pM) were
added to the organ bath in order to establish the blockage of substance P (5 p.M)-induced
relaxation by indomethacin. Repeated exposure of precontracted tissues to substance P (5
M) was used to test for reproducibility. The concentration of indomethacin that inhibited
100% of the substance P relaxation response was used in the experiments. Experiments
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using substance P before and after denuding the epithelium were used to determine
whether the substance Prelaxant effect was dependent on the epithelium.
For the concentration response of the reagents, stock solutions of MCh, 5-ITT,
substance P, and isoproterenol dissolved in distilled water were routinely diluted in
Krebs-Henseleit buffer and added to the organ bath. Control experiments using buffer
alone at different volumes were used to determine whether the buffers were interacting
with the muscle tension assay. Indomethacin was dissolved in ethanol, such that the final
concentration in the organ bath was

0.1% (v/v); this concentration of ethanol alone did

not interfere with the effect of indomethacin on the bioassay system, nor did it affect the
MCh contraction.

2.2.5. Statistical Analysis
Paired t-test was used for a comparison of "before and after" experiments.
Unpaired t-test was used for acomparison of the means of two different samples. If the
normality assumption failed, signed rank test was performed. Experiments using the same
tissues for multiple comparisons were analyzed with one way repeated measures analysis
of variance (ANOVA). When different tissues were used for the comparisons, one way
ANOVA was performed. Post-Hoc multiple comparisons test was carried out whenever
there was astatistically significant difference. Student-Newman-Keuls method was used
for these comparisons. If normality and/or equal variance assumptions failed on the
parametric statistics, one way/one way repeated measures ANOVA on ranks was
performed. Two way ANOVA was used to see if two or more different experimental
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groups were affected by two different factors. Results are given as mean ± SEM
(standard error of the mean). A p-value

<

0.05 is considered to indicate a significant

difference. "SigmaStat" version 2.03 was used for the statistical analysis.

2.2.6. Optimal Resting Tension
The optimal resting tension was first evaluated in right and left bronchi separately
with similar results. Figure 2.1 illustrates the optimal resting tensions in rat bronchial
tissues for different concentrations of KC1. The best resting tension was obtained by a
load of 0.5 g(equivalent to

-

5mN). For the subsequent experiments, atension of— 0.7 g

was applied and after the equilibration time, the resting tension was adjusted to

0.5 g.

2.2.7. Bronchoconstrictors
Figure 2.2 shows the concentration-response curve for KCl. Single increasing
concentrations of KC1 (10, 20, 30, 40, 50, 60, and 70 mM) were used for this study. KCl
at 5mM was also done but showed no contractile effect. For the subsequent experiments,
KC1 was used at aconcentration of 50 mM.
Concentration-response curves for MCh and 5-HT are shown in Figures 2.3 and
2.4, respectively. The concentration of MCh that induced a 57% ± 8% maximal
contraction was

106

M (equivalent to 1[LM). For 5-HT,

106

M (equivalent to 1pM) was

the concentration that induced a66% ± 8% maximal contraction.
Repeated exposure of rat bronchial rings to MCh (1 jiM) and 5-HT (1 jiM) was
done to determine repeatability (Figures 2.5 and 2.6, respectively). 5-HT was not as
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potent abronchoconstrictor as MCh and demonstrated desensitization of its contractile
response in atime-dependent manner.
There was no difference in response between left and right bronchi for the
bronchoconstrictors. The contractile response induced by MCh (1 jtM) in left and right
bronchi was similar (18.2 ± 2.2 mN and 16.2 ± 2.2 mN for left and right bronchi,
respectively; mean ± SEM for n = 8tissues from 8animals; p = 0.542). The contractile
response induced by 5-HT (1[LM) in left and right bronchi was also similar (7.8 ± 1.8 mN
and 8.4 ± 1.4 mN for left and right bronchi, respectively; mean ± SEM for n= 8tissues
from 8animals;p

=

0.795).

2.2.8. Bronchodilators
The substance P response is epithelium dependent (Figure 2.7). The response to
substance P was thus used to ascertain the integrity of the epithelium. A concentration of
5 .LM appeared to induce 100% maximal relaxation in the assay (Figure 2.8). Figure 2.9
demonstrates that the substance P-induced relaxation is reproducible.
Isoproterenol, anon-selective 3-adrenergic agonist, was used as apositive control
at a concentration of

106

M (equivalent to 1 tM

-

concentration that induced 100%

maximal relaxation in the assay) (Figure 2.10).
There was no difference in response between left and right bronchi for the
bronchodilators. Substance P (5

LM)-induced relaxation in left and right bronchi

precontracted with MCh (1 jiM) was similar (28% ± 4% and 29.2% ± 4% for left and
right bronchi, respectively; mean ± SEM for n = 8tissues from 8 animals; p = 0.779).
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Isoproterenol (1 .tM)-induced relaxation in left and right bronchi precontracted with
MCh (1 pM) was also similar (76% ± 3% and 81% ± 2% for left and right bronchi,
respectively; mean ± SEM for n= 8tissues from 8animals;p

=

0.214).

--KCl 105 mM

10

—O--KC1 65 mM
—x--KCl 35 mM
—Ei--KCJ15 mM

Contractional force (mN

8

-4E•-

KCl 5mM
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4

2

0
0.125

0.25

0.5

1

2

Resting tension (g)

Figure 2.1: Tension curve for rat bronchial tissues. The figure shows the average
response at each concentration of KCl and specific tension. Assays were done on tissues
from 4or more animals, values are mean ± SEM, n= 4-11.
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Figure 2.2: Concentration-response curve for KC1 in rat bronchial tissues. Assays on
tissues from 3or more animals, values are mean ± SEM, n= 3-6.
Note: (a)

=

normalized to maximal effect (50 mM KC1).
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Figure 2.3: Concentration-response curve for MCh in rat bronchial tissues. Assays on
tissues from 5animals, values are mean ± SEM, n= 5.
Note: (a)

=

normalized to maximal effect

(10 4 M

MCh).
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Figure 2.4: Concentration-response curve for 5-HT in rat bronchial tissues. Assays on
tissues from 4animals, values are mean ± SEM, n=4.
Note: (a)

=

normalized to maximal effect (1O

M 5-HT).
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Figure 2.5: Repeated exposure of rat bronchial tissues to MCh (1 riM). The figure shows
that MCh-induced contraction is reproducible. One way repeated measures ANOVA did
not show asignificant difference among exposures (p = 0.123). Experiments were done
on tissues from 5animals, values are mean ± SEM, n= 6.
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Figure 2.6: Repeated exposure of rat bronchial tissues to 5-HT (1 M).
stability for the first three exposures followed by desensitization
exposures. One way repeated measures ANOVA was performed (p <
Student-Newman-Keuls method. Experiments were done on tissues
values are mean ± SEM, n=9.
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Figure 2.7: Representative responses of rat bronchial tissue (with and without epithelium)
to substance P. Tissue before rubbing the epithelium ((+) EP) and after rubbing ((-) EP)
was precontracted with MCh, 1jiM (A) and exposed to substance P, 5 jiM (SUB. P)

(•). Isoproterenol, 1jtM (ISOP.) (K) was used as apositive control. Substance Pdid not
show arelaxation effect in the absence of epithelium.
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Figure 2.8: Concentration-response curve for substance P in rat bronchial tissues. Assays
on tissues from 4animals, values are mean ± SEM, n= S.
Note: (a) =normalized to maximal effect (5 pM substance P).
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Figure 2.9: Reproducibility of substance P-induced relaxation in rat bronchial tissues.
One way repeated measures ANOVA did not show a significant difference among
exposures (p = 0.069). Experiments were done on tissues from 4 animals, values are
mean ± SEM, n=4.
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1 tM MCh.
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Figure 2.10: Concentration-response curve for isoproterenol in rat bronchial tissues.
Assays on tissues from 4animals, values are mean ± SEM, n=4.
Note: (a)

=

normalized to maximal effect

(10.6

M isoproterenol).
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2.2.9. Inhibitors
Figure 2.11 shows the inhibitory effect of indomethacin on substance P-induced
relaxation. The concentration of indomethacin that inhibited 100% of the substance P
relaxation response was 10 tiM. Addition of indomethacin to the organ bath did not affect
baseline tension. Figure 2.12 illustrates the inhibitory effect of indomethacin (10 pM) on
substance P(5 j.tM)-induced relaxation and the absence of effect of ethanol (same volume
used for the indomethacin and same incubation period of 20-30 minutes) on the baseline
tension and on the substance P(5 jtM)-induced relaxation.
The contractile response induced by 5-HT (1 riM) and MCh (1 jiM) in the absence
and presence of indomethacin was also studied. The contractile response induced by 5HT (1 jiM) was significantly greater in the presence of indomethacin (p
mN and 7.6 ± 1mN for

=

0.02) (5.7 ± 0.8

(-) and (+) indomethacin rings, respectively; mean ± SEM for n

=

9 tissues from 8 animals). The contractile response induced by MCh (1 j.tM) was also
significantly greater in the presence of indomethacin (p
±

1.8 mN for

(-)

from 9animals).

=

0.047) (19.3 ± 1.9 mN and 20.3

and (+) indomethacin rings, respectively; mean ± SEM for n= 9tissues
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Figure 2.11: Inhibitory effect of indomethacin on substance P (5 jtM) relaxation response
in rat bronchi. Assays were done on tissues from different animals for each data point.
Values are mean :L SEM,n =4.
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\JSH
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INDO., 10 pM

Ak
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B

ETHANOL, 0.1% (vlv)

Figure 2.12: Representative responses of rat bronchial preparation (before and after
addition of indomethacin/ethanol) to substance P. A. Tissue before and after adding.
indomethacin, 10 jM (INDO.) (0) was precontracted with MCh, 1pM (A) and exposed
to substance P, 5jtM (•). B. Tissue before and after adding ethanol, 0.1% (v/v) (11) was
precontracted with MCh, 1 jtM (A) and exposed to substance P, 5 pM (•).
Isoproterenol, 1jM (IS OP.) (0) was used as apositive control.
Substance P-induced relaxation was inhibited by indomethacin but not by ethanol.
Ethanol had no effect on the baseline tension and on the contraction induced by MCh.
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2.3. Discussion of Methods
Left and right first generation bronchi from male Sprague-Dawley rats were used in
the experiments. The best resting tension was achieved with aload of 0.5 g.
KCl at 50 mM was used to ascertain the quality of the tissue preparation as well as to
stabilize the tissue. MCh (1 jiM) and 5-HT (1 jiM) were the bronchoconstrictors utilized
in the studies. As expected, MCh proved to be apotent bronchoconstrictor with avery
stable and consistent contractile response. 5-HT was not as potent as MCh, and had aless
stable contraction. It demonstrated desensitization of its contractile response in atimedependent manner as has been previously demonstrated (Ben-Harari et al., 1991)
As expected substance P was shown to be a good marker of epithelial integrity
(Bodeisson et al., 1999; Szarek et al., 1998), and the relaxant effect of isoproterenol was
agood marker of muscle integrity (Aizawa et al., 1988).
The concentration of indomethacin that inhibited 100% of the substance Prelaxation
response was 10 jiM (concentration used in the experiments described in Chapters 3, 4,
and 5), which is similar to that used by others (Fabiani et al., 1997).
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Chapter 3: Natural Rat Surfactant
3.1. Introduction
One advantage of studying natural surfactant is that all of the surfactant components
are present. Experiments analyzing the concentration response for natural rat surfactant
(NRS) as well as the mechanism of NRS-induced relaxation were performed. The effect
of NRS-induced relaxation was studied in the presence and absence of epithelium, and
under the influence of indomethacin and L-NAME.

3.2. Study Protocol
3.2.1. Concentration-Response Measurements for NRS
In atypical experiment, after 60 minutes of equilibration at

0.5 g of resting

tension, tissues were exposed to KC1 (50 mM) followed by tissue wash. A period of 20 to
30 minutes between contractions was allowed for the tissues to recover. Tissues were
precontracted with MCh (1 pM) and substance P (5 tM) added to the bath to monitor
presence of viable epithelium. Controls were done on precontracted tissues using HEPES
(NRS was suspended in HEPES) or supernatant at the same volume as used for the NRS.
Tissues were also precontracted with MCh (1 [tNI) and the contractile response was
observed for a period of 20 to 30 minutes. Isoproterenol (1 .tM) was added when a
certification of aresponding tissue was necessary (relaxation response). Bronchial rings
were then precontracted with MCh (1 jtM) and after

5minutes (when stable contraction

was reached) single increasing concentrations of NRS (0.000 115, 0.00093, 0.0075, 0.06,
0.25, 0.5 mg/ml) diluted in HEPES were added to the organ bath. The tissues were then
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washed three times after each concentration of surfactant. A period of 20 to 30 minutes
was allowed between contractions for tissue recovery. The relaxation response was
measured within the first 5minutes. This was done because the response to surfactant
was found to be gradual. Concentration-response studies were performed on right and left
bronchi and the similarity in relaxation response evaluated.
When the surfactant was added to the tissue bath containing Krebs-Henseleit buffer
aerated with 95% 02 and 5% CO2,stable bubbles were formed that affected the isometric
force. To avoid this problem, PFC
and 02

-

( 1ml),

afluorocarbon liquid with ahigher density

CO 2 solubility than water (Lowe, 1997), was added to the bottom of the bath.

The oxygen was bubbled through the PFC which coated it, thus reducing the interfacial
tension between the gas bubbles and buffer and reducing foam formation. PFC was used
for all experiments involving surfactant and surfactant components. PFC itself had no
measurable effect on the bioassay system.

3.2.2. Mechanism of NRS-Induced Relaxation
Experiments with (+) and

(-)

epithelium tissues: In a typical experiment,

substance P (5 pM) and controls with HEPES were done on precontracted tissues. Rings
were then precontracted with MCh (1 pM) and exposed to asingle concentration of NRS
(0.06 mg/ml). Tissues were taken out of the bath, their epithelium removed by rubbing,
and the tissues were remounted in the bath and allowed to equilibrate. They were then
precontracted with MCh (1 pM) and exposed to NRS (0.06 mg/mi). The absence of an
intact epithelium in the preparation was ascertained by monitoring the (absent) relaxant
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response to substance P (5 jM) and by histology on formaldehyde fixed tissues taken at
the conclusion of the experiment. Isoproterenol (1 pM) was added to the precontracted
rings as a positive control. Repeated exposure of precontracted tissues to NRS (0.06
mg/ml) was used to assess reproducibility.
Experiments with indomethacin: Bronchial tissues were precontracted with MCh
(1 ppM) and exposed to asingle concentration (0.06 mg/mi) of NRS. The tissues were
washed three times and indomethacin (10 pM) added to the bath at baseline. After 20 to
30 minutes of incubation with indomethacin, the rings were precontracted with MCh

(1

tM) and exposed to NRS (0.06 mg/ml). The presence of an indomethacin response was
ascertained by demonstrating an absent relaxation response to 5 jiM substance P.
Isoproterenol (1 jiM) was also added to the precontracted rings as a certification of
presence of aresponding tissue (presence of relaxation response). Repeated exposure of
precontracted tissues to NRS (0.06 mg/ml) was done to ascertain reproducibility.
Experiments with L-NAME: After exposing the precontracted tissues to NRS
(0.06 mg/ml), tissues were washed and L-NAME (100 jiM) added at baseline. After 20 to
30 minutes, the rings were precontracted with MCh (1 jiM) and exposed to NRS (0.06
mg/ml). The concentration of L-NAME was based on studies using rat airway smooth
muscle (Clayton et al., 1999; Fabiani et al., 1997).
The controls for the L-NAME studies were done separately. Bronchial rings were
precontracted with MCh (1 jiM) and after

5minutes substance P (5 jiM) was added to

the organ bath. Tissues were washed and after 20 to 30 minutes, precontracted with MCh
(1 jiM) and exposed to L-arginine (1 mM). After aperiod of 6to 7hours, bronchial rings
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were precontracted with MCh (1 .tM) and at the plateau of the contractile response, Larginine (1 mM) was added. A relaxation response on adding L-arginine served as a
pharmacological index of functional inducible NOS induction. Tissues were then washed
three times to remove agonist and L-arginine excess from the organ bath. L-NAME (100
jiM) was then added. After 20 to 30 minutes of incubation with L-NAME, the rings were
precontracted with MCh (1 jiM) and exposed to L-arginine (1 mM). If a negative
relaxation response was seen, SNP (1 jiM) was added to elicit a relaxation response
(positive control). Repeated exposure of precontracted tissues to L-arginine (1 mM) was
done to test for reproducibility.
Experiments were also done with 5-HT (1 jiM) as the bronchoconstrictor following
the same procedures described above. Data from 5-HT studies were normalized by
subtracting the 5-HT spontaneous decay from the surfactant relaxation response.
For the experiments with precontracted tissues exposed to surfactant before and
after rubbing the epithelium, taking the tissue out and remounting it without rubbing the
epithelium had no effect on the surfactant relaxation response.

3.3. Results
The relaxation response induced by HEPES and/or BALF supernatant in the
experiments was not different from zero.
PFC itself had no measurable effect on the bioassay system. Figure 3.1 shows a
representative response of substance P-induced relaxation in the absence and presence of

48

PFC (20-30 minutes of incubation) and the unchanged baseline tension when PFC was
added to the preparation.

3.3.1. Concentration-Response Analysis for NRS
Studies with MCh.
Due to limited supplies of NRS, concentration-response studies were performed
only using MCh as the bronchoconstrictor on left and right bronchi. NRS was apotent
bronchodilator and the response was similar in left and right bronchi at concentrations
ranging from 0.000115, 0.00093, 0.0075, 0.06, 0.25 to 0.5 mg/mi. The concentrationresponse relationship appeared linear (Figure 3.2).
A representative response of NRS at 0.06 mg/ml is shown in Figure 3.3.
Studies with 5-HT:
For these studies, only one concentration of NRS (0.06 mg/ml) was used. A
representative response of NRS at 0.06 mg/ml is shown in Figure 3.4. The average
relaxant effect on 5-HT-induced contraction was 21 % ± 5% (Figure 3.5).
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Figure 3.1: Representative responses of rat bronchial preparation (without and with PFC)
to substance P. Tissue before and after adding PFC, 1ml () was precontracted with

MCh, 1pM (A) and exposed to substance P, 5 tM (SUB, P) (•). PFC did not affect the
baseline tension and substance P-induced relaxation was not affected by the addition of
PFC.
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Figure 3.2: Concentration-response curve for NRS in rat bronchial tissues. The figure
shows that NRS is an airway smooth muscle relaxant with an approximate linear
concentration-response relationship. Assays were done on tissues from 5 or more
animals, values are mean ± SEM, n=6-8.
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1j.tM MCh.
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Figure 3.3: Representative response of rat bronchial preparation to NRS precontracted
with MCh, 1p.M (A) and exposed to NRS, 0.06 mg/ml (•). Note that the response is
gradual, occurring over 2-3 minutes.
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Figure 3.4: Representative biphasic response of rat bronchial preparation to NRS
precontracted with 5-HT, 1p.M (Lx) and exposed to NRS, 0.06 mg/ml (s).
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Figure 3.5: NRS-induced relaxation in rat bronchial tissues. Assays on tissues from 8
animals, values are mean ± SEM, n= 11.
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1 jiM
5-HT.
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The response to NRS was generally biphasic with an initial small contraction
followed by a greater and sustained relaxation when 5-HT was used as the
bronchoconstrictor (Figure 3.6).

NRS
contraction

5-HT decay

5-HT

5-HT-uced
contraction

Figure 3.6: NRS biphasic response. The NRS contraction and relaxation responses were
measured by taking the 5-HT-induced contraction as 100%.

3.3.2. Reproducibility
NRS-induced relaxation was reproducible for MCh and 5-HT. Figure 3.7 shows a
representative response of the reproducibility of NRS-induced relaxation on MChinduced contraction.

3.3.3. Mechanism of NRS-Induced Relaxation
Studies with MCh:
NRS-induced relaxation (NRS at 0.06 mg/ml) was dependent on the epithelium
(Figure 3.8) and inhibited by indomethacin (Figure 3.9). Substance P-induced relaxation
was significantly abolished (p < 0.001) in the absence of epithelium

((-)

EP) (29% ± 5%
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and 0% for (+) EP and

(-)

EP tissues, respectively). NRS-induced relaxation was also

significantly inhibited (p <0.001) in the absence of epithelium (22% ± 2% for (+) EP
versus 1% ± 1% for
and

(-)

(-)

EP). Isoproterenol-induced relaxation was present in both (+) EP

EP (71% ± 7% and 55% ± 9% for (+) EP and

(-)

EP tissues, respectively),

however the response to isoproterenol was less (but not significantly different, p = 0.062)
in

(-)

EP tissues, possibly reflecting slight damage to the smooth muscle during the

rubbing process. Figure 3.10 shows cross-sections of rat bronchi with intact epithelium
and with no epithelium.
Indomethacin had asignificant inhibitory effect on the substance P- (p < 0,001) and
NRS-induced relaxation (p
=

=

0.008) and no effect on isoproterenol-induced relaxation (p

0.257) (34% ± 6% and 0% for substance P; 22% ± 5% and

and 75% ± 2% for isoproterenol in

0% for NRS; 70% ± 4%

(-) and (+) indomethacin tissues, respectively).

L-NAME had no effect on the NRS-induced relaxation (p

=

0.77 1) (Figure 3.11).

Positive controls using L-NAME were done to prove its action. After confirming that the
relaxation response to L-arginine was reproducible, L-NAME significantly (p < 0.001)
inhibited L-arginine-induced relaxation in the studies (Figure 3.12).
Illustrations of characteristic experiments for studying the mechanism of NRSinduced relaxation are shown in Figures 3.13, 3.14, and 3.15.
Studies with 5-HT:
Experiments using 5-HT (1 pM) as the bronchoconstrictor gave similar results to
those using MCh (1 jiM) in that the relaxation induced by NRS was dependent on an
intact epithelium and could be abolished by pretreatment with indomethacin. The small
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initial contraction, however, was not inhibited by indomethacin (Figure 3.17 B).
Representative responses of experiments for studying the mechanism of NRS-induced
relaxation are shown in Figures 3.16, 3.17, and 3.18.

NRS, 0.06 mg/ ml

WASH

I
A
MCI1, IpM

mm

Figure 3.7: Reproducibility of NRS-induced relaxation in rat bronchial preparation.
Sequential responses to NRS in asingle tissue. Tissue was precontracted with MCh, 1
jiM (A) and exposed to NRS, 0.06 mg/ml (•).
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Figure 3.8: Relaxant effect of substance P, NRS and isoproterenol in rat bronchial tissues
with ((+) EP) and without epithelium ((-) EP) precontracted with MCh. Figures A and B
show that substance P- and NRS-induced relaxation is inhibited in (-) EP. In Figure C,
isoproterenol relaxation response is present in both (+) EP and (-) EP. Experiments were
done on tissues from 4or more animals, values are mean ± SEM, n= 4-7.
Note: (a) = expressed as % of maximal contractional force (mN) induced by 11.tM MCh.
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Figure 3.10: Cross-sections of rat bronchi. A. Unrubbed rat bronchial tissue. B.
Rubbed rat bronchial tissue (absence of epithelium).
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Figure 3.11: Absence of effect of L-NAME (100 tM) on NRS-induced relaxation in rat
bronchial tissues with intact epithelium precontracted with MCh. Experiments on tissues
from 7animals, values are mean ± SEM, n= 7.

Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1iM MCh.
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Figure 3.12: Effect of L-NAME (100 tM) on L-arginine-induced relaxation in rat
bronchial tissues with intact epithelium precontracted with MCh. The figure shows the
inhibition of L-arginine-induced relaxation by L-NAME. Experiments were done on
tissues from 6animals, values are mean ± SEM, n = 9.
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1jtM MCh.

62

(-) EP

(+) EP
A

SUB.P,5pM

WASH
ISOP., 1PM

5min

5mm

NRS, 0.06 mg/ ml

B

WASH

1,

/14

A

MCh, 1pM

Figures 3.13: Representative responses of rat bronchial preparation (with and without
epithelium) to substance P and NRS. Tissue before rubbing the epithelium ((+) EP) and
after rubbing ((-) EP) was precontracted with MCh, 1pM (A) and exposed to substance

P, 5jiM (SUB. P) (•) (tracings A) and NRS, 0.06 mg/mi (•) (tracings B). Isoproterenol,
1jiM (ISOP.) (0) was used as apositive control. Substance P and NRS did not show a
relaxant effect in the absence of epithelium.
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Figures 3.14: Representative responses of rat bronchial preparation (without and with
indomethacin) to substance P and NRS. Tissue before and after adding indomethacin, 10
jiM (INDO.) (0) was precontracted with MCh, 1jiM (A) and exposed to substance P, 5
jiM (SUB. P)

(•)
()

(tracings A) and NRS, 0.06 mg/ml

(•)

(tracings B). Isoproterenol, 1

jiM (ISOP.)
was used as a positive control. Substance P- and NRS-induced
relaxation was inhibited by indomethacin.
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Figures 3.15: Representative responses of rat bronchial preparation before and after
addition of L-NAME on NRS-induced relaxation. The figure shows an absence of effect
of L-NAME on NRS-induced relaxation. Tissue was precontracted with MCh, 1pM (A)
and exposed to NRS, 0.06 mg/ml (•). The same procedure was done after addition of LNAME, 100 jiM (*).
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Figure 3.16: Representative responses of rat bronchial preparation precontracted with 5HT (with and without epithelium) to substance P and NRS. Tissue before rubbing the
epithelium ((+) EP) and after rubbing ((-) EP) was precontracted with 5-HT, 1pM (Li)
and exposed to substance P, 5p.M (SUB. P)

(•)

(tracings A) and NRS, 0.06 mg/ml

()

(tracings B). Isoproterenol, 1p.M (ISOP.) (Ky) was used as apositive control. Substance
P and NRS did not show arelaxant effect in the absence of epithelium.
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5 mm
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Figures 3.17: Representative responses of rat bronchial preparation precontracted with 5HT (without and with indomethacin addition) to substance Pand NRS. Tissue before and
after adding indomethacin, 10 pM (INDO.) (0) was precontracted with 5-HI, 1p.M (Lx)
and exposed to substance P, 5p.M (SUB. P) (•) (tracings A) and NRS, 0.06 mg/ml (•)
(tracings B). Isoproterenol, 1p.M (ISOP.) (K) was used as apositive control. Substance
P- and NRS-induced relaxation was inhibited by indomethacin.
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Figure 3.18: Representative responses of rat bronchial preparation (precontracted with 5HT) before and after addition of L-NAME on NRS-induced relaxation. The figure shows
the absence of effect of L-NAME on NRS-induced relaxation. Tissue was precontracted
with 5-HT, 1p.M (Lx) and exposed to NRS, 0.06 mg/ml (•). The same procedure was
done after the addition of L-NAME, 100 p.M (*).
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3.4. Summary
Based on the data presented in this chapter, it was concluded that NRS is an airway
smooth muscle relaxant. This effect was dependent on the presence of epithelium and
was blocked by indomethacin indicating arole of prostanoids in the relaxation response.
The effect was not dependent on the NO pathway. These results were found for two
agonists, MCh and 5-HT. The NRS-induced relaxation on tissues precontracted with 5HT was quite variable.
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Chapter 4: Bovine Surfactant

4.1. Introduction
Animal-derived surfactants can be extracted from lavaged lung fluid or from
processed lung tissue (Banerjee and Puniyani, 2000). Lipid extracts of bovine pulmonary
surfactant contain 97% phospholipid and 3% neutral lipid. The neutral lipid fraction is composed of cholesterol and l,2-diacylglycerol. Traces of cholesterol ester and
monoacylglycerol are present at

<

1% of the total neutral lipids. PC accounts for the

major proportion of the phospholipid fraction (approximate 80%). PG accounts for over
10% of the total phosphorus. Smaller amounts of PEA, SM, PT, and lyso-bis-phosphatidie
acid are present (Yu et al., 1983).
BLES O is isolated by organic solvent extraction of bovine lungs (Palmer et al.,
2000). The resulting surfactant preparation is composed of all the phospholipids of
natural surfactant and the two small hydrophobic proteins, SP-B and SP-C (Palmer et al.,
2000; Yu et al., 1989).
Survant
a® is amodified natural surfactant made from organic solvent extracts of
bovine lungs (Lewis et al., 1991). It contains phospholipids, including disaturated PC,
triglycerides, neutral lipids, free fatty acids and SP-B and SP-C to which colfosceril
palmitate, palmitic acid, and tripalmitin are added (Palmer et al., 2000).
Concentration response of BLES® and
mechanism of BLES®induced relaxation.

Survanta®

is described below as well as the
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4.2. Study Protocol
4.2.1. Concentration-Response Measurements for Bovine Surfactants
The concentrations of substance P (5 j.tM) and MCh (1

M) were the same as for

the NRS experiments (see Chapter 3). Bronchial rings were precontracted with MCh (1
[LM) and single increasing concentrations of surfactant (0.0075, 0.06, 0.25, 0.5, and 1
mg/ml) added to the organ bath. BLES ® and Survanta® were diluted in 0.9% saline.
Tissue wash was performed after each concentration of surfactant (BLES® and
Survanta) and the relaxation response evaluated. Concentration-response relationships
for surfactant on right and left bronchi were also evaluated.

4.2.2. Mechanism of Bovine Surfactant-Induced Relaxation
BLES® at 1mg/ml was used for these studies.

Survanta®

approach to study the mechanism of BLES ®-induced relaxation
indomethacin, and

was not studied. The

((+) EP/(-) EP, (-)/(+)

(-)/(+) L-NAME) was the same as that used for experiments with NRS

outlined in Chapter 3.

4.3. Results
The relaxation response induced by 0.6% saline + 1.5 mm CaC12/0.9% saline in the
experiments was not statistically different from zero.
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4.3.1. Concentration-Response Analysis for Bovine Surfactants
Studies with MCh:
BLES®

and Survanta®

representative response of

produced relaxation of precontracted bronchial tissues. A

BLES® and Survanta®

at 1mg/ml is shown in Figure 4.1.

There was no difference in response between left and right bronchial tissues.
The relaxation produced by

BLES® and Survanta®

showed alinear concentration

response relationship (Figure 4.2).
Studies with 5-HT:
For these studies, only one concentration of

BLES®

(1 mg/ml) was used. The

average relaxant effect on 5-HT-induced contraction was 34% ± 3% (Figure 4.3).
Survant
a®was not studied in these experiments.
A representative response of BLES ® at 1mg/ml is shown in Figure 4.4.
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A

B

BLES, 1mg/ mi

SURVANTA, Img/ ml

0

WASH

1.4
MC1i, 1pM

Figure 4.1: Representative responses of rat bronchial tissues to BLES® and Survanta®.
Tissues were precontracted with MCh, 1jtM (A) and exposed to either BLES ®,1mg/mi
(•) (tracing A) or Survanta®,1mg/mi (0) (tracing B). BLES ® and Survanta® produced
equivalent levels of airway smooth muscle relaxation.
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Figure 4.2: Concentration-response curves for Survanta® and BLES® in rat bronchial
tissues. Survanta® and BLES® both caused relaxation and appeared linear over the range
of the concentrations studied. Assays were done on tissues from 6 or more animals,
values are mean± SEM, n= 6-10.
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1!.tM MCh.
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40%

30%

10%

-

-

-

0%
BLES (1 mg/ml)

Figure 4.3: BLES®induced relaxation in rat bronchial tissues. Experiments on tissues
from 22 animals, values are mean ± SEM, n= 30.
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1jiM 5-HT.

75

BLES, Img/ ml

'a

WASH

0.5 g

5-HT, 1pM

5mm

Figure 4.4: Representative response of rat bronchial preparation to BLES ® (1 mg/ml) (U)
on tissue precontracted with 5-FIT, 1jiM (Li). BLES ® showed arelaxant effect on 5-HTinduced contraction.
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4.3.2. Reproducibility
BLES®i nduce d relaxation was reproducible for 3 consecutive contractions by
either MCh or 5-HT (Figures 4.5 and 4.6).

4.3.3. Mechanism of Bovine Surfactant-Induced Relaxation
BLES® at aconcentration of 1mg/ml was the bovine surfactant used for studying
the mechanism of rat bronchial relaxation.
Studies with MCh:
BLES ®-induced relaxation was dependent on the epithelium (Figure 4.7) and
inhibited by indomethacin (Figure 4.8). L-NAME had no effect on BLES ®-induced
relaxation (Figure 4.9).
Studies with 5-HT:
Studies with 5-HT as the bronchoconstrictor showed similar results (Figures 4.10,
4.11, and 4.12).
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15%
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Number of exposures of BLES (1 mg/ml)

Figure 4.5: Reproducibility of the relaxation response of BLES ® in rat bronchi
precontracted with MCh. One way repeated measures ANOVA did not show asignificant
difference among exposures (p = 0.889). Assays were done on tissues from 8 animals,
values are mean ± SEM, n= 8.
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1pM MCh.
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Figure 4.6: Reproducibility of the relaxation response of BLES ® in rat bronchi
precontracted with 5-HT. One way repeated measures ANOVA did not show a
significant difference among exposures (p
animals, values are mean ± SEM, n=4.
Note: (a)

=

=

0.931). Assays were done on tissues from 4

expressed as % of maximal contractional force (mN) induced by 1jtM 5-HT.
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Figure 4.7: Relaxant effect of substance P, BLES® and isoproterenol in rat bronchial
tissues with ((+) EP) and without epithelium ((-) EP) precontracted with MCh. Figures A
and B show that substance P- and BLES®induced relaxation seems to be dependent on
the presence of the epithelium. In Figure C, isoproterenol relaxation is present in both (+)

and (-) EP. Experiments were done on tissues from 6or more animals, values are mean ±
SEM, n= 6-9.
Note: (a) = expressed as % of maximal contractional force (mN) induced by 1 .tM MCh.
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Figure 4.8: Effect of indomethacin (10 tM) on substance P-, BLES ®-and isoproterenolinduced relaxation in rat bronchial tissues with intact epithelium precontracted with MCh.
Figures A and B show that substance P- and BLES ®-induced relaxation is inhibited by
indomethacin. In Figure C, isoproterenol relaxation response is present in both (-) and (+)
indomethacin. Experiments were done on tissues from 7 or more animals, values are
mean ± SEM, n= 7-11.
Note: (a) = expressed as % of maximal contractional force (mN) induced by 1 M MCh.
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P =0.81
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(+) L-NAME

Figure 4.9: Absence of effect of L-NAME (100 tiM) on BLES ®-induced relaxation in rat
bronchial tissues with intact epithelium precontracted with MCh. Experiments on tissues
from 6animals, values are mean ± SEM, n= 6.
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1jiM MCh.
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Figure 4.10: Relaxant effect of substance P, BLES ® and isoproterenol on 5-HT-induced
contraction in rat bronchial tissues with ((+) EP) and without epithelium ((-) EP). Figures
A and B show that substance P- and BLES ®-induced relaxation is epithelium dependent.
In Figure C, isoproterenol relaxation is present in both (+) and (-) EP. Experiments were
done on tissues from 6animals, values are mean ± SEM, n= 6.
Note: (a) = expressed as % of maximal contractional force (mN) induced by 1 M
5-HT.
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Figure 4.11: Effect of indomethacin (10 jiM) on substance P-, BLES ®-and isoproterenolinduced relaxation in rat bronchial tissues with intact eithelium precontracted with 5HI. Figures A and B show that substance P- and BLES -induced relaxation is inhibited

by indomethacin. In Figure C, isoproterenol relaxation is present in both (-) and (+)
indomethacin. Experiments were done on tissues from 6 animals, values are mean ±
SEM,n=6.
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1jiM 5-HT.
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Figure 4.12: Absence of effect of L-NAME (100 tM) on BLES ®-induced relaxation in rat
bronchial tissues with intact epithelium precontracted with 5-HT. Experiments on tissues
from 6animals, values are mean ± SEM, n= 6.
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1 tM 5-HT.
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4.4. Summary
In this study, BLES ® and Survanta® had abronchodilator effect on precontracted rat
bronchial tissue. BLES ®-induced relaxation was epithelium dependent. Indomethacin had
asignificant inhibitory effect on BLES ®-induced relaxation when MCh and 5-HT were
used as bronchoconstrictors. L-NAME had no effect on
Survant
a®was not tested in the mechanistic studies.

BLES®

relaxation response.

86

Chapter 5: Surfactant Lipids and Other Lipids
5.1. Introduction
The majority of pulmonary surfactant consists of lipids and the majority of the lipid
is phospholipid (Banerjee and Puniyani, 2000). The most abundant phospholipid, PC, is
largely DPPC, which plays an essential role in decreasing surface tension (Griese, 1999).
Pulmonary surfactant also contains a relatively large proportion of PG (Banerjee and
Puniyani, 2000). uPC and PT are also present in the composition of the pulmonary
surfactant (Hallman et al., 1985; Hamm et al., 1996). The other phospholipids are PEA,
PS, SM, and LPC (Creuwels et al., 1997). Cholesterol is the most abundant neutral lipid
(Banerjee and Puniyani, 2000).
The studies described in this chapter were designed to determine which surfactant
lipids, if any, had bronchorelaxant properties. MCh was the bronchoconstrictor used in
these experiments. MCh and 5-HT were used in the experiments with PG.

5.2. Study Protocol
5.2.1. LPC
Tissues were precontracted with MCh (1
concentrations of 10-10 ,10,

108,

10,

106,

tM) and exposed to cumulative LPC

10-'and 10

M (equivalent to concentrations

of 0.00000005 to 0.05 mg/ml). Substance P (5 pM) and vehicle (DMSO) were used as
controls. The final concentration of DMSO in the organ bath was

0.1 % (vlv).
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5.2.2. Cholesterol and Cholesterol + BLES ®
BLES ® (1 mg/ml), cholesterol at 0.1 mg/mi (this is the approximate concentration
of cholesterol present in whole surfactant at 1mg/ml) and asolution of BLIES ® (1 mg/ml)
+ cholesterol (0.1 mg/ml) were used in this study.

5.2.3. PG
The approach to study the mechanism of PG-induced relaxation was based on the
same approach used for experiments with NRS outlined in Chapter 3. For these
experiments, MCh (1 pM) was used as abronchoconstrictor and PG was studied at a
concentration of 1mg/mi.
Studies with PG at concentrations of 0.15 mg/ml (approximate concentration
present in BLES ® and in whole surfactant at 1mg/ml) and 1mg/ml were performed using
MCh (1 p.M) and 5-HT (1 p.M) as the bronchoconstrictors.

5.2.4. DPPC
DPPC was used at concentrations of 0.5 mg/mi (approximate concentration present
in BLES ® and in the whole surfactant at 1mg/ml) and 1mg/mi.

5.2.5. DPPC:PG
DPPC:PG

(7:3) was used at concentrations

of 0.65

mg/mi

(approximate

concentration present in BLES ® and in the whole surfactant at 1mg/ml) and 1mg/mi.
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5.2.6. uPC
uPC was used at concentrations of 0.2 mg/ml (approximate concentration present
in BLES ® and in the whole surfactant at 1mg/ml) and 1mg/mi.

5.3. Results
5.3.1. LPC
Cumulative LPC concentrations of 10' °, i0, 10,

10

6,

i0

and 10

M

showed no effect on rat bronchial tissue (0% of relaxation, n= 8tissues from 8animals)
(Figure 5.1). Controls with DMSO gave the same result.

5.3.2. Cholesterol and Cholesterol +BLES ®
The relaxant effect of cholesterol alone was not significantly different (p
from vehicle (saline) controls. There was no difference (p

=

=

0.25)

0.306) in relaxation response

between BLES ® +cholesterol and BLES ® alone (Figure 5.2).

5.3.3. PG
The relaxant effect induced by the controls with HEPES used in the studies with
phospholipids (PG, DPPC, DPPC:PG, and uPC) was not different from zero.
Studies with MCh:
PG at 0.15 mg/ml relaxed the tissue by 8% ±2% and PG at 1mg/ml by 15% ± 3%
(Figure 5.3).
A representative response of PG at 1mg/ml is shown in Figure 5.4.
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After confirming that the relaxation response of PG was reproducible, the
mechanism of PG-induced relaxation was studied on rat bronchial tissue. The results
showed that PG caused relaxation by a similar mechanism to that seen with NRS and
BLES ® outlined in Chapters 3and 4, respectively (Figures 5.5, 5.6, and 5.7).
Studies with 5-HT:
PG at 0.15 and 1mg/ml was also studied using 5-HT as the bronchoconstrictor.
The relaxation response induced by PG 0.15 and 1mg/mi was 19% ± 6% and 23% ± 5%,
respectively (Figure 5.8).
A representative response of PG at 1mg/ml is shown in Figure 5.9. It demonstrates
abiphasic response of PG when 5-HT was used as the bronchoconstrictor.

5.3.4. DPPC
The relaxation response induced by DPPC at 0.5 and 1mg/ml was similar (5% ±
1% for both) (Figure 5.10).

5.3.5. DPPC:PG
DPPC:PG at 0.65 and 1mg/ml was studied and showed to have arelaxant effect on
rat bronchial tissue (Figure 5.11).

5.3.6. uPC
uPC at 0.2 and 1mg/ml was also shown to have arelaxant effect on the tissue
(Figure 5.12).
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Figure 5.1: Concentration-response curve for LPC in rat bronchial tissues. The figure
shows the absent relaxant effect of LPC on bronchial smooth muscle. Experiments were
done on tissues from 8animals, values are mean ± SEM, n= 8.
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1jiM MC1I.

91

20%

p = 0.306

15%

p = 0.005

I
5%

I
0%
BLES (1 mg/ml)

chol. (0.1 mg/mI)
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Figure 5.2: Relaxant effect of BLES ®,cholesterol (chol.), and BLES ® + chol. in rat
bronchial tissues. Experiments on tissues from 6 animals, values are mean ± SEM,
n= 11.
Significant differences were observed when BLES ® (p < 0.001) and BLES ® + chol. (p <
0.001) relaxation responses were compared with their vehicle controls. Paired t-test did
not show asignificant difference (p = 0.25) between chol. and its vehicle controls.
Note: (a)

=

expressed as % of maximal contractile force (mN) induced by 1jtM MCh.
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Figure 5.3: Relaxant effect of BLES ® and PG in rat bronchial tissues. Experiments on
tissues from 12 animals, values are mean ± SEM, n= 17.
Significant differences were observed when BLES ® at 1mg/ml (p < 0.00 1), PG at 0.15
mg/ml (p < 0.001), and PG at 1mg/ml (p < 0.001) were compared with their vehicle
controls.
Note: (a) = expressed as % of maximal contractional force (mN) induced by 1jtM MCh.
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5mm

Figure 5.4: PG-induced relaxation in rat bronchial tissue. Tissue was precontracted with
MCh, 1jtM (A) and exposed to PG, 1mg/ml (+).
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Figure 5.5: Relaxant effect of substance P, PG and isoproterenol in rat bronchial tissues
with ((+) EP) and without epithelium ((-) EP) precontracted with MCh. Figures A and B
show that substance P- and PG-induced relaxation is dependent on the presence of
epithelium. In Figure C, isoproterenol relaxation response is present in (+) EP and (-) EP.
Experiments were done on tissues from 5animals, values are mean ± SEM, n= 5.
Note: (a) = expressed as % of maximal contractional force (mN) induced by 1 iM MCh.
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Figure 5.6: Effect of indomethacin (10 jiM) on the relaxation induced by substance P, PG
and isoproterenol in rat bronchial tissues with intact epithelium precontracted with MCh.
Figures A and B show that substance P- and PG-induced relaxation is inhibited by
indomethacin. In Figure C, isoproterenol relaxation response is present in both (-) and (+)
indomethacin. Experiments were done on tissues from 6 or more animals, values are
mean ± SEM, n= 6-7.
Note: (a) = expressed as % of maximal contractional force (mN) induced by 1jiM MCh.
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Figure 5.7: Absence of effect of L-NAME (100 jiM) on the relaxation induced by PG in
rat bronchial tissues with intact epithelium precontracted with MCh. Experiments on
tissues from 5animals, values are mean ± SEM, n= 5.

Note: (a) = expressed as % of maximal contractional force (mN) induced by IjiM MCh.
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Figure 5.8: BLES ®-and PG-induced relaxation in rat bronchial tissues precontracted with
5-HT. Experiments on tissues from 6animals, values are mean ± SEM, n= 6.
In Figures 5.8 A and 5.8 B, one way repeated measures ANOVA did not show a
significant difference among groups (p = 0.067). This was probably due to the limited
number of observations and the variability in PG relaxation response on tissues
precontracted with 5-HT as shown in Figure 5.8 B. Significant differences were observed
when BLES® at 1mg/ml (p = 0.002), PG at 0.15 mg/ml (p = 0.022), and PG at 1mg/ml
(p = 0.006) were compared with their vehicle controls.
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1 tM 5-HT.
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Figure 5.9: Representative biphasic response of rat bronchial tissue for tissues
precontracted with 5-HT, 1pM (L,) and exposed to PG, 1mg/ml (+).
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Figure 5.10: BLES ®-and DPPC-induced relaxation in rat bronchial tissues. Experiments
on tissues from 7animals, values are mean ± SEM, n= 7.
Significant differences were observed when BLES ® at 1mg/mi (p
mg/ml (p
controls.

=

0.01), and DPPC at 1mg/mi (p

=

<

0.001), DPPC at 0.5

0.006) were compared with their vehicle

Note: (a) = expressed as % of maximal contractional force (mN) induced by 1 tM MCh.
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Figure 5.11: BLES ®- and DPPC:PG-induced relaxation in rat bronchial tissues.
Experiments on tissues from 6or more animals, values are mean ± SEM, n= 8-14.
One way ANOVA did not show a significant difference among groups (p = 0.066).
Significant differences were observed when BLES ® at 1mg/ml (p < 0.001), DPPC:PG at
0.65 mg/ml (p <0.001), and DPPC:PG at 1mg/ml (p < 0.001) were compared with their
vehicle controls.
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1 tM MCh.
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Figure 5.12: BLES ®-and uPC-induced relaxation in rat bronchial tissues. Experiments on
tissues from 7animals, values are mean ± SEM, n= 7.
Significant differences were observed when BLES ® at 1mg/ml (p <0.001), uPC at 0.2
mg/ml (p = 0.035), and uPC at 1mg/ml (p = 0.003) were compared with their vehicle
controls.
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1pM MCh.
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5.4. Summary
It was concluded that surfactant phospholipids (PG, DPPC, and uPC) relax airway
smooth muscle. A neutral lipid (cholesterol) had no relaxant effect on rat bronchial tissue.
LPC had no effect on airway smooth muscle.
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Chapter 6: Surfactant Proteins and Other Proteins
6.1. Introduction
Sampling of the epithelial lining fluid by bronchoalveolar lavage has been the
common procedure to study the surfactant proteins (Katsura et al., 1993; Wang et al.,
2001).
By weight, the total protein fraction accounts for about 10% of the whole isolated
surfactant. Approximately 80% of these proteins are also found in serum and 20% are
surfactant-specific (Hamm et al., 1996).
SP-A studies are described below as well as experiments with albumin, a serum
protein. MCh was the bronchoconstrictor used in these experiments.

6.2. Study Protocol
6.2.1. Albumin and Albumin + BLES ®
BLES ® (1 mg/ml), albumin (0.1 mg/mi), and BLES ® (1 mg/ml) + albumin (0.1
mg/ml) were used in this study.

Controls were done with saline, distilled water and

saline + distilled water at the same volumes as used for

BLES®,

albumin, and BLES® +

albumin, respectively.

6.2.2. Surfactant Protein A (SP-A) and SP-A + BLES ®
BLES ® (1 mg/ml), SP-A (0.01 mg/mi /approximate concentration present in whole
surfactant at 1mg/mi), and BLES ® (1 mg/ml) + SP-A (0.01 mg/ml) were used in this
study. Controls were done using saline, EDTA 2mM + Tris 20 mM, and saline + EDTA
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2mM + Tris 20 mM at the same volumes as used with BLES ®,SP-A, and BLES ® + SPA, respectively.

6.3. Results
6.3.1. Albumin and Albumin + BLES ®
The relaxant effect of albumin alone (at 0.1 mg/mi) was not significantly different
(p

=

0.5) from vehicle controls. The relaxant response induced by albumin (0.1 mg/ml) +

BLES ® (1 mg/mi) was significantly (p

=

0.039) greater than BLES ® alone at 1mg/ml

(Figure 6.1).
The relaxation response induced by the controls with distilled water/saline was not
different from zero.

6.3.2. SP-A and SP-A + BLES ®
SP-A at 0.01 mg/ml had arelaxant effect on MCh-induced contraction similar to
that of BLES ® at 1mg/mi. The combination of BLES ® (1 mg/mi) and SP-A (0.01 mg/mi)
produced arelaxant effect that was greater than either agent alone. This effect was less
than additive and was not significantly different from either agent alone (Figure 6.2).
A representative response of SP-A at 0.01 mg/ml is shown in Figure 6.3.
Because SP-A was in a different buffer, each data point was normalized by
subtracting any relaxant effect of the buffer alone from the relaxant effect of SP-AISP-A
+ BLES®.
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Figure 6.1: Relaxant effect of BLES ®,albumin (alb.), and BLES ® + alb. in rat bronchial
tissues. Experiments on tissues from 5animals, values are mean ± SEM, n= 7.
Significant differences were observed when BLES ® (p = 0.007) and BLES ® + alb. (p <
0.001) were compared with their vehicle controls. Paired t-test did not show asignificant
difference (p = 0.5) between alb. relaxation response and its vehicle controls.
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1.iM MCh.
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Figure 6.2: Relaxant effect of BLES ®,SP-A, and BLES ® + SP-A in rat bronchial tissues.
Experiments on tissues from 4or more animals, values are mean ± SEM, n= 4-6.
One way repeated measures ANOVA did not show asignificant difference among groups
(p = 0.213). Significant differences were observed when BLES ® (p = 0.003), SP-A (p =
0.002), and BLES ® + SP-A (p = 0.005) were compared with their vehicle controls.
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1jiM MCh.
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Figure 6.3: SP-A-induced relaxation in rat bronchial preparation.
precontracted with MCh, 1p.M (A) and exposed to SP-A, 0.01 mg/ml (X).
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6.4. Summary
Based on the data presented in this chapter, it was concluded that SP-A is an airway
smooth muscle relaxant. Albumin had no relaxant effect on precontracted rat bronchial
tissue. The relaxant effect of SP-A was more gradual than the effect seen with whole
surfactant or surfactant lipids.
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Chapter 7: Discussion and Conclusions
7.1. General Discussion
It has been generally accepted that the primary function of pulmonary surfactant is
attributable to its biophysical properties through stabilization of alveolar walls and
prevention of alveolar collapse at low lung volume (Griese, 1999). More recently,
surfactant has been shown to have immunomodulatory properties (Wilsher et al., 1988).
This study reveals the pharmacologic effect of surfactant that has not been previously
demonstrated.

7.1.1. NRS
Exogenous surfactant therapy is largely used in the management of neonatal
respiratory distress syndrome (Suresh and Soil, 2002). Clinical improvements of
asthmatic patients after administration of surfactant have also been demonstrated
(Kurashima et al., 1991; Levtchenko and Ramet, 1997).
In the studies described in Chapter 3, NRS had aclear bronchodilator effect on rat
bronchial tissue. This effect was epithelium dependent showing the importance of an
intact epithelium in the bioassay system. The airway epithelium is an important source of
relaxing factors that may prevent or lessen the severity of airway constriction (Fortner et
al., 2001). Identifying new factors provides insight into specific mechanisms by which
airway epithelium protects against airway constriction and may lead to new clinical
approaches for treating asthma.
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It was shown in Chapter 2that MCh (1 p.M) is apotent bronchoconstrictor with a
very stable and consistent contractile response. 5-HT (1 tM) was not as potent as MCh,
did not show stable contraction, and demonstrated desensitization of its contractile
response in atime-dependent manner. Continued stimulation of cells with agonists can
result in astate of desensitization, such that the effect that follows repeated exposure to
the drug is decreased (Ross, 1991). Desensitization of 5-HT receptors has been described
for smooth muscle (Ben-Harari etal., 1991; Watts etal., 1994). Using isolated guinea-pig
trachea and rabbit aorta, Ben-Harari et al. (199 1) demonstrated that desensitization of the
5-HT2 receptor is atime- and tissue-dependent process that depends on the occupancy of
the receptor but not on the number of receptors. For these reasons, data from 5-HT
studies were normalized by subtracting the 5-HT spontaneous decay from the surfactant
relaxation response.
Indomethacin is apotent inhibitor of the prostaglandin-forming cyclooxygenase
pathway (Insel, 1991). Indomethacin had asignificant inhibitory effect on the substance
P- and NRS-induced relaxation when MCh and 5-HT were used as broncho constrictors.
These results suggest that NRS-induced relaxation is dependent on prostanoid synthesis.
In general, prostaglandins E relax tracheobronchial muscle (Campbell, 1991) but
pharmacological tools to test this hypothesis are limited. Further studies are needed to
demonstrate the exact nature of the released compound(s) as well as the receptor(s)
involved in the NRS-induced relaxation.

III

NO did not seem to be involved since the inhibitor of the NOS, L-NAME, did not
affect the NRS-induced relaxation. L-NAME significantly inhibited L-arginine-induced
relaxation in control studies.
Isoproterenol was used as apositive control to ascertain airway smooth muscle
integrity. When the epithelium is rubbed, tissue damage can occur and this can be
reflected in the response to isoproterenol as well as to the contractile response induced by
MChI5-HT (bronchoconstrictors used in the experiments described in this thesis) in

(-)

EP tissues.
Controls with buffer (HEPES) and supernatant were used in the studies and the
results were not different from zero. Supernatant corresponded to the low molecular
weight fraction discarded during the NRS processing but saved for control studies.

7.1.2. Bovine Surfactant
Lipid extracts of bovine surfactant contain approximately 3% neutral lipid and 97%
phospholipid (Yu et al., 1983). They also contain SP-B and SP-C (Yu etal., 1989).
Administration of bovine exogenous surfactant has been suggested to be beneficial
in asthmatic patients (Levtchenko and Ramet, 1997) and in lung injury (Lewis et al.,
1991).
There have been no studies in vitro to evaluate the effect of bovine surfactant on
bronchial tissue. In the studies described in Chapter 4, BLES ® and Survanta® had a
broncho dilator effect on rat bronchial tissue. BLES®inducedrelaxation was epithelium
dependent. Indomethacin had asignificant inhibitory effect on BLES ®-induced relaxation
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when MCh and 5-HT were used as bronchoconstrictors. L-NAME had no effect on
BLES® relaxation response.
Based on these results, it was concluded that bovine surfactant is an airway smooth
muscle relaxant. The relaxant effect seemed to be dependent on the presence of
epithelium and on the release of prostanoids.

7.1.3. Comparison between Bovine Surfactant- and NRS-Induced Relaxation
Figures 7.1 and 7.2 compare bovine surfactant-induced relaxation (BLES ® and
Survanta) with NRS-induced relaxation. NRS was more potent than bovine surfactant.
The difference in potency may be related to the presence of SP-A and SP-D in the NRS
(but not in BLES® and

Survanta),

aspecies effect (the tissues were derived from rat not

bovine sources) or other as yet unknown factors.

113

40%

-

—.--

NRS

—ci-- Survanta
-&--

0%
0.0001

I

a

II

BLES

11111

0.001

I

I

U

I

I

0.01

I I 1 1 W6

0.1

I

I

I

a U 1111

1

Surfactant (mg/ml)

Figure 7.1: Concentration-response curves for NRS, Survanta®, and BLES®. The figure
shows that NRS is a more potent smooth muscle relaxant than either Survante or
BLES®. Each concentration was tested on tissues from 5 or more animals, values are
mean± SEM, n= 6-10.
Two way ANOVA indicated that surfactant-induced relaxation varied with concentration
(p < 0.001) and surfactant type (p < 0.001). Student-Newman-Keu1s test demonstrated
that NRS-induced relaxation was greater than BLES ®-/ Survanta®-induced relaxation
(p < 0.001).
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1 tM MCh.
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Figure 7.2: Concentration-response curves for NRS, Survanta®, and

BLES®

for tissues

precontracted with MCh (1 pM). Each concentration was tested on tissues from 5or more
animals, values are mean ± SEM, n= 6-10.
Two way ANOVA indicated that surfactant-induced relaxation varied with concentration
(p < 0.001) and surfactant type (p <0.001). Student-Newman-Keuls test demonstrated
that NRS-induced relaxation was greater than BLES ®-/ Survanta®-induced relaxation
(p < 0.001).
Note: (b)

=

expressed as % of substance P (5 j.tM) relaxation response.
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7.1.4. Surfactant Lipids and Other Lipids
Biochemically, pulmonary surfactant is comprised of approximately 90% lipid.
The major phospholipid, PC, is largely DPPC, which is primarily responsible for
decreasing surface tension (Griese, 1999). Approximately 17% of the whole surfactant is
composed of uPC (Hamm et al., 1996) and up to 10% by PG (Pfleger et al., 1972). In the
studies described in Chapter 5, cholesterol had no effect on the rat bronchial tissues. PG,
DPPC, and uPC showed relaxant effects on rat bronchial tissues. PG was the surfactant
phospholipid with the greatest effect. PG is formed from CDP-diacylglycerol (Kawasaki
and Nishijima, 2003). One mechanism whereby bronchial epithelial cells might mediate
surfactant lipid-induced bronchial relaxation is by the hydrolysis of phospholipid in the
luminal epithelial cell membrane. Epithelial cell membranes are rich in phosphatidate
phosphohydrolases (PAP), such as PAP-2 (Waggoner et al., 1996), which are capable of
hydrolyzing the surfactant lipids DPPC and PG to diacylglycerol. Diacylglycerol is an
important intracellular signaling molecule (Brindley and Waggoner, 1996) that activates
protein kinase C (Brindley et al., 1996). The form in which the phospholipids are
presented may also be important. Haimun et al. (1986) showed that activation of protein
kinase C by phospholipid was dependent on micelle composition. Protein kinases have
many intracellular functions including regulation of prostaglandin synthesis (Segond von
Banchet et al., 2003; Luo et al., 2003; Yang et al., 2002) and smooth muscle function
(Riento and Ridley, 2003)
LPC is catabolized from PC by phospholipase A2 (Mehta etal., 1990; Menon etal.,
1990). It is anormal component of lung phospholipids (Niewoehner et al., 1987) but
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comprises a small fraction (< 2%) of total lipids identified in pulmonary surfactant
(Creuwels et al., 1997). Increased levels of cellular lipids are indicative of cellular
breakdown, whereas lysophospholipids indicate the action of phospholipases on
surfactant and/or cell membranes (Cockshutt and Possmayer, 1991).
LPC may cause lung injury, including increases in endothelial and epithelial
permeability (Lindhal et al., 1986; Niewoehner et al., 1987). LPC levels are increased in
the plasma of asthmatic patients and these LPC levels correlate with the degree of
bronchial reactivity to histamine (Mehta et al., 1990). In the studies described in Chapter
5, no relaxant effect was seen with LPC on precontracted rat bronchi. This was surprising
in view of the potent relaxant effect of LPC on vascular smooth muscle (Bing and Saeed,
1987; Dudek etal., 1993; Menon etal., 1990; Saito etal., 1988), see also Appendix.
It was concluded that surfactant phospholipids (PG, DPPC, and uPC) relax airway
smooth muscle. A neutral lipid (cholesterol) had no relaxant effect on rat bronchial tissue.
LPC had no effect on airway smooth muscle.

7.1.5. Surfactant Proteins and Other Proteins
SP-A is the most abundant surfactant protein in the alveolar space (Hamm et al.,
1996). In the studies described in Chapter 6, SP-A had arelaxant effect on rat bronchial
tissue. This effect was greater than that of phospholipids described in Chapter 5.
Plasma contains an array of protein and non-protein substances that can act as
inhibitors of surfactant function (Heeley et al., 2000; Kobayashi et al., 1991; Liu et al.,
1995). To evaluate the effect of contaminating serum proteins present in whole
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surfactant, albumin (0.1 mg/ml) was studied and showed no effect on rat bronchial tissue.
When combined with BLES ® (1 mg/ml), albumin enhanced its relaxant effect. Keough et
al. (1989) investigated the influence of human albumin, a-globulin, and fibrinogen on the
actions of porcine pulmonary surfactant in apulsating bubble surfactometer. Of the three
proteins tested, albumin was least deleterious to surface refining whereas globulin and
fibrinogen appeared to be about equally detrimental to the process. There appears to be a
concentration-dependent mechanism by which serum albumin inactivates surfactant
(Warriner et al., 2002). Seeger et al. (1993) compared the surface properties and the
sensitivity to inhibitory proteins of different organic solvent surfactant extracts. They
concluded that various natural surfactant extracts markedly differ in their sensitivity to
inhibitory plasma proteins.
It was concluded that SP-A is an airway smooth muscle relaxant. The finding that
both surfactant lipids and surfactant proteins can induce smooth muscle relaxation might
indicate more than one receptor for this effect. Unfortunately there was insufficient SP-A
for mechanistic studies with this protein. SP-A is anaturally occurring protein in the
epithelium of airways (Hermans and Bernard, 1999); thus SP-A could be involved in the
lipid-mediated effect at the epithelial level.
In astudy by Wright et al. (1989), the binding of SP-A to freshly isolated alveolar
type II cells was described. Binding of rat SP-A to isolated type II cells was largely
dependent on calcium. Binding of labeled SP-A was reduced by the presence of excess
unlabeled SP-A and by heat treatment of the protein. Trypsin treatment of the type II cell
surface reduced binding. The results suggest that type II cells have high-affinity binding
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sites for SP-A and are consistent with the possibility that type II cells have surface
receptors for SP-A. It is possible that other respiratory epithelial cells have SP-A binding
sites; however this remains to be established.
Hawgood et al. (1985) have shown that surfactant-associated proteins in the
presence of calcium exert major changes on the physical properties of surfactant lipids in
vitro. King and MacBeth (198 1) investigated the interaction of amajor apolipoprotein of
pulmonary surfactant with mixtures of lipids analogous to those found in natural
surfactant. The apolipoprotein A was extracted from canine surfactant and mixed with
liposomes of lipids in buffers containing sodium chloride and calcium chloride. Their
results suggest that PG may be involved in the formation of amicelle-like complex, the
stoichiometry of which is regulated over anarrow range of lipid concentration, and the
structure of which involves calcium. They found that lipids containing PG absorbed more
rapidly to an air/liquid interface than did those without. This rate of adsorption was
further increased after interaction with the apolipoprotein.

7.1.6. Comparison between Proteins and Lipids
Bronchial smooth muscle relaxant effects of the lipid and protein components were
compared at their approximate concentrations in alveolar surface fluid. Among the
surfactant components, SP-A was more potent than the phospholipids (Figure 7.3).
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Figure 7.3: Relaxant effect of the components of surfactant (and non-surfactant
components) in rat bronchial tissues. The relaxant effect of uPC (0.2 mg/ml), DPPC (0.5
mg/ml), PG (0.15 mg/ml), DPPC:PG (0.65 mg/ml), cholesterol (chol., 0.1 mg/ml), SP-A
(0.01 mg/ml), LPC (0.005 mg/ml), and albumin (alb., 0.1 mg/ml) was evaluated. The
concentrations of the components are related to their concentrations in a sample of
surfactant containing 1 mg/ml. Experiments were done on tissues from 5 or more
animals, values are mean ± SEM, n= 6-17.
Notes: (a) = expressed as % of maximal contractional force (mN) induced by 1 tM MCh.
NS = not significant.
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7.2. Conclusions
There have been no studies done in vitro to determine whether surfactant is an
airway smooth muscle relaxant. Previous studies done in vivo, while showing a
bronchodilator effect in animal models of allergen-induced airway bronchoconstriction,
(Becher, 1985; Liu et al., 1996) were not able to distinguish between the biophysical
properties of surfactant on airway opening pressures, its effects on mucociliary clearance,
its anti-inflammatory properties or apharmacologic effect shown in these studies.
This thesis presented anew role of surfactant in airway smooth muscle. Surfactant
(bovine surfactant and NRS) showed a relaxant effect on rat bronchial tissue. The
surfactant-induced relaxation was dependent on an intact epithelium and on the release of
prostanoids, but not on the NO pathway.
The surfactant phospholipids PG, DPPC and uPC as well as one of the surfactantspecific proteins, SP-A, were also shown to be airway smooth muscle relaxants. The
interactions of the various components of pulmonary surfactant may play acritical role in
the preservation of normal lung function and contribute to the regulation of airway
caliber. The findings in this study indicate apotential pharmacological role for surfactant
in the treatment of asthma.

7.3. Future Directions
Further studies have to be done concerning the exact nature of the released
prostanoid as well as the receptor(s) involved in the surfactant-induced relaxation. The
mechanism of SP-A-induced relaxation has also to be determined.
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There is a need to study the surfactant/surfactant components in vitro using other
species, including human bronchus, and in vivo using an animal model of asthma.
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Appendix: LPC and Vascular Smooth Muscle
Introduction
LPC is known to mediate vascular smooth muscle relaxation (Bing and Saeed, 1987;
Dudek et al., 1993; Menon et al., 1990; Saito et al., 1988). It has been found that LPC is
a slow-acting relaxant of rabbit aortas (Saito et al., 1988). LPC activates guanylate
cyclase and relaxation is endothelium dependent. Dudek et al. (1993) reported that it is
likely that LPC as a detergent causes changes in membrane fluidity that result in
formation of aNO-like product which, through activation of guanylate cyclase, leads to
relaxation of vascular smooth muscle.

Study Protocol
Because of the absence of LPC relaxation response in bronchial tissues (see Chapter
5), experiments with LPC were also done on vascular smooth muscle. Male Spragi.ieDawley rats weighing 250-350 g were used for this study. Rat aortic rings (2 mm x 3
mm) were mounted at 37 °C in agassed (95% 02

-

5% CO2)Krebs-Henseleit buffer (4

ml). Four tissues from one to two animals were mounted for each experiment. After 60
minutes of equilibration time at 1 g tension, tissues were exposed to KC1 (50 mlvi)
followed by tissue wash. A period of 20 to 30 minutes was allowed between contractions
for recovery. Rings were precontracted with 1jtM PE and after

7minutes (when stable

contraction was reached), ACh (10 tM) was added and the presence of endothelium was
ascertained by monitoring the relaxation response.
concentration in the organ bath

Controls with DMSO (final

0.1%) were also performed on precontracted tissues.
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Isoproterenol (1 j.tM) was added as apositive control every time when acertification of
presence of a responding tissue was necessary (relaxation response). Tissues were
precontracted with PE (1 tiM) and cumulative concentrations of LPC (10' °,i0, 10
i0, 1O
10
'
,

8,

and l0 M) added to the bath. The relaxation response was then evaluated.

The mechanism of LPC-induced relaxation was also studied in aortic tissues. Rings
were precontracted with PE (1

M) and exposed to ACh (10 tM). Controls with DMSO

and isoproterenol (1 [LM) on precontracted tissues were also done. Precontracted rings
were exposed to LPC (lO

M

-

equivalent to 100 [LM) and the relaxation response

measured. Repeated exposure of precontracted tissues to LPC (100 tM) was performed
and because LPC relaxation response was not reproducible, tissues were exposed once.
For the L-NAME study, L-NAME (100 i.tM) was added to the bath at baseline. After 20 to
30 minutes, rings were precontracted with PE (1 jiM) and exposed to LPC (100 j.tM).
Controls with ACh (10 jiM! absence of relaxation response in tissues treated with LNAME) and isoproterenol (1 ItM /relaxant effect) were done after L-NAME exposure.
Experiments were also done using rat aortic rings rubbed free of endothelium. The
absence of an intact endothelium in the rat aorta preparation was ascertained by
monitoring an absence of arelaxation response to 10 jiM ACh. The precontracted tissues
were exposed to LPC (100 jiM) and isoproterenol (1 jiM) was added in order to certify
the presence of aresponding tissue (relaxant effect). The basic set up and concentrations
of agonists used in the rat aorta study were based on studies by Hollenberg et al. (1993;
1997).
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Results
Concentration-response curves for LPC are shown in Figure A. 1. LPC was shown to
be avascular smooth muscle relaxant.
Repeated exposure of precontracted tissues to LPC (100 j.tM) was undertaken. The
LPC relaxation response was not reproducible (Figure A.2). Based on this, tissue
exposure to LPC was done once.
The mechanism of LPC-induced relaxation was also studied. In tissues with intact
endothelium ((+) ED), LPC at 100 p.M induced arelaxation response of 70% ± 3%, ACh
of 88% ± 2%, and isoproterenol of 72% ± 5%. In tissues devoid of endothelium

((-) ED)

and tissues treated with L-NAME ((+) ED/(+) L-NAME), LPC-induced relaxation was
significantly (p < 0.001) abolished as well as ACh relaxation response (p < 0.001).
Isoproterenol-induced relaxation was significantly less in
EDI(+) L-NAME (p

=

(-)

ED (p

=

0.044) and (+)

0.016) (47% ± 10% and 38% ± 6%, respectively) (Figure A.3).

Studies have shown that endothelium/NO pathway modulates, in part, 13-adrenoceptormediated vasorelaxation in rat aorta (Brawley etal., 2000; Toyoshima etal., 1998).
For the LPC studies, each data point was normalized by subtracting the relaxant
effect of the vehicle (DMSO) from the relaxant effect of LPC.
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Figure A. 1: Concentration-response curves for LPC in rat aortic tissues. Figures A and B
show that LPC is avascular smooth muscle relaxant. Experiments were done on tissues
from 12 animals, values are mean ± SEM, n= 12.
Notes: (a) = expressed as % of maximal contractional force (mN) induced by 1 LM PE.
(b) = expressed as % of Ach (10 jtM) relaxation response.
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Figure A.2: Desensitization of LPC-induced relaxation response in rat aortic tissues.
Experiments on tissues from 3or more animals, values are mean ± SEM, n= 3-6.
Note: (a)

=

expressed as % of maximal contractional force (mN) induced by 1pM PE.
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Figure A.3: ACh-, LPC- and isoproterenol-induced relaxation in rat aortic tissues with
intact ((+) ED) and no endothelium ((-) ED), and in (+) ED tissues treated with L-NAME.
Figures A and B show that ACh- and LPC-induced relaxation is inhibited in (-) ED and
(+) ED/(+) L-NAME tissues. Figure C shows the isoproterenol-induced relaxation in (+)
ED, (-) ED, and (+) ED/(+) L-NAME tissues. Experiments were done on tissues from 6
or more animals. Values are mean ± SEM, n= 6-14.
Note: (a) = expressed as % of maximal contractional force (mN) induced by 1p.M PE.
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Discussion
The presence of lysophospholipids indicates the action of phospholipases on the
surfactant and/or cell membranes (Cockshutt and Possmayer, 1991). No relaxant effect
was seen with LPC on rat bronchi (see Chapter 5). On the other hand, LPC is known for
mediating vascular smooth muscle relaxation (Bing and Saeed, 1987; Dudek et al., 1993;
Menon et al., 1990; Saito et al., 1988).
Based on these data, it was concluded that LPC is a vascular smooth muscle
relaxant. The relaxant effect is dependent on the presence of endothelium and on the NO
pathway.

