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ABSTRACT

This thesis is in 2 Parts. In Part I, I determined whether
postjunctional oj- and presynaptic ag-receptors contribute to
airway hyperresponsiveness. Using an isolated, innervated guinea-pig
tracheal tube preparation, the pressor effects of norepinephrine (NE)
and phenylephrine and the inhibitory effects of NE on tracheal
responses to pre- (NS) and post-ganglionic (FS) cholinergic
stimulation were measured. NS and FS were applied at 2, 8, and 32 Hz,
using trains of 64 pulses or for 10 s, and NE pD, values were
calculated. In control tissues, NE induced dose-dependent inhibition
of responses to NS and FS at all frequencies, and its pDy values-
correlated negatively with frequency and were similar for NS and FS
at the same frequencies. Yohimbine blocked the inhibitory effects of
NE and its pA, values were correlated negatively with frequency for
FS. Cocaine or desipramine, and chemical sympathectomy with
6-hydroxydopamine significantly increased NE pD, values. In
tracheas from guinea-pig models of asthma, the ar-  and
ap-receptor-mediated effects were similar to controls. I conclude
that a-adrenoceptors do not contribute to airway hyperresponsiveness
in asthma.

In Part II, I examined the fine structure of baroreceptors and
elastic laminae in the bifurcation region of guinea-pig carotid
arteries using transmission and scanning electron microscopy,

respectively. Baroreceptors were found close to elastic and collagen

vi



fibers in the adventitia and media of the carotid sinus (CS). Their
morphologic features included densely packed mitochondria,
osmiophj]ic lamellated and homogeneous bodies, clear and agranular
vesicles, Tlamellar systems, glycogen particles, neurotubuli,
neurofilaments, vacuoles, and translucent cytoplasm. Unlike other
areas of the bifurcation, the CS exhibited several unique structures
on the luminal surface of the internal elastic Taminae - blister-Tike
outgrowths, dense clusters of fenestrations, and a honeycomb-1ike
maze. In the €S, the elastic networks of the adventitial elastic
laminae were finer, and the cross-sectional thickness of the EL was
less than in its adjacent arteries. These findings demonstrate
interspecies homogeneity among the structural features of:
baroreceptors 1in the CS, and differences in elastic laminae of the CS
and 1its adjacent arteries. The latter are presumably related to the

transducer function of the CS.
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1. LITERATURE REVIEW and PROPOSED RESEARCH
1.1 Airway Morphology |

The Tlungs are paired organs that fill most of the pleural
cavity. In humans, the right and left lungs are divided into three
and two 1lobes, respectively, and in guinea pigs into four and three
lTobes, by deep fissures lined by visceral pleura (Cooper & Schiller,
1975). The air spaces of the 1lungs begin at the trachea at the
cricoid cartilage. The trachea descends through the superior
mediastinum to the 1level of the junction of the manubrium and body
of the sternum where it bifurcates giving rise to the main bronchi.

In guinéa pigs, the trachea bifurcates into the right and left main

bronchi at the 1level of the third rib. The two main bronchi enter .

the lungs at the pulmonary hila. Within the lung, the main bronchi
divide into one Tlobar bronchus for each pulmonary lobe. Lobar
bronchi bifurcate, and become narrower, by irregular dichotomy down
to the alveolar sacs. Functionally, the airways can be divided into
conducting airways (trachea to terminal bronchioles [generations
0-16]), and the acini, the respiratory units of the 1lung
(respiratory bronchioles to alveolar sacs [generations 17-23]).
Conducting airways serve as conduits and do not participate in
respiratory gas exchange, only the acini are involved in gas
exchange.

For a better understanding of pathophysiology of asthma, it is
essential to understand airway morphology, which has been the
subject of many reviews (Nash, ,1976; Gil, 1982: Richardson and
Ferguson, 1980; Weibel, 1985). This section will be dedicated only
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Fig. 1-1. The anatomy of guinea-pig trachea

to the morphology of the trachea. A schematic representation of the
structure of the trachea is shown in Fig. 1. The trachea consists of
three Tlayers: mucous, submucous, and fibrocartilaginous. The mucosa
consists of a continuous epithelial cell sheet which forms an
uninterrupted barrier between the wunderlying interstitial
(connective tissue) space and the air space. This lining is "tight"
because well-developed terminal bars or tight junctions seal the
narrow intercellular clefts (Green et al., 1977; Schneeberger,
1980). The epithelium comprises a mosaic of cells specialized for
different functions. The essential functional property of the

epithelium is that it forms and maintains a continuous stream of



3
fluid and mucus which flows towards the pharynx by coordinated
ciliary motion. This process is termed mucociliary clearance.

In all species examined, three distinct cell types have been
. described in the epithelium: ciliated, basal, and goblet. Ciliated
cells amd goblet cells are slender columnar cells that extend from
the basement membrane to the surface; smaller basal cells that
appear to be poorly differentiated are restricted to the lower part
of the epithelium abutting against the basement membrane. Ciliated
cells are most common. The anatomical evidence for the production of
mucus by these cells is uncertain; they neither contain secretory
granules nor stain for mucin (Nadel et al., 1985). The nature and
function of the ciliated cell product(s) are unknown (Richardson & .
Somerville, 1988). Their main function is to maintain the
coordinated movement of cilia (Sleigh, 1981). Goblet cells have
slender bases and broad apices, the latter containing dense-cored
secretory granules. They are presumably the primary source of mucus
in species such as goose, rat, rabbit, and guinea pig, which have
few or no submucosal glands (Nadel et al., 1985). They produce mucus
that contributes to normal mucociliary clearance, and, if the mucus
becomes impacted, it can contribute to disease (Mygind et ail.,
1987). Basal cells are small cells with oval nuclei that can
differentiate into either ciliated or nonciliated cells.

In humans, Kultschitzky (neuroendocrine) cells, members of the
APUD (amine precursor uptake and decarboxylation) series of cells
found throughout the body; are found in higher density in trachea
than in bronchi (see Laitinen, 1988). Their characteristic feature

is the presence of small basal granules with a dense core. They may
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have a receptor function: cell bodies send a long narrow "fingertip"
through thick epithelium to reach the Tumen, and these fingertips
may act as receptor units for stimuli entering the airways
(Laitinén, 1988). Their close association with basal sensory
intraepithelial nerves (King et al., 1974; McDonald, 1977) appears
to support a receptor function. Also, they may have a neurosecretory
function and secrete monoamines and/oribioactive peptides (Pearse,
1976; Reichlin, 1980) into the microcirculation through fenestrated
capillaries located nearby.

A1l the epithelial cells are attached to basement membrane that
forms a continuous sheet. This membrane consists of a true basal
lamina about 80 nam thick which is visible only with the electron
microscope. This basal Tlamina is associated with collagen, and in
patients with asthma it 1is thickened characteristically due to an
increase in its collagen content and the deposition of IgG, IgA,
albumin and fibrinogen (Hogg, 1988).

The submucosa is defined as the tissue space between the
basement membrane of the mucosa and the cartilage, and contains
submucosal glands, smooth muscle, and connective tissue. In healthy
adult humans, the volume of the submucosal glands is much greater
than goblet cell volume, probably indicating that submucosal glands
make the greater contribution to the production of mucus (Nadel et
al., 1985). |

Beneath the submucosa, providing support for the wall, are a
series of U-shaped cartilages. The dorsal aspect of the trachea,
termed Egrigg__mgmg:ggggggg contains a flat layer of smooth muscle
fibers that fills the gap between the tips of U-shaped cartilage



5
rings (Nash, 1976). In humans and guinea pigs, the muscle is
inserted on the concave surface of each cartilage at some distance
from the ends of the cartilage and it is therefore much longer than
the gap between cartilage ends (Amiri & Gabella, 1988). Isotonie
contraction of the muscle brings the ends of a cartilage very close
to one another; in the cervical trachea the gap between the ends
disappears, while in the thoracic trachea the cartilage ends are
bent and overlap extensively. Muscle fibers are arranged in bundles
and run transversely. The tracheal smecoth muscle of all species
studied have gap junctions, which are composed of arrays of membrane
proteins and provide a basis for cell-to-cell communication of
electrical and metabolic signals (Daniel, 1988). Gap junctions vary .
in density among species; they are found in higher density in
tracheal muscle from humans than from guinea pigs. However, tracheal
muscle from humans and guinea pigs is of the "multiunit” type
described by Burnstock (1972). Each unit consists of a single muscle
cell with its own innervation (Stephens, 1987). The ganglia of the
tracheal nerve plexus, blood vessels (bronchial circulation), and
large lymphatic vessels are located in a connective tissue stroma
over the dorsal surface of the muscle between the cartilage ends
(Amiri & Gabella, 1988). Autonomic nervous control of tracheal cells
such as smooth muscle and ganglia is complex and involves
sympathetic; parasympathetic, and nonadrenergic noncholinergic
mechanisﬁs (Richardson, 1979; Nadel and Barnes, 1984; Barnes, 1984).
Epithelial cells appear to receive only afferent innervation

(Laitinen, 1988).



1.2. Asthma
1.2.1. Definition and Types

Bronchial asthma is a disease recognized clinically as
genera]%zed airway obstruction which is reversible either
spontaneously or with treatment (Holgate, 1983). This definition of
asthma deliberately avoids any reference to pathogenesis because the
cause is unknown (Reed, 1988). Asthma covers a broad clinical
spectrum, ranging from mild, readily-reversible bronchospasm to
severe, chronic, intractable obstruction of airflow (Kay, 1987).
Asthmatic patients can be divided into three subgroups: allergic or
extrinsic asthmatics, cryptogenic. or intrinsic asthmatics, and
asthmatic bronchitics (Holgate, 1983), but there are many .
"classifications".

Classic allergic asthma often has its onset in childhood and is
associated with an increased prevalence of allergic rhinitis, food
allergies, conjunctivitis and eczema, high circulating levels of the
reaginic  antibody (IgE) directed against common environmental
antigens such as house dust mites and pollen, and positive immediate
skin reactions to those specific antigens. However, skin reactivity
to allergens does not parallel the severity of asthma.

Non-allergic asthma occurs more often later in 1ife (late-onset
asthma). It occurs occasionally in children. There is no association
with clinical or immunological markers of allergy and it tends to be
more resistant to treatment than the allergic form of the disease.

Fina]]y, a group of patients, having chronic obstructive lung
disease, become "asthmatic". The most 1likely explanation for the

development of "asthmatic bronchitis" in adults and some form of
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Fig. 1-2. Venn diagram representing the clinical, physiological
and immunological overlaps in bronchial asthma (modified from

Holgate, 1983)

"wheezy bronchitis" in children is that there is an altered airway
responsiveness after repeated viral and bacterial infections.

The compliicated physiological and cfinica] overlaps which appear
to contribute to bronchial asthma may be better appreciated via a
Venn diagram (Fig. 2).
1.2,2. Phases of Asthma

It has been clearly established that the events which follow
challenge with an appropriate stimuli, allergic or non-allergic, in
susceptible asthmatic subjects can be divided into three main
phases: (1) rapid, spasmogenic; (2) late, sustained; and (3) a
subacute/chronic inflammatory phase (Kay, 1987; see Hutson et al.,
1988).

Rapid phase refers to an increase in airways’ resistance to

airflow which is rapid in onset with a peak fall in forced
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expiratory volume in one second (FEVy) occurring 10 to 20 min
after bronchial challenge with common environmental allergens in
sensitized subjects.

Laté (sustained) phase refers to the second often more severe
ris@ 1in airways’ resistance to airflow that occurs after bronchial
challenge and is maximal 6 to 8 h after exposure. Compared with the
rapid phase, the onset and resolving time of the late phase is
longer (more sustained, sometimes several days). About 50% of adults
who develop the rapid phase appear to develop the late phase, and it
may be more common in children (0’Byrne et al., 1987). In a subset
of sensitized subjects, inhaled éntigen does not cause any early
response but is followed 3 to 8 h later by a late asthmatic phase
("isolated 1late phase") (0'Byrne et al., 1987). Multiple late phase
reactions are common after allergen challenge in asthmatic humans
(see Hutson et al., 1988). The late phase is of clinical interest
because it has been associated with prolonged airway
hyperresponsiveness (see section 1.2.3. for the details). Some of
the features of early and late asthmatic phase after allergen
inhalation are summarized in Table 1 (0’Byrne et al., 1987).

The__subacute/chronic inflammatory phase is believed often to be
associated with asthma 1in untreated or poorly controlled patients.
Infiltration of the bronchi by 1large numbers of eosinophils and
mononuclear cells 1is a characteristic finding at autopsy (Kay,
1987).

Mechanisms responsible for the rapid and late asthmatic phases
have been reviewed (Abraham, 1987; 07Byrne et al., 1987; Larsen,

1988; Holgate, 1983, 1987). Recent evidence appears to indicate a
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Table 1-1. Features of rapid and late asthmatic reactions
following allergen inhalation (modified from O0’Byrne et al.,
1987)

Rapid Reaction Late Reaction

Onset < 10 min 3-4 h
Peak 10-30 min 8-12 h
Duration 1.5-3 h >12 h
Prolonged increase in

nonspecific airway - +

hyperresponsiveness
Premedication

Indomethacin No effect May inhibit

Glucocorticoids Can inhibit if Can inhibit

given long enough
Sodium cromoglycate Can inhibit Can inhibit
Bjy-agonists Inhibit No effect

major role for mast-cell mediators in the early phase. Mast cells’
number is increased 1in the airways of allergic and nonallergic
asthmatics, and those isolated from allergic asthmatics show an
enhanced ability to release preformed mediators (Holgate, 1987).
Thus, during the rapid phase, blood 1levels of histamine and
high-molecular-weight-neutrophil-chemotactic factor (HMW-NCF) are
correlated negatively with FEV; (see Kay, 1987; Holgate, 1987).
Other possible mediators include Tipid-derived products such as
PGD,, PGFoq s TXAz, LTCq4, .= LTD4, and platelet-activating
factor (PAF) (Heoigate, 1987; Hutson, 1988; Skoner, 1988).

The late phase may be associated with a reactivation of mast
cells as a second elevation in blood levels of NCA and histamine has
been observed during it (Kay, 1987). However, the absence of PGD,,

a component of mast cells but not basophils, during the late phase
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may indicate that NCA and histmaine come from recruited basophils as
has been suggested for Tate nasal reactions (Pearce, 1988).
Important determinants of whether a person will develop the late
phase ére the severity of the early phase and the responsiveness of
the airways of the subject at the time of allergen inhalation
(0’Byrne et al., 1987). The 1level ofcirculating IgE antibody is
another determinant of the 1late phase although IgE cannot be
demonstrated during the late phase after exercise or exposure to
occupational chemical sensitizers in intrinsic asthma (see 0’Byrne
et al., 1987; Cockcroft 1988). The persistence of the late phase and
its resistance to inhaled bronchodilators suggests that it is likely
caused by the effects of mediator release on airway smooth muscle
and airway inflammatory responses, e.g., mucosal edema and increased
secretions.

Evidence from humans and animal models of asthma appears to
suggest the involvement of airway inflammatory responses in the late
asthmatic phase. In humans, bronchoalveolar lavage (BAL) during the
tate phase suggests that acute airway inflammation may be
responsible for the late phase, with eosinophils and neutrophils
being the predominant cell type (0’Byrne et al., 1987). In atopic
patients with mild asthma, the relative fall in peripheral blood
eosinophil counts during the late phase correlates strongly with its
severity and with caoincidental changes in airway responsiveness to
histamine (Cookson et al., 1989). These findings suggest that
eosinophils may have been recruited to the lung to contribute to the
development of the late phase after inhalation of allergen.

In a guinea-pig model of asthma, BAL demonstrated a significant
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increase in neutrophi]é followed by an increase in eosinophils
during the Tlate phase, without any change in mononuclear cells or
lymphocytes (Hutson et al., 1988). BAL has revealed eosinophilia in
al]ergié sheep that develop antigen-induced late phase reactions but
not in allergic sheep that have only rapid phase reactions after
antigen chailenge (Abrahzin et al., 1988). Methyiprednisolone
succinate and antiallergic agents that were effective in blocking
the Tlate phase prevented the recruitment of eosinophils but not
neutrophils into the airways. These findings in guinea pigs and
allergic sheep suggest that the recruitment of granulocytes,
especially eosinophils, is associated with the late phase.

Inflammatory mediators recruited into the lungs may contribute -
to late response by releasing different types of mediators. The
possible mediators derived from eosinophils include major basic
protein (MBP), eosinophil cationic protein (ECP), and peroxidase,
LTC4, and active species of oxygen (i.e., hydrogen peroxide,
superoxide anion, hydroxyl radical) (Hutson et al., 1988). Free
radicals released from neutrophils may also be involved in the late
phase by exaggerating the inflammatory response (see Holgate, 1983).
Studies in sheep have suggested strongly that lipoxygenase products
of arachidonic acid metabolism released during the rapid phase play
an important role in the development of the late phase (Abraham,
1987). However, an oral LTD4 antagonist had no significant effect
on the development of the late phase after antigen challenge in
atopic asthmatics (Britton et al.,.1987). It has been shown that PAF
leads only to rapid phase reactions in humans (Cuss et al., 1986),

although in many species including humans, PAF has induced airway
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hyperresponsiveness, knbwn as late asthmatic sequelae together with
late phase. At present, the relative impertance of various mediators

in the late phase is unknown.

1.2.3. Pathophysioloqy of Asthma

Despite differences in clinical patterns and associated factors,
all three categories of asthma (see section 1.2.1.) is
symptomatically similar, varying greatly in severity and in
time-course from infrequent isolated episodes (with symptom-free
intervals) to frequent episodic exacerbations (with persistent
symptoms) (Scadding, 1976). Symbtoms of asthma include cough
(commonest), wheezing, chest pain (often pleuritic), nocturnal
misery, and tightness of the chest. More than two of the above would
suggest and confirm the presence of asthina. Asthma is divided into
three types based on severity and the medical regimens required: 1)
mild - controlled by bronchodilators and avoidance of known
precipitating factors; does not interfere with normal activities; 2)
moderate - occasionally interferes with normal activities; may
require use of corticosteroids; and 3) severe asthma - seriously
interferes with normal activities (Scadding, 1976).

The descriptions of the pathophysiologic features of bronchial
asthma have been based 1largely. on autopsy studies of the lung
(conducting airways) of patients who died from status asthmaticus, a
severe, life-threatening exacerbation of bronchial asthma that does
not respond to therapy and persists for days and even weeks (Wanner,
1986; Don, 1986). Microscopically, there are destruction of the

bronchial epithelium, mucosal edema, hypersecretion of mucus, mucous
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plugging, mucus gland 'hyperplasia, infiltration of the airway wall
with eosinophils and neutrophils, thickening of the subepithelis?
basement membrane, and hypertrophy of airway smocth muscle (Holgate
1983; ﬁur]asa 1988). Although it is not known how closely thes-:
features correlate with severity of asthma, the pathological chnncaes
in patients with stable asthma or nonfatal exacerbations of asthma
seem to differ only quantitatively from those seen in status
asthmaticus (Wanner, 1986). In bronchial biopsies of miid allergic
asthmatic subjects, Beasley et al. (1989) descriised shedding of the
ciliated epithelium, partial mast cell degranu:ztion, collagen
deposition beneath the epithelialhbasement membrane and eosinophil
infiltration of the 1lamina propria. Thus, extensive inflammatory -
changes occur in the airways even in mild clinical or subclinical
disease. Also, these authors observed a significant increase in
ciliated epithelial cells in BAL fluid from these asthmatics,
confirming the findings of Laitinen et al. (1985).

Compared with non-asthmatic subjects, the airways of asthmatic
patients are hyperresponsive to the constrictor effects of a large
number of different stimuli, such as exercise, cold air,
hyperventilation and chemical agents (Simmonson, 1983; Kay, 1987).
This enhanced airway responsiveness is often termed nonspecific, as
most, 1if not all, asthmatics bronchoconstrict to these stimuli. This
nonspecific airway hyperresponsiveness will be discussed in more
detail below because of its relevance to this thesis.

Airway hyperresponsiveness . can be demonstrated by a
bronchoprovocation challenge test with methacholine or histamine.

Two techniques are most frequently used for the generation and
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delivery of aerosols. One is an intermittent generation and
inhalation of the aerosol. The time for each aerosol generation is
adjusted to 0.6 sec and patients take 5 consecutive slow, deep
inspirations starting at the functional residual capacity level. The
dosage administered is expressed in terms of breath units (which
equals the concentration of the drug multiplied by the number of
inhalations). The second method is one of continuous aerosol
generation and continuous inhalation of the aerosol for a fixed
duration of time using tidal volume breathing. The dosage is
expressed in terms of the concentration of the solution.

The test is performed by measuring baseline and control (after
inhalation of an aerosol consisting only of the diluent containing )
0.5% NaCl, 0.275% NaHCO3, and 0.4% phenol, pH 7.0) spirometry
followed by inhalation of serially increasing concenttations of
methacholine or histamine from the recommended lowest concentration
to the highest concentration. Spirometry is performed 1-5 min after
inhalation of each concentration. A positive test is a 20% or
greater reduction of FEV; (forced expiratory volume at 1 sec) from
the control which sustains for 3 min. The diagnosis of bronchial
hyperresponsiveness is made after PDypg- or PCyo-FEV; (the
provecation dose [the cumulative number of breath units] or
concentration causing a 20% fall in FEVy) is less than or equal to
the highest cumulative value of breath units used in the study or
the highest scheduled concentration (Kanner & Watanabe, 1986). The
methods and techniques for investigating spirometric lung functions
have been recommended by the American Thofacic Society (ATS) (1979,
1988); the second method is preferred by the ATS.
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Murlas (1988) differentiated acute and chronic airway
hyperresponsiveness in terms of mechanism and time course of their
development. The early onset increase in responsiveness after
immuno1dgic and nonimmunologic airway injury occurs soon after the
early phase and appears to be related to normal Tung cell
constituents including mucosal cells (neuroepithelial bodies, mast
and epithelial cells) and mediators generated by them. LTD4,
LTC4, LTEq, and LTB4, S5-lipoxygenase products of arachidonic
acid, could induce acute hyperresponsiveness by increasing airway
neuromuscular responses via prejunctional or postjunctional actions
(see Murlas, 1988). ‘

Chronic airway hyperresponsiveness, termed late inflammatory .
sequelae together with the late asthmatic phase, is more important
than acute hyperrespensiveness in the pathogenesis of atopic
allergic and occupational asthma (Cockcroft, 1983). Airway
hyperresponsiveness can last days, weeks, or months (Abraham, 1987;
0’Byrne et al., 1987) and its magnitude correlates with the clinical
severity of the disease (Cockcroft et al., 1977). This nonspecific
airway hyperresponsiveness also can worsen asthmatic symptoms via a
vicious cycle (Cockcroft, 1988; Larsen, 1988): in perennial
asthmatics, a cycle may be established when natural exposure to an
allergen leads to airway hyperresponsiveness, which in turn causes
an increased response to subsequent exposure to the allergic and
nonallergic triggers, leading to further airway hyperresponsiveness.
Thus, airway hyperresponsiveness .appears to be fundamental to the
pathogenesis of asthma or a result of the disease (Barnes, 1987).

This abnormal response in asthma has been attributed to an increased
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sensitivity and an increased contractility to a given stimuli (i.e.,
a higher maximal response) or a combination of these two, as the
airway dose-response of asthmatic subjects in vive is characterized
both by a Tleftward shift and by an increased maximal response
(Woolcock et al., 1984; Moreno et al., 1986; Sterk & Bell, 1989).

The potential mechanisms for airway hyperresponsiveness have
been the subject of many previous reviews (Barnes, 1985; Boushey,
1985; Boushey et al., 1980; Holtzman, 1982; Moreno et al., 1986;
Nadel, 1983; Nadel & Holtzman, 1984; 0’Byrne et al., 1987; Sterk &
Bel, 1989). The mechanisms proposed include: (1) mechanical
factors; (2) alteration in airway smooth muscle (ASM); (3)
epithelial damage; (4) airway inflammation; (5) disorders of
neural mechanisms. Each of these mechanisms will be discussed in
detail below.

Possible mechanical factors underlying airway
hyperresponsiveness may include airway geometry (wall thickness,
baseline airway caliber) and proportion of ASM in the circumference

PMC). The effect of wall thickness in exaggerated airway narrowing

has been well demonstrated by James et al. (1989) who measured
dimensions of the "contracted" airways, specimens of lung obtained
from asthmatics postmortem. They calculated the "relaxed" airway
dimensions and the amount of muscle shortening required to occlude
the airway lumen. Their calculation was based on the earlier finding
that airway internal perimeter and wall area remained constant at
different lung volumes and with different degrees of airway smooth
muscle shortening despite substantial changes in luminal area (James

et al., 1988; James et al., 1987). They showed that airway
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resistance increased more rapidly with muscle shortening in the
asthmatic airways although the baseline resistance was only slightly
increased. Thus, occlusion of the jumen requires less muscle
shortening in asthmatic than nonasthmatic airways. Asthmatic airways
showed an increase in wall area with increased areas of epithelium,
muscle, and submucosa. Their findings indicate that airway wall
thickening caused by chronic inflammation could be as important as
smooth muscle shortening in determining the airway responsiveness in
asthmatics. Thus, chronic inflammatory processes in the airway wall
of asthmatics, that are associated with cellular infiltration,
deposition of connective tissue, 'hypertrophy of smooth muscle,
goblet cell metaplasia of the epithelium, and airway mucous
plugging, can Tlead to excessive airway narrowing without excessive
smooth muscle contraction, resulting in sustained
hyperresponsiveness (Moreno et al., 1986; James et al., 1989). Also,
these findings suggest that airway wall thickening caused by edema,
cellular infiltration, and the hyperemia of acute inflammation could
explain fluctuations in airway responsiveness in individual
subjects.

eased baseline airway caliber may contribute to airway
hyperresponsiveness because, in vivo, airway resistance is inversely
proportional to the fourth power of the radius when flow in the
airway is laminar (Barnes et al., 1988). Baseline caliber can be
decreased by at least 4 mechanisms (Moreno et al., 1986). (1) Normal
airway smooth muscle tone could excéssively narrow airways in which
the resting "preload" is decreased due to cartilage softening and a

decrease in Tlung elastic recoil because of low lung volume or loss
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of elastin and co]]agén. (2) Increased baseline tone could shorten
the smooth muscle to lengths below its resting length. (3) Despite
normal "tone" and preload, a hyperplastic, hypertrophied, or more
efficié&t smooth muscle could excessively narrow the airways and
increase baseline airway resistance. (4) Airway wal! thickening or
secretions within the airway 1lumen associated airway inflammation
could increase baseline resistance.

ASM occupies a variable proportion of the airway circumference,
beirig minimal in the trachea and maximal in small bronchi and
bronchioles where the muscle completely surrounds the airway
circumference (von Hayek 1960). It has been shown that for a given
degree of ASM shortening, external diameter decreases linearly as -
PMC increases (Moreno et al., 1986). This finding i.dicates that the
jncreased PMC could result in more airway narrowing for any degree
of ASM shortening.

Increased ASM contractility could be related to airway
hyperreéponsiveness in asthma as asthmatics develop airway narrowing
more rapidly during challenge tests than normal subjects. Also,
asthmatics respond more rapidly to bronchoconstrictors (Moreno et
al., 1986). Contractility essentially denotes the maximal ability to
contract and its measurement requires measurement of maximal
isometric force, maximal shortening capacity, and maximal velocity
of shortening (Stephens, 1987). Increased ASM contractility could
result in increased ASM shortening for a given degree of stimulation
and increased maximal response (Moreno et al., 1986). This
nondeviation supersensitivity has been suggested as a mechanism for

airway hyperresponsiveness as asthmatics demonstrate an increased
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maximal response to histamine (Woolcock et al., 1984). To try and
explain airway hyperresponsiveness, some authors suggest that there
is defect in the cellular processes that govern contraction of
asthmatfc airway smooth muscte (Barnes et al., 1988). Two different,
yet similar, theories have been proposed. Firstly, it has been
proposed that there is an increase in electrical excitability
(conduction abnormality) in airway smooth muscle cells. This could
be due to increased electrical coupling among smooth muscle cells
resulting from greater numbers of gap junctions being present than
in normal ASM. Thus, the normally multi-unit ASM has been converted
to a single unit (see section .1.1. for gap Jjunctions). How
multi-unit smooth muscle becomes a single unit is unknown. However,
there is evidence that potassium channel blockers (e.q.
4-aminopyridine, tetraethylammonium chloride) and inflammatory
mediators released during antigen-antibody reactions can alter the
density of gap Junctions (Kannan et al., 1983; Mansour & Daniel,
1988). Secondly, it has been proposed that fhe
excitation-contraction coupling-uncoupling process in asthmatic ASM
is disturbed in some way. Thus, the regulation of myoplasmic Calt
concentrations by the ASM cells could be altered as in hypertension.
However, there is no convincing evidence for a defect of Calt
regulation in asthma. (Barnes, 1988). In asthma, ASM undergoes
hypertrophy and/or hyperplasia (James et al., 1989) ar4 “his could
influence airway responsiveness. In vitro, studies &/ - man ASM
demonstrated a positive correlation between the maxi:': .‘nsion
-induced by histamine (Armour et al., 1984) or LTy - A v s et
al., 1986) and the amount of ASM in bronchial strips. Reuwv. Y2
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properties of hyperresponsive ASM have been studied in asthmatics
undergoing thoracic surgery (Roberts et al., 1985; Cerrina et al.,
1986; Schellenberg et al., 1985; De Jongste et al.,1987).
Interestingly, despite enhanced responsiveness in vivo, tissue

—

responses to mediators were similar to normals in vitro, except in a

few instances. The absence of a correlation between the responses to

agonists of asthmatic ASM in vivo and in vitro suggests that

intrinsic ASM function is not the major determinant of the airway
responsiveness, in vivo. However, we cannot exclude the possibility
that the descrepant results regarding asthmatic airway smooth muscle

responses in vitro could be attributed to problems of methodology.

Therefore, more studies are required to confirm these conclusions.
Epithelial damage is a prominent feature, postmortem, in
patients who died from asthma (Dunnill, 1960). Recently, bronchial
biopsies from mild clinical and subclinical asthmatics have revealed
epithelial damage at all Tlevels of the airways (Laitinen et al.,
1985a; Beasley et al., 1989). It has been suggested that epithelial
damage is important in the pathogenesis of airway
hyperresponsiveness in asthma (Hogg & Eggleston, 1984; Vanhoutte,
1987). This hypothesis 1is supported by the correlation between
epithelial cell counts in lavage fluid and the degree of airway
reéponsiveness to inhaled histamine in mild asthmatics (Beasley et
al., 1989). Studies with ozone, and after viral infections of the
respiratory tracts, indicate that conditions inducing reversible
airway epithelial damage rgsu]t in transient airway
hyperresponsiveness (Empey et al., 1976; Gofden et al., 1978).

The mechanisms that cause airway hyperresponsiveness following
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epithelial damage could be: Firstly, airway permeability is
increased, thereby allowing higher concentrations of inhaled
antigens or inflammatory mediators to reach "target" cells (e.g.,
subhucoQa] mast cells, ASM). Recent studies, in which the clearance
of an inhaled radiolabelled tracer was used as an index of
permeability, showed that mucosal permeability increased in
asthmatic humans, and that this was associated with bronchial
hyperresponsiveness (Ilowite et al., 1989). Secondly, sensory nerve
endings found in epithelium and subepithelial tissue (Laitinen et
al., 1985) could be exposed to specific or nonspecific stimuli and

mediate reflex bronchoconstriction via cholinergic reflexes and/or

Tocal axon refiexes (Barnes, 1986). Thirdly, removal of epithelium -

could decrease production of epithelium derived relaxing factor(s)

{EpDRF)  (Vanhoutte, 1988). This could enhance the constrictor
effects of several spasmogens such as acetylcholine, histamine,
PGFy,, and LTD4 (Aizawa et al., 1988; Fedan et al., 1988), or
reduice the effects of bronchodilators (Cuss & Barnes, 1987).
Epithelial damage could reduce the activity of airway neutral
endopeptidase and result in decreased metabolism of tachykinins
(Sheppard et al., 1988). Fourthly, epithelial cell damage could
release chemotactic factors such as LTB4 (Holtzman et al., 1983)

and 15-HETE (Hunter et al., 1985), that induce secondary cell

recruitment and an augmented inflammatory response. Lastly,
epithelial damage could result in the inability to control the
osmolarity and ion concentration. of the fluid lining the airway
surface. This could lead to disruption of epithelial tight junctions

and stimulation of sensory nerve endings close to these junctions
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(Hogg & Eggleston, 1984);

Recently, much attention has been focused on airway
inflamﬁ#tion as critical to the pathogenesis of asthma. Studies of
the pathology of asthma, as discussed in section 1.2.3., showed
typical inflammatory reactions in the airways, even in mild clinical
and subclinical disease (Laitinen et al., i985, Beasley et al.,
1989). Other studies have shown a close association between the
amount of inflammation in the airway walis and the degree of
bronchial hyperresponsiveness (Chung, 1986). This section will
discuss evidence for the involvement of inflammatory cells and
mediators in the development and maintenance of hyperresponsiveness -
(see previous section for their role in the phases of asthma).

Inflammatory -cells. Inflammatory cells involved in lung

pathophysiology are divided into two types: cells normally found in
th~ lungs, such as mast cells, alveolar macrophages, epithelial and
endothelial cells (primary effector cells), and cells recruited to
the lungs, such as platelets, basophils, neutrophils, monocytes,
lymphocytes, and eosinophils (secondary effector cells) (Raphael &
Metcalfe, 1986; Kay, 1986). Each of these cell types are discussed
in detail elsewhere (Pearce, 1988; MacDermot & Fuller, 1988; Dahl et
al., 1988; Ford-Hutchinson, 1988; Fedan et al., 1988; Kay, 1986).

The role of the cellular phase of inflammation in the
pathogenesis of the airway hyperresponsiveness is sudggested by the
finding that stimuli which are known to induce bronchial
hyperresponsiveness (i.e., sulphur dioxide, cigarette smoke, viral

infections, and allergen inhalation) all induce airway inflammation.
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This 1is characterized by an increase of the numbers of neutrophils,

eosinophils, and monocytes in bronchoalveolar lavage (BAL) (0’Byrne

et al., 1987; Hargreave et al., 1986; Reed, 1988; Pretolani et al.,

. 1988). .Inflammatory cells that have been implicated in bronchial

hyperresponsiveness in asthma include mast cells, neutrophils,
eosinophils, platelets, and macrophages.

In human airways, the greatest number of mast cells is found
adjacent to the basement membrane and between the epithelial cells,
with occasional cells abutting onto the Tumen of the airway (Lamb &
Lumsden, 1982; Kay, 1983). Although their location in the airways
dose not indicate heterogeneity 6f mast cells, lumenal mast cells
might play an important role in initiating the asthmatic response as -
mediator release from these cells opens the tight junctions between
the bronchial epithelial cells and allows penetration of antigen to
mast cells Tocated deeper in the tissues (Simani et al., 1974; Hogg,
1981). Mast cells are involved in the early asthmatic phase after
allergen inhalation (Holgate, 1987) and probably in the response to
other non-IgE-involving stimuli (Holgate et al., 1986). Also, it is
possible that mast cell degranulatiow 1is neurally mediated (see
later in this section). Their reactivation couid result in the late
phase (Durham et al., 1974). Whether these cells are important for
the development of the bronchial hyperresponsiveness is uncertain.
B-Agonists and mast cell-stabilizing drugs (such as oxatemide and
loperamide) that prevent mediator release from mast cells, are
effective in preventing the acute . bronchoconstrictor response to
allergen, but they are ineffective in preventing any subsequent

~

bronchidl hyperresponsiveness (Kraan et al., 1985; Kerrebijn et al.,
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1987; Cockcroft & Murdock, 1987). This has led to attention being
focused on other cells.

Neutrophils are involved in the initial host defence mechanism
against injurious ctimuli. They migrate to the point of injury,
usually in response to the preduction of various chemotactic
factors. Their main function is to ingest and digest the injurious
stimuli (Ford-Hutchinson, 1988). There have been conflicting reports
as to whether neutrophil infiltration is related to airway
hyperresponsiveness after challenge with allergens or noxious
stimuli (e.g. ozone). Exposure to antigen or ozone results in airway
hyperresponsiveness which has izen associated temporally with airway
inflammation and the influx of neutrophils into the airways of dogs
(Holtzman et al., 1983b; Fabbri et al., 1984; Chung et al., 1985)
and humans (Seltzer et al., 1984). Confirmation of the importance of
neutrophils in hyperresponsiveness was obtained in studies with two
chemotactic factors, LTB, and PAF. LTB4 and PAF were given by
aerosol to dogs. Hyperresponsiveness occurred and this was prevented
by neutrophil depletion. Hyperresponsiveness, but not neutrophil
migration, was attenuated by pretreatment with indomethacin or a
thromboxane (Tx) synthetase inhibitor (0’Byrne et al., 1985; Chung
et al., 1986). These findings suggest that the recruitment of
neutrophils to the airways and the possible release of mediators
(TxA2) are necessary for the development of airway
hyperresponsiveness in dogs. However, in guinea pigs (Murlas & Roum,
1985a; Hulbert et al., 1985) and  rats (Evans et al., 1988),
induction of hyperresponsiveness after exposure to inhaled cigarette

smoke or ozore is not related temporally to neutrophil migration.
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Also, in guinea pigs, ozone-induced airway hyperresponsiveness is
not prevented by neutrophil depletion (Murlas & Roum, 1985b). These
findings indicate that the effector cells for the development of
airway hyperresponsiveness differ among speciés.

Eosinophils could play a key role in both allergic and intrinsic
asthma. Eosinophils are the major inflammatory cells that infiltrate
the mucosa in the airways of patients with severe or mild asthma
(Beasley et al., 1989). Interestingly, eosinophil basic proteins are
Tocalized to areas of epithelial damage. Increased levels of
eosinophils and eosinophil cationic proteins have been found in BAL
fluid during allergen-induced late.phases (De Monchy et al., 1985).
Also, increases in eosinophils in peripheral blood correlate closely -
with any increases in nonspecific bronchial hyperresponsiveness
(Durham & Kay, 1985; Taylor & Luksza, 1987). Unlike neutrophils,
eosinophils are poorly phagocytic, but, can be activated by mast
cell or macrophage secretions to release eosinophil granule
components such as major basic protein (MBP), eosinophil cationic
protein (ECP), and eosinophil peroxidase (EP0). These can damage
airway epithelium in yvitro (Gleich et al., 1979; Frigas et al.,
1980; Motojima et al., 1989), and this epithelial damage could lead
to hyperresponsiveness via increases in airway permeability,
exposure of sensory nerve . endings, decreases in EpDRF
concentrations, release of chemotactic factors, and an inability to
control osmolarity in the fluid lining airway surface, as described
above. :

Alveolar ﬁacrophages belong to the mononuclear phagocyte system

and comprise more than 90% BAL cells (Lee, 1987). Their numbers and
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their abi]ity'to generate mediators (e.g. LTs, PGs, and Txs) suggest
that they merit consideration in the pathogenesis of bronchial
asthma. Alveolar macrophage-derived chemotactic mediators can
recruit: activated inflammatory cells to the lTung. These, in turn,
can elaborate more pro-inflammatory mediators (Kay, 1987). Pulmonary
macrophages could be involved in bronchial hyperresponsiveness as
they have a role in antigen recognition in type I hypersensitivity.
Also, mediator release (LTB4, TxBp) can be prevented from these
cells by corticosteroids, drugs which prevent the development of
bronchial hyperresponsiveness (MacDermot & Fuller, 1988). Lastly,
"activated" cells can be obtained from asthmatic patients by BAL
(Godard et al., 1982).

Platelets possess low affinity receptors for IgE on their cell
membrane, suggesting that they could behave similarly to mast cells,
basophils and macrophages in allergic disease (Morley et al., 1984).
Administration of platelet activating factor (PAF) induces airway
hyperresponsiveness in many species including humans.

Studies in human subjects suggest that the cellular response is
determined by the stimulus that causes the airway hyper-
responsiveness (see 0’Byrne et al., 1987). As many inflammatory
cells have been implicated in the induction of hyperresponsiveness
in asthma, it is 1likely that there are complex interactions among
them, and amplification and modulation of the final effect (Barnes
et al., 1988b).

The inflammatory mediators released from cell types are divided
into two categories: preformed and newly-generated. Their exocytosis

or generation is mediated via biochemical mechanisms triggered via
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IgE-dependent and IgE-independent stimuli (Holgate, 1983; Kay, 1983;
Cockcroft, 1988; Lazarus, 1987). Mediator-release mechanisms have
been much studied in mast cells. Mast cells are activated by the
binding' of specific antigen to IgE fixed to their surface. This
interaction causes bridging of the IgE-Fc receptors with activation
of a serine esterase, stimulation of phospholipid metabolism in the
cell membrane, and opening of calcium channels. The influx of
extracellular calcium into the cell couples the activation signal to
the energy-dependent secretory mechanism. The membrane-bound
granules swell with partial solubilization of their contents - the
preformed mediators. Then, the granules move towards each other and
the cell surface. Fusion of perigranular and plasma membranes .
exposes the granule matrix to the extraceliular space into which the
various mediators are released by ion exchange with sodium (Holgate,
1983). The preformed, granule-associated mediators include amines
(histamine), chemotactic factors (ECF-A, HMW-NCF), neutral proteases
(tryptase, carboxypeptidase B), exoglycosidases (aryl sulphatase B,
B-glucuronidase, pB-galactosidase), and proteoglycan (heparin) (Kay,
1983). As well as initiating degranulation, calcium entry into the
mast cell after the binding of allergens with cell-bound IgE
activates intramembraneous phospholipase A, to release arachidonic
acid. This arachidonic acid is metabolized by the cyclooxygenase
pathway to form the prostaglandins (PGs), prostacyclin, or
thromboxanes (Txs), or by the 5-1ipoxygenase pathway to form 5-hydro-
peroxy-eicosatetraenoic (5-HPETE) acids, 5-hydroxy-eicosatetraenoic
acid (5-HETE), and leukotrienes (LTs) The metabolic pathways that

produce newly-generated mediators are shown in Fig. 3.
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Fig. 1-3. The generation of secondary membrane-derived

mediators

Each mediator can have effects that could contribute to the
pathology of asthma: smooth muscle contraction,increased airway
microvascular leakage, mucus hypersecretion, epithelial damage,
cellular infiltrates, or thickening of the ba;ement membrane.
Individual mediators that have been implicated in asthma are
discussed in detail elsewhere (Barnes, 1987; Brink, 1988; Dahlen,
1988; White & Kaliner, 1988; Page, 1988; Lee, 1988; Nijkamp &
Henricks, 1988), and this section will only discuss evidence for
their involvement in airway hyperreépdnsivehess.

Hyperresponsive asthmatics (assessed by methacholine testing)
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have high baseline histamine levels that increase only slightly
after antigen challenge, while less responsive asthmatics have low
baseline plasma histamine levels that increase 2- to 3-fold after
antigen~ challenge (Howarth et al., 1983). These findings support the
idea that after antigen challenge 1less intrapulmonary mediator
release is required to produce equivalent bronchoconstriction in
patients with hyperresponsive airways than in those with 1less
responsive airways, probably due to a lowered threshold for ASM
contraction induced by the products of inflammatory cells (Kay,
1987). Much evidence indicates that inflammatory mediators are
involved in the development of airway hyperresponsiveness, as
discussed below.

Histamine induces or increases airway hyperresponsiveness in
guinea-pig model of asthma (Dorsch et al., 1984).

ngzg induces or increases airway hyperresponsiveness in dog
model of asthma (0’Byrne et al., 1984a,b).

In dogs, after inhaled LTB4, thromboxane Bg..illﬂgl levels
increase in BAL fluid at the time when airway hyperresponsiveness is
present. Inhibition of thromboxane synthesis by sodium
(E)-3-[4-(1-imidazolymethyl)phenyl]-2-propionate (OKY-046) prevents
the rise in thromboxane 1levels in BAL fluid and airway
hyperresponsiveness. In dogs, OKY-046 prevented increases in airway
responsiveness after ozone (Aizawa et al., 1985), allergen (Chung et
al., 1986), and PAF (Chung et al., 1986). These findings suggest
that in dogs, thremboxanes are important mediators in the
development of airway hyperresponsiveness after many stimuli

(0’Byrne et al., 1987). In humans, the cyclooxygenase inhibitor
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indomethacin prevented increases in airway responsiveness after
allergen inhalation, but it did not prevent the early and late
asthmatic responses (Kirby et al., 1987b). Thus, prostaglandins or
thromboxanes are implicated in the pathogenesis of airway
hyperresponsiveness.

There are species differences in the mediators causing airway
hyperresponsiveness. In guinea pigs, (3-amino-1-3-trifluoromethyl-
phenyl)-2-pyrazoline hydrochloride (BW 755C), an inhibitor of both
cyclooxygenase and 1lipoxygenase, but not indomethacin prevents
airway hyperresponsiveness after inhaled toluene diisocyanate (Lee &
Murlas, 1985). |

Recently, in normal subjects, it has been shown, in vivo, that -
inhaled ngi induces a higher maximal response than methacholine
and increases the maximal response to methacholine. Inhaled
corticosteroids reduce maximal responses to LTDy and protect
against the LTDg4-induced increases in maximal response to
methacholine (Bel et al., 1987; Bel et al., 1989). This strongly
suggests  that the pro-inflammatory actions of LTD4, such as
increased wvascular permeability and mucus hypersecretion, could
account for part of the airway narrowing observed in asthma.

Chemotactic factors such as ECF-A, LTB4, 5-HETE, and MW-NCF,

acting alone or together, might play a role in the recruitment of

eosinophils and neutrophils to bronchial and peribronchial tissue,
probably 1leading to 1late, sustained reactions and nonspecific
hyperresponsiveness  (Kay, 1987).. HMW-NCF and LTB4 enhance the
expression of neutrophil, eosinophil, and monocyte membrane

receptors for complement (C3b) and IgG-(Fc) (Kay, 1987). 5-HETE is
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much Tess potent than LTB4. LTBy is produced by a number of
different cell types including human neutrophils, ilveolar
macrophages, and monocytes (Kay, 1983; Holgate, 1983; Peters et al.,
1987; Barnes, 1987).

Platelet _ activating  factor  (PAF)-acether, one of the

membrane-derived mediators, is known to be present in a variety of
cell types in various species including man (Benveniste, 1987). In
man, large amounts of PAF are synthesized and released from
platelets, endothelial cells, and eosinophils. PAF has a wide range
of inflammatory effects, including bronchoconstriction, increased
capillary permeability, and chemotactic activity for eosinophils.

Recently, it has been shown that PAF-acether can induce-airway .
hyperresponsiveness in guinea pigs (Mazzoni et al., 1985), rhesus
monkeys (Patterson et al., 1984), dogs (Chung et al., 1986), and in
humans (Cuss et al., 1986). This may be the most interesting effect
of PAF as no other putative inflammatory mediators have been shown
te produce such effects (Barnes, 1987). According to Barnes (1987),
PAF-acether may act via platelet receptors to release an unknown
factor that 1is chemotactic for eosinophils (PAF itself is an active
eosinophil chemotactic agent [Wardlaw et al., 1986}). Eosinophil
products, such as major basic protein (MBP), eosinophil cationic
protein (ECP), and eosinophil-derived neurotoxin (EDN) could then
damage epithelium, which could lead to airway hyperresponsiveness.
The precise role of PAF-acether in asthma awaits the use of specific
inhibitors (Schellenberg, 1987; Benyeniste, 1987). PAF may also
induce hyperresponsiveness by other mechanisms as there is a

relationship between the route of administration of PAF and its
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activation of cyclooxygenase-dependent or lipoxygenase-dependent
pathways (Benveniste, 1987).

The infiltration of the airways of asthmatics by eosinophils and
neutropﬁi]s and other inflammatory cells, coupled with their ability
to generate preformed and newly-generated inflammatory mediators,
supports the involvement of airway inflammation in the development
of bronchial hyperresponsiveness characteristic of the asthma.

Abnormality of the autonomic control of airways has been
suggested as a possible mechanism for airway hyperresponsiveness
because of the rapid changes in bronchomotor tone in asthma and the

lack of a correlatfon between responses in vivo and in vitro in

asthmatic and nonasthmatic humans. The autonomic innervation of .
airways is complex (Section 1.1.), and imbalance between the
excitatory and inhibitory nervous systems could contribute to airway
hyperrespoasiveness (Casale, 1988; Barnes et al., 1988b). The
individual components of neural control of airways and their defects
in asthma are discussed in detail in Sections 1.3. & 1.4.. The
recognition that inflammation plays a key role in asthma has
suggestad that tlere may be some interaction between neural and
inf]ammatory‘ mechenisms (Barnes, 1986). Thus, several inflammatory
mediators may have effects on the release of neurotransmitters from
airway nerves, or may act on autonomic receptors. Also, there might
be direct association between nerves and inflammatory cells,
especially mast cells, that are involved in many different acute and
chronic inflammatory processes. En rat ‘1ntestine, mast cells are
found to interdigitate with substance P-containing nerves and appear

to surround these nerves (Bishop et al., 1982). These findings
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suggest a mechanism whereby mast cells may amplify inflammatory
responses and act as a communication switchboard between the central
nervous system and other local and migrating cell types (Bienenstock
et a].; 1987). Such nerve-mast cell communication may mediate mast
cell degranulation resulting in major changes in epithelial ion flux
and glucose and water transport (Perdue et al., 1984).

- In the airways, cigarette smoke and mechanical and chemical
irritants induce mucosal edema by increasing vascular permeability
(Lundberg & Saria, 1983). This edema can be prevented by capsaicin
pretreatment, suggesting a possible role for SP. SP could be
released from SP-containing sehsory nerves via antidromic
stimulation and stimulate mast cells to release mediators .
responsible for the vascular permeability (Sertl & Kaliner, 1988).
Thus, the 1link between nonspecific irritants and the release of SP
and nonimmunologic activation of mast cells could contribute to

inflammatory mechanisms in the lungs.

1.3. Airway Innervation

Airway innervation has been the subject of many recent reviews
(Laitinen, 1988; Richardson, 1979, 1983, 1988; Barnes, 1986¢;
Andersson &  Grundstrom, 1987; Burnstock, 1988). Briefly, the
mammaiian lung has at 1least three afferent (sensory) and three
efferent neural pathways (Richardson, 1988). Efferent pathways
comprise cholinergic, adrenergic, and nonadrenergic, noncholinergic

(NANC) nervous systems.

1.3.1. Affergnt Innervation

Afferent nerve fibers innervating lungs are of a sympathetic
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(spinal) or vagal (medu11a) origin.
1.3.1.1. Sympathetic Afferents

Afferent nerve fibers from the 1lower airways trave! to the
spinal 'cord over sympathetic nerve branches that traverse the
stellate ganglia. Many fibers have endings in the pleura surrounding
the lung roots, or in the structures in the lung roots, and some
supply the trachea, but so far few endings have been identified
within the 1lung itself (Holmes & Torrance, 1959; Kostreva et al.,
1975). In dogs, pulmonary afferents traverse the right and left
upper thoracic white rami communicantes (Kostreva et al., 1975);
they respond to lung inflation, pinéhing of the lung parenchyma, and
mechanical probing of the pulmonary arteries and veins. One of the .
roles of these sympathetic afferents may be reflex regulation of
respiration in dogs (Kostreva et al., 1975) and vagotomized cats
(Torrance & Whitteridge, 1947; Widdicombe, 1954a,c). In guinea-pig
lungs, about 50% of the SP-immunoreactive fibers - presumed to be
afferent fibers - heve a nonvagal origin (Lundberg & Saria, 1987).
Functional, histochemical, and biochemical evidence suggests that
tachykinin-containing sensory ganglion cells of the upper thoracic
spinal gangliia project to the lower airways via sympathetic pathways
(Dalsgaard & Lundberg, 1984; Lundberg et al., 1983a; Saria et al.,
1985). Observations ir human patients indicate that the sympathetic
afferent pathway from the tracheobronchial tree and lungs is not
involved in pain sensation. Sensations from the Tlower airways,
including pain, are transmitted via the vagi (Guz, 1977; Morton et

al., 1951).
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1.3.1.2. Vagal Afferents

Four types of vagal afferent end-organs have been identified in
the lower airway walls and they have been the subject of recent
reviews' (Widdicombe, 1988; Coleridge & Coleridge, 1986; Lundberg &
Saria, 199]; Sant’Ambrogio, 1987). They include slowly adapting
pulmonary stretch receptors (SARs), rapidly adapting stretch
(irritan.) receptors (RARs), and pulmonary and bronchial C-fibers.

SARs are probably the best studied of the airway afferent
endings. They are supplied by myelinated axons as determined by
conduction velocity studies (Paintal, 1966). SARs produce a
long-lasting discharge in respansé to a maintained lung inflation.
Typically, they respond to stimuli with a rapid increase in activity -
that declines rapidly <immediately after the inflation and slows
progressively to a sustained firing (Sant’Ambrogio, 1987). SARs are
located along the tracheobronchial tree down to the terminal
bronchioles (Miserocchi & Sant’Ambrogio, 1974); higher
concentrations of SAR are found in the larger, more proximal airways
with a progressive declines toward the periphery {see Sant’Ambrogio,
1987). SARs of the trachea, main stem bronchi, and lobar bronchi are
found only within the smboth muscle of the membraneous posterior
wall {(Bartlett et al., 1976; Bradley & Scheurmier, 1977). SARs
located in the intrathoracic aiyways increase their rate of
discharge in the -course of inspiration. SARs located in the
‘extrathoracic trachea increase their activity during expiratory flow
(Sant’Ambrogic & Mortola, 1977).. A particular category of SARs
described in the intrathoracic airways (Luck, 1970) of rabbits,
cats, monkeys, and rats (tuck, 1970; Tsubone, 1986; Wei & Shen,
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1985) discharges during expiration whether the animal breathes
spontaneously or is artificially ventilated. The responses of SARs
are closely associated with changes in transpulmonary pressure and
with circumferential tension (Bartlett et al., 1976).

SARs are responsible for the Hering-Breuer inflation
(inhibitory) and deflation {excitatory) reflexes. Their discharge in
inspiration provides an inspiratory off-switch, and their continuing
d:scharge in expiration 1lengthens the respiratory pause. The
respiratory pause involves reciprocal inhibition; inspiratory
meurons are inhibited while expiratory neurons are excited (Bradley,
1977). Excitatory input 1is thought to be engaged only when lung
volume 1is reduced below functional residuzi capacity (FRC). Thus, in
general, the role of SAR is to signal the degree of stretch of the
lungs and to modify breathing reflexly, the pattern of which is
primarily set by the respiratory rhythm generator in the brainstem.
There is little indication that SAR have an important role in
disease, and these receptors do not appear to be involved
significantly in asthma.

RARs are stimulated by mechanical events such as inflation or
deflation of the 1lungs. They differ from SARs in having a higher
volume threshold, a more rapid rate of adaptation, and a more
irregular pattern of discharge (Coleridge & Co]eridge, 1986). RAR
are less numerous than SAR. The ratio of RARs to SARs is 1:4 in the
rabbit (Roumy & Leitner, 1980) and 1:10 in the cat (Widdicombe,
1954a,b,c). RAR are not gvgnly distributed along the
tracheobronchial tree, but are concentréted in the more proximal

airways. In the extrapulmonary airways, the concentration of RAR
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increases from the upper trachea to the main stem bronchi
(Sant’Ambrogio et al., 1978) where they are distributed all around
the c¢ircumference. This 1is unlike SAR that are confined to the
posteridr membraneous wall (Sant’Ambrogio et al., 1978/3). The hilar
airways are accessible to chemical and mechanicat irritants, and RAR
in these airways could be activated easily in order to evoke
protective reflex actions (Sant’Ambrogio, 1987). RAR are believed to
correspond to the epithelial nerve endings identified in the intra-
and extra-pulmonary airways of several mammalian species (El1ftman,
1943; Fillenz & Woods, 1970; Fisher, 1964). These epithelial endings
are the terminal arborizations of myelinated fibers that ramify in
the tracheobronchial submucosa, frequently at points of bronchial
branching. Different layers of the airway wall appear to be supplied
with endings, as removal of the mucosa sensitive to local probing
can leave the response to inflation and deflation intact (Coleridge
& Coleridge, 1986).

Receptors concentrated at the carina and in the primary bronchi
are believed to be cough receptors (Fillenz & Widdicombe, 1972;
Widdicombe, 1954a,b,c, 1977); those in the intrapulmonary airways
are thought not to cause cough (Fillenz & Widdicombe, 1972;
Widdicombe, 1977, 1988). RARs are believed to be responsible for the
occasional respiratory "sighs" described in many mammals (Davies &
Roumy, 1982). The most important function of RAR may be to signal
the onset of pathophysiological changes in the airways. The concept
of a nociceptive function began with the observation that RAR in the
intrapulmonary airways of rabbits are stimulated by acute puimonary

congestion, embolization, anaphylaxis, pneumothorax, and intravenous
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injection of bronchoconstrictor chemicals (Mills et al., 1969, 1970;
Sellick & Widdicombe, 1969, 1970, 1971). In addition to their
sensitivity to mechanical stimuli and a number of lung pathological
conditibns, RAR can also be activated by a wide range of mediators
including histamine and PGFp,, or by inhalation of various
irritant gases suth as cigarette smoke, sulfur dioxide, and ammonia
(see Widdicombe, 1988). The findings that stimuli which activate the
RAR also cause Tlaryngeal constriction, bronchoconstriction, and
tracheal mucus secretion (Widdicombe, 1963, 1964; Coleridge &
Coleridge, 1986) suggest an important role for RAR in airway
diseases including asthma.

Vagal C-fiber afferents supplying the tracheobronchial tree and .
the lung have been separated by both pharmacological and
physiological criteria into two main categories: pulmonary C-fiber
receptors (also called J receptors) and bronchial C-fiber receptors
(Coleridge & Coleridge, 1977). The terms "pulmonary" and "bronchial"
indicate the blood supply of the endings either via pulmonary or the
bronchial circulation and thus their general locations. Pulmonary
C-fibers are located in the lung parenchyma, outside the bronchial
and bronchiolar walls, and the bronchial C-fibers are within the
tracheobronchial walls.

In general, pulmonary C-fibers are sensitive to mechanical
changes in the 1lungs but are relatively insensitive to chemicals
such as lung autocoids; the reverse is true for bronchial C-fibers.
The transpulmonary pressure gradient necessary to change activity
was lowest for SARs, intermediate for RARs and pulmonary C-fiber

receptors, and the highest for bronchial C-fiber endings (Kaufman et
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al., 1982). Interstitial pressure increases such as those that occur
in pulmonary congestion or edema are strong stimulators of pulmonary
C-fiber activity (e.g., the strongest for J receptors [Paintal,
1969]),. but have only weak effects on bronchial C-fiber endings
(Coleridge & Coleridge, 1977). Bronchial C-fibers are stimulated by
humoral mediators of inflammation, including histamine (Coleridge &
Coleridge, 1977; Coleridge et al., 1978), PGs (Coleridge et al.,
1976, 1978), serotonin (Coleridge & Coleridge, 1984), and bradykinin
(Kaufman et al., 1980) after they are injected into the systemic
circulation or inhaled in the form of an aerosol. By contrast,
pulmonary C-fibers are stimulated by PGs, especially those of the E
series (Coleridge et al., 1976, 1978), and remain virtually -
unaffected by histamine, serotonin, or bradykinin (Coleridge &
Coleridge, 1984, Karczewski & Widdicombe, 1969; Kaufman et ai.,
1980).

Most of the reflex actions attributed to bronchial and pulmonary
C-fibers are similar (Coleridge & Coleridge, 1984). They include
rapid, and shallow breathing (often preceded by apnea),
bronchoconstriction, mucous secretion, bradycardia, and hypotension;
coughing has never been reported. It has been suggested that
pulmonary C-fiber receptors provide excitatory input that opposes
the inhibitory input from SARs and help control respiratory rate
(Pisarri et al., 1986).

Although both C-fiber receptors and RARs are activated by
similar stimuli (Coleridge & Coleridge, 1984, 1986) and mediate
laryngeal constriction, bronchoconstriction, and mucous secretion,

their effects can be differentiated by two types of experiment.
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Minimal dosages of capsaicin or phenylbiguanide are thought to
affect selectively C-fiber receptors (Coleridge & Coleridge, 1986).
However, in guinea-pigs, iv capsaicin doex not mediate
bronchoéonstriction via vagovagil reflexes (Biggs & Goel, 1985).
Secondly, the vagi can be blocked by cooling or anodal currert in
such a way that reflexes mediated via only one type of receptors are
left intact; vagal cooling to 6-8°C blocks myelinated afferent
fibers subserving SARs and RARs, and further ccoling to 0°C blocks
unmyelinated vagal C-fiber receptors (Coleridge et :%i., 1982; Davis
et al., 1982bj. Vagal cooling has shown that Head’s paradoxical
reflex in rabbits, which had been ascribed tn stimulation of RARs,
is mediated via nonmyelinated vagal affarents (Widdicombe, 1967).

In the pulmonary vagal branches of cats, the unmyelinated
afferents outnumber the myelinated by the rz2tio of 3:1, 4:l
(Agostoni et al., 1957) or 9:1 (Jammes et al., 1982). In mouse
alveolar walls, unmyelinated vagal afferents, thought to be
Paintal’s J receptors, were found in close association with type I
pneumocytes (Hung et al., 1973a). Similar terminals were also found
between the epithelial cells of the mouse intrapulmonary bronchial
mucosa (Hung et al., 1973b) and human tracheal mucosa (Rhodin,
1966). The terminal axon enlargements found in mouse bronchi (Hung
et al., 1973b) are often associated with epithelial cells resembling
the type I cells of the aortic and carotid bodies and containing
many dense-cored vesicles. Such epithelial cells, found in the
airway mucosa of many species, are associated with unmyelinaied
nerve terminals of afferent and efferent appearance (Lauweryns &

Cokelaere, 1973). These complexes of epithelial cells and nerve
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endings are termed "neuroepithelial bodies" and have been allocated
a chemoreceptor sensory role (Lauweryns & Peuskens, 1972; Lauweryns
et al., 1985). They probably respond to changes in PO, (Lauweryns
& Coceléere, 1973).

Sensory afferents described abeve, espenially RARs ani ©-fiber
endings, appear to play a significint role in it -=ntrol of airway
tone, both via axonal +eflexes within the airway walls, aid %

central nervous reflexes.

1.3.2. Efferent Innervation

1.3.2.1. Cholinergic Efferents

The parasympathetic nervous system is the dominant ‘neural -
bronchoconstrictor mechanism in all animals, including humans, and
plays an important role in the regulation of airway tone (Barnes,
1986c). Parasympathetic efferent nerves arise in the vagal nuclei of
the brain stem and pass down the vagus nerve to synapse in ganglia
located within the airway wall; from these ganglia, relatively short
postganglionic fibers pass to smooth muscle, the submucosal glands,
and the blood vessels (Richardson, 1979). In humans, ganglia are
scattered along the peribronchial nerve plexus down to the level of
smaller bronchi; they are most abundant in large airways (Larsell,
1922; Larsell & Dow, 1933). In the trachea, they are found in chains
extended along its length near the lateral borders of the posterior
membrane (Fischer, 1964; Coburn, 1984). Electrical stimulation of
the vagi in animals causes a branchoconstriction due to smooth
muscle contraction, which is potentiated by cholinesterase

inhibitors and blocked by the muscarinic receptor antagonist
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atropine (Nadel, 1980; Nadel & Barnes, 1984). Cholinergic nerve
fibers are found in human airway smooth muscle from the trach=a to
the terminal bronchioles, but their density decreases in the smaller
airways' (Barnes, 1987a). In guinea pigs, cholinergic innervation is
present in the airways at least down to the level of the main
bronchi (Grundstrom et al., 198la), with some innervation in the
hilar bronchi (Karisson & Persson, 1983). The distribution of the
cholinergic innervation along the airway is consistent with
cholinergic nerve effects. Thus, in vitro, cholinergic nerve effects
in bronchi are greater than those in bronchiole (Parmer et al.,
1986) and, in vivo, anticholinergic drugs induce greater
bronchodilation in Tlarge than in small airways (Hensley et al.,
1978). In normal subjects, the bronchodilator response to atropine
and other anticholinergic drugs suggests a degree of resting vagal
tone in human airways (de Troyer et al., 1979). Similarly,
inhalation of the cholinesterase inhibitor edrophonium causes
bronchoconstriction in normal subjects, confirming tonic release of
acetylcholine in tke airways {Quigley et al., 1985).

Vagal efferent pathways are involved in reflex
bronchoconstriction mediated via sensory receptors in the upper and
lower airways (Widdicombe, 1988) and via chemoreceptors and
baroreceptors in the cardiovascular system (Nadel & Widdicombe,
1962b). This reflex bronchoconstriction 1is blocked by vagotomy or
anticholinergic drugs (Nadel, 1980). Thus, cholinergic antagonists
block or decrease the bronchoconstrictor reéponse to various stimuli
including histamine, carbon dust, cold air, and citric acid

(Simonsson et al., 1967), prostaglandins (Alanko and Poppius, 1974),
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and aerosols of propellant (e.g., dichlor-difluorethane) and
surfactant (e.g., sorbitol trioieate, soya lecithin) (Sterling and
Batten, 1969). In some studies (Itkin & Anand, 1970; Casterline et
al., 1976), they have been reported to be ineffective, probably due
to Tlow concentrations of the stimuli and antagonists, and inadequate
delivery of antagonist (Casale, 1988).

Cholinergic receptors are divided into nicotinic and muscarinic
receptors. Nicotinic receptors are located on nerve cell bodies in
airway parasympathetic ganglia and activated by acetylcholine (ACh)
released from preganglionic vagal fibers and nicotinic agonists such
as dimethylphenylpiperazinium (DMPP). Nicotinic receptors can be
blocked by the nicotinic antagonist hexamethonium (Skoogh, 1983).

Muscarinic receptors are located on the target cells in the
airway and activated by ACh released from postganglionic nerves;
they are blocked by atropine and related drugs such as ipratropium
bromide (Barnes, 1987). Activation of muscarinic receptors in airway
smooth muscle causes contraction by stimulating the breakdown of
membrane phosphoinositides, which results in the release of calcium
ions from intracellular stores (Grandordy et al., 1986), and by
fAhibiting adenylate cyclase, which leads to a reduction in the
concgtration of cyclic AMP (Madison et al., 1985). Direct binding
studiess in bovine airways (Cheng & Townley, 1982) and
autoradiegraphic mapping (Barnes at al., 1983) have shown that the
density of muscarinic receptors is high in the smooth muscle of
large ‘airways and decreases in smaller airways, such that terminal
brom¥iioles are almost devoid of receptors. The distribution of

R@carinic receptors in the airway smooth muscle is consistent with



44
the pattern of vagally mediated airway contraction. Studies eith
cholinergic agonists suggested that the distribution of muscarinic
receptors in human airway smooth muscle is similar to that in other
Species.(Go1die et al., 1982).

Recently, it has been proposed that muscarinic receptors can be
classified into three subtypes based on the selectivity of
antagonists (Birdsall & Hulme, 1985; Hammer et al., 1986; Gross &
Barnes, 1988): M;, M,, and M3 receptors - which have high
affinity for pirenzepine, gallamine and AF-DX 116, and
4-diphenylacetoxy-N-methylpiperidine (4-DAMP), and
hexahydrosiladifenidol, respectively. In airways, Mj-receptors are
located presumably at parasympathetic ganglia and facilitate .
parasympathetic ganglionic transmission in rabbits (Bloom et al.,
1987), dogs (Bech et al., 1987), and humans (Lammers et al., 1989).
My-receptors are located at postganglionic parasympathetic fibers
and inhibit postganglionic prejunctional transmission in cats
(Blaber et al., 1985), guinea pigs (Fryer & Maclagan, 1984), and
humans  (Minette & Barnes, 1988). Mj3-receptors are 1located at

smooth muscle and stimulats smooth muscle contraction.

1.3.2.2. Sympathetic Efferents

Adrenergic control of airway function has been reviewed recently
(Zaagsma et al., 1987; Barnes, 1988). This section will discuss
airway control by sympathetic innervation and circulating
catecholamines.

The sympathetic nerve supply to the lung originates from the

upper six thoracic segments of spinal cord. Preganglionic fibers
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synapse in the middle and inferior cervical ganglia and the upper
four thoracic ganglia. From these, postganglionic fibers run to the
lung and enter at the hilum to intermingle with the cholinergic
nerves and form a dense plexus around airways and vessels
(Richardson, 1979; Barnes, 1986¢c). Unlike the dense parasympathetic
nerve supply to airways in all species, sympathetic innervation is
generally sparse, although there is considerable variation among
species (Mann, 1971; Richardson, 1979; Doidge & Satchell, 1982). In
human airways, a sparse sympathetic ‘innervation has been
demonstrated by fluorescence histochemistry, ultrastructural
studies, and immunohistochemistry using an antibody to dopamine
B-hydroxylase. Adrenergic nerve fibers have been found in close .
association with submucosal glands (Partanen et al., 1982; Pack and
Richardson, 1984; Meyrick & Reid, 1970; Sheppard et al., 1983),
airway ganglia (Richardson & Ferguson, 1979), and bronchial vessels
(Doidge & Satchell, 1982; Partanen et al., 1982; Sheppard et al.,
1983); however, very few, if any, adrenergic fibers have been
demonstrated in the smooth muscle of the intrapulmonary airways
(Doidge & Satchell, 1982; Laitinen et al., 198%; Partanen et al.,
1982; Richardson & Beland, 1976; Sheppard et al., 1983).

Field stimuiation (FS) of human airways obtained post mortem or
during surgery induces cholinergic contraction followed by a
relaxation. The relaxation is inhibited by tetrodotoxin but
unaffected by propranolol (Davis et al., 1982a; Taylor et al., 1984;
Palmer et al., 1986). The uptake-1 blocker cocaine has no effect on
responses of human bronchi or lung strips to norepinephrine (Zaagsma

et al., 1983). Thus, these studies do not indicate any functional
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role of sympathetic innervation in human airway smooth muscle,
consistent with the anatomical findings. However, these findings do
not exclude the possibility that adrenergic nerves may influeirce
bronchométor tone indirectly in human airways (see section 1.4.1.
for the details). In guinea-pig airways, functional studies with FS
(Doidge & Satchell, 1982; Grundstrém et al., 198la) or cocaine
(Zaagsma et al., 1983) and histochemistry (O‘Donnell et al., 1978)
have demonstrated sympathetic innervation to tracheal but not
bronchial smooth muscle. |

Circulating catecholamines include dopamine, norepinephrine
(NE), and epinephrine. Dopamine is present in very low
concentrations, and infusion of dopamine at supraphysiolegical
concentrations has no effect on bronchomotor tone {Michoud et al.,
1984). NE is present in the highest concentrations: it is derived
almost entirely from overspill of sympathetic nerve activity with
the remainder from the adrenal medulla (Brown et al., 1981).
Infusion of NE in normal subjects at concentrations within the
physiological range has no significant effects on metabolic,
cardiovasculaf, or airway function (Silverberg et al., 1978; Larsson
et al., 1986; Berkin et al., 1985), suggesting that it functions as
a neurotransmitter rather than as a hormone. By contrast,
epinephrine, secreted by the adrenal medulla, functions as a
circulating hormone, and is a potent bronchodilator in normal and
asthmatic subjects, when infused at the Tlevels found in severe
excercise in normal subjects (Berkin et al., 1985; Warren & Dalton,
1983; Warren et al., 1984; Larssen et al., 1985; Berkin et al.,
1986; Barnes et al., 1982b).
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Despite the fact that B-blocker-induced asthma (McNeill, 1964;
McNeill & Ingram, 1966; van Herwaarden, 1983) has been recognized
for over 20 years, its mechanism is unknown. Normal subjects do not
deve]op' any deterioration in lung function (Richardson & Sterling,
1969; Tattersfield et al., 1973; Zaid & Beall, 1966) after
B-blockers and de not show an increase in sensitivity to
bronchoconstrictor agents such as histamine or methacholine (Townley
et al., 1976). This suggests that B-blockers presumably antagonize
some tonic p-adrenergic bronchodilator tone which is present in
asthmatic patients but not in normal subjects. Since human airway
smooth muscle has no demonstrable adrenergic innervation (Barnes,
1986¢c), this suggests that circulating catecholamines provide this .
drive (Barnes, 1988). However, circulating catecholamines are not
elevated in asthmatic subjects (Barhes et al., 1982c), even in those
subjects who develop bronchoconstriction after propranolol (Ind et
al., 1984), and the concentrations of adrenaline in plasma are too
low to have a direct effect on human airway smooth muscle tone.

This suggests that p-blockers may inhibit the action of
catecholamines on some other target cells, such as mast cells or
cholinergic nerves. Mediator release from human lung mast cells is
potently inhibited by pB-agonists (Peters et al., 1982) via
Bp-receptors (Butchers et al., 1980). The effect of B-blockers may
therefore be an increase in mediator release, which may be more
marked in the "leaky" mast cells of asthmatics. This idea is
supportéd by the observation that sodium‘cromoglycate, a mast cell
stabilizer, prevents bronchoconstriction produced by inhaled

propraholo] (Koeter et al., 1982). Another possibility is that
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catechoamines modulate cholinergic neurotransmission at
parasympathetic ganglia or at neuromuscular junctions (see section
1.4.1.2. for the detailed discussion). In human airways, in vitre.
prejunciional Bp-receptors on cholinergic nerves are able to
influence airway smooth muscle tone, and much lower concentrations
of pB-agonist are required to bronchodilate than would be needed for
a direct effect on airway smooth muscle (Rhoden et al., 1988).
Blockade of these receptors may thus lead to an increase in vagal
tone, which would cause more bronchoconstriction in asthmatic
subjects, since airway smooth muscle would be more sensitive to the
acetylcholine reltased from cho]inérgic nerves. Evidence in support
of this idea is the observation that bronchoconstriction due to -
propranolol can be prevented by atropine (Grieco & Pierson, 1971;
Ind et al., 1986).

The adrenergic receptors that mediate the effects of adrenergic
agonists on airway cells are divided into a- and B-receptors, and
are subdivided into aj- and ap-receptors, and By- and
Bz-receptors.

Radioligand binding studies (Rugg et al., 1978; Barnes et al.,
1980; Engel, 1981) and autoradiography (Barnes et al., 1982a;
Carstairs et al., 1984) revealed a high density of B-receptors in
many different cell types of lungs from many species including
humans (Rugg et al., 1978; Barnés et al., 1980; Engel, 1981). In
airway smooth miuscle, B-receptars are found from trachea to terminail

bronchioles, consistent with the in-vitro functional studies with

B-agonists (Zaagsma et al., 1983; Davis et al., 1982; Goldie et al.,

1982). The density of B-receptors increasec with decreasing size of
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Table 1-2. Airway adrenoceptor function (modified from Barmes,

1988)

Cell type B-Receptor a-Receptor

Smooth muscle Relaxation Contraction

Mast cell Decrease in secretion Increase in secretion

Submucosal gland Increase in mucous Increase in serous
secretion secretion

Epithelium Increase in ion transport ?

Cholinergic nerves Inhibition ‘ Inhibition

Clara cell Increase in secretion ?

Type 2 pneumocyte Increase in secretion No effect

Bronchial vessels Dilation Constriction

Decrease in permeability

airways in animals and humans (Barnes & Basbaum, 1983; Carstairs et
al., 1985). B-Agonists modulate cholinergic neurotransmission,
either &t the level of cholinergic ganglia or at postjunctional
nerve ‘terminals (see section 1.4.1. for more discussion). Table 2
shows B-adrenoceptor-mediated effects on different cell types in
airways. The coexistence of By- and pBj-receptors has been
confirmed in animal and human lung (Rugg et al., 1978; Engel, 1981)

by direct receptor-binding techniques with selective g-antagonists.
In human 1lung, the ratio of B1- to Bp-receptors is approximately
1:3. In guinea-pig tracheal' ‘smooth muscle, Bp-receptors

predominate (Zaagsma et al., 1979).
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It has been postulated that By-receptors are regulated by
sympathetic nerves ("innervated" p-receptors) whereas Bp-receptors
are regulated by circulating epinephrine ("hormonal® B-receptors)
(Ariens & Simonis, 1983). This hypothesis has been supported by
functional studies of airway smooth muscle preparations from cats,
dogs, and guinea pigs {see Zaagsma et al., 1987). It confirms the
relationship between the density of adrenergic innervation and
By-receptors. Thus, in human airway smooth muscle which Tlacks
significant sympathetic innervation (Richardson & Ferguson, 1979;
Richardson, 1981), relaxation of central and peripheral airways was
mediated only by Bjp-receptors (Zaagsma et al., 1983; Goldie et
al., 1984). This finding concurs with recent autoradiographic i
studies of human Tung confirming that the B-receptors of human
airway smooth muscle from bronchi to terminal bronchioles are
entirely of the pBj-receptor subtype (Carstairs et al., 1985).
Human submucosal glands, which receive a sparse sympathetic nerve
supply, have a small population (10%) of pBj-receptors, when
determined by autoradiography (Carstairs et al., 1985; Phipps et
al,. 1982). Epithelial cells and mast cells, which are not
adrenergically innervated, have only pBp-receptors (Butchers et
al., 1980).

Other findings suggest that innervated B,-receptors and
noninnervated pj-receptors are also present in the Tlung.
Guinea-pig and human alveolar walls are devoid of direct
noradrenergic innervation (Nahorski_et al., 1985; Carstairs et al.,
1985; Partanen et al., 1982; Pack & Richardson, 1984), but they have

a significant number of pBj-receptors. Very occasionally,
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guinea-pig tracheal smooth muscle has only By-receptors and the
numbers appear to be similar to the Bp-receptors in tracheal
smooth muscle of the vast majority of animals that has a
heterogeneous  population of B;- and By-receptors (Zaagsma et
al., 1979).

A fundamental defect in p-receptor function in asthma seems
unlikely, since neither adrenalectomy nor chronic blockade of
B-receptors produces asthma or bronchial hyperresponsiveness in
normal  subjects (Barnes, 1988). Furthermore, it is still
controversial whether B-receéptor function is impaired in asthma
secondary to the disease. tarlier studies showed that the defect of
cardiovascular, metabolic, and 1leukocyte B-receptor function in .
asthmatics was secondary to elevated circulating epinephrine levels
or the presence of autoantibodies against Bp-receptors. However,
these findings have not been confirmed and an increase in
epinephrine levels has not been confirmed even in severe asthma. The
autoantibodies that were detected in a small proportion of asthmatic
patients also occur in normal subjects.

Airway respanses to inhaled pB-agonists are impaired in asthma
and this impairment is relaled te the severity of asthma (Barnes &
Pride, 1983). The impaired B-receptor function may be explained by a
reduction in the delivery of drug to the airways as a result of
airflow obstruction (Dolovich et al., 1976), or a reduced effect of
B-agonist relaxation at high degrees of smooth muscle contraction
(functional antagonism [Karisson & Persson, 1981]). Failure of
patients with acute asthma to respond to B-agonists may reflect

Tuminal mucus plugging and bronchial edema. Some impairment in
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airway pB-receptor response may occur as a result of the inflammatory
reaction in asthma because products of inflammation such as oxygen
radicals (Engels et al., 1985) and PAF (Braquet et al., 1985) may
impair airway p-receptor function or reduce p-receptor density.
Studies of asthmatic airways in vitro are rare and their results
appear to be conflicting (Ind & Barnes, 1988). None of these
findings answer the question of whether pB-receptor function is
impaived in asthma, but such a defect may be of little clinical
significance, since asthmatic patients bronchodilate so readily to
B-agonists (Barnes, 1988).

In general, aj-receptors (classic a-adrenoceptors) are located
postjunctionally on airway cells including smooth muscle and mediate .
the effects of o-agonists, whereas aj-receptors are presynaptic
and modulate neurotransmitter release from nerve terminals.

aj-Receptors have been demonstrated in total 1lung membranes
from rats (Latifpour & Bylund, 1981), guinea pigs (Barnes et al.,
1979), and humans (Barnes et al., 1980b) although they are
considerably fewer than pB-receptors. These receptors are localized
to human and mammalian airway smooth muscle and they are sparse in
the trachea but increase in density as the airways become smaller
(Barnes et al., 1983a; Carstairs et al., 1984).

The exact role of a-receptors in regulating airway tone is
controversial. In diseased human bronchi (chronic bronchitis or
bronchopneumonia), norepinephrine induced marked contraction which
does not occur in normal airways unless they are pretreated with
endotoxin (Kneuss! & Richardson, 1978; Simonsson et al., 1972).

Similarly, in dog trachea and human bronchi, histamine or serotonin
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pretreatment unmasks a-receptor-mediated contraction (Kneussl &
Richardson, 1978; Barnes et al., 1983; Brown et al., 1983).
Activation of airway a-adrenergic responses by histamine and
serotonin has been shown in dogs, in vive. In dog trachea,
contractile responses to both exogenous NE and sympathetic nerve
stimulation are mediated entirely by ay-receptors, consistent with
binding studies demonstrating few aj-receptors and mostly
ap-receptors (Barnes et al., 1983f; Brown et al., 1983; Leff &
Munoz, 1981). However, this was not observed in human bronchi,
although op-receptor-mediated attenuation of excitatory nerve
transmission was documented (Grundstrém & Andersson, 1985).
a-Receptors mediate NE-induced contraction of guinea-pig and human .
lung strips (See Zaagsma et al., 1987; Black et al., 1981). However,
the relative importarce of a-receptor subtypes and their location is
unknown. Although tiay may be present on small airways, other
contractile elements such as Kapanci cells or small blood vessels
could contribute. In guinea-pig lung strips, NE’s effect is
insensitive to cocaine which argues against involvement of blood
vessels (densely innervated) in the contraction (Zaagsma et al.,
1987).

The findings that a«-adrenoceptors may be activated by
inflammatory mediators (Kneussl & Richardson, 1978; Barnes et al.,
1983b; Brown et al., 1983) suggest that «-adrenergic responses might
be enhanced in asthmatic airways as proposed by Szentivanyi (1980) .
This idea is supported by the dgmonstration that «p-agonists such
as phenylephrine and methoxamine cause bronchoconstriction in

asthmatic patients but not in normal subjects, even in the absence
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of pB-blockers (Black et al., 1982, 1984; Snashall et al., 1978;
Patel & Kerr, 1973).
However, other studies do not support this theory. Although some
authors observed enhanced a-receptor-mediated contraction in dog
trachea probably due to a post-receptor mechanism involving

activation of Ca*

channels (Barnes et al., 1983b), other workers
could not confirm this finding (Leff & Munoz, 1981). It has been
shown that histamine failed to enhance contractions produced by NE
in the presence of B-blocker in guinea-pig trachea and non-diseased

human bronchi in vitro (Goldie et al., 1985). In the absence of

propranolol, NE did not contract either guinea-pig trachea or normal
human broncki and this effect was still absent after histamine. In -
vivo, studies showing enhanced aj-receptor-mediated
bronchoconstriction in asthmatic subjects appear to be difficult to
interpret. It has been found that phenylephrine produced marked
bronchodilation (B-adrenoceptor-mediated) in asthmatics before
B-blockade, but produced no significant improvement in Tung function
in non-asthmatic subjects (Patel & Kerr, 1973). This might be due to
different 1levels of airway tone: the airways of asthmatics were
expected to have greater airway tone (see section 1.2.3.). Such
differences in baseline bronchial tone between asthmatic and
nonasthmatic subjects could be partly responsible for enhanced
ay-receptor-mediated bronchoconstriction reported by some authors
in asthmatics (Black et al., 1982, 1984; Snashall et al., 1978;
Patel & Kerr, 1973). Enhanced «y-receptor activity in asthmatics

might be due to a pH effect as it ‘has been shown that the pH of a

sotlution could influence bronchial responses to inhaled histamine
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(Cockcroft & Berscheid, 1982), and it is known that asthmatic
airways tend to be more sensitive to irritant stimuli (Ind &
Dollery, 1983). Thus, in contrast to studies demonstrating the
bronchoconstricting effect of unbuffered solutions of phenylephrine
in asthmatics (Snashall et al., 1978; Patel & Kerr, 1973), buffered
solutions of phenylephrine has been shown to be as spasmogenic as
buffered saline in asthmatics (Thomson et al., 1982), suggesting
that bronchial smooth muscle aj-receptor activity is insignificant
in asthmatics who exhibited a wide range of nonspecific bronchial
hyperresponsiveness. These findings further indicate that increased
aj-receptor activity is not the 'primary abnormality responsible
for the variation among asthmatics in nonspecific bronchial .
hyperresponsiveness. Recently, Spina et al. (1989) have shown that
phenylephrine failed to induce significant increases in tone in
bronchi isolated from either non-diseased or asthmatic human lung
even in the presence of p-blocker, consistent with low levels of
aj-adrenoceptors in bronchial smooth muscle. Thus, findings in

vitro are consistent with the findings in vivo with buffered

solutions of phenylephrine, suggesting that the enhanced
aj-receptor effect reported by some workers in asthmatics might be
due to the effects of the pH of agonist solution.

If bronchoconstrictor «-receptors are activated in asthma, then
a-blockers should dilate the airways of asthmatics and prevent the
bronchoconstriction induced by nonspecific stimuli. However, the
effects of a-blockers in asthma are controversial. Nonselective
a-antagonicts such as thymoxamine, phentolamine and indoramin can

cause bronchodilation (Prime et al., 1972; Campbell, 1982) and
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protect against bronchoconstriction induced by histamine (Kerr et
al., 1970; Bianco et al., 1972), exercise (Walden et al., 1984),
cold air (Walden et al., 1984), and inhaled antigen (Patel & Kerr,
1975). 'These effects may relate to the non-a-receptor blocking
pharmacological actions of the drugs, which include direct effects
on smooth muscie, release of catecholamines (Ind & Dollery, 1983;
Svedmyr, 1984), and antihistaminic activity (Patel & Kerr, 1975;
Bianco et al., 1972; Kerr et al., 1970). The selective
aj-antagonist, prazosin, which has no antihistamine effect and
does not cause catecholamine release, has no bronchodilator effect
when given by inhalation to asthmatic subjects (Barnes et al.,
1981b; Baudouin et al., 1988) and does not protect against histamine -
challenge (Barnes et al., 1981c). Both prazosin and phentolamine
give partial protection against exercise-induced asthma (Barnes at
al., 1981c; Walden et al., 1984), but this might be explained by an
effect on bronchial blood flow which might counteract any changes
induced by the hyperventilation of exercise. Other studies have
shown that prazosin, when given orally, has a bronchodilator effect
(Marlin et al., 1982), but this might be explained by baroreflex
changes consequent upon the fall in blood pressure.

In guinea-pig models of chronic asthma, the number of lung
aj-adrenoceptors significantly increased, although these receptors
were not related specifically to airway smooth muscle in homogenates
of whole lung containing many cell types (Barnes et al., 1980a; Mita
et al., 1983). Despite twofold . increase in the number of lung
aj-adrenoceptors, a-adrenoceptor-mediated contraction in response

to NE was unchanged in the lung strips compared with strips from
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control animals (Turner et al., 1983). These findings raise
questions about the functional significance of the very marked
increase in aj-receptors in 1lung membranes from patients with
asthma (Szentivanyi et al., 1979) or chronic bronchitis (Barnes at
al., 1980b).

Furthermore, it is difficult to understand how airway
aj-receptors could be activated endogenously, as neither
circulating adrenaline nor NE causes bronchoconstriction (Berkin et
al., 1985, 1986; Larsson et al., 1986). In the absence of adrenergic
innervation of human airways, NE could overflow from sympathetic
nerves on blood vessels as in the guinea pig (Ainsworth et al.,
1982) but the absence of any effects of tyramine is against this .
(Ind ot al., 1983). Inhaled NE which would leai to high airway
concextrations of NE, produces bronchodilation rather than
bron¢iaconstriction, presumably by Bp-receptor stimulation
(Pichurko et al., 1986). In the absence of B-blocker, even the
specific aj-agonist phenylephrine induces pB-receptor-mediated
relaxation of bronchi isolated from healthy and asthmatic subjects
(Spina et al., 1989). Currently available data suggest that the role
of aj-adrenoceptors in asthma is controversial (see Goldie et al.,
1985; Barnes, 1988; Zaagsma, 1987).

ap-Adrenoceptors, located presynaptically at parasympathetic
ganglia and/or at neuromuscular junction in the airways of several
species, could modulate excitatory neurotransmission. Their possible

role in asthma is discussed in detail in section 1.4.1.1..

1.3.3. Nonadrenergic Noncholinergic (NANC) Innervation
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1.3.3.1. Inhibitory NANC (i-NANC) System

Airway 1i-NANC system has been the subject of several reviews and
editorials (Richardson, 1981; Diamond & Gillespie, 1982; Diamond &
' Richardgon, 1982; Barnes, 1986; Diamond & Altiere, 1988). Since
i-NANC nerves were described in toad 1lungs by Campbell (1971),
i-NANC nerves have been demonstrated in vitro by electrical field
stimulation after adrenergic and cholinergic blockade in the airways
of several species, inciuding guinea pig (Coburn & Tomita, 1973),
primates (Middendorf & Russell, 1980), and humans (Richardson &
Beland, 1976; Barnes, 1986b). i-NANC responses to field stimulation
are abolished by tetrodoioxin (TTX), implying a (postganglionic)
neural origin. i-NANC nerves have also been demonstrated in vivo in -
cats and guinea pigs by electrical stimulation of the peripheral end
of the cut vagus nerve after adrenergic and cholinergic blockade
(Chesrown et al., 1980; Irvin et al., 1980; Yip et al., 1981).
Stimulation of this pathway produces pronounced and long-lasting
bronchodilation which 1is inhibited by ganglionic blockade,
suggesting that the preganglionic fibers are carried in the vagi.
This pathway can be activated reflexly by mechanical or chemical
stimulation of the larynx in feline airways (Szarek et al., 1986;
Inoue et al., 1989). Although it has been difficult to study this
pathway in humans in vivo, preliminary studies of mechanical and
chemical laryngeal stimulation indicate that reflex i-NANC
bronchodilatation may occur (Michoud et al., 1985).
The pattern and degree of i-NANC innervation varies among
species and along the tracheobronchial tree. In human airways, the

i-NANC system 1is the only bronchodilator pathway, since there is no
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functional sympathetic 'innervation (Barnes, 1986). 1i-NANC nerves
were demonstrated from the trachea to the distal bronchi (Richardson
& Bé]and, 1976; Hutas et al., 1981; Davis et al., 1982a; Taylor et
al., 1984). This system is absent in several species including dog,
rat, and pig. In guinea-pig airways, i-NANC relaxation was
demonstrated in trachea, and occasionally in the main bronchi
(Grundstrom et al., 198la; Chesrown et al., 1980; Diamond & Altiere,
1988). In guinea-pig trachea, the contribution of i-NANC responses
to the total inhibitory responses varies among studies: about 40% in
strips from all segments (cervical, middle, thoracic) and about 20%
in tube preparations (Kalenberg ﬁ Satchell, 1979); 20-40% in tube
preparations in situ (Yip et al., 1981); and predominantly in chain -
preparations (Taylor et al., 1984).

This system is difficult to study because the neurotransmitter
is unknown, no specific blockers are available, and the neural
pathways are uncertain (Nadel et al., 1986). Although there is
evidence in favor of purines as neurotransmitters of i-NANC nerves
in several systems including gut, they do not appear to be involved
in the airways. Exogenous ATP relaxes airway smooth muscle via P,
receptors (Ito & Takeda, 1982), however, the Pp-antagonist
quinidine ¥ailed to block NANC relaxation in vitro or in vivo, and a
purine uptake inhibitor dipyridamole does not enhance NANC
relaxation (Ito & Takeda, 1982; Irvin et_a1., 1982). Similarly,
adenosine fails to mimic NANC relaxation, and P-receptor
antagonists, such as theophylline, . have no blocking action in
guinea-pig (Coleman, 1980; Grundstrém et al., 1981a) and bovine

trachea (Cameron et al., 1983), or in human airways (Davis et al.,
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1982a). Desensitization to purines does not reduce NANC relaxations
(Ito & Takeda, 1982). NANC relaxations are still present after
maximal adenosine relaxations (Karlsson & Persson, 1984).

A more likely neurotransmitter candidate for 1i-NANC system is
vasoactive intestinal peptide (VIP). VIP produces prolonged
relaxation of airway smooth muscle which is unaffected by adrenergic
or cholinergic blockade, and mimics the time-course of i-NANC

responses both in vitro and in vivo. VIP-immunoreactive nerves have

been found in airway smooth muscle of several species, including
dogs and humans (Dey et al., 1981; Ghatei et al., 1982; Said & Dey,
1988). VIP also mimics the electrophysiological changes in airway
smooth muscle wraduss: ny NANC nerve stimulation (Ito & Takeda, .
1982; Cameron e%t ai.. :s83). Electrical field stimulation of
tracheobronchial &v-:-rations releases VIP into the bathing medium,
an effact blocked by TTX (Cameron et al., 1983; Matsuzaki et al.,
1980). Furthermore, the amount of VIP released is related to the
magnitude of nerve stimulation. Preincubation of guinea-pig trachea
with a specific antibody to VIP reduces responses to exogenous VIP
and to NANC stimulation (Matsuzaki et al., 1980). The close
association between responses to VIP and NANC relaxation in
different sizes of human and bovine airways also points to the role
of VIP as a neurotransmitter. Although evidence in favor of VIP is
persuasive, its neurotransmitter role cannot be proven until the
development of a specific receptor antagonist. Indeed, there is some
evidence against it as a neurotrarsmitter in airways. After
pretreatment of guinea-pig trachea with a maximally effective

concentration of VIP, there is no diminution of NANC relaxation,
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which would be expected if all VIP receptors were occupied (Karlsson
& Persson, 1984).

VIP appears to coexist with ACh in airways, and it is possible
that (excessive) stimulation of cholinergic nerves results in
release of VIP (Baraes, 1988b). In bovine tracheal smooth muscle,
VIP has an inhibitory effect on cholinergic nerve-induced
contraction only at high stimulation rates. Also, it reduces the
contractile effect of exogenous ACh (Palmer et al., 1985), probably
due to functional antagonism. This indicates that VIP counteracts
the bronchoconstrictor effect of cholinergic bronchoconstriction and
may function as a "braking" mechanism for airway cholinergic nerves
(Barnes, 1987c). In asthma, the degradation of VIP may be increased .
by a variety of peptidases released by the inflammatory cells
present in the asthmatic airways, resulting in airway
hyperresponsiveness. In asthmatics, there could be congenital or
acquired lack of i-NANC system in the airways as seen in
Hirschprung’s disease (Frigo et al., 1973), reversible blockade of
the this system at the 1level of the ganglia or nerve endings
(Richardson, 1985), or deficiency of airway VIP receptors. However,
until now, no definite abnormalities in the i-NANC system have been
demonstrated in a Tlarge series of patients with pulmonary diseases
(Richardson, 1988).

i-NANC responses discussed above are abolished by TTX. However,
i-NANC responses evoked with FS at strong stimulation parameters
(frequency >10 Hz; duration >0.5 msec in_human airways) are partly
abolished by TTX, suggesting that a substantial part of i-NANC

responses are nonneural (Davis et al., 1982a; Taylor et z1., 1984).
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The mechanism underlying TTX-insensitive relaxation is uncertain
but several possible explanations have been proposed. Coburn &
Tomita (1673) attributed TTX-insensitive relaxations to a direct
effect of electrical FS on smooth muscle membranes. The findings
that TTX is more efficacious in blocking FS-induced relaxation in
human airways denuded of connective tissue have suggested that
impaired diffusion of TTX to intrinsic nerves is involved
(Richardson & Beland, 1976). However, the differential sensitivity
of cholinergic and NANC responses to the inhibitory effects of TTX
make these explanations appear untenable. More 1likely, other
nonneural mechanisms may be involved, such as release of mediators
from secondary cell types insensitive to the effects of TIX -
(Middendorf & Russell, 1980). It is also possible that in NANC
nerves the process of depnlarization is inherently less sensitive to
TTX than it is in other autonomic nerves (Fukuda & Kameyama, 1980).
Whatever the mechanism, it 1is clear that TTX-resistant i-NANC
responses are a substantial part of the inhibitory responses to FS,
particularly in primate airways (Diamond & Altiere, 1988). It will
be important to determine whether the same or different mediators
are involved in TTX-sensitive and TTX-resistant i-NANC responses and
whether TTX-resistant i-NANC responses play any physiologically
important role in regulating airway tone.
1.3.3.2. Excitatory Nonadrenergic Noncholinergic (e-NANC) System

In yitro, electrical field stimulation of guinea-pig bronchi
produces a component of contraction which is not fishibited by
atropine (Grundstrém et al., 198la; Lundberg & Saria, 1982; Karlsson

& Persson, 1983; Lundberg et al., 1983b,c; Anderson & Grundstrém,
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1983) but which is blocked by an antagonist to substance P (SP)
(Karisson et al., 1985; Leander et al., 1984; Lundberg et al.,
1983d). In man, however, no consistent atropine-resistant bronchial
contraction has been obtained upon electrical field stimulation in
vitro (Davis et al., 1982a; Richardson & Beland, 1976; Taylor et
al., 1984). This observation does not exclude a role for e-NANC
system in the control of bronchial smooth muscle tone in man, as
bronchodilatory mechanisms may dominate during FS in atropinized
human bronchial preparations (Richardson & Beland, 1976; Taylor et
al., 1984). e-NANC responses are abolished by TTX, implying a
nervous origin.

SP causes bronchoconstriction in the airways of several species -
including man, and capsaicin, which releases SP from sensory nerves,
induce a similar contraction (Lundberg et al., 1983b,c; Lundberg &
Saria, 1982; Szolcsanyi & Bartho, 1982). In the airways,
SP-immunoreactive nerves are located superficially beneath and
within airway epithelium, around blood vessels and, to a lesser
extent, in airway smooth muscle (Barnes, 1988b). Capsaicin-sensitive
sensory nerves in the lung also contain neurokinin A (NKA)-, and
neuropeptide K (NPK)-like immunoreactivities (-LI} as well as
calcitonin gene-related peptide (CGRP) and an eledoisin
(ELE)-related peptide (Hua et al., 1985b; Lundberg et al., 1985a,b).
Tachykinin-LI are localized to cell bodies in the jugular and nodose
ganglia as well as axons in the vagi. Tachykinins are alse contained
in sensory cell bodies in thoracic spinal ganglia, which project to
the Tlower airways via sympathetic pathways (Dalsgaard & Lundberg,

1984; Lundberg et al., 1983a; Saria et al., 1985).
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Substance P and/or other tachykinins released from
capsaicin-sensitive sensory C-fibers appear to serve as potential
neurotransmitters for the airway e-NANC system. Tachykinins released
from sensory C-fibers mediate their effects via at least three types
of tachykinin receptors which may be differentiated by their
different responses to a series of tachykinins (Lee et al., 1986).
In some tissues, SP is more potent than neurokinins (SP-P or
NK;-receptor}, whereas in others the order of potency is either
NKA > NKB > SP (SP-E or MKy-receptor), or NKB > NKA > SP (SP-N or
NK3-receptor).

SP is a well-known bronchoconstrictor in vivo and in vitro

(Andersson & Persson, 1977; Lundberg & Saria, 1982; Nilsson et al., -
1977) in a variety of species including man (Finney et al., 1985;
l.undberg et al., 1983). In vivo, SP infusion causes
bronchoconstrictior *# a=wmds which is partly blocked by atropine,
suggesting that Sv-induced +2lease of acetylcholine is responsible
for part of its bronchoconstrictor action in vivo (Tanaka &
Grunstein, 1984). In human subjects, infusion of SP has marked
cardiovascular effects, but 1little effect on airway function: a
small bronchoconstrictor response is followed by bronchodilation at
higher doses (Fuller et al., %987). Even when given by inhalation,
SP has no significant efrect on airway function in mild asthmatic
subjects who are hyperresponsive to histamine given in the same way
(Fuller et al., 1987). This may be due to enzymatic dagradation of
SP in the airways or its inability to cross the epithelium (Barnes,
1988b). In wvitre, SP ceniracts the airway smooth muscle of several

species, including man (Lundberg et al., 1983c; Karlsson et al.,
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1984). In vitro, the contractile effect of SP on airway smooth

muscle are inhibited by SP antagonists, suggesting a direct effect
on smooth muscle «cells. However, the specificity of these
antagonists kas been questioned (Karlsson & Persson, 1984).

In guinea pigs (Hua et al., 1985a) or in isolated human bronchi
(Karlsson & Persson, 1985; Lundberg et al., 1985b; Martling et al.,
1987), NKA and ELE are much more potent bronchoconstrictors than SP,
suggesting that the SP-E receptor is dominant in airway smooth
muscle. Since NKA-LI has been detected in lung, NKA, rather than SP,
is probably the endogenous stimulant of SP receptors, at least in
airway smooth muscle. Infusion of NKA in human subjects causes
bronchoconstriction and relatively few cardiovascular effects, .
suggesting that NKy-receptors are important in regulation of
bronchial tone in vivo (Theodorsson-Nerheim et al., 1985). CGRP is
the most potent constrictor of human airways so far described
(Palmer et al., 1985a). Contraction induced by CGRP is unaffected by
cholinergic, Aiistamine, or Teukotriene antagonists and probably acts
via specific receptors (Barnes, 1986,1987).

SP, ﬁéurokinins, and CGRP are capable of producing many of the
pathologic features of asthma, including contraction of airway
smooth muscle, edema, plasma extravasation, and mucous
hypersecretion (Barnes, 1986a; Lundberg & Saria, 1987), so it is
possible that they contribute to the pathology of asthma.
Stimulatien of C-fiber endings that are exposed due to epithelial
damage in asthmatics (see section 1.2.3.), can also result in axonal
reflexes, with the release of sensory neuropeptides from collaterals

in the airway.
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It has been discovered that a membrane-bound enzyme called
neutral endopeptidase (NEP; also called enkephalinase), localized on
specific cells that contain tachykinin receptors (epithelium, smooth
muscle, glands, blood vessels, neutrophils, serisory nerves, vagus
nerves), modulates the actions of tachykinins by cleaving and
inactivating them. Thus, it is possible that down-regulation of NEP
activity 1in airways may enhance the effects of sensory neuropeptides
released by local axonal vreflexes and contribute to the

pathophysiology of asthma (Nadel, 1988).

1.4. MWodulation of Cholinergic Neurotransmission

As discussed in sections 1.2.3. & 1.3., imbalances in the _
excitatory and inhibitory autcnenic nervous systems could lead to
bronchial hyperresponsiveness (l{a:ile, 1988; Barnes et al., 1988).
In many species, including man (Richardson, 1979), the cholinergic
nervous system is the dominant bronchoconstrictor and has been shown
to mediate the rapid changes in airway caliber provoked by injection
or inhalation of irritants such as histamine (Boushey, 1984). Thus,
it may be possible that overactivity of cholinergic mechanisms leads
to bronchial hyperresponsiveness in asthma (Nadel et al., 1986).
This possibility was first suggested by the findings that muscarinic
antagonists are often effective bronchodilators (Cavanaugh & Cooper,
1976; Chamberlain et al., 1962; Herxheimer, 1959) and muscarinic
agonists are potent bronchoconstrictors (Curry, 1947) in asthmatics.
This view has been further supported by the finding that many of the
stimuli that induce bronchospasm in asthma (e.g., sulfur dioxide,

prostaglandins and histamine) also stimulate airway vagal afferents
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(irritant and C-fiber) and induce an increase in vagal reflex
activity (Sant’Ambrogio, 1982; Widdicombe, 1982).

An increase in activity in vagal reflex pathways offers an
attractive explanation for airway hyperresponsiveness. Several
possible sites in the sensory ard motor pathways may be involved:
vagal sensory endings, nodose or sensory ganglia, central nervous
system, vagal motor ganglia, release of acetylcholine from the
postganglionic nerve terminals, and the smooth muscle muscarinic
receptor sites (Holtzman et al., 1980; Boushey, 1984; Nadel et al.,
1986). There could be an increase in airway afferent receptor
discharge via the effects of inflammatory mediators and exposure of
afferent nerve endings by the airway epithelial damage found in .
asthma. This hypothesis has been supported by studies of responses
of the respiratory system that are known to be influenced by
afferent vagal activity, such as the pattern of breathing (Lee et
al., 1980) and the threshould for cough (Empey et al., 1976).
However, it is unclear whether the sensory endings responsible for
cough are also responsible for bronchoconstriction. Asthmatics have
been shown to respond to psychological stimuli with
bronchoconstriction that is inhibited by atropine (McFadden et al.,
1969). Thus, neural output from the central nervous system could
contribute to increased vagal efferent activity. Holtzman et al.
(1980) have shown in atopic subjects thzt hexamethonium did not
alter the bronchoconstriction induced by inhaled methacholine but
prevented that induced by inhaled histamine, indicating that
ganglionic transmission is not necessary for the response to

methacholine. These findings suggest that inhaled methacholine acts
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directly on the smooth muscle muscarinic receptors to cause
bronchoconstriction, and that the increased bronchomotor responses
result from acetylcholine-mediated cholinergic nervous activity. An
increasé in the number or the binding affinity of the muscarinic
receptors on airway smooth muscle <could 1lead to airway
hyperresponsiveness. In this case, bronchomotor responses to
muscarinic agonists or other stimuli that cause, through whatever
mechanism, an increase in efferent traffic to the postganglionic
nerve ending, may be enhanced (Boushey, 1984). This may account
partly for nonspecificity of airway hyperresponsiveness in asthma.
Mita et al. (1983) showed that numbers of muscarinic receptors in
lung homogenates were increased in a guinea-pig model of asthma, -
supporting the possible role of increased numbers of muscarinic
receptors on smooth muscle in asthma.

It 1is also possible that cholinergic neurotransmission may be
facilitated at cholinergic ganglia and nesrom:scular junctions by
inflammatory mediators or other neurotransmitters. The following
sections will discuss in detail "braking" and "facilitatory"
mechanisms in the cholinergic motor pathway.

1.4.1. Modulation by Neurohumoral Mediators

Airway cholinergic neurotransmission is under the influence of
various inflammatory mediators and neurotransmitters. In isolated
canine trachea, prostaglandin E, (PGE;) has inhibitory effects
on cholinergic neurotransmission at a prejunctional site (Walters,
1984). By contrast, in intact dogs, PGFp, increases airway
responsiveness to inhaled ACh, and the increase is blocked by

hexamethonium, indicating the involvement of neural mechanisms
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(0’'Byrne et al., 1984a). Serotonin appears to potentiate the release
of ACh from cholinergic nerves in dog airways (Hahn et al., 1978;
Sheller et al., 1982).

In | cats, guinea pigs, and rabbits, SP induces broncho-
constriction which is partially blocked by atropine (Andersson &
Persson, 1977; Tanaka & Grunstein, 1984), suggesting that the
release of ACh mediates part of its bronchoconstrictor actions
(Tanaka & Grunstein, 1984). In several species, including human,
both immunohistochemical (Lundberg et al., 1984b) and
electrophysiological studies (Barnes, 1986c) have indicated
SP-containing afferent input into éirway ganglia and into bronchial
smooth muscle. Thus, the release of SP from sensory afferents could -
modulate ganglionic neurotransmission (Barnes, 1986c¢).

In animal and human Tungs, VIP-containing nerve fibers are faound
in close association with the airway smooth muscle layers #rum
trachea to small bronchiole (Said & Dey, 1988). Many of the nerve
cell bodies in airway ganglia contain VIP (Uddman et al., 1978;
Uddman & Sundler, 1979; Dey =t 1., 1981), and VIP is present in
nerve terminals that contact the nerve cell bodies within the
ganglia. Ultrastructural studies suggest that VIP coexists in the
same nerve terminals as ACh (Laitinen, 1985). These morphological
findings may indicate that VIP-ergic nerves could medulate
cholinergic neurotransmission in airway ganglia or affsct smooth
muscle. In ferret isolated trachea, VIP potentiates responses to
field stimulation at Tlow concentrations (up to 10-9 M), but
reduces responses at higher <concentrations via presynaptic

mechanisms (Sekizawa et al., 1988).
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In guinea-pig airways, neuropeptide Y (NPY) reduces the
cholinergic component of FS-induced contraction via a prejunctional
mechanism by acting directly on receptors on cholinergic nerve
terminals (Stretton & Barnes, 1988). These findings suggest that NPY
released by adrenergic rerves modulates cholinetr gic
neurotransmission in guinea-pig airways.

Mast cells are closely associated with airway ganglia, and this
suggests that various invlammatory mediators (see section 1.2.3. for
mediators) released from these cells also influence ganglionic

neurotransmission.

1.4.2. Sympathetic Modulation

Although there appears to be no direct functional sympathetic
innervation of human airway smooth muscle as discussed above (see
section 1.3.2.2.), it is possible that adrenergic nerves may
influence bronchomotor tone indirectly (Barnes, 1988a).
Histochemistry has demonstrated catecholamine-containing nerve
fibers in the parasympathetic ganglia of calf (Mann, 1971;
Jacobowitz et al., 1973), pig, rabbit and foetal sheep lung (Mann,
1971); and in human airway ganglia (Richardson & Ferguson, 1979;
Partanen et al., 1982). In guinea-pig airways, sympathetic fibers
were not noted in parasympathetic gangiia (Baluk et al., 1985), but
sympathetic and cholinergic varicosities were in close apposition
near airway smooth muscle (Jones et al., 1980). These anatomical
findings suggest that the sympathetic nervous system could modulate
neurotransmission at the airway parasympathetic ganglia or at the

cholinergic neuromuscular Jjunction. The evidence for this will be
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discussed below.

In intact dogs, electrical stimulation of the thoracic
sympathetic nerves inhibits the bronchoconstrictor effect of vagal
nerve stimulation (Cabezas et al., 1971). In isolated canine
bronchi, NE and isoproterenol reduce contractile responses to
cholinergic stimulation but have little effect on responses to
exogerous ACh, suggesting that their inhibitory effects are on the
release of ACh from postganglionic nerve terminals via prejunctional
By-receptors  (Vermeire & Vanhoutte, 1977, 1979; Vanhoutte &
Flavahan, 1988). In preparations with the epithelium removed,
electrical field stimulation evokes a rapid increase in tension
which is not sustained and the "spontaneous" decrease in the size of .
the response is prevented by propranolol (Vermiere & Vanhoutte,
1979). These observations suggest that NE released from adrenergic
nerve terminals reduces the release of ACh via prejunctional
B-adrenoceptors. In the canine bronchi, adrenergic and cholinergic
varicosities were found in close apposition (Knight et al., 1981),
supporting a vrole for sympathetic modulation of cholineric
neurotransmission in vitro and in vive.

In ferret trachea, NE inhibits cholinergic neurotransmission at
parasympathetic ganglia via presynaptic a-adrenoceptors, which
mediate the inhibition of the firing of ganglion cells (Baker et
al., 1983). These findings have been confirmed in nerve-muscle
preparations of ferret trachea, but only in about half of the
preparations tested (Skoogh, 1986, 1988). Skoogh (1986, 1988) showed
that isoproterenol prevented cholinergic neurotransmission at

parasympathetic ganglia probably via presynaptic B,-adrenoceptors
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that inhibit ACh release (Skoogh, 1986, 1988). Ferret tracheal
ganglia are known to contain at least two different cell types
(Baker et al., 1986) and two different types of nerve terminals
(Coburn; 1984) . However, the adrenergic innervation of these ganglia
has not been demonstrated in ferret tracheal ganglia.

In guinea pigs, stimulation of the sympathetic outflow to the
lungs induces bronchodilation (Ainsworth et al., 1982). However,
there is no evidence for direct sympathetic innervation of
intrapulmonary airwzss, which suggests that effect of sympathetic
stimulation on the airways is indirect. In isolated guinea-pig
trachea, the sympathomimetics NE, epinephrine, and salbutamol
inhibited responses to ¥S at low frequency, and this inhibition was -
blocked by pB-antagonists {Jones et al., 1980). However, others
{Grundstrém et al., 1981b) reported that NE inhibited responses to
FS 1in isolated trachea and main bronchi during pB-adrenoceptor
blockade, an effect blocked by the selective «,-adrenoceptor
antagonist yohimbine. In anesthetized guinea-pigs, the ay-agonist
clonidine significantly inhibited atropine-sensitive
bronchoconstriction induced by electrical vagal stimulation. Again,
this effect was reduced by yohimbine (Andersson et al., 1986). These
findings indicate that both prejunctional a,- and B-adrenoceptors
mediate the inhibitory effects of adrenergic agonists on cholinergic
transmission in guinea-pig airways. In guinea-pig trachea with the
vagi intact, McCaig (1987) showed that inhibition of vagal responses
by isoproterenol was blocked by propranolol, but that inhibition by
NE was blocked only by a combination of propranolol and

phentolamine, indicating the involvement of both prejunctional a-
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and B-adrenoceptors in the neuromodulatory effects. Also, she showed
that sympathetic nerve stimulation inhibited vagal responses in half
of the preparations tested.

In isolated human bronchi, sympathomimetics inhibited the
atropine-sensitive contraction induced by FS probably via
prejunctional ap- (Grundstrom & Andersson, 1985) and
Bp-adrenoceptors (Rhoden et al., 198?) located on postganglionic
parasympathetic nerves.

In sensitized guinea-pigs (Andersson et al., 1986) and in
asthmatic patients (Lindgren et al., 1986), clonidine inhibited
bronchospasm induced by antigen chailenge. This might be due in part
to inhibition of vagal reflex bronchoconstriction via presynaptic -
ap-3drenoceptors on  cholinergic efferents as vagal reflex
bronchoconstriction occurs in airway anaphylaxis (Widdicombe, 1977,
1982). pB-F'ockers may precipitate bronchoconstrictian in asthmatic
subjects (McNeill, 1964; McNeill & Ingram, 1966; van Herwaarden,
1983) by an unknown mechanism. One possibility is that, in
asthmatics, catecholamines exert a tonic braking effect on
cholinergic  neurotransmission at parasympathetic ganglia or at
neuromuscular Jjunctions and tha release of this braking effect by
B-blockers results in bronchoconstriction (see section 1.3.2.2.).

The above evidence indicates that cholinergic neurotransmission
can be inhibited by the sympathetic nervous system and
sympathomimetics in the airways of mammalian species including
humans.  Therefore, it is possible that a decrease in such
neuromodulatory functions could lead to airway hyperresponsiveness

in asthma.
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1.5. Preamble
It is clear from the literature review that nonspecific airway
hyperreéponsiveness is a fundamental characteristic of asthma. Thus,
it is essential to wunderstand the mechanism of airway
hyperresponsiveness in order to develop treatments for asthma. Out
of the many potential mechanisms proposed for airway
hyperresponsiveness, abnormality of autonomic control of the airways
has received much attention. This is because of the often rapid
changes in bronchomotor tone in asthma, and the absence of a
correlation between airway responseé in vivo and in vitro. Imbalance
between the excitatory and inhibitory nervous systems could -
¢ = =ote to airway hyperresponsiveness (Barnes et al., 1988;
+988)j. In many species, and in man (Richardson, 1979), the
nervous system is the dominant bronchoconstrictor and
‘ty of cholinergic mechanisms could lead to the bronchial
veness in asthma (Nadel et al., 1986). Sites in the
afid motor pathways responsible for increased vagal efferent
sctivity could include: vagal sensory endings, the nodose ganglia,
the central nervous system, the vagal motor ganglia, postganglionic
nerve terminals, and smooth muscle muscarinic receptor sites.
Minette et al. (1988) claimed that inhibitory muscarinic
autoreceptor function is decreased in asthmatic subjects. This
suggests an important role for inhibitory presynaptic receptors in
airway hyperresponsiveness. Prejunctional ay-adrenoceptors inhibit
cho]ihergic neurotransmission in the airways of guinea pigs and

humans (Grundstrém et al., 1981; Grundstrém & Andersson, 1985). In
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sensitized guinea pigs (Andersson et al., 1986) and in asthmatic
patients (Lindgren et al., 1986), the ag-agonist clonidine
inhibits bronchospasm induced by antigen challenge, probably by
inhibit%ng vagal reflex bronchoconstriction by actions on
presynaptic  ap-adrenoceptors located on cholinergic efferents.
However, whether inhibitory op-adrenoceptor function is altered in
asthma is unknown. Despite many studies, evidence of a role for
aj-adrenoceptors in airway hyperresponsiveness 1is conflicting. We
examined whether «;- and ap-adrenoceptors are involved in airway

hypefresponsiveness in guinea pigs.

1.6. Hypothesis

Up-regutation of excitatory aj-adrenoceptors and
down-reguiation of acetylcholine-release-modulating presynaptic
ay-adrenoceptors contribute to airway hyperresponsiveness in

asthnmi.

1.7. Objectives

Overali: Determine the role of a-adrenoceptors in experimental
asthma, with special emphasis on their neuromodulatory function.
1. Compare the inhibitory effects of adrenergic agonists on
tracheal responses to pre- (NS) and post-ganglionic (FS) vagal
stimulation, %p determine whether aj-adrenoceptors modulate
neurotransmission at parasympathetic ganglia in tracheas from
control guinea pigs.

2. Study the effects of uptake 1 and 2 blockers, and chemical
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sympathectomy with 6-hydroxydopamine, on neuromodulatory function of
NE in tracheas from control guinea pigs.

3. Characterize the effects of sympathetic ganglionic stimulation
on tracheal responses to vagal stimulation, to study the
neuromodulatory function of endogenous NE in tracheas from control
guinea pigs.

4. Characterize the inhibitory effects of NE on tracheal responses
to pre- (NS) and post-ganglionic (FS) vagal stimulation in tracheas
from ovalbumin-sensitized and hypersensitized guinea pigs, and

compare the results with those from 1 above.

1.8. Animal Model

The guinea pig was used as the animal model in these experiments
because:
1. The pattern of the sympathetic, parasympathetic, and NANC
innervation is similar in guinea pigs and in man (Richardson, 1979).
2. Modulatory ap-adrenoceptors have been described in the airways
of guinea pigs and man (Andersson & Grundstrém, 1987).
3. Models of asthma are available in guinea pigs (Barnes, 1980;
Mita et al., 1983).
4, The smooth muscle in guinea-pig airways is abundant (Miller,
1947), making the airways ‘especially sensitive to broncho-
constrictors.
5. The guinea-pig tracheal tube is one of the few preparations in
which it 1is possible to stimu]a;e.parasympathetic nerves pre- and /

post-ganglionically (McCaig & Blackman, 1983).



77

1.9. References

Abraham WM. The importance of lipoxygenase products of arachidonic
acid in allergen-induced late responses. Am Rev Respir Dis
135:549-S53, 1987.

Abraham WM, Sielczak MW, Wanner A, Perruchoud AP, Blinder L, et al.
Cellular markers of inflammation in the airways of allergic sheep
with and without allergen-induced late responses. Am Rev Respir Dis
138:1565-1571, 1988.

Agostoni E, Chinnock JE, Daly M de B, Murray JG. Functional and
histological studies of the vagus nerve and its branches to the
heart, lungs and abdominal viscera in the cat. J Physiol London
135:182-205, 1957.

Ainsworth GA, Garland LG, Payne AN. Modulation of bronchoconstrictor
responses to histamine in purebred guinea-pigs by sympathetic nerve
stimulation. Br J Pharmacol 77:249-254, 1982.

Aizawa H, Chung KF, Leikauf GD, et al. Significance of thromboxane
generation in ozone-induced airway hyperresponsiveness in dogs. J
Appl Physiol 59:1918-1923, 1985.

Aizawa H, Miyazaki N, Shigematsu N, Tomooka M. A possible role of
airway epithelium in modulating hyperresponsiveng&ss. Br J Pharmacol
93:139-145, 1988,

lanko K, Poppius H. Anticholinergic blocking of
prostaglandin-induced bronchoconstriction. Br Med J 1:294, 1974.

American Thoracic Society. Snowbird workshop on standardization of
spirometry. Am Rev Respir Dis 119:831-8, 1979.

American Thoracic Society. Standardization of spirometry-1987
update. Am Rev Respir Dis 136:1285-98,1987.

Amiri MH, Gabella G. Structure of the guinea-pig trachea at rest and
in contraction. Anat Embryol 178:389-397, 1988.

Andersson RGG, Fugner A, Lindgren BR, Muacevic G. Inhibitory effects
of clonidine on bronchospasm induced in guinea-pigs by vagal
stimulation or antigen challenge. Eur J Pharmacol 123:181-185, 1986.

Andersson RGG, Grundstrdm N. The excitatory non-cholinergic,
non-adrenergic nervous system of the guinea-pig airways. Eur J
Respir Dis 64 (Suppl 131):141-157, 1983.

Andersson RGG, Grundstrom N. Innervation of airway smooth muscie.
Efferent mechanisms. Pharmac Ther 32:107-130, 1987.

Andersson P, Persson H. Effect of substance P on pulmonary
resistance and dynamic pulmonary compliance in the anaesthetized cat
and guinea-pig. Acta Pharmacol et Toxicol 41:444-448, 1977.



78

Ariens EJ, Simonis AM. Physiological and pharmacological aspects of
adrenergic receptor classification. Biochem Pharmacol 32:1539-1545,
1983.

Armour CL, Lazar NM, Schellenberg RR, Taylor SM, Chan N, Hogg JC,
Paré PD. A comparison of in vivo and in vitro human airway
reactivity to histamine. Am Rev Respir Dis. 129:907-910, 1984.

Baker DG, Basbaum CB, Herbbert DA, Mitchell RA. Transmission in
airway ganglia of ferrets: inhibition by norepinephrine. Neurosci
Lett 41:139-143, 1983.

Baker DG, McDonald DM, Mitchell RA. The nervous system of the ferret
trachea: Its architecture as revealed by acetylcholinesterase
histochemistry. J Comp Neruol 246:513-526, 1986.

Baluk P, Fujiwara T, Matsuda S. The fine structure of the ganglia of
the guinea-pig trachea. Cell Tissue Res 239: 51-60, 1985.

Barnes PJ. Adrenergic and non-adrenergic mechanisms in asthma. Prog
Respir Res 19:159-164, 1985. Basel: Karger.

Barnes PJ. Asthma as an axon reflex. Lancet 1:242-5, 1986a.

Barnes PJ. Non-adrenergic non-cholinergic neural control of human
airways. Arch int Pharmacodyn 280 (Suppl):208-228, 1986b.

Barnes PJ. Neural control of human airwa‘ys in health and disease.
State of the art. Am Rev Respir Dis 134:1289-1314, 1986c.

Barnes PJ. Muscarinic receptors in lung. Postgrad Med J 63
(Suppl):13-19, 1987a.

Barnes, P.J. Inflammatory mediator receptors and asthma. Am Rev
Respir Dis 135:526-S31, 1987b.

Barnes PJ. Airway neuropeptides and asthma. Trends Pharm Sci
8:24-27, 1987c.

Barnes PJ. Adrenergic regulation of airway function. In: The

Airways. Neural Contro] in Health and Disease, Kaliner MA, Barnes
PJ, eds. New York: Marcel Dekker, 1988a, vol 33, pp. 57-85.

Barnes PJ. Airway neuropeptides. In: Asthma: Basic mechanisms and
clinical management. Barnes PJ, Rodger IW, Thomson NC, eds. London:
Academic press, 1988b, pp. 395-413.

Barnes PJ, Basbaum CB. Mapping of adrenergic receptors in the
trachea by autoradiography. Exp. Lung Res 5:183-192, 1983.

Barnes PJ, Basbaum CB, Nadel JA. Autoradiographic localization of
autonomic receptors in airway smooth muscle: marked differences
between large and small airways. Am Rev Respir Dis 127:758-62,
1983a.



19

Barnes PJ, Skoogh B-E, Brown JK, Nadel JA. Activation of
alpha-adrenergic responses in tracheal smooth muscle: a
post-receptor mechanism. J Appl Physiol 54:1469-1476, 1983b.

Barnes PJ, Skoogh B-E, Nadel JA, Roberts JM. Postsynaptic
alphaj-adrenoceptors predominatée over alphaj-adrenoceptors in
caniné tracheal smoeth muscle and mediate néuronal and humoral
alpha-adrenergic contraction. Mol Pharmacol 23:570-575, 1983c.

Barnes PJ, Basbaum CB, Nadel JA, Roberts JM. Localization of
p-adrenoceptors in mammalian Tung by 1light microscopic
autoradiography. Nature 299:444-447, 1982a.

Barnes PJ, FitzGerald GA, Dollery CT. Circadian variation in
adrenergic responses in asthmatic subjects. Clin Sci 62:349-354,
1982b.

Barnes PJ, Ind PW, Brown MJ. Plasma histamine and catecholamines in
stable asthmatic subjects. Clin Sci 62:661-665, 1982c.

Barnes PJ, Brown MJ, Silverman M, Dollery CT. Circulating
catecholamines in exercise and hyperventilation-induced asthma.
Thorax 36:435-440, 1981a.

Barnes PJ, Ind PW, Dollery CT. Inhaled prazosin in asthma. Thorax
36:378-381, 1981b.

Barnes PJ, Wilson NM, Vickers H. Prazosin, an alphajy-adrenoceptor
antagonist partially inhibits exercise-induced asthma. J Allergy
Clin Immunol 68:411-419, 198lc.

Barnes PJ, Dollery CT, MacDermot J. Increased pulmonary «-adrenergic
and reduced B-adrenergic receptors in experimental asthma. Nature
285:569-571, 1980a.

Barnes PJ, Karliner JS, Dollery CT. Human lung adrenoceptors studied
by radioligand binding. Clin Sci 58:457-461, 1980b.

Barnes PJ, Karliner J, HamiTton C, Dollery C. Demonstration of
alphay-adrenoceptors in guinea pig lung using [“H]prazosin. Life
Sci i§:1207-1214, 1979.

Rarnes PJ, Pride NB. Dose-response curves to 1inhaled
beta-adrenocepter agonists in normal and asthmatic subjects. Br J
Clin Pharmace) 15:677-682, 1983.

Barnes PJ, Rodger IW, Thomson NC. Pathogenesis of asthma. In Asthma:

Basic mechanisms and clinical management. Barnes PJ, Rodger IW,
Thomson NC, eds. London: Academic press, 1988, pp. 415-444,

Bartlett D Jr, Jeffery P, Sant’Ambrogio G, Wise JCM. Location of
stretch receptors in the trachea and bronchi of the dog. J Physioi
London 258:409-20, 1976.



80

Baudouin SV, Aitman TJ, Johnson AJ. Prazosin in the treatment of
chronic asthma. Thorax 43:385-387, 1988.

Beasley R, Roche WR, Roberts JA, Holgate ST. Cellular event§ in the
bronchi in mild asthma and after bronchial provocation. Am Rev
Respir Dis 139:806-817, 1989. ot :

Beck KC, Vetterman J, Flavahan NA, Rehc‘lef K. Muscarinic Ml-rreceptors
mediate the increase in pulmonary resistance during vagus nerve
stimulation in dogs. Am Rev Respir Dis 136:1135-9, 1987.

v

Bel EH, Van der Veen H, Kramps JA, et al. Maximal aii"way narrowing
to inhaled leukotriene D4 in normal subjects. Comparison and
interaction with methacholine. Am Rev Respir Dis. 136:979-984, 1987.
Bel EH, Van der Veen H, Dijkman JH, Sterk PJ. The effect of inhaled
budesonide on the maximal degree of airway narrowing to leukotriene
D4 and methacholine in normal subjects in vivo. Am Rev Respir Dis
_1_3_3_:427-431, 1989. ' :

Benveniste J. A role of paf-acéther (platelet-activating factor) in
bronchial hyperreactivity? Am Rev Respir Dis 135:52-S4, 1987.

Berkin KG, Inglis GC, Ball SC, Thomson NC. Airway responses to Tow °
concentrations of adrenaline and noradrenaline in normal subjects. Q
J Exp Physiol 70:203-209, 1985.

Berkin KG, Inglis GC, Ball SC, Thomson NC. Effect of low dose
adrenaline and noradrenaline infusions on airway calibre in
asthmatic patients. Clin Sci 70:347-352, 1986.

Bianco S, Griffin JP, Kamburoff PL, Prime FJ. The effect of
thymoxamine on histamine induced bronchospasm in man. Br J Dis Chest
66:27-32, 1972.

Bienenstock J, Tomicka M, Stead R. LZrnst P, Jordans M, et al. Mast
cell involvement in various inflammatory processes. Am Rev Respir
Dis 135:55-S8, 1987.

Biggs DF, Goel V. Does capsaicin cause reflex bronchospasm in
guinea-pigs? Eur J Pharmacol 115:71-80, 1985,

Birdsall NJM, Hulme EC. Multiple muscarinic receptors: further
protg]ems in receptor classification. Trends Auton Pharmacol 3:17-34,
1985.

Bishop AE, Polak JM, Facer P, et al. Neurone specific enolase: a
common marker for the endocrine cells and innervation of the gut and
pancreas. Gastroenterology §_3_:.90'2-15, 1982.

Blaber LC, Fryer AD, Maclagan J. Neuronal muscarini: receptors
attenuate vagally-induced contraction of feline bror::. al smooth
muscle. Br J Pharmacol 86:723-8, 1985,



81

Black JL, Salome CM, Yan K, Shaw J. Comparison between airways
response to an alpha-adrenoceptor agonist and histamine in asthmatic
and non-asthmatic subjects. Br J Clin Pharmacol 14:464-466, 1982.

Black JL Salome CM, Yan K, Shaw J. The action of prazosin and
propylen” ‘lycol on methoxamine-induced bronchoconstriction in
asthmat?. subjects. Br J Clin Pharmacol 18:343-353, 1984.

Black J, Ts»war A, Shaw J. Alpha-adrenoceptors in human peripheral
Tung. Eur J Pharmacol 72:83-86, 1981.

Bloom JW, Yamamura HI, Baumgartener C, Halonen M. A muscarinic
receptor with high affinity for pirenzepine mediates vagally induced
brenchoconstriction. Eur J Pharmacol 133:21-27, 1987.

Boushey HA. The role of the parasympathetic system in the regulation
of bronchial smooth muscle. Eur J Respir Dis 65(Suppl 135):80-90,
1984.

Boushey HA. Asthma and bronchial hyperreactivity. Possible role of
disturbances in autonomic regulation. Prog Respir Res 19:124-136,
1985. Basel: Karger

Boushey HA, Holtzman MJ, Sheller JR, Nadel JA. Bronchial
hyperreactivity. Am Rev Respir Dis 121:389-413, 1980

Bradley GW. Control of the breathing pattern. In: Respiratory
Physiology II. Widdicombe JG, ed. Baltimore, MD: University Park,
vol 14. 185-217, 1977. (Int Rev Physiol Ser).

Bradley GW, Scheurmier N. The transduction properties of tracheal
stretch ieceptors in vitro. Respir Physiol 31:356-75, 1977.

Braquet P, Etienne A, Clostre F. Down-regulation of pB,-adrenergic
receptors by PAF-accether and its inhibition by the PAF-acether
antagonist BN 52021. Prostaglandins 30:721, 1985.

Brink C. Prostaglandins. In Asthma: Basic mechanisms and clinical
management. Barnes PJ, Rodger IW, Thomson NC, eds. London: Academic
press, 1988, pp. 203-212.

Britton JR, Hanley SP, Tattersfield AE. The effect of an oral
leukotriene D, antagonist L-649,923 on the response to inhaled
antigen in asthma. J Allergy Clin Immunol 79:811-816, 1987.

Brown MJ, Jenner DA, &lison DJ, Dollery CT. Variations in
individual organ release of noradrenaline measured by an improved
radioenzymatic technique; limitations of peripheral venous
measurements in the assessment of sympathetic nervous activity. Clin
Sci 61:585-590, 1981.

Brown JK, Shields R, Jones C, Gold WM. Augmentation of
alpha-adrenergic responsiveness in trachealis muscle of 1living dogs.
J Appl Physiol 54:1558-1566, 1983.



82
Burnstock G. Purinerg'ic nerves. Pharmacol Rev 24:509, 1972.

Burnstock G. Autonomic neural control mechanisms. With special

reference to the airways. In: The Airways. Neura] Control in Health
and Disease, Kaliner MA, Barnes PJ, eds. New York: Marcel Dekker,

- 1988, vol. 33, pp. 1-22.

Butchers PR, Skidmore IF, Vardey CJ, Wheeldon AM. Characterization
of the receptor mediating the anti-anaphylactic effects of
beta-adrenoceptor agonists in human lung tissue in vitro. Br J
Pharmacol 71:663-667, 1980.

Cabezas GA, Graf PD, Nadel JA. Sympathetic versus parasympathetic
nervous regulation of airways in dogs. J Appl Physiol 31:651-655,
1971.

Cameron AR, Johnston CF, Kirkpatrick CT, Kirkpatrick MCA. The quest
for the inhibitory neurotransmitter in bovine tracheal smooth
muscle. @ J Exp Physiol 68:413-426, 1983.

Campbell G. Autonomic innervation of the lung musculature of a toad
(Bufo marinus). Comp Gen Pharmacol 2:281-286, 1971.

Campbell SC. Effects of alpha-adrenergic blockad: with phentolamine .
on airway function in asthma. Ann Allergy 49:135-138, 1982.

Carstairs JR, Nimmo AJ, Barnes PJ. Autoradiographic localization of
beta-adrenoceptors in human lung. Eur J Pharmacol 103:189-190, 1984.

Carstairs JR, Nimmo AJ, Barnes PJ. Autoradiographic visualization of
beta-adrenoceptor subtypes in human lung. Am Rev Respir Dis
132:541-547, 1985.

Casale TB. Bronchial Hyperreactivity. Neural contributions. In: The
Airways. Neural Control in Health and Disease, edited by M. A.
Kaliner and P. J. Barnes, New York: Marcel Dekker, 1988, vol. 33, p.
467-484.

Casterline CL, Evans R III, Ward GW Jr. The effect of atropine and
albuterol aerosols on the human bronchial response to histamine. J
Allergy Clin Immunol 58:607-613, 1976.

Cavanaugh MJ, Cooper DM. Inhaled atropine sulfate: dose response
characteristics. Am Rev Respir Dis 114:517-524, 1976.

Cerrina J, Ladurie MLR, Labat C, Raffestein B, et al. Comparison of
human bronchial muscle responses to histamine in vivo and with
histamine and isoproterenol agonists in vitro. Am Rev Respir Dis
134:57-61, 1986.

Chamberlain DA, Muir DCF, Kennedy KP. Atropine methonitrate and
isoprenaline in bronchial asthma. Lancet 2:1019-1021, 1962.



83

Cheng JB, Townley RG. Comparison of muscarinic and beta-adrenergic
receptors between bovine peripheral lung and tracheal smooth
muscles: a striking difference. Life Sci 30:2079-86, 1982.

Chesrown SE, Venugopalan CS, Gold WM, Drazen JM. In vivo
demonstration of nonadrenergic inhibitory innervation of the guinea
pig trachea. J Clin Invest 65:314-320, 1980.

Chung KF. Role of inflammation in the hyperreactivity of the airways
in asthma. Thorax 41:657-662, 1986.

Chung KF, Aizawa H, Beeher AB, Frick 0, Gold WM, Nadel JA.
Inhibition of antigen-imduced airway hyperresponsiveness by a
thromboxane synthetase inhibitor (OKY 046) in allergic dogs. Am Rev
Respir Dis 134:258-261, 1986a.

Chung KF, Aizawa H, Leikauf GD, Ueki IF, Evens TW, Nadel JA. Airway
hyperresponsiveness induced by platelet-activating factor: role of
thromboxane generation. J Pharmacol Exp Ther 236:580-584, 1986b.

Chung KF, Becker AB, Lazarus SC, Frick OL, et al. Antigen-induced
airway hyperresponsiveness and pulmonary inflammation in allergic
dogs. J Appl Physiol 58:1347-1353, 1985.

Coburn RF, Tomita T. Evidence for nonadrenergic inhibitory nerves in
guinea pig trachealis muscie. Am J Physiol 224:1072-1080, 1973.

Coburn RF. The anatomy of the ferret paratracheal parasympathetic
nerve-ganglion plexus. Exp Lung Res 7:1-9, 1984.

Cockcroft DW. Airway hyperresponsiveness and late asthmatic
responses. Chest 94:178-180, 1988.

Cockcroft DW, Berscheid BA. The effect of pH on bronchial response
to inhaled histamine. Thorax 37:133-136, 1982.

Cockcroft DW, Murdock KY. Comparative effects of inhaled salbutamol,
sodium cromoglycate and beclomethasone dipropionate on
allergen-induced early asthmatic responses, late asthmatic responses
and increased bronchial responsiveness to histamine. J Allergy Clin
Immunol 79:734-740, 1987.

Cockcroft DW, Ruffin RE, Dolovich J, Hargreave FE. Allergen-induced
increase in non-allergic bronchial reactivity. Clin Allergy
7:503-13, 1977.

Coleman RA. Purine antagonists in the identification of
adenosine-receptors in guinea-pig trachea and the role of purines in
non-adrenergic inhibitory neurotransmission. Br J Pharmacol
69:359-366, 1980. ‘

Coleridge HM, Coleridge JCG. Impulse activity in afferent vagal
C-fibers with endings in the intrapulmonary airways of the dogs.
Respir Physiol 29:143-150, 1977.



84

Coleridge JCG, Co'ler*’idge' HM. Afferent vagal C fiber innervation of
the lungs and airways and its functional significance. Rev Physiol
Biochem Pharmacol 99:1-110, 1984.

Coleridge H, Coleridge J. Reflexes evoked from the tracheok.sachial

tree and lungs. In: Handbook of Physiology, Section 3, The
Respiratory System, vol II. Cherniack NS, Widdicombe JG, eds.
Washington, D.C., American Physiological Society, 295-433, 1986.

Coleridge HM, Coleridge JCG, Baker DG, Ginzel KH, Morrisan MA.

Suri2arison on the effects of histamine and prostaglandin on afferent

"~ "ier endings and irritant receptors in the intrapulmonary
;ays. Adv Exp Med Biol 99:291-305, 1978.

.aleridge HM, Coleridge JCG, Ginzel KH, Baker DG, Banzett RB,
Moriison MA. Stimulation of irritant receptors and afferent C-fibers
in the lungs by prostaglandins. Nature 264:451-453, 1976.

Coleridge JCG, Coleridge HM, Roberts AM, Kaufman MP, Baker DG.
Tracheal contraction and relaxation. initiated by lung and somatic
afferents in dogs. J Appl Physiol 52:984-990, 1982.

Cookson WOCM, Craddock CF, Benson MK, Durham SR. Falls in peripheral -
eosinophil counts parallel the late asthmatic response. Am Rev
Respir Dis 139:458-462, 1989.

Cooper G, Schiller AL. Anatomy of the Guinea Pig, pp. 287-302.
Cambridge: Harvard University Press. 1975.

Curry JJ. Comparative action of acetyl-beta-methyl choline and
histamine on the respiratory tract in normals, patients with hay
fever, and subjects with bronchial asthma. J Clin Invest 26:430-438,
1947,

Cuss FM, Barnes PJ. Epithelial mediaters. Am Rev Respir Dis
136:532-S35, 1987.

Cuss FM, Dixon CMS, Barnes P, Effects of inhaled platelet-activating
factor on pulmonary function and bronchial responsiveness in man.
Lancet 2:189-192, 1986.

Dahl R, Venge P, Fredens K. Eosinophils. In: Asthma: Basic
mechanisms and clinical management. Barnes PJ, Rodger IW, Thomson
NC, eds. London: Academic pres®, 1988, pp. 115-129.

Dahlen S-E. Leukotrienes and related lipoxygenase products. In:

Asthma: Basic mechanisms and clinical management. Barnes PJ, Rodger
IW, Thomson NC, eds. London: Academic press, 1988, pp. 213-230.

Dalsgaard C-J, Lundberg JM. Vagal and spinal afferent innervation of
the guinea-pig Tower respiratory tract as studied by the
HRP-technique Neurosci Lett 45:117-22, 1984,



85

Daniel £E. Control of airway smooth muscle. In: The Airways. Neural
Control in Health and Disease. Kaliner MA, Barnes PJ, New York:
Marcel Dekker, 1988, vol. 33, p. 485-521.

Davies A, Roumy M. The effect of transient stimulation of lung
irritant receptors on the pattern of breathing in rabbits. J Physiol
324: 389-401, 1982b.

Davis C, Kannan MS, Jones TR, Daniel EE. Control of human airway
smooth muscle: in vitro studies. J Appl Physiol 53:1080-1087, 1982a.

De Monchy JGR, Kauffman HF, Venge P, Koeter GH, et al.
Bronchoalveolar eosinophilia during allergen-induced late asthmatic
reactions. Am Rev Respir Dis 131:373-376, 1985.

De Troyer A, Yernault J-C, Rodenstein D. Effects of vagal blockada
on lung mechanics in normal man. J Appl Physiol 46:217-26, 1979.

De Jongste JC, Mons H, Bonta IL, Kerrabijn KF. Human asthmatic
airway responses in vitro. Case report and literature review. Eur J
Respir Dis 70:23-29, 1987.

Dey RD, Shannon WA, Said SI. Localization of ViP-immunoreactive -
nerves in airways and pulmonary vessels of dogs, cats and human
subjects. Cell Tissue Res 220:231-238, 1981.

Diamond L, Altiere RJ. Airway nonadrenergic noncholinergic
inhibitory nervous system. In: The Airways. Neural Control in Health
and Disease, edited by M. A. Kaliner and P. J. Barnes, New York:
Marcel Dekker, 1988, vol. 33, p. 343-394.

Diamond L, Gillespie M. The lung nonadrenergic inhibitory nervous
system. Trends Pharmacol Sci 3:237-239, 1982.

Diamond L, Richardson JB. Inhibitory innervation to airway sm®oth
muscle. Exp Lung Res 3:379-385, 1982. 4

Doidge JM, Satchell DG. Adrenergic and non-adrenergic inhibitory
nerves in mammalian {irways. J Autonom Nerv Syst 5:83-99, 1982.

Dolovich MB, Sanchis J, Rossman C, Newhouse MT. Aercgsol penetrance:
a sensitive index of peripheral airways obstruction. J Appl Physiol
40:468-471, 1976. :

Don H. Man'agement of status asthmaticus in adults. In: Bronchial

asthma: Principles of diagnosis and treatment. Gershwin ME, ed.
London: Grune & Stratton, 1986. pp. 469-493.

Bersch W, Hintschich C, Neuhauser J, et al. Sequential histamine
inlsalations cause increased bronchial histamine reactivity in guinea
wigs: role of platelets, thromboxanes and prostacyclin. Naunyn
S¢amiedebergs Arch Pharmacol 327:148-55, 1984,

Dunnill MS. The pathology of asthma with special reference to
changes in the bronchial mucosa. J Clin Pathol 13:27-33, 1960.



86

Durham SR, Kay AB. Eosinophils, bronchial hyperreactivity and
late-phase asthmatic reactions. Clin Allergy 15:411-8, 1985.

Durham SR, Lee TH, Cromwell O, et al. Immunologic studies in
allergen-induced late-phase asthmatic reactions. J Allergy Clin
Immunol 74:49-60, 1974.

Elftman AG. The afferent and parasympathetic innervation of the
tungs and trachea of the dog. Am J Anat 72:1-28, 1943.

Empey DW, Laitinen LA, Jacobs L, Gold WM, Nadel JA. Mechanisms of
bronchial hyperreactivity in normal subjects after upper respiratory
tract infection. Am Rev Respir Dis 113:131-9, 1976.

Engel G. Subclass of beta-adrenoceptor-a quantitative estimation of
beta;- and beta,-adrenoceptors in guinea pig and human lung.
Postgrad Med 57:77-83, 1981.

Engels F, Oosting RS, Nijkamp FP. Pulmonary macrophages induce
deterioration of guinea-pig tracheal g-adrenergic function through
release of oxygen radicals. Eur J Pharmacol 111:143-144, 1985.

Evans TW, Brokaw JJ, Chung KF, Nadel JA, et al. Ozone-induced
bronchial hyperresponsiveness in the rat is not accompanied by
neutrophil influx or increased vascular permeability in the trachea.
Am Rev Respir Dis 138:140-144, 1988.

Fabbri LM, Aizawa H, Alpert SE, Walters EH, et al. Airway
hyperresponsiveness and changes in cell counts in bronchoalveolar
lavage after ozone exposure in dogs. Am Rev Respir Dis. 129:288-91,
1984.

Fedan JS, Hay DWP, Farmer SG, Raeburn D. Epithelial cells:
Moduiation of airway smooth muscle reactivity. In: Asthma: Basic
mechanisms and clinical management. Barnes PJ, Rodger IW, Thomson
NC, eds. London: Academic Press, 1988. pp 143-162.

Fillenz M, Widdicombe JG. Receptors of the lungs and airways. In:

Handbook of Sensory Physiology. Enteroceptors. Neil E, ed. New York:
Springer-Verlag, vol III, pt. 1, chapt. 3, 81-112, 1972.

Fillenz M, Woods BRI. Sensory innervation of theRairways.dIn:
Breathing: Hering-Breuer Centenary Symposium, Porter ed. London:
Churchill, 1970, pp. 101-107. ’ ’

Finnev MJB, Karlsson JA, Persson CGA. Effects of bronchoconstrictors
and bronchodilators on a novel small airway preparation. Br J
Pharmacol 85:29-36, 1985. . .

Fischer AWF. The intrinsic innervation of the trachea. J Anat
98:117-124, 1964.



87

Ford-Hutchinson AW. The neutrophil and lymphocytes. In: Asthma:

Basic mechanisms and clinical management. Barnes PJ, Rodger IV,
Thomson NC, eds. London: Academic press, 1988, pp. 131-142.

Frigas E, Loegering DA, Gleich GJ. Cytotoxic effects of the guinea
- pig eosinophil major basic protein on tracheal epithelium. Lab
Invest 42:35-42, 1980,

Frigo GM, del Tacca M, Lecchini S, Crema A. Some observations on the
intrinsic nervous mechanism in Hirschsprung’s disease. Gut 14:35-40,
1973.

Fryer AD, Maclagan J. Muscarinic inhibitory receptors in pulmonary
parasympathetic nerves in the guinea-pig. Br J Pharmacol 83:973-8,
1984.

Fukuda J, Kameyama M. Tetrodotoxin-sensitive and
tetrodotoxin-resistant sodium channels in tissue cultured spinal
ganglia neurons from adult mammals. Brain Res 182:191-197, 1980.

Fuller RW, Maxwell DL, Dixon CMS, MéGregor GP, et al. The effects of
substance P on cardiovascular and respiratory function in human
subjects. J Appl Physiol 62:1473-1479, 1987.

Ghatei MA, Sheppard WM, 0’Shaughnessy DJ, Adrian DJ, et al.
Regulatory peptides in the mammalian respiratory tract.
Endocrinology 111:1248-1254, 1982,

Gil J. Comparative morphology and ultrastructure of the airways. In:
Mechanisms in respiratory toxicology vol 1. Witschi H, Nettesheim P,
eds. 3-25, 1982.

Gleich GJ, Frigas E, Loegering DA, Wassom DL, et al. Cytotoxic
properties of the eosinophil major basic protein. J Immunol
123:2925-7, 1979.

Godard P, Chaintreuil J, Damon M, et al. Functional assessment of
alveolar macrophages: comparison of cells from asthmatics and normal
subjects. J Allergy Clin Immunol 70:88-93, 1982.

Golden JA, Nadel JA, Boushey HA. Bronchial hyperirritability in
healthy subjects after exposure to ozone. Am Rev Respir Dis
118:287-94, 1978.

Goldie RG, Karmelo ML, Paterscn JW. Bronchial a-adrenoceptor
function in asthma. Trends Pharmacol Sci 6:469-472, 1985.

Goldie RG, Paterson JW, Spina D, Wale JL. Classification of
B-receptors in human isolated bronchus. Br J Pharmacol 81:611-615,
1984,

Goldie RG, Paterson JW, Wale JL. Pharmacological responses of human
and porcine lung parenchyma, bronchus and pulmonary artery. Br J
Pharmacol 76:515-521, 1982.



88

Grandordy BM, Cuss FM, Sampson AS, Palmer JB, Barnes PJ.
Phosphatidylinositol response to cholinergic agonists in airway
smooth muscle: relationship to contraction and muscarinic receptor
occupancy. J Pharmacol Exf Ther 238:273-9, 1986.

Green GM, Jakab GJ, Low RB, Davis G6S. Defense mechanisms of the
respiratory membrane. Am Rev Respir Dis 115:479-514, 1977.

Grieco MH, Pierson RN. Mechanism of bronchoconstriction due to beta
adrenergic blockade. J Allergy Clin Immunol 48:143-152, 18§71.

Gross NJ, Barnes PJ. A short tour around the muscarinic receptor. Am
Rev Respir Dis 138:765-767m 1988.

Grundstrom N, Andersson RGG. Inhibition of the cholinergic
neurotransmission in human airways via prejunctional
alpha-2-adrenoceptors. Acta Physiol Scand 125:513-517, 1985.

Grundstrém N, Andersson RGG, Wikberg JES. Pharmacological
characterization of the autonomous.innervation of the guinea-pig
tracheobronchial smooth muscle. Acta Pharmacol Toxicol 49:150-57,
1981a.

Grundstrém N, Andersson RGG, Wikberg JES. Prejunctional alpha,
adrenoceptors inhibit contraction of tracheal smooth muscle by
inhibiting cholinergic transmission. Life Sci 28: 2981-2986, 1981b.

Guz A. Respiratory sensations in man. Br Med Bull 33:175-177, 1977.

Hahn HL, Wilson AG, Graf PD, Fischer SP, Nadel JA. Interaction
between serotonin and efferent vagus nerves in dog lungs. & Appl
Physiol 44:144-149, 1978.

Hammer R, Giraldo E, Schiavi GB, Monferini E, Ladinsky H. Binding
profile of a novel cardioselective muscarine receptor agonist, AF-DX
116, to membranes of peripheral tissues and brain in the rat. Life
Sci 38:1653-1662, 1986.

Hargreave FE, Ramsdale EH, Kirby JG, G’Byrne PM. Asthma and the role
of inflammation. Eur J Respir Dis 69(Suppl 147):16-21, 1986.

Hensley MJ, 0’Cain CF, McFadden ER, Ingram RH. Distribution of
bronchodilation in normal subjects: beta agonist versus atropine. J
Appl Physiol 45:778-82, 1978.

Herxheimer H. Atropine cigarettes in asthma and emphysema. Br Med J
2:167-171, 1959.

Hogg JC. Bronchial mucosal permeability and its relationship to
airways hyperreactivity. d Allergy Clin Immunol 67:421-~425, 1981.

Hogg JC. Normal and abnormal airway cell structure. In: Asthma:
Basic mechanisms and clinical management. Barnes PJ, Rodgger IW,
Thomson NC, eds. London, Academic Press, 1988, pp 1-9,



89

Hogg JC, Eggleston PA. Is asthma an epithelial disease? Am Rev
Respir Dis 129:207-208, 1984,

Holgate ST. Pathogenesis of bronchial asthma. Pharmaceutical J
231:412-417, 1983.

Holgate ST. Contribution of inflammatory mediators to the immediate
asthmatic reaction. Am Rev Respir Dis 135:557-S62, 1987.

Holgate ST, Hardy C, Robinson C, Agius RM, Howarth PH. The mast cell
as a primary effector cell in the pathogenesis of asthma. J Allergy
Clin Immunol 77:275-282, 1986.

Holmes R, Torrance RW. Afferent fibres of the stellate ganglion. 0 J
Exp Physiol 44:271-281, 1959.

Holtzman MJ. Pathophysiology of asthma: an overview of mechanisms of
bronchial hyperreactivity. In: Bronchial hyperreactivity. Morley J,
ed. New York: Academic Press, 1982, pp.5-17.

Holtzman MJ, Aizawa H, Nadel JA, Goe‘gzl EJ. Selective generation of
leukotriene Bg by tracheal epithelial cells from drugs. Biochem
Biophys Res Commun 114:1071-77576, 1983a.

Holtzman MJ, Fabbri LM, 0'Byrne PM, Gold BD, et al. Importance of
airway inflammation for hyperresponsiveness induced by ozone. Am Rev
Respir Dis. 127:686-690, 1983b.

Holtzman MJ, Sheller JR, Dimeo M, Nadel JA, Boushey HA. Effect of
ganglionic blockade on bronchial reactivity in atopic subjects. Am
Rev Respir Dis 122:17-25, 1980.

Howarth PH, Pao GJ-K, Durham SR, Lee TH, Kay AB, Holgate ST.
Influence of airway reactivity on circulating histamine and
neutrophil chemotactic activity. Thorax 38:705, 1983.

Hua X-Y, Lundberg JM, Theodorsson-Norheim E, Brodin E. Comparison of
cardiovascular and bronchoconstrictor effects of substance P,
substance K and other tachykinins. Naunyn-Schmiedeberg’s Arch
Pharmacol 328:196-201, 1984. Erratum 328:361, 1985a.

Hua X-Y, Theodorsson-Norheim E, Brodin E, Lundberg JM. Multiple
tachykinins (neurokinin A, Neuropeptide K and substance P) in
capsaicin-sensitive sensory neurons in the guinea-pig. Regul
Peptides 13:1-19, 1985b. '

Hulbert WC, McLean T, Hogg JC. The effect of acute airway
inflammation on bronchi#al reactivity in guinea pigs. Am Rev Respir
Dis 132:7-11, 1985. oo

Hung K-S, Hertweck MS, Hardy JD, Loosli CG. Electron microscopic
observations of nerve endings in the alveolar walls of mouse lungs.
Am Rev Respir Dis 108:328-333, 1973a.



90

Hung K-S, Hertweck MS, Hardy JD, Loosli CG. Ultrastructure of nerves
and associated cells in bronchiolar epithelium of the mouse lung. J
Ultrastruct Res 43:426-437, 1973b.

Hunninghake GW, Gadek JE, Fales HM, Crysal RG. Human alveolar
macrophage-derived chemotactic factors for neutrophils. Stimuli and
partial characterization. J Clin INvest 66:473-483, 1980.

Hunter JA, Finkbeiner WE, Nadel JA, et al. Predominant generation of
15-1lipoxygenase metabolites of arachidonic acid by epithelial cells
from human trachea. Proc Natl Acad Sci USA 82:4633-4637, 1985.

Hutas I, Hadhazy P, Debreczeni L, Vizi ES. Relaxation of human
isolated bronchial smooth muscle. Lung 159:153-161, 1981.

Hutson PA, Church MK, Clay TP, Miller P, Holgate ST. Early and
late-phase bronchoconstriction after allergen challenge of
nonanesthetized guinea pigs. Am Rev Respir Dis 137:548-557, 1988.

ITowite JS, Bennett ‘ggﬁ; Sheetz MS, et al. Permeability of the
bronchial mucosa to Tc-DTPA in asthma. Am Rev Respir Dis
139:1139-1143, 1989.

Ind PW, Barnes PJ. Adrenergic control of airways in asthma. In:

Asthma: Basic mechanisms and clinical management. Barnes PJ, Rodger
IW, Thomson NC, eds. London: Academic press, 1988, pp. 357-380.

Ind PW, Barnes PJ, Durham SR, Kay AB. Propranolol-induced
bronchoconstriction in asthma: beta-receptor blockade and mediator
release. Am Rev Respir Dis 129(Suppl):Al10, 1984.

Ind PW, Causon RC, Brown MJ, Barnes PJ. Circulating catecholamines
in acute asthma. Br Med J 290:267-279, 1985.

Ind PW, Dixon CMS, Fuller RW, Barnes PJ. Anticholinergic blockade of
propranolol-induced bronchoconstriction. Thorax 41:718, 1986.

Ind PW, Dixon CMS, Fuller RW, Barnes PJ. Oxitropium bromide, an
anticholinergic agent, blocks propranolol induced
bronchoconstriction. Am Rev Respir Dis 135(Suppl):A388, 1987.

Ind PW, Dollery CT. Puimonary adrenoceptors and asthma. Agents
Actions 13(Suppl):213-244, 1983.

Ind PW, Scriven AJI, Dollery CT. Use of tyramine to probe pulmonary
noradrenaline releas# in asthma. Clin Sci 64:9, 1983.

Inoue S, Hogg JC. Freeze-etch study of the tracheal epithelium of
normal guinea pigs with particular. reference to intercellular
junctions. J Ultrastructure Res 61:89-99, 1977.

Inoue H, Ichinose M, Miura M, Katsumata U, Takishima T. Sensory
receptors and reflex pathways of nonadrenergic inhibitory nervous
system in feline airways. Am Rev Respir Dis 139:1175-1178, 1989.



91

Irvin CG, Boileau R, Tremblay J, Martin RR, et al. Bronchodilation :
noncholinergic, nonadrenergic mediation demonstrated in vivo in the
cat. Sci 207:791-792, 1980.

Irvin CG, Martin RR, Macklem PT. Non purinergic nature and efficacy
of non-adrenergic bronchodilation. J Appl Physiol 52:562-5€9, 1982.

Itkin IH, Anand SC. The role of atropine as a mediator blocker of
induced bronchial obstruction. J Allergy 45:178-186, 1970.

Ito Y, Takeda K. Non-adrenergic inhibitory nerves and putative
transmitters in the smooth muscle of cat trachea. J Physiol London
330:497-511, 1982.

Jacobowitz D, Kent KM, Fleisch JH, Cooper T. Histofluorescent study
of catecholamine-containing elements in cholinergic ganglia from the
calf and dog lung (37613). Proc Soc Exp Biol Med 144:464-466, 1973.

James AL, Pare PD, Hogg JC. Effects of 1lung volume,
bronchoconstriction, and cigarette smoke on morphometric airway
dimensions. J Appl Physiol 64:913-9, 1988.

James AL, Pare PD, Moreno RH, Hogg JC. Quantitative measurement of -
smooth muscle shortening in isolated pig trachea. J Appl Physiol
63:1360-5, 1987.

Jammes Y, Fornaris E, Mei N, Barrat E. Afferent and efferent
components of the bronchial vagal branches in cats. J Auton Nerv
Syst 5:165-76, 1982.

Jones TR, Hamilton JT, Lefcoe NM. Pharmacological modulation of
cholinergic neurotransmission in guinea pig trachea in vitro. Can J
Physiol Pharmacol 58:810-822, 1980a.

Jones TR, Kannan MS, Daniel EE. Ultrastructural study of guinea pig
tracheal smooth muscle and its innervation. Can J Physiol Pharmacol
58:974-983, 1980b.

Kalenberg S, Satchell DG. The inhibitory innervation of the
guinea-pig trachea: a study of its adrenergic and non-adrenergic
components. Clin Exp Pharmacol Physiol 6:549-559, 1979.

Kannan MS, Jager LP, Daniel EE, Garfield RE. Effects of
4-aminopyridine and tetraethylammonium on the electrical activity
and cable properties of canine tracheal smooth muscle. J Pharmacol
Exp Ther 227:706-715, 1983.

Kanner RE, Watanabe S. The role of the pulmonary function laboratory

in patients with bronchial asthma. In: Bronchial asthma: Principles
of diagnosis and treatment. Gershwin ME, ed. London: Grune &

Stratton, 1986. pp 87-109.

Kao CY. Pharmacology of tetrodotoxin and saxitoxin. Fed Proc
31:1117-1123, 1972.



92

Karczewski W, Widdicombe JG. The role of the vagus nerve in the
respiratory and circulatory responses to intravenous histamine and
phenyldiguanide in rabbits. J Physiol London 201:271-92, 1969.

Karlsson J-A, Finney MJB, Persson CGA, Post C. Substance P
antagonists and the role of tachykinins in non-cholinergic
* bronchoconstriction. Life Sci 35:2681-91, 1984.

Karlsson J-A, Persson CGA. Influence of tracheal contraction on
relaxation effects in vitro of theophylline and isoprenaline. Br J
Pharmacol 74:73-79, 1981. '

Karisson J-A, Persson CGA. Evidence against vasoactive intestinal
polypeptide (VIP) as a dilator and in favor of substance P as a
constrictor in airway neurogenic responses. Br J Pharmacol
79:634-636, 1983.

Karlsson J-A, Persson CGA. Neither vasoactive intestinal peptide
(VIP) nor purine derivatives may mediate non-adrenergic tracheal
inhalation. Acta Physiol Scand 122:589-598, 1984.

Karlsson J-A, Persson CGA. Effects of different substance P
analogues on tachykinin-induced contraction of airway smooth muscle.
In: Tachykinin Aptagonists. Hakanson F, Sundler F, ed. Amsterdam: -
Elsevier. 181-88, 1985.

Katz B, Miledi R. Tetrodotoxin-resistant electrical activity in
presynaptic-terminals. J Physiol London 203:459-487, 1969.

Kaufman MP, Coleridge HM, Coleridge JCG, Baker DG. Bradykinin
stimulates afferent vagal C-fibers in intrapulmonary airways of
dogs. J Appl Physiol 48:511-17, 1980.

Kaufman MP, Iwamoto GA, Ashton JH, Cassidy SS. Responses to
inflation of vagal afferents with endings in the lungs of dogs. Circ
Res .51:525-31, 1982.

Kay AB. Mediators of hypersensitivity and inflammatory cells in the
pathogenesis of bronchial asthma. Eur J Respir Dis 64(Supp]l
129):1-44, 1983.

Kay AB. The cells causing airway inflammation. Eur J Respir Dis
69(Suppl 147):39-43, 1986.

Kay AB. Inflammatory cells in acute and chronic asthma. Am Rev
Respir Dis ]135:563-5S66, 1987.

Kerr JW, Govindaraj M, Patel KR. Effect of alpha-receptor blocking
drugs and disodium cromoglycate on histamine hypersensitivity in
bronchial asthma. Br Med J 2:139-141, 1970.

Kerrebijn KF, von Essen-Zandviiet EEM, Neijens HJ. Effect of
long-term treatment with inhaled corticosteroids and beta-agonists
on bronchial responsiveness in asthmatic children. J Allergy Clin
Immunol 79:653-659, 1987.



93

King AS, MciLelland J, Cook RD, King DA, Walsh C. The ultrastructure
of afferent nerve endings in the avian lung. Respir Physiol
22:21-40, 1974.

Kirby J, Hargreave FE, Gleich GJ, 0’'Byrne PM. Bronchoalveolar cell
profiles of asthmatic and nonasthmatic subjects. Am Rev Respir Dis
136:379-383, 1987a.

Kirby JG, Hargreave FE, O0’'Byrne PM. Indomethacin inhibits
allergen-induced airway hyperresponsiveness but not allergen-induced
asthmatic responses. Am Rev Respir Dis 135(Suppl):A312, 198§7b.

Kneussl MP, Richardson JB. Alpha-adrenergic receptors in human and
canine tracheal and bronchial smooth muscle. J Appl Physiol
45:307-311, 1978.

Knight DS, Hyman AL, Kadowitz PJ. Innervation of intrapulmonary
airway smooth muscle of the dog, monkey and bahoon. J Auton Nerv
Syst 3:31-43, 1981.

Koeter GH, Meurs H, Kauffman HF, De Vries K. The role of the
adrenergic system in allergy and bronchial hyperreactivity. Eur J .
Respir Dis 121:72-78, 1982.

Kostreva DR, Zuperku EJ, Hess GL, Coon RL, Kampine JP. Pulmonary
afferent activity recorded from sympathetic nerves. J Appl Physiol
39:37-40, 1975.

Kraan J, Koeter GH, van der Mark T¥, Sluiter HJ, de Vries K. Changes
in bronchial hyperreactivity induced by 4 weeks of treatment with
antiasthma @drugs in patients with allergic asthma: a comparison
between budesonide and terbutaline. J Allergy Clin Immunol
76:628-636, 1985.

Laitinen A. Autonomic innervation of the human respiratory tract as
revealed by histochemical and ultrastructural methods. Eur J Respir
Dis 66(Suppl 140):1-42, 1985.

Laitinen LA. Detailed analysis of neural elements in human airways.

In: The Airways. Neural Control in Health and Disease, Kaliner MA,
Barnes PJ, eds. New York: Marcel Dekker, 1988, vol. 33, pp. 35-56.

Laitinen LA, Heino M, Laitinen A, Kava T, Haahtela T. Damage of the
airway epithelium and bronchial reactivity in patients with asthma.
Am Rev Respir Dis 131:599-606, 1985a.

Laitinen A, Partanen M, Hervonen A, Latinen LA. Electron microscopic
study on the innervation of human lower respiratory tract. Evidence
of adrenergic nerves. Eur J Respir Dis §7:209-215, 1985b.

Lamb D, Lumsden A. Intra-epithelial mast cells in human airway
epithelium: evidence for smoking-induced changes in their frequency.
Thorax 37:334-42, 1982.



94

Lammers JJ, Minettte P, McCusker M, Barnes PJ. The role of
pirenzepine-sensitive (M1) muscarinic receptors in vaglly mediated
bronchoconstriction in humans. Am Rev Respir Dis 139:446-449, 1989.

Larsell 0. The ganglia, plexuses, and nerve-terminations of the
mammalian Tung and pleura pulmonalis. J Comp Neurol 35:97-132, 1922.

Larsell G, Dow RS. The innervation of the human lung. Am J Anat
52:125-146, 1933.

Larsen GL. The late asthmatic response. Chest 93:1287-1289, 1988.

Larsson K, Grunneberg R, Hjemdahl P. Bronchodilatation and
inhibition of allergen-induced bronchoconstriction by circulatory
epinephrine in asthmatic subjects. J Allergy Immunol 75:586-593,
1985.

Larsson K, Martinsson A, Hjemdahl P. Influence of circulating
beta-adrenoceptor agonists on pulmonary function and cardiovascular
variables in patients with exercise induced asthma and healthy
subjects. Thorax 41:522-528, 1986.

Latifpour J, Bylund DB. Characterization of alpha-adrenergic
receptors in rat lung membranes: presence of alphay- but not
alphay-receptors. Biochem Pharmacol 30:2623-5, 1981.

Lauweryns JM, Cokelaere M. Hypoxia-sensitive neuro-epithelial
bodies. Intrapulmonary secretory neuroreceptors, modulated by the
CNS. Z Zellforsch Mikrosk Anat 145:521-540, 1973.

Lauweryns JM, Peuskens JC. Neuro-epithelial bodies (neuroreceptor or
secretory organs?) in human infant bronchial and bronchiolar
epithelium. Anat Res 172:471-482, 1972.

Lauweryns JM, Van Lommel AT, Dom RJ. Innervation of rabbit
intrapulmonary neuroepithelial bodies. J Neurol Sci 67:81-92, 1985.

Lazarus SC. The role of mast cell-derived mediators in airway
function. Am Rev Respir Dis 135:535-S38, 1987.

Leander S, Grundstrém N, Andersson RGG, Hakanson R. Neuronally
mediated non-cholinergic contraction of guinea-pig bronchial smooth
muscle is inhibited by a substance P antagonist. Agents Actions
14:315-18, 1984, '

Lee TH. Interactions between alveolar macrophages, monocytes, and
granulocytes. Implications for airway inflammation. Am Rev Respir
Dis 135:S14-S17, 1987.

Lee TH. Chemotactic factors. In: ‘Asthma: Basic mechanisms and
clinical management. Barnes PJ, Rodger IW, Thomson NC, eds. London:
Academic press, 1988, pp. 305-313.



95

Lee C-M, Campbell NJ, Williams BJ, Iversen LL. Multiple tachykinin
binding sites in peripheral tissues and in brain. Eur J Pharmacol
130:209-217, 1986.

Lee L-Y, Djokic TD, Dumont C, Graf PD, Nadel JA. Mechanism of
ozone-induced tachypneic response to hypoxia and hypercapnia in
conscious dogs. J Appl Physiol 48:163-168, 1980.

Lee HK, Murlas C. Ozone-induced bronchial hyperreactivity in guinea
pigs is abolished by BW 755c or FPL 55712 but not by indomethacin.
Am Rev Respir Dis 132:1005-1009, 1985.

Leff A, Munoz NM. Interrelationship between alpha- and
beta-adrenergic agonists and histamine in canine airways. J Allergy
Clin Immunol 68:300-309, 1981.

Levine RR, Birdsall NJM, Giachetti A, Hammer R, et al. Subtypes of
muscarinic receptors II. Trends Pharmacol Sci 6(Suppl):1-97, 1985.

Lindgren BR, Ekstrém T, Andersson RGG. The effect of inhaled
clonidine in patients with asthma. Am Rev Respir Dis 134:265-269,
1986.

Luck JC. Afferent vagal fibres with an expiratory discharge in the
rabbit. J Physiol London 211:63-71, 1970.

Lundberg L, Anggdrd A, Lundberg JM. Effects of antidromic trigeminal
nerve stimulation in relation to sympathetic vasodilation in cat
nasal mucosa. Acta Physiol Scand 119:7-13, 1983a.

Lundberg JM, Brodin E, Saria A. Effects and distribution of vagal
capsaicin-sensitive substance P neurons with special reference to
the trachea and lungs. Acta Physiol Scand 119:243-52, 1983b.

Lundberg JM, Martling C-R, Saria A. Substance P and capsaicin
induced bronchial smooth muscle contraction in human airways. acta
Physiol Scand 119:49-53, 1983c.

Lundberg JM, Saria A, Brodin E, Rosell S, Folkers K. A substance P
antagonist inhibits vagally induced increase in vascular
permeability and bronchial smooth muscle contraction in the
guinea-pig. Proc Natl Acad Sci USA 80:1120-24, 1983d.

Lundberg JM, Fahrenkrug J, Hokfelt T, Martling CR, et al.
Co-existence of peptide HI (PHI) and VIP in nerve regulating blood
flow and bronchial smooth muscle tone in various mammals including
man. Peptides 5:593-606, 1984a.

Lundberg JM, Hokfelt T, Martling C-R, Saria A, Cuello C. Substance
P-immunoreactive sensory nerves in the lower respiratory tract of
various mammals including man. Cell Tissue Res 235:251-261, 1984b.

Lundberg JM, Franco-Cereceda A, Hua X-Y, Hokfelt T, Fischer J,
Co-existence of substance P and calcitonin gene-related peptide
immunoreactivities in sensory nerves in relation to cardiovascular



96

and bronchoconstrictor effects of capsaicin. Eur J Pharmacol
108:315-19, 1985a.

Lundberg JM, Saria A, Theodorsson-Norheim, Brodin E, Hua X-Y, et al.
Multiple tachykinins in capsaicin-sensitive afferents: occurrence,
release and biological effects with special reference to irritation
of the airways. In: Tachykinin Antagonists, Hakanson R, Sundler F,
eds. Amsterdam: Elsevier, 159-69, 1985b.

Lundberg JM, Lundblad L, Anggard A, Martling C-R, et al., Bioactive
peptides in capsaicin-sensitive C-fiber afferents of the airways.
In: The Airways. Neural Control in Health and Disease, Kaliner MA,
Barnes PJ, eds. New York: Marcel Dekker, 1988, vol. 33, pp. 417-445.

Lundberg JM, Saria A. Bronchial smooth muscle contraction induced by
stimulation of capsaicin-sensitive vagal sensory neurons. Acta
Physiol Scand 116:473-76, 1982.

Lundberg JM, Saria A. Capsaicin-induced desensitization of airway
mucosa to cigarette smoke, mechanical and chemical irritants. Nature
308:351-353, 1983.

Lundberg JM, Saria A. Polypeptide-containing neurons in airway
smooth muscle. Ann Rev Physiol 49:557-72, 1987.

MacDermot J, Fuller RW. Macrophages. In: Asthma: Basic mechanisms
and clinical management. Barnes PJ, Rodger IW, Thomson NC, eds.
London: Academic press, 1988, pp. 97-113.

MacManus LM, Hanahan DJ, Demopoulos CA, Pinckard RN. Pathobiology of
the intravenous infusion of acetyl glyceryl ether phosphorylcholine
(AGEPC), a synthetic platelet-activating factor (PAF), in the
rabbit. J Immunol 124:2919-2924, 1980.

Madison JM, Jones CA, Tom-Moy M, Brown JR. Characterization of
muscarinic cholinergic receptor subtypes in bovine airway smooth
muscle and epithelium. Am Rev Respir Dis 131:A281, 1985.

Mann SP. The innervation of mammalian bronchial smooth muscle: the
localization of catecholamines and cholinesterases. Histochem J
3:319-331, 1971.

Mansour S, Daniel EE. Structural changes in tracheal nerves and
muscle associated with in vivo sensitization of guinea pigs. Respir
Physiol 72:283-294, 1988.

Marlin GE, Thompson PJ, Raddell HK, Chow CM, Cheng S. Bronchodilator
activity of prazosin in patients with allergic rhinitis and asthma.
Br J Clin Pharmacol 13:445-448, 1982.

Martling C-R, Theodorsson-Norheim E, Lundberg JM. Occurrence and
effects of muitiple tachykinins; substance P, neurokinin A and
neuropeptide K in human lower airways. Life Sci 40:1633-43, 1987.



97

Mathé AA, Knapp P. Decreased plasma free fatty acids and urinary
epinephrine in bronchial asthma. N Engl J Med 281:234-238, 1969.

Matsuzaki Y, Hamasaki Y, Said SI. Vasoactive intestinal peptide: a
possible transmitter of nonadrenergic relaxation of guinea pig
airways. Science 2]10:1252-1253, 1980.

McCaig DJ. Electrophysiology of neuroeffector transmission in the
iso]atéed, innervated trachea of the guinea-pig. Br J Pharmacol 89:
793-801, 1986.

McCaig DJ. Effects of sympathetic stimulation and applied
catecholamines on mechanical and electrical responses to stimulation
of the vagus nerve in guinea-pig isolated trachea. Br J Pharmacol
91:385-394. 1987.

McDonald D. Structure-function relationships of chemoreceptive
nerves in the carotid body. Am Rev Respir Dis 115:193-207, 1977.

McFadden ER, Jr, Luparello T, Lyons HA. Bleecker E. The mechanism of
action of suggestion in the induction of acute asthma attacks.
Psychosom Med 31:134-143, 1969.

McNeill RS. Effect of a beta-adrenergic blocking agent propranolol,
on asthmatics. Lancet 2:1101-1102, 1964.

McNeill RS, Ingram CG. Effect of propranolol on ventilatory
function. An J Cardiol 18:473-475, 1966.

Merrill WW, Naegel GP, Matthay RA, Reynolds HY. Alveolar
macrophage-derived chemotactic factor. Kinetics of in viro
production and partial characterization. J Clin Invest 65:268-276,
1980.

Meyrick B, Reid L. Ultrastructure of cells in human bronchial
submucosal glands. J Anat 107:281-299, 1970.

Michoud MC, Amyot R, Jenneret-Grosjean A. Dopamine c¥fect on
bronchomotor tone in vivo. Am Rev Respir Dis 130:755-758, 1984.

Michoud MC, Amyot R, Jenneret-Grosjean A. Bronchodilatisw induced by
laryngeal stimulation in humans. Am Rev Respir Dis 121:A284, 1985.

Middendorf WF, Russell JA. Innervétion of airwey imooth muscle in
the baboon: evidence for a nonadrenergic inhikitery system. J Appl
Physiol 48:947-956, 1980.

Mikhalev AP, Denisov-Nikolsky YI, Rebrava GA. U5 the structure of
the elastic carcass in the walls of human large arteries. Vestn Akad
Med Nauk SSSR. No. 9:77-83, 1978.

Mills JE, Sellick H, Widdicombe JG. Activity of lung irritant
receptors in pulmonary microembolism, anaphylaxis and drug-induced
bronchoconstrictions. J Physiol London 203:337-357, 1969.



98

Mills JE, Sellick H, Widdicombe JG. Epithelial irritant receptors in
the Tungs. In: Breathing: Hering-Breuer Centenary Symposium, Porter
R, ed. London: Churchill, 77-92, 1970.

Minette PA, Barnes PJ. Prejunctional inhibitory muscarinic receptors
on cholinergic nerves in human and guinea pig airways. J App]l
Physiol 64:2532-2537, 1988.

Miserocchi G, Sant’Ambrogio G. Distribution of pulmonary stretch
receptors in the intrapulmonary airways of the dog. Respir Physiol
21:71-75, 1974.

Mita H, Yui Y, Yasueda H, Shida T. Changes of alphaj-and
beta-adrenergic and cholinergic muscarinic receptors in guinea pig
lung sensitized with ovalbumin. Int Archs Allergy appl Immun 1983;
17:225-230.

Moreno RH, Hogg JC, Pare PD. Mechanics of airway narrowing. Am Rev
Respir Dis 133:1171-1180, 1986.

Morley J, Sanjar S, Page CP. The platelet in asthma. Lancet
2:1142-1144, 1984.

Morris HG, Deroche G, Earle MR. Urinary excretion of epinephrine and ‘
norepinephrine in asthmatic children. J Allergy Clin Immunol
50:138-145, 1972.

Morton DR, Klassen KP, Curtis GM. The clinical physiology of the
human bronchi. II. The effect of vagus section upon pain of
tracheobronchial origin. Surgery 30:800-809, 1951.

Motojima S, Frigas E, Loegering DA, Gleich GJ. Toxicity of
eosinophil cationic proteins for guinea pig tracheal epithelium in
vitro. Am Rev Respir Dis 139:801-805, 1989.

Murlas CG. Pathogenesis of airway hyperreactivity. Chest
93:1278-1280, 1988.

Murls CG, Roum JH. Sequence of pathologic changes in the airway
mucosa of guinea pigs during ozone-induced bronchial
hyperreactivity. Am Rev Respir Dis 131:314-20, 1985a.

Murls C, Roum JH. Bronchial hyperreactivity occurs in
steroid-treated guinea pigs depleted of 1leukocytes by
cyclophosphamide. J Appl Physiol 58:1630-1637, 1985b.

Mygind N, Brofeldt S, Ostberg B, Cerkez V, Tos M, Marriott C. Upper
respiratory tract secretions: pathophysiology. Eu~ J Respir Dis
11(Suppl 153):26-33, 1987.

Nadel JA. Autonomic regulation of airway smooth muscle. In:
Physiology and Pharmacology of the Airways. Nadel JA, ed. Marcel
Dekker, New York. 215-257, 1980.

Nadel JA. Bronchial reactivity. Adv Intern Med 28:207-223, 1983.



99

Nadel JA. Cell-to-cell interaction in airways. Role of neural
inflammation. Chest 93:128}1, 1988.

Nadel JA, Barnes PJ. Autonomic regulation of the airways. Ann Rev
Med 35:451-467, 1984.

Nadel JA, Barnes PJ, Holtzman MJ. Autonomic factors in the
hyperreactivity of airway smooth muscle. In: Handbook of physiology:

Respiratory system (3). Washington, DC: American Physiological
Society, 1986. 693-702.

Nadel JA, Holtzman MJ. Regulation of airway responsiveness and
secretion: role of inflammation. In: Asthma. Physiology,
Immunopharmacology, and Treatment. Kay AB, Austen KF, Lichtenstein
LM, eds. London, Academic Press, pp. 129-155, 1984.

Nadel JA, Widdicombe JG. Effect of changes in blood gas tensions and
carotid sinus pressure on tracheal volume and total lung resistance
to airflow. J Physiol 163:13-33, 1962.

Nadel JA, Widdicombe JH, Peatfield AC. Regulation of airway
secretions, ion transport, and water movement. In: Handbook of -

physiology: Respiratory system (1). Bethesda, Maryland: American
Physiological Society, 1985. 419-445.

Nahorski SR, Carswell H, Bojanic D. Biochemical and pharmacological
approaches to g-adrenoceptor subclassification. In: Pharmacolgy of
adrenoceptors. Szabadi E, Bradshaw CM, Nahorski SR, eds. London:
Macmillan, 31-41, 1985.

Nash G. Anatomy of the lung. In: Disorders of the respiratory
system. Kazemi H. ed. 1-6, 1976.

Naylor B. The shedding of the mucosa of the bronchial tree in
asthma. Thorax 17:69-72, 1962.

Nijkamp FP, Henricks PAJ. Free radicals in pulmonary diseases. In:
Asthma: Basic mechanisms and clinical management. Barnes PJ, Rodger
IW, Thomson NC, eds. London: Academic press, 1988, pp. 315-323.

Nilsson G, Dahlberg K, Brodin E, Sundler F, Strandberg K.
Distribution and constrictor effects of substance P in guinea-pig
tracheobronchial tissue. In: substance P, Euler US von, Pernow B,
eds. New York: Raven, 57-61, 1977.

0’Byrne PM, Aizawa H, Bethel RA, Chung F, Nadel JA, Holtzman MJ.
Prostaglandin F,, but not histamine can increase airway
responsiveness to acetylcholine in dogs. Am Rev Respir Dis
129(Suppl):A263, 1984a.

0’Byrne PM, Aizawa H, Bethel RA, Chung KF, Nadel JA, Holtzman MJ.
Prostaglandin F,, increases responsiveness of pulmonary airways in
dogs. Prostag%andins 28:537-43, 1984b.



100

0’Byrne PM, Dolovich J, Hargreave FE. Late asthmatic responses. Am
Rev Respir Dis 136:740-751, 1987.

0’‘Byrne PM, Hargreave FE, Kirby JG. Airway inflammation and
hyperresponsiveness. Am Rev Respir Dis 136(Supp1):S35-S37, 1987.

0’Byrne PM, Leikaut GD, Aizawa H, Bethel RA, et al. Leukotriene B
induces airway hyperresponsiveness in dogs. J Appl Physio?
59:1941-1946, 1985.

0’Donnell SR, Saar N, Wood LJ. The density of adrenergic nerves at
various levels in the guinea-pig lung. Clin Exp Pharmacol Physiol
5:325-332, 1978.

Pack RJ, Richardson PS. The adrenergic innervation on the human
bronchus: a light and electron microscopic study. J Anat
138:493-502, 1984.

Page CP. Platelet-activating factor. In: Asthma: Basic mechanisms
and clinical management. Barnes PJ, Rodger IW, Thomson NC, eds.
London: Academic press, 1988, pp. 283-304.

Paintal AS. Re-evaluation of respiratory reflexes. Q J Exp Physiol -
51:151-63, 1966.

Paintal AS. Mechanism of stimulation of type J pulmonary receptors.
J Physiol (London) 203:511-532, 1969.

Palmer JBD, Cuss FMC, Mulderry PK, et al. Calcitonin gene-related
peptide is localized to human airway nerves and potently constricts
human airway smooth muscle. Thorax 40:713, 1985a.

Palmer JB, Sampson AP, Barnes PJ. Cholinergic and non-adrenergic
inhibitory responses in bovine airways: distribution and functional
association. Am Rev Respir Dis 131:A283, 1985b.

Palmer JB, Cuss FMC, Barnes PJ. VIP and PHM and their role in
nonadrenergic inhibitory responses in isolated human airways. J Appl
Physiol 61:1322-1328, 1986.

Partanen M, Laitinen A, Hervonen A, Toivanen M, Laitinen LA.
Catecholamine- and acetylcholinesterase-containing nerves in human
lower respiratory tract. Histochem 76:175-188, 1982.

Patel KR, Kerr JW. The airways response to phenylephrine after
blockade of alpha and beta receptors in extrinsic asthma. Clin
Allergy 3:439-448, 1973.

Patel KR, Kerr JW. Effect of alpha-receptor blocking drug,
thymoxamine, on allergen-induced bronchoconstriction in extrinsic
asthma. Clin Allergy 5:311-316, 1975.

Patterson R, Bernstein PR, Harris KE, Krell RD. Airway responses to
sequential challenges with platelet-activating factor and
Teukotriene D4 in rhesus monkeys. J Lab Clin Med 104:340-5, 1984.



101

Pearce FL. Mast cells and basophils. In: Asthma: Basic mechanisms
and clinical management. Barnes PJ, Rodger IW, Thomson NC, eds.
London: Academic press, 1988, pp. 81-96.

Pearse AJ. Neurotransmission and the APUD concept. In: Chromaffin,
enterochromaffin and related cells. Coupland RE, Fujita T, eds. New
York, Eisevier, 1976, pp. 147-154.

Perdue MH, Chung M, Gall DG. Effect of intestinal anaphylaxis on gut
function in the rat. Gastroenterology 86:391-7, 1984.

Peters SP, Freeland HS, Kelly. SJ, Pibkorn ULF, Naclerio RM, et al.
Is leukotriene B4 and important mediator in human IgE-mediated
allergic reactions? Am Rev Respir Dis 135:542-S45, 1987.

Peters SP, Schulman ES, Schleimer RP, Macglashan, et al. Dispersed
human mast cells. Pharmacological aspects and cemparison with human
lung tissue fragments. Am Rev Respir Dis 126:1034-1039, 1982.

Phipps RJ, Williams IP, Richardson PS, Pell J, Pack RJ, Wright N.
Sympathetic drugs stimulate the output of secretory glycoprotein
from human bronchi in vitro. Clin Sci 63:23-28, 1982.

Pichurko BM, Sullivan B, Porcelli RJ, McFadden ER. Endogenous
adrenergic modification of exercise-induced asthma. J Allergy Clin
Immunol 77:796-801, 1986.

Piper PJ. Leukotrienes. Trends Pharmacol Sci 4:75-77, 1983.

Pisarri TE, Yu J, Coleridge HM, Coleridge JCG. Background activity
in pulmonary vagal C-fibers and its effect on breathing. Respir
Physiol 64:29-43, 1986.

Pretolani M, Lefort J. Vargafiig BB. Active immunization induces
lung hyperresponsiveness in the guinea pig. Am Rev Respir Dis
138:1572-1578, 1988. ‘

Prime FJ, Bianco S, Griffin JP, Kamburoff PL. The effects on airways
conductance of alpha-adrenergic stimulation and blocking. Bull
Physiopathol Resp 8:99-109, 1972.

Quigley C, Fuller RW, Dixon CMS, Barnes PJ. Inhaled
acetylcholinesterase inhibitors cause dose-related
bronchoconstriction in asthmatic and normal subjects (abstract) Am
Rev Respir Dis 131:A283, 1985.

Raphael GD, Metcalfe DD. Mediators of airway inflammation. Eur J
Respir Dis 69(Suvppl 147):44-56, 1986.

Razin E, Mencia-Huerta JM, Lewis RA, Corey EJ, Austen KF. Generation
of leukotrienes C4 from a subclass of mast cells differentiated in
vitro from mouse bone marrow. Proc Natl Acad Sci USA 79:4665-7,
1982.



102

Reed CE. Basic mechanisms of asthma. Role of inflammation. Chest
94:175-177, 1988.

Reichlin S. Peptides in neuroendocrine regulatiem. In: Peptides:
Intergrators of cell and tissue function. Bloom FE, ed. New York,
" Raven Press, 1980, pp. 235-250.

Rhoden KJ, Meldrum LA, Barnes PJ. Inhibition of cholinergic
neurotransmission in human airways by beta 2-adrenoceptors. J App]l
Physiol 65:700-5, 1988.

Rhodin JAG. Ultrastructure and function of the human tracheal
mucosa. AM Rev Respir Dis 93:1-15, 1966.

Richardson JB. Nerve supply to the lungs. Am Rev Respir Dis
119:785-802, 1979.

Richardson JB. Nonadrenergic inhibitory innervation of the lung.
Lung 159:315-322, 1981.

Richardson JB. Recent progress in pulmonry innervation. Am Rev
Respir Dis 128:565-S68, 1983.

Richardson JB. Nonadrenergic inhibitory nervous system in relation
to asthma. In: Bronchial asthma: Mechanisms and therapeutics. Weiss
EB, Segal MS, Stein M, eds. Boston:Little Brown, 1985, pp. 123-125.

Richardson JB. Innervation of the lung. In: The Airways. Neural
Cont:ol in Health and Disease, Kaliner MA, Barnes PJ, eds. New York:
Marcel Dekker, 1988, vol 33, pp. 23-33.

Richardson JB, Beland J. Nonadrenergic inhibitory nervous system in
human airways. J Appl Physiol 41:764-71, 1976.

Richardson JB, Bouchard T. Demonstration of a nonadrenergic
inhibitory nervous system in the trachea of the guinea pig. J
Allergy Clin Immunol 56:473-480, 1975,

Richardson JB, Ferguson CC. Neuromuscular structure and function in
the airways. Fed Proc 38:202-208, 1979.

Richardson JB, Ferguson CC. Morphology of the airways. In:

Physiology and Pharmacology of the airways. Nadel JA, ed. vol 15.
1-30, 1980.

Richardson PS, Somerville M. Mucus and mucus-secreting cells. In:
Asthma: Basic mechanisms and clinical management. Barnes PJ, Rodger

IW, Thomson NC, eds. 1988. 163-186.

Richardson PS, Sterling GM. Effects of bheta-adrene‘rgic receptor
blockade on airway conductance and lung volume in normal and
asthmatic subjects. Br Med J 3:143-145, 1969,



103

Roberts JA, Raeburn D, Rodger IW, Thomson NC. Comparison of in vivo
airway responsiveness and in vitro smooth muscle sensitivity to
methacholine in man. Thorax 39:837-843, 1984

Roberts JA, Rodger IW, Thomson NC. Airway responsiveness to
histamine in man: effect of atropine on in vivo and in vitro
comparison. Thorax. 40:261-267, 1985.

Roberts JA, Rodger IW, Thomson NC. Human in vitro bronchial smooth
muscie responses to leukotriene D, in relation to the quantity of
muscle. Thorax 41:734, 1986.

Roumy M, Leitner LM. Localization of stretch and deflation receptors
in the airways of the rabbit. J Physiol Paris 76:67-70, 1980.

Rugg EL, Barnett DB, Nahorski SR. Coexistence of beta 1 and beta 2
adrenoceptors in mammalian lung: evidence from direct binding
studies. Mol Pharmacol 14:996-1005, 1978.

Said SI, Dey RD. VIP in the airways. In: The Airways. Neural Control
in Health and Disease, Kaliner MA, Barnes PJ, eds. New York: Marcel
Dekker, 1988, vol 33, pp. 395-416.

Sands MF, Douglas FL, Green J, Banner AS, Robertson GL, Leff AR.
Homeostatic regulation of bronchomotor tone by sympathetic
activation during bronchoconstriction in normal and asthmatic
humans. Am Rev Respir Dis 132:993-998, 1985.

Sant’Ambrogio G. Information arising from the tracheobronchial tree
of mammals. Physiol Rev 62:531-569, 1982.

Sant’Ambrogio G. Nervous receptors of the tracheobronchial! tree. Ann
Rev Physiol 49:611-27, 1987.

Sant’Ambrogio G, Miserocchi G. Functional localization of pulmonary
stretch receptors in the airways of the cat. Arch Fisiol 70:3-9,
1978.

Sant’Ambrogio G, Mortola P. Behavior of slewly adapting stretch
receptors in the extrathoracic trachea of the dog. Respir Physiol
31:377-85, 1977.

Sant’Ambrogio G, Remmers JE, DeGroot WJ, et al. Localization of
rapidly adapting receptors in the trachea and main stem bronchus of
the dog. Respir Physiol 33:359-66, 1978.

Saria A, Martling C-R, Dalsgaard C-J, Lundberg JM. Evidence for
substance P-immunoreactive spinal afferents that mediate
bronchoconstriction. Acta Physiol Scand 125:407-14, 1985.

Satchell DG. Non-adrenergic non-cholinergic nerves in mammalian
airways: their function and the role of purines. Comp Biochem
Physiol 72C:189-196, 1982.



104

Satchell DG. Adenosine deaminase antagonizes inhibitory responses to
adenosine and non-adrenergic, non-cholinergic inhibitory nerve
stimulation in isolated preparations of guinea-pig trachea. Br J
Pharmacol 83:323-325, 1984.

Scadding JG. Definition and clinical categorization. In: Bronchial

asthma: Mechanisms and therapeutics. Weiss EB, Segal MS, eds.
Boston: Little, Brown and Company. pp. 19-30, 1976.

Schellenberg RR, Duff MJ, Foster A, Pare PD. Asthmatic bronchial
reactivity in vitro. Proc Can Soc Clin Invest A202, 1985.

Schellenberg RR. Airway responses to platelet-activating factor. Am
Rev Respir Dis 136:528-S32, 1987.

Schneeberger EE. Heterogeneity of tight junction morphology in
extrapulmonary and intrapulmonary airways of the rat. Anat Rec
198:193-208, 1980.

Sellick H, Widdicombe JG. The activity of lung irritant receptors
during pneumothorax, hyperpnoea and pulmonary vascular congestion. J
Physiol London 203:359-381, 1969.

Sellick H, Widdicombe JG. Vagal deflation and inflation reflexes
mediated by lung irritant receptors. Q J Exp Physiol 55:153-163,
1970.

Sellick H, Widdicombe JG. Stimulation of lung irritant receptors by
cigarette smoke,l carbon dust, and histamine aerosol. J Appl Physiol
31:15-19, 1971.

Seltzer J, Geffroy B, Stulbarg M, Holtaman MJ, et al. Association
between airway inflammation and changes in bronchial reactivity
induced by ozone exposure in human subjects. Am Rev Respir Dis 129
(Suppl):A262, 1984.

Sekizawa K, Tamaoki J, Graf PD, Nadel JA. Modulation of cholinergic
neurotransmission by vasoactive intestinal peptide in ferret
trachea. J Appl Physiol 64:2433-2437, 1988.

Sertl K, Kaliner MA. Influence of neurohormones and neuropeptides on
mast cells. In: The Airways. Neural Control in Health and Disease,

Kaliner MA, Barnes PJ, eds. New York: Marcel Dekker, 1988, vol 33,
pp. 447-466.

Shanahan F, Denburg JA, Bienenstock J, Befus AD. Mast cell
heterogeneity. Can J Physiol Pharmacol 62:734-737, 1984.

Sheller JR, Holtzman MJ, Skoogh B-E, Nadel JA. Interaction of
serotonin with vagal- and ACH-induced bronchoconstriction in canine
lungs. J Appl Physiol 52:964-966, 1982.

Sheppard MN, Kurian SS, Henzen Logmans SC, Michetti F, Cocchia D, et
al. Neuron-specific enolase and S-100. New markers for delineating
the innervation of the respiratory tract in man and other animals.
Thorax 38:333-340, 1983.



105

Sheppard D, Thompsen JE, Scypinski L, et al. Toluene diisocyanate
increases airway responsiveness to substance P and decreases airway
neutral endopeptidase. J Clin Invest 81:1111-1115, 1988.

Silverberg AB, Shah SD, Haymond MW, Cryer PE. Norepinephrine:
hormone and neurotransmitter in man. Am J Physiol 234:252-256, 1978.

Simani AS, Inoue S, Hogg JC. Penetration of respiratory epithelium
g{i‘ ggi"‘f;ﬁig following exposure to cigarette smoke. Lab Invest
31:75, 3.

Simmonson BG. Airway hyperreactivity: Definition and short review.
Eur J Respir Dis 64(Suppl 131):9-25, 1983.

Simonsson BG, Jacobs FM, Nadel JA. Role of the autonomic nervous
system and the cough reflex in the increased responsiveness of
airways in patients with obstructive airway disease. J Clin Invest
46:1812-1818, 1967.

Simonsson BG, Svedmyr N, Skoogh BE, Anderson R, Bergh NP. In vivo
and in vitro studies on alpha-adrenoceptors in human airways;
potentiation with bacterial endotoxin. Scand J Respir Dis
53:227-236, 1972.

Skoner DP, Page R, Asman B, Gillen L, Fireman P. Plasma elevations
of histamine and a prostaglandin metabolite in acute asthma. Am Rev
Respir Dis 137:1009-1014, 1988.

Skoogh B-E. Transmission through airway ganglia. Eur J Respir Dis 64
(Suppl 131):159-70, 1983.

Skoogh B-E. Parasympathetic ganglia in the airways. Bull Eur
Physiopathol Respir 22:143-147, 1986.

Skoogh B-E. Airway parasympathetic ganglia. In: The Airways. Neural
Control in Health and Disease, edited by M. A. Kaliner and P. J.
Barnes. New York: Dekker, 1988, vol. 33. p. 217-240.

Sleigh MA. Mucus transport by cilia. Chest 80(Supp1):791-795, 1981.

Snashall R, Boother FA, Sterling GM. The effect of alpha-adrenergic
stimulation on the airways of normal and asthmatic man. Clin Sci
54:283-289, 1978.

Spina D, Rigby PJ, Paterson JW, Goldie RG. aj-Adrenoceptor
function and autoradiographic distributien in human asthmatic lung.
Br J Pharmacol 97:701-708, 198¢%.

Stephens NL. Airway s}mooth muscle.'Alh Rev Respir Dis 135:960-975,
1987.

Sterk PJ, Bel EH. Bronchial hyperresponsiveness: the need for a
distinction between hypersensitivity and excessive airway narrowing.
Eur Respir J 2:267-274, 1989.



106

Sterling GM, Batten JC. Effect of aerosol propellants and
surfactants on airway resistance. Thorax 24:228-231, 1969.

Stretton CD, Barnes PJ. Modulation of cholinergic neurotransmission
in guinea-pig trachea by neuropeptide Y. Br J Pharmacol 93:672-678,
1988.

Svedmyr M. Szentivanyi’s hypothesis of asthma. Eur J Respir Dis 65
(Suppl 136):59-65, 1984,

Szarek JL, Gillespie MN, Altiere RJ, Diamond L. Reflex activation of
the nonadrenergic noncholinergic inhibitory nervous system in feline
airways. Am Rev Respir Dis 133:1159-62, 1986.

Szentivanyi A. The radioligand binding approach in the study of
lymphocytic adrenoceptors and the constitutional basis of atopy. J
Allergy Clin Immunol 65:5-11, 1980.

Szentivanyi A, Heim 0, Schultze P. Changes in adrenoceptor densities
in membranes of lung tissue and lymphocytes from patients with
atopic disease. Ann New York Acad Sci 332:295-298, 1979.

Szolcsanyi J, Barthé L. Capsaicin-sensitive non-cholinergic
excitatory innervation of the guinea-pig tracheobronchial smooth
muscle. Neurosci Lett 34:247-52, 1982.

Tanaka DT, Grunstein MM. Mechanisms of substance P-induced
contraction of rabbit airway smooth muscle. J Appl Physiol
57:1551-1557, 1984,

Tattergff'§1d AE, Leaver DG, Pride NB. Effect of beta adrenergic
blockade and stimulation on normal airways. J Appl Physiol
35:613-619, 1973.

Taylor J, Luksza AR. Peripheral blood eosinophil counts and
bronchial responsiveness. Thorax 42:452-456, 1987.

Taylor SM, Paré PD, Schellenberg RR. Cholinergic and non-adrenergic
mechanisms in human and guinea pig airways. J Appl Physiol
56:958-965, 1984,

Theodorsson-Nerheim E, Hua X, Brodin E, Lundberg JM. Capsaicin
treatment decreases tissue 1levels of neurokinin-A-like
immunoreactivity in the guinea pig. Acta Physiol Scand 124:129-131,
1985.

Thomson NC, Daniel EE, Hargreave FE. Role of smooth muscle
alpha-1-receptors in non-specific bronchial responsiveness in
asthma. Am Rev Respir Dis 126:521-525, 1982.

Townley RG, McGeady S, Bewtra A. The effect of beta-adrenergic
dlockade on bronchial sensitivity to acetyl-beta-methacholine in
normal and allergic rhinitis subjects. J Allergy Clin Immunol
57:358-366, 1976.



107

Trenchard D. The non-adrenergic, vagal efferent system to the lung:
does it exist, or is it an artefact. Med Hypoth 12:297-301, 1983.

Tsubone H. Characteristics of vagal afferent activity in rats-three
types of pulmonary receptors responding to collapse, inflation and
deflation of the lung. Exp Neurol 92:541-52, 1986.

Turner AJ, Seale JP, Shaw J. Antigen sensitization does not alter
response of guinea-pig lung strips to noradrenaline. Eur J Pharmacol
1983; 87:141-144.

Uddman R, Alumets J, Densert O, Hikanson R, et al. Occurrence and
distribution of VIP nerves in the nasal mucosa and tracheobronchial
wall. Acta Otolarynol 86:443-448, 1978.

Uddman R, Surdiler F. VIP nerves in human upper respiratory tract.
Otorhinolaryngology 41:221-226, 1979.

van Herwaarden CLA. B-Adrenoceptor blockade and pulmonary function
in patients suffering from chronic obstructive lung disease. J
Cardiovasc Pharmacol 5:5S46-S50, 1983.

van Koppen CJ, Rodrigues de Miranda JF, Beld AJ, et al. '
Characterization of muscarinic receptor in human tracheal smooth
muscle. Naunyn-Schmiedeberg’s Arch Pharmacol 331:247-252, 1985.

Vanhoutté PM. Rirway epithelium and bronchial reactivity. Can J
Physiol Pharmacol 65:448-450, 1987.

Varhoutte PM. Epithelium derived relaxing factor: myth or reality?
Thorax 43:665-668, 1988.

Vanhoutte PM, Flavahan NA. Modulation of cholinergic
neurotransmission in the airways. In: The Airways. Neural Control in
Health and Disease, edited by M. A. Kaliner and P. J. Barnes, New
York: Marcel Dekker, 1988, vol. 33, p. 203-216.

Vargaftig BB, Lefort J, Chignard M, Benveniste J.
Platelet-activating factor induces a platelet-dependent
bronchoconstriction unrelated to the formation of prostaglandin
derivatives. Eur J Pharmacol 65:185-192, 1980.

Veith MC, Butterworth AE. Enhancement of human eosinophil mediated
killing of Schistosoma mansoni larvae by mononuclear cell products
in vitro. J Exp Med 57:1828-43, 1983.

Venugopalan CS, Said SI, Drazen JM. Effect of vasoactive intestinal
peptide on vagally mediated tracheal pouch relaxation. Respir
Physiol 56:205-216, 1984.

Vermeire PA, Vanhoutte PM. Inhibition by catecholamines of
cholinergic neurotransmission in canine bronchi in vitro. Arch int
Pharmacodyn 227:175-176, 1977.



108

Vermeire PA., Vanhoutte PM. Inhibitory effects of catecholamines in
isolated canine bronchial smooth muscle. J Appl Physiol 46:787-791,
1979.

Vincenc KS, Black JL, Yan K, Armour CL, Donnelly PD, Woolcock AJ.
Comparison of in vive and in vitro responses to histamine in human
airways. Am Rev Respir Dis 128:875-879, 1983.

von Hayek H. The human lung. WNew York: Hafner, 1960, pp. 139-61.

Walden SM, Bleeker ER, Chahal K, Britt EJ, et al. Effect of
alpha-adrenergic blcckade on exercise-induced asthma and conditioned
dry air. Am Rev Respir Dis 130:357-362, 1984.

Walters EH, 0’Byrne PM, Fabbri LM, Graf PD, Holtaman MJ, Nadel JA.
Control of neurotransmission by prostaglandins in canine trachealis
smooth muscle. J Appl Physiol 57: 129-134, 1984.

Wanner A. Morphologic basis of airway obstruction. In: Bronchial
asthma: Principles of diagnosis and treatment. Gershwin ME, ed.
London: Grune & Stratton, 1986. pp. 71-85.

Wardlaw AJ, Mogbel R, Cromwell 0, Kay AB. A potent chemotactic and .
chemokinetic factor for human eosinophils. J Clin Invest 18:1701-6,
1986.

Warren JB, Dalton N. A comparison of the bronchodilator and
vasopressor effects of exercise levels of adrenaline in man. Clin
Sci 64:475-479, 1983.

Warren JB, Dalton N, Turner C, Clark TJH. Protective effect of
circulating epinephrine within the physiological range on the airway
response to inhaled histamine in non-asthmatic subjects. J Allergy
Clin Immunol 74:683-686, 1984,

Wei JY, Shen E. Vagal expiratory afferent discharges during
spontaneous breathing. Brain Res 355:213-19, 1985.

Weibel ER. Lung cell biology. In: Handbook of Physjology, Section 3,
The Respiratory System, vol I. Fishman AP, Fisher AB, eds. Bethesda,
Maryland, American Physiological Society, 47-91, 1985.

White MV, Kaliner MA. Histamine. In: Asthma: Basic mechanisms and
clinical management. Barnes PJ, Rodger IW, Thomson NC, eds. London:
Academic press, 1988, pp. 231-257.

Widdicombe JG. Respiratory reflexes from the trachea and bronchi of
the cat. J Physiol London 123:55-70, 1954a.

Widdicombe JG. Receptors in the trachea and bronchi of the cat. J
Physiol London 123:71-104, 1954b.

Widdicombe JB. Respiratory reflexes excited by inflation of the
lungs. J Physiol London 123:105-115, 1954c.



109

Widdicombe JG. Regulation of tracheobronchial smooth muscle. Physiol
Rev 43:1-37, 1963.

Widdicombe JG. Respiratery reflexes. In: Handbook of Physioloay,
Section 3, Respiration, vol I. Fenn WO, Rahn H, eds. Washington, DC.
American Physiological Society, pp. 585-630, 1964.

Widdicombe JG. Head’s paradoxical reflex. Q J Exp Physiol 52:44-50,
1967.

Widdicombe JG. Defensive mechanisms of the respiratory system. In:

Respiratory Physiology II, Widdicombe JG, ed. Baltimore, MD:
University Park, vol 14. 291-315, 1977. (Int Rev Physiol Ser).

Widdicombe JG. Nervous receptors in the respiratory tract and lungs.

In: Lung Biology in Health and Disease. Pt 1, Regulation of
Breathing. Hornbein T, ed. New York, Marcel Dekker, 429-472, 1981.

Widdicombe JB. Puimonary and respiratory tract receptors. J exp Biol
100:41-57, 1982.

Widdicombe JG. Vagal reflexes in the airways. In: The Airways.
Neural Control in Health and Disease, edited by M. A. Kaliner and P.
J. Barnes, New York: Marcel Dekker, 1988, vol. 33, p. 187-202. -

Woolcock AJ, Salome CM, Yan K. The shape of the dose-response curve
to histamine in asthmatic and normai subjects. Am Rev Respir Dis
130:71-5, 1984.

Yip P, Palombini B, Coburn RF. Inhibitory innervation to the guinea
pig trachealis muscle. J Appl Physiol 50:374-382, 1981.

Zaagsma J, Oudhof R, van der Heijden PJCM, Plantje JF,
Subheterogeneity of B-adrenoceptors in the pulmonary and the cardiac
system of the guinea pig. In: Catecholamines:basic and clinical
frontiers. Usdin E, Kopin I, Barchas J, eds. New York: Pergamon
Press, 435-7, 1979.

Zaagsma J, van Amsterdam RGM, Brouwer F, van der Heijden PJCM, et
al. Adrenergic control of airway function. Am Rev Respir Dis
136:545-550, 1987.

Zaagsma J, van der Heijden PJCM, van der Schaar MWG, Blank CMC.
Comparison of functional g-adrenoceptor heterogeneity in central and
peripheral airway smooth muscle of guinea pig and man. J Recept Res
3:89-106, 1983.

Zaid G, Beall GN. Bronchial response to beta-adrenergic blockade.
New Engl J Med 275:580-584, 1966.



2. ‘ALPHAZ-ADRENOCEPTORS DO NOT MORULATE  REUROTRANSHIZSION
THROUGH PARASYMPATHETIC GANGLIA IH GUINEA-PIG TRACHEA"

2.1. Introduction

Involvement of the sympathetic nervous system and adrenocepto::
in the control of airway smooth muscle has bsen the subject of
several recent reviews (Barnes, 1986,1988; Goldie et al., 1985;
Leff, 1988). Barnes (Barnes, 1986) claimed that the sympathetic
nervous system is minimally dinvolved in autonstic regulation of
airway tone in humans and that the non~adrenergié, non-choelinergic
(NANC) system is the major bronchodilator system in the airways.
Nonetheless, adrenergic nerves have been demonstrated in ganglia in
human airways (Richardson & Ferguson, 1979), and Skoogh (Skoogh,
1986,1988) has proposed that sympathetic effects on transmission
through airway ganglia modulate airway tone. In guinea pigs, the
sympathetic supply to the trachea is rich in the upper part but
sparser toward the bronchi (Doidge & Satchell, 1982; Jones et al.,
1980; Smith & Satchell, 1985) and ay-adrenoceptor agonists reduce
bronchospastic responses to vagal stimulation in vivo (Andersson et
al., 1985,1986). In vitro, norepinephrine (NE) inhibits
transmission through parasympathetic ganglia in the ferret trachea
(Baker et al., 1983), and ap-adrenoceptors modulate
neurotransmission in guinea-pig " trachea by a presynaptic action on

postganglionic fibers (Grundstrom et al., 198la,b).

* A version of this chapter has been accepted for publication:
D.F. Biggs, H.S. Shin, and J.G. Martin, Am. J. Physijol.
(in press).
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It seemed possible that a-adrenoceptors and the sympathetic nervous
system affect ganglionic transmission in the airways; however,
nothing. was known of the effects of adrenoceptor agonists on
neurotransmission through parasympathetic ganglia in guinea-pig
trachea. Therefore, we compared the inhibitory effects of NE on
pre- and post-ganglionic nerve stimulation in guinea-pig tracheal
tube preparations (Blackman & McCaig, 1983; Widmark & Waldeck,
1986) .

2.2. Method

Tissue preparation. Female Hart]ey-strain (350-550 g, n=64)
guinea pigs were anesthetized with pentobarbital sodium given ip, -
3540 mg/kg body weight, or killed by a blow to the head; 10-15 ml
of blood was removed by cardiac puncture to ensure a clear field for
dissection. The extrathoracic trachea and vagi were dissected free
ijn the neck and the thorax was opened. The lungs, intrathoracic
trachea, and heart were removed en bloc, and placed in oxygenated
(95% 0,/5% COp) Krebs-Henseleit solution (composition, in mM:
NaC1 118.4, KC1 4.7, NaHCO3 25.0, CaCl,.2H,0 2.5, KH, PO,
1.18, MgS04.7H,0 1.18, and glucose 11.7) containing propranolol
(5 pM) and indomethacin (10 yM), at room temperature. The trachea,
with its vagi and recurrent laryngeal nerves intact on both sides,
was dissected free from surroundimg tissues, cannulated at both ends
(PE 240), and filled with oxygenated Krebs’ solution. It was
mounted vertically in a 45-ml1 organ bath containing oxygenated
Krebs’ solution at 37°C, in a tissue holder equipped with two

parallel platinum wire electrodes for transmural electrical field
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stimulation (FS). The cannula at the bottom of the trachea was
connected to a peristaltic pump (Masterflex, Cole-Parmer) via a
stopcock; the other cannula was connected to a pressure transducer
(Statham P23D or Gould P50; Hewlett-Packard 8805A or Buxco
preamplifier; Hewlett Packard 680M or 7708 recorder) via another
3-way stopcock. Between recordings, both stopcocks were opened and
the tracheal Tlumen was perfused at 1 ml/min with oxygenated Krebs’
solution at 379C; the stopcocks were closed when intraluminal
pressure was recorded. The recording system was meticulously checked
for leaks just before the start of each experiment; its compliance
was kept as Tow as possible. The stérting pressure of tracheal tubes
was standardized at zero transmural pressure. Maximal FS of -
preparations using this system yielded intratracheal pressures of
40-50 cm H,0.

Stimulation. After equilibration of the tissues for 1 h, both
vagi were drawn into a single shielded platinum tunnel electrode for
nerve stimulation (NS) with rectangular pulses (0.5 or 1 ms; 40-50
V) applied via a Phipps & Bird 611 stimulator. For FS, bipolar
rectangular pulses (0.5 or 1 ms; 80 V) were applied from a Grass SD9
stimulator. NS and FS were applied at 2, 8, and 32 Hz at 3-min
intervals with an automated timer, using trains of 64 pulses or for
10 s. Before the preparation was used, alternate NS and FS were
applied for 0.5 h or until pressure increases were constant.

Norepinephrine pqz. As preliminary experiments showed maximal
inhibitory effect of NE on cholinergic transmission 15-18 min after
addition to the bath, all data points were taken during this

period. For each block of 4 experiments, NE was added immediately
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after control responsés to NS in 2 experiments and after FS in the
other 2. The NE concentration (M) inhibiting control responses by
50% (EDgy) was determined from linear regression of 3 or 4
concentfations inducing 15-85% inhibition, and pD; values were
calculated as the negative logarithm of this.

Yohimbine gAg. Values were calculated from a Schild plot (5)
by comparing the inhibitory effects of NE without and with at least
2 concentrations of the blocker. Slopes of the lines were obtained
from linear regression or conventionally.

Chemical _sympathectomy. Animals were given 6-hydroxydopamine
(50 mg/kg body weight, ip) 24 h before experiments, or the isolated
tracheas were incubated for 1 h at 37° with 6-hydroxydopamine (100 -
HM) then washed with Krebs’ solution for 30 min (40).

Dose—response _curves. Desipramine (0.1 uM) was added, and 30
min later cumulative dose-response curves were obtained to

acetylcholine without and with NE (3 pM).

Experiments. pD, for NE, and pAp for yohimbine against it,
were measured in 6 groups of 4 tissues using NS and FS: 3 groups
were stimulated at 2, 8, and 32 Hz, respectively, for 10 s, and 3
groups received trains of 64 stimuli at the same frequencies.
Similarly, pD, and pA, values were determined in 4 groups of 4
tissues in the presence of blockers of NE uptake: uptake 1: cocaine
(10 pM) and desipramine (0.1 pM]); and uptake 2: corticosterone (1
uM) . NE pD, and yohimbine pA, were determined in 3 groups of 4
tissues (tracheas chemically sympathectomized in vive or in vitro):
in 4 tissues, the effects of NE with and without prazosin (0.3 uM)
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were compared; in 8 tissues, we determined pD, values for the
selective ay-adrenoceptor agonists xylazine (n=4) and clonidine
(n=4) and pA, values for yohimbine against them. Drugs except NE,
xylazine, and clonidine were added to the bath at least 30 min
before the experiment.

Statistical analyses. Data were expressed as mean + SEM. At
least 4 replicates were obtained in each series of experiments, and
significance was assumed at the 5% 1level. pD, and pA, values
were compared by 2- and 3-way analysis of variance, with repeated
measures for subjects measured more than once, using SPSS-X and
UANOVA  (Taerum, 1989). Scheffe’s test was used to rank
differences. Individual comparisons were made with unpaired -
Student’s t tests. Least-squares regression analysis was performed

with unweighted values, using STATISTIX (version 1.0).

Drugs. The following drugs were used: L-ascorbic acid (BDH
Chemicals, Toronto, Ont.); desipramine HC1, 6-hydroxydopamine HC1,
indomethacin, propranolol HC1, and yohimbine HC1 (Sigma, St.Louis,
MO); L-noradrenaline-D-bitartrate (Fluka, Ronkonkoma, NY);
pentobarbital sodium injection (Euthanyl, MTC Pharmaceuticals,
Mississauga, Ont.); and prazosin HC1 (gift from Pfizer Canada Inc.,
Kirkland, Que.).

Drug solutions were freshly prepared each day.
6-Hydroxydopamine was dissolved in distilled water containing 0.02%
ascorbic acid, indomethacin was dissolved in 0.2% sodium carbonate,
and prazosin was suspended in 5 ml glycerine and further dissolved

in 5 ml 5% dextrose. A1l other drugs were made up as stock
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solutions in distilled water. NE solutions were stored on ice in

the dark.

2.3. Reﬁu]ts 4 |

Characterization of responses to nerve and field stimulation.
Hexamethonium abolished responses to NS but left responses to FS
unchanged; atropine (0.5 pM) then abolished the latter. Atropine
(0.5 uM) eliminated responses to both NS and FS in preparations not
previously treated with hexamethonium.

Effect of pentobarbital anesthesia. Comparison of pressure
increases to NS and FS with 0.5-ms stimuli at 2, 8, and 32 Hz with
64 pulses revealed no significant differences in he magnitude of .
responses in tracheas from animals anesthetized with pentobarbital
or killed by a blow to the head.

Effects of frequency of stimulation. The size of tracheal

responses to both NS and FS at 2, 8, and 32 Hz for 10 s correlated
positively with frequency of stimulation but, €or trains of 63
pulses, correlated negatively with frequency.

Norepinephrine ng and__yohimbine pAg against NS and FS at 2,
8, and 32 Hz (Table 1). For both NS and FS, with stimulation for 10
s or 64 pulses, at all frequencies the NE pD, values correlated
negatively with frequency of stimulation; i.e., less NE was required
at  low frequencies to +#nhibit pressure increases (Fig. 1).
Comparison of pD, values for NS and FS at the same frequencies
revealed no significant differences whether tissues were stimulated
for 10 s or with trains of 64 stimuli. With one exception, yohimbine

(0.3 or 3 uM) did not affect control pressure increases to NS and
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. Inhibitory effects (as % control) of norepinephrine on

increases in intratracheal pressure induced by electrical
nerve (open symbols) or field (filled symbols) stimulation
at 2 Hz (circles), 8 Hz (triangles), and 32 Hz (squares).
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FS; a small reduction was noted when 64 pulses were delivered at 32
Hz. Yohimbine pA, against the inhibitory effects of NE on
responses to stimulation correlated negatively with frequency for FS
but nOi NS. Plotting NE PD; vs yohimbine pA, (Fig. 2a,b) at the
3 frequencies with both modes of stimulation yielded a straight
line, (p<0.05).

Effects of chemical sympathectomy (Table 2). In response to NS,
stimulation of the tissues for 19 s at 2 Hz or 64 pulses at 8 Hz,
induced pressure increases similar to control in tracheas chemically

sympathectomized in vitro but significantly greater in tracheas from

animals chemically sympathectomized in vivo. A1l responses to FS
were similar to control. In tissues treated with 6-hydroxydopamine .

in yvitro, NE induced greater inhibition than in controls (Fig. 3)

and NE pD, values were significantly greater, but yohimbine PA,
was  unchaaged. In tracheas from animals treated with
-k, -oxydopamine in vivo, NE pD; and yohimbine pA, were similar
to control. For both NS and FS, pD, and pA, values were not
significantly different at the same freguencies.

Effects of desipramine, cocaine, and corticosterone (Fable 3).
Desipramine in concentrations of 0.5 and 1 uM depressed tracheal
responses and therefore were not used. At a concentration of 0.1 u#
it had no effect on control responses to NS and FS at the 3
frequencies and two modes of stimulation. Except with 2 Hz for 10
s, desipramine significantly increased NE pD, for both NS and FS,
values correlating negatively with,frequency of stimulation for NS
but not FS. There were no significant differences among pD,

values for NS and FS in the presence of desipramine. Yohimbine



Table 2-2.

dopamine (6HD)

Effect of chemical
in vivo and ia

sympathectomy with 6-hydroxy-
vitro on norepinephrine pD,

and yohimbine pA, against nerve (NS) and field (FS) stimulation.

Stimulation Stimu- Norepinephrine Yohimbine

Parameters 6HD lation pDy PAy

2 Hz, 10 s in vivo NS 6.18+0.16 . 7.62+0.16
FS 6.1140.15 7.66+0.12

2 Hz, 10 s in vitro NS 6.27+0.11 7.50+0.13
FS 6.12+0.08 7.61+40.12

8 iz, 64 in vitro NS 5.49+0.04 7.67+0.07

stimuli FS 5.61+0.04 7.64+0.06

120
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Fig. 2-3. The effects of 6-hydroxydopamine applied in vitro (100 HM;
open circles) or in vivo (50 mg/kg, 24-h beforehand;
closed circles), desipramine (0.1 pM; filled squares),
cocaine (10 uM; open squares), and corticosterone (1 HM;
filled triangles) on the inhibitory effects of
norepinephrine (NE) on tracheal responses to field
stimulation. 6-Hydroxydopamine treatments, desipramine,
and cocaine significantly enhanced NE’s potency compared
with control (open triangles), whereas corticosterone
slightly decreased it.
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Table 2-3. Effects of cocaine (10 pM), corticosterone (1 pM), or
desipramine (0.1 pM) on norepinephrine pD, and yohimbine PAy
against nerve (NS) and field (FS) stimulation.

Stimulation Stimu- Norepinephrine Yohimbine
Treatment Parameter lation pD, PA;
Cocaine 2 Hz, 10 s NS 6.29+0.04 7.84+0.08
(10 pM) FS 6.08+0.04 7.94+0.16
Cortico- 2 Hz, 10 s NS 5.62+0.07 7.2810.04
sterone (1 pM) FS 5.61+0.03 7.40+0.06
Desipramine 2 Hz, 10 s NS 6.02+0.10 7.9310.18
(0.1 pM) FS 5.97+0.06 8.0010.18
2 Hz, 64 stimuii NS 6.36+0.02
FS 6.30+0.04
8 Hz, 64 stimuli NS 5.96+0.06
FS 5.98+0.10
32 Hz, 64 stimuli NS 5.85+0.09
FS 6.07+0.12
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Fig. 2-4. Dose—response curves to acetylcholine without

norepinephrine (open circles) and with it (NE; 3 pM).
Desipramine (0.1 pM) was present in all experiments.
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pA, values at 2 Hz for 10s were similar for NS and FS; with FS,
values were significantly greater than in controls. Cocaine (10 uM)
increased responses to NS but not to FS; at 50 uM it depressed
responsés to both; 10 uM significantly increased NE’s inhibitory
effects (Fig. 3) and yohimbine PA,. As corticosterone was
insoluble in concentrations >1 pM, only this was used.
Corticosterone increased responses to NS without affecting those to
FS, but it had no effect on NE pD, and yohimbine pA, values at 2
Hz (the only frequency tested).

Effect of NE_on responses to_exogenous acetylcholine (Fig. 4).
NE (1-100 pM) induced increases in intratracheal pressure not
exceeding 2 cm H,0; these were abolished by prazosin (0.3 EM). NE .
(3 pM) had no effect on the dose—response curve to acetylcholine
(0.1-10 pM).

Effects of xylazine and clonidine (Table 4). With 10-s

stimulation at 2 Hz, xylazine and clonidine pD, values were
similar and were significantly greater than for NE. PA, values
for yohimbine against xylazine were greater than against clonidine,
and both were greater than corresponding values against NE for FS
and NS. Variance was large and differences did not attain
significance.

Schild plot slopes (Table 5). A1l values for the slopes were

<1.0, even when values were measured in the presence of Ul and U2
blockers or in tracheas chemically sympathectomized with

6-hydroxydopamine.



Table 2-4. Clonidine and xylazine pDy and yohimbine pA,

against nerve (NS) and field (FS) stimulation.

Stimu]afion

Stimu- Agonist Yqhimbine

Parameter Agonist lation pD, PA;
2 Hz, 10 s Clonidine NS 6.75+0.16 7.4340.24
FS 6.53+0.17 7.11+0.15
Xylazine NS 6.38+0.09 7.95+0.18
FS 6.32+0.10 7.81+0.12
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Table 2-5. Schild plot slopes

Stimulation Stimu- Schild
Treatment parameter lation slope

- 2 Hz, 10 s NS 0.85+0.14

1 ms FS 1.07+0.10

- 8 Hz, 10 s NS 0.72+0.08

1 ms FS 0.82+0.08

- 32 Hz,10 s NS 0.58+0.05

1 ms FS 1.19+0.26

- 2 Hz, 64 stimuli NS 0.60+0.03

FS 0.60+0.02

- 8 Hz, 64 stimuli NS 0.47+0.04

FS 0.57+0.01

- 32 Hz,64 stimuli NS 0.55+0.08

FS 0.62+0.06
- 2 Hz, 10 s NS 0.72+0.06,

FS 0.85+0.04

Cocaine 2 Hz, 10 s NS 0.74+0.04
(10 pM) FS 0.69+0.06
Desipramine 2 Hz, 10 s NS 0.61+0.04
(0.1 uM) FS 0.59+0.03
Cortico- 2 Hz, 10 s NS 0.57+C.1¢C
sterone (0.1 pM) FS 0.52+0.02
6-Hydroxy- 2 Hz, 10 s NS 0.81+0.05
dopamine (bath) FS 0.69+0.03
8 Hz, 64 stim. NS 0.55+0.00

FS 0.64+0.01

6-Hydroxy- 2 Hz, 10 s NS 0.67+0.05
dopamine (ip) FS 0.67+0.05

Agonist: norepinephrine except for * (Agonist: xylazine)
Pulse duration is 0.5 ms unless otherwise specified.
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2.4, Discussion

The guinea-pig tracheal tube is one of the few airway
preparations in which it is possible to stimulate parasympathetic
nerves ’pre- or post-ganglionically. The guinea-pig trachea contains
parasympathetic ganglia (Baluk et al., 1985), and hexamethonium (100
pM), which blocks ganglionic transmission, abolished responses to
stimulation of the vagal nerves but did not affect responses to FS.
Atropine (0.5 uM) abolished pressure increases induced by both.
These findings, which confirm others’ (Bloom et al., 1988; Faulkner
et al., 1986; Skoogh et al., 1982), show that mediation of responses
to NS is via ganglia and to FS is via post-ganglionic
parasympathetic ne;ves.

The ease of differentiation of responses te NS and FS with
selective antagonists is surprising in view of their complexity:
both NS and FS stimulate many types of nerves - parasympathetic,
sympathetic (Blackman & McCaig, 1983; Kalenberg & Satchell, 1979;
Yip et al., 1981), nonadrenergic noncholinergic (Kalenberg &
Satchell, 1979, Yip et al., 1981), and afferent nerve fibers
(Grundstrom, 1986; Trenchard, 1983). The results of our experiments
reveal the relative contributions by some of these nerve types, and
the receptors they activate, to the responses. Addition of the
non-specific pB-blocker propranolol precluded participation by
B-receptors in the responses to NS or FS, and the indomethacin (10
pM) in the bathing solution excluded any neuromuscular effects of
prostaglandins (Hardy et al., 1984; Ito & Tajima, 1981; Walters et
al., 1984). Pressure increases in response to exogenous NE mediated

via aj-adrenoceptors were small (<2 cm Hp0), and any
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contribution from the pressor effects of neurally released NE to the
responses to NS and FS was insignificant. Inhibitory,
sympathetically mediated ag-adrenoceptor effects on
parasymbathetic vesponses may have occurred as Jones et al. (Jones
et al., 1980) reported close proximity of both sympathetic and
parasympathetic nerves in guinea-pig airways; however, Baluk et al.
(1985) saw no sympathetic endings in guinea-pig tracheal ganglia.
As in Grundstrém et al.’s (Grundstrém et al., 1981b) experiments,
the ap-adrenoceptor blocker yohimbine did not increase pressor
effects of NS or FS; also, the uptake 1 blockers desipramirie (0.1
M) and cocaine (10 pM) did not reduce responses to NS or FS, which
were similar in normal tracheas and in those chemically .

sympathectomized in vivo or in vitro with 6-hydroxydopamine. These

— v—

findings, coupled with the inhibitory effects of exogenous NE on
transmitter release from adrenergic nerves (Langer, 1981), indicate
that any actions of endogenous NE mediated via ay-adrenoceptors on
postganglionic parasympathetic nerves - even if they exist - cannot
be distinguished in this preparation using these methods of
stimulation. In control tissues, the sympathetic nervous system may
slightly inhibit cholinergic transmission via ay-adrenoceptors;
this would be minimized by high concentrations of exogenous NE,
which reduce the release of NE from sympathetic nerves and thus
diminish or even eliminate neural release of NE. Theoretically,
inhibition by 1low concentrations of NE, clonidine, and xylazine
would be slightly increased. .

Nonadrenergic noncholinergic (NANC) responses in this tracheal

preparation are small (Blackman & McCaig, 1983; Zaagsma et al.,
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1987). As indomethacin was present in all our experiments, our
preparations had Tow inherent tone and atropine had minimal relaxant
effects. (<1 em Hy0); this absence of tone would hamper detection
of reiaxant responses (Venugopalan et al., 1986). Moreover,
atropine abolished pressure increases in response to NS, suggesting
that antidromic stimulation of vagal afferent nerves to the trachea
and orthodromic stimulation of vagal sympathetic efferents (Smith &
Satchell, 1985) have no (detectable) effect on intratracheal
pressure. Furthermore, under these experimental conditions,
exogenous NE should reduce any NANC excitation via its actions on
ar-adrenoceptors (Grundstrom et al., 1985). When atropine was
present, FS-induced NANC responses were small (<2 cm Hpo0) delayed -
decreases in intratracheal pressure and their slow onset precluded
any effect an the more rapid cholinergic pressure increases.
Co-transmission in the parasympathetic and sympathetic systems
(Blackman & McCaig, 1983; Smith & Satchell, 1985) suggests that the
release of multiple transmitters by single nerve impulses may
confound the analyses. Nevertheless, any contribution from other
(co)transmitiers was small and could not have contributed
significantly te t&w responses to NS and FS. As the responses to NS
or FS represent the net sum of contractile and relaxant effects,
there is no way of knowing whether they are summed arithmetically or
via more complex functions; thus, although the analysis that follows
is broadly correct, other possibilit¥#s cannot be eliminated.
Exogenous NE was equally effeéetive at blocking NS and FS; i.e.,
pD, values for NE against NS and FS were not significantly

different at any of the frequencies tested, with either method of
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stimulation. NE pD, “was inversely dependent upon frequency - all
values were significantly greater at low frequencies - and results
were similar for yohimbine PA,.  These findings were independent
of the. size of the responses - after 10-s stimu]ation the responses
were invariably greater at 32 Hz than at 8 or 2 Hz, and vice versa
for trains of 64 stimuli, yet the pDy or pA, values were
similar. Also, onset time for maximal effect of NE was similar at
211 frequencies; despite differences between the numbers of pulses
applied by 10-s stimulation and trains. The pD, values in normal
tracheas in the absence of uptake 1 and 2 blockers were lower chan
those reported by Grundstrém (1986), 5.3 [interpol»’a:d for
frequency] vs 6.7; similarly, yohimbine PA, values measured with .
uptake blockers absent were an order of magnitude lower (6.0-6.5
[interpolated for frequency] vs 7.8) than those obtained by
Grundstrom et al. (Grundstrom et al., 198la) with blockers present.
Nevertheless, a,-adrenoceptors mediated NE’s inhibitory effects on
the NS- and FS-induced pressure increases. NE pD, was similar for
NS and FS in all our experiments. This is contrary to the results
of experiments with different preparations by others (Bloom et al.,
1988; Brown & Quilliam, 1964; Skoogh, 1983; Skoogh et al., 1982) who
have used them to support a theory of selectivity at ganglia. With
our preparation, the findings indicate that ap-adrenoceptors
modulate cholinergic neurotransmission only via presynaptic
receptors on post-ganglionic neurons; we excluded any direct effect
of NE on tracheal smooth muscle ,because dose-response rurves to
exogenous acetylcholine were simiiar with and without NE.

Theoretical problems that can confound measurements of pD, and
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pA, arise when uptake' mechanisms for the agonist are present (see
reviews by Kenakin [1982, 1985]), reducing the absolute pD, and
psz values and resulting in Schild plot slopes <1.0. A1l of our
values .for slopes were <1.0, even when uptake 1 and 2 blockers were
present or the tracheas had been chemically sympathectomized with
6-hydroxydopamine, suggesting that neither uptake 1 nor uptake 2 was
fully blocked by the sympathectomy or by desipramine, cocaine, or
corticosterone in the concentrations used. Metabolic degradation of
NE by catechol-0-methyltransferase and monoamine oxidase could be
ancther contributing factor for Schild plot slope < 1. Also, the
pD, and pA, values cannot be ‘true’, as the theoretical basis
for the measurements cannot be applied - although inhibition of -
responses to NS and FS measured simultaneously can be used to
compare a drug’s effects qualitatively. Interestingly, p0,
correlated with pA,, indicating a similar degree of effect by
intact uptake mechanisms. Although xylazine and cleonidine were more
potent than NE and should not be subject to uptake, neither gave
Schild plot slopes of unity; both may act, in part, indirectly via
NE release. It is possible that ‘breakthrough’ of B-blockade could
occur at high concentrations of NE and that this resulted in slopes
<1.0, but the findings with xylazine and clonidine indicate that
this was not a factor.

The similarity of NE pD, against FS at 2 Hz, with cocaine or
desipramine present, or after treatment with 6-hydroxydopamine
strongly suggests that NE release from sympathetic nerves does not
contribute to the effect mediated by op-adrenoceptors, but a

different mechanism 1is required to explain larger pDps in tissues
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stimulated at 8 Hz with desipramine present than after
6-hydroxydopamine treatment. McCaig (1987) noted that stimulating
the sympathetic nerves to the trachea reduced its cholinergic
respansés. However, the demonstration of sympathetic-nerve-mediated
inhibition of parasympathetic responses requires stimulation of
these nerves for much longer and at higher frequencies than we used
(Blackmarr & McCaig, 1983; McCaig, 1987).

In regard to NE uptake, Grundstrém et al.’s (19812) criginal
experiments were perfOEMed on tracheas from reserpine-treated
animals with cocaine and corticosterone present to inhibit uptake 1
and 2 respectively. They claimed validation of their pA, values
and uptake inhibition from the slopes of their Schild plots even -
though the differences between the ranges of the slopes they
reported were 0.74<1.18. In our experiments, both desipramine and
cocaine increased NE pD; values 7- to 10-fold, indicating
significant neural uptake of NE by uptake 1 (Zaagsma et al., 1987)
and thus indicating, indirectly, significant numbers of sympathetic
nerves. Experiments on tracheas from animals treated with

6-hydroxydopamine in yivo and in vitro (Stretton & Barnes, 1988)

e

-gave pDz values similar to those with cecaine or desipramine
present, confirming a significant degree of uptake 1 and the
presence of sympathetic nerves. {Uptake 2 appears to play a lesser
role in this tissue as NE pD, values with NS and FS at 2 Hz with
corticosterone present were similar to those in normal tracheas.
Our results may also have been influenced by the concentrations of
corticosterone (Grundstrém et al., 198la) and propylene glycol

{Black et al., 1984; Starke et al., 1975). It was difficult to
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dissolve corticosterone in Krebs-Henseleit solution and we used one
tenth the concentration wused by Grundstrém et al. (10 uM,
[Grundstrom et al., 1981a]), and the propylene glycol in the Krebs’
so]utioﬁ was 4.1 puM compared with 7.1 uM used by them.

Our findings with NS and FS may not be strictly comparable.
Even if of similar size, as in our study, pressure responses to the
different forms of stimulation may be mediated via different nerve
fibers or patterns of neurotransmitter release (Ccburn, 1987) and
parasympathetic ganglia probably ‘filter’ responses through them
(Barnes, 1988; Coburn, 1987; Skoogh, 1986). Normally, a response
arriving via a preganglionic neuron at 2a ganglionic synapse is
amplified through the contact of axcnal terminals with dendrites on .
more than one postganglionic neuron, perhaps rendering ganglia
susceptible to modulation by transmitters and drugs. Skoogh (1986)
reported preliminary findings that a-adrenoceptors modulated
cholinergic neurotransmission in ferret paratracheal ganglia,
whereas we 'found no evidence of such an effect in the guinea-pig
preparation. If transmission occurs through similar (but not
identical) pathways, with inhibition at both ganglionic and
postganglionic presynaptic sites, one would expect the arithmetic
sum of the inhibition at both sites (Ariens & Simonis, 1964) and
greater inhfbition of responses to NS than FS. But this was not so;
therefore, it is unlikely that ap-adrenoceptors have significant
modulatory effects at ganglia in this preparation. This conclusion
concurs with the failure to observe adrenergic terminals in
morphologic studies of guinea-pig tracheal ganglia (Baluk et al.,

1985), but it does not unequivocally exclude the possibility that
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they do exist and exert an effect on ganglionic transmission too
small to be detected under these experimental conditions.

De Groat (1967) reported modulation by pB-adrenoceptors in
studies of sympathetic ganglia, and Suzuki & Volle (1979) stated
that NE (10‘4 M) either depolarized or hyperpolarized cells in
hamster submandibular ganglia - effects blocked by dihydroergotamine
a non-specific a-adrenoceptor antagonist. Suzuki and Volle (1979)
concluded that «-adrenoceptors were present on the ganglion cells
and that some might be ap-adrenoceptors, possibly those mediating
hyperpolarization. In studies of ferret paratracheal ganglia,
Coburn (1987) and Baker and others (1983) reported evidence of
modulatory a-receptors but only at high NE concentrations (10 uM).
Therefore, modulation of cholinergic neurotransmission in our
preparation via actions on az-adrenoceptors at ganglia is not a
significant factor at the stimulation parameters and concentrations
of NE used in this study.

Although the amount of acetylcholine released per impulse is
greater at TJow than at high frequencies of stimulation, greater
additive effects were expected from responses invading the nerve
terminal at higher frequencies of stimulation. As this was not the
case, it seems 1likely that the increased resistance of cholinergic
transmission to the inhibitory effects of ap-adrenoceptor
stimulation at higher frequencies of stimulation could result from
the increased summation of nerve-terminal responses.

It is not known how az-adrenoceptors mediate these inhibitory
responses. In other tissues the effeéts are mediated through a

receptor/G-protein coupled action on potassium channels resulting in



135

efflux of potassium, and hyperpolarization of the membrane
(Aghajanian & Wang, 1986; Lujan et al., 1984; Tucker, 1984), a
mechanism unliketly in this preparation in view of the slow onset and
recover& of the response. Actions involving cAMP and cGMP are also
possible but were not studied. |
aj-adrenoceptor-mediated contractions of tracheal smooth

muscle have been observed in vivo and in vitro (see Goldie et al.,

1985) but tliese responses were noticeably absent or very small in
our preparations. The small increases in intratracheal pressure
induced by NE (5-100 pM) were abolished by prazosin (0.3 pM),
indicating mediation via «oj-adrenoceptors. Because of the
smaliness of these responses compared with the responses to-NS and .
FS, we did not include prazosin in the bathing solution, which
already contained propranolol and indomethacin.

In summary, our findings indicate that, in guinea-pig trachea,
a-adrenoceptor agonists inhibit cholinergic transmission via
ay-adrenoceptors located on postganglionic parasympathetic nerves,
and  ap-adrenoceptors do not modulate cholinergic transmission

through parasympathetic ganglia.
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3. ALPHA-ADRENOCEPTOR FUNCTION IN SUINEA-PIG MODELS OF ASTHMA®

3.1. Introduction

Both o;- (Simonsson et al., 1972; Kneussl & Richardson, 1978)
and ap- (Grundstrém et al., 1981; Grundstrém & Andersson, 1985)
adrenoceptors have been described in the airways of humans and
animals. However, their precise role in asthma remains controversial
(Barnes, 1988; Zaagsma et al., 1987; Goldie et al., 1985; Andersson
et al., 1986a). Reviewing neural contribution to airway
hyperresponsiveness in asthma, Casale (1988) has recently proposed
that an increase in aj-adrenoceptors and a decrease in inhibitory
prejunctional ap-adrenoceptors are contributing factors.
aj-Adrenoceptors are greatly increased in the 1lung homogenates |
from guinea-pig models of asthma (Barnes et al., 1980; Mita et al.,
1983). Nevertheless, a-adrenoceptor-mediated contraction of the lung
strips 1is unchanged compared with lung strips from control animals
(Turner et al., 1983). az-Adrenoceptors inhibit cholinergic
transmission in guinea-pig trachea and human bronchi on
postganglionic nerves (Grundstrom & Andersson, 1985; Grundstrém et
8?// 1981) but not at parasympathetic ganglia (Biggs et al., 1988).
The s#lective ay-agonist clonidine inhibits bronchospasm induced
by antiglen challenge in sensitized guinea-pigs (Andersson et al.,

1986b) andl- in asthmatic patients (Lindgren et al., 1986), probably

A ‘version of this chapter has been presented at the 32nd Can.
Fed. d&gdol. Soc. Annual Meeting: C.F.B.S. Proceedings A619 (Abstr.)
(1989 Manuscript 1is in preparation for publication in Am. Rev.
Resp®®:. Dis.

"
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in part via its effect on ay-adrenoceptors on cholinergic efferent
pathway. However, nothing was known as to whether modulatory role of
ap-adrenoceptors is altered in asthma. To establish whether
a-adrenoceptor function is altered in asthma, we assessed pressor
responses to norepinephrine (NE) and compared the inhibitory effects
of NE on pre- and post-ganglionic nerve stimulation in tracheal tube
preparations (Blackman & McCaig, 1983; Widmark & Waldeck, 1986;
Biggs et al., 1988) obtained from control, sensitized, and

hypersensitized guinea pigs.

3.2. Methods

Preparation of Animals. Three groups of female Hartley-strain -

(350-550 g) guinea pigs were sensitized or hypersensitized according
to the methods of Mita et al. (1983) or Biggs & Ladenius (1989).
Briefly, Group 1 (sensitized) were given ovalbumin (OA)
intraperitoneally (5 mg on day 1, and 10 mg on day 4) and maintained
for 21 days before use. Group 2 (asthma model A) inhaled OA-aerosols
(2% in 9.9% saline, Vix Acorn nebulizer, compressed air £ 10 psi) in
a Plexiglass chamber fut~ up to 8 min on 10 consecutive days. Group 3
(asthma model B) were sensitized by intrapsritoneal injection of OA
(20 mg/kg), and 21 days later breathed an OA aerosol for up to 8 min
daily for 10 consecutive days. A similar group of animals which
inhi%ed saline (0.9%) aerosols for 8 min on 10 consecutive days
served as controls for Groups 1, 2, and 3. A1l the animals in Group
2 developed asthma-like signs such. as panting, cyanosis, respiratory
distress after 8 days of exposure and 1/10 animals died. A1l of the

animals in Group 3 developed these signs upon the first exposure,
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and showed decreasing .signs with each day of exposure. All the
animals in asthma model A and B recovered from these signs within 30
min after exposure spontaneously or with the help of adrenaline (1
mg/kg, subcutanecusly). The guinea pigs were used in experiments
within one week afier 10 days of exposure.

Tissue Preparation. The tracheal tube preparation, with its vagi
and recurrent laryngeal nerves intact on both sides, was dissected
out and mounted in an organ bath containing oxygenated Krebs’
solution at 37°C to record intraluminal pressure, as previously
described in detail (see chapter 2). The bathing solution contained
propranolol (5 M) and indomethacin (10 pM) throughout the
experiment.

Both vagi were drawn into a single shielded platinum tunnel
electrode for nerve stimulation (NS) with rectangular pulses (0.5
ms; 50 V) applied via a Phipps & Bird 611 stimulator. For transmural
electrical field stimulation (FS), bipolar rectangular pulses (0.5
ms; 80 V) were appiied from a Grass SD9 stimulator via two parallel
platinum wire e¢lectrodes, one of which was placed inside and the

other outside the trachea.

Experimental Protocols. For measuring pD, for NE against NS
and FS, three sets of 4 tissues from Groups 1, 2, and control were
stimulated for 10 s at 2, 8, 32 Hz, and another three sets of 4
tissues from Groups 2, 3, and control stimulated for trains of 64
pulses at the same frequencies. . In the experiments with trains of
64 pulses, prazosin (0.3 uM) and desipramine (0.1 pM) were present

in the bath throughout the experiment. Tracheal responses to NE and
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phenylephrine, and tracheal responses to exogenous acetylcholine in
the absence and presence of NE were also determined in these
tissues.

Aftér tissues were equilibrated for 1 h, they were stimulated
alternately via NS and FS (2 Hz, 10 s) for 0.5 h or until responses
were constant. Then cumulative dose-response curves to NE and
phenylephrine were obtained. After washing with Krebs’ solution and
reestablishing responses to NS and FS over 0.5 h at stimulation
parameters to be used, pDp values for NE’s inhibition of tracheal
responses to NS and FS were determined non-cumulatively. Following
these experiments, tissues were washed repeatedly for 0.5 h with
Krebs’ solution, and then cumulative dose-response curves to .
acetylcholine were constructed and 30 min after washing with Krebs’
solution repeated in the priésence of NE (10‘6 or 3 X 1076 M).

Dose-response curves to ACh were reproducible.

Statistical analyses. The pD, values for NE in inhibiting
cholinergic transmission were calculated as the negative logarithm
of the molar concentration of NE inhibiting control responses by 50%
(EDgg). A1l data points were taken 15-18 min after adding NE to
the bath, as described previously (see chapter 2). Similarly, oD,
values for ACh were calculated as the negative logarithm of the
molar concentration of ACh inducing 50% of maximum responses to ACh
(10'3 M). Data were expressed as mean + SEM. At least 4 replicates
were obtained in each series of experiments and significance was
assumed at the 5% level. Mean values were compared by 3-way analysis

of variance, with repeated measures for subjects measured more than
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once, using SPSS-X and UANOVA (Taerum, 1985). Scheffe’s test was
used to rank differences. Individual comparisons were made with

unpaired Student’s t tests. Least-squares regression analysis was

performed with unweighted values, using STATISTIX (version 1.0).

Drugs. The following drugs were used: propranolol hydrochloride,
indomethacin, desipramine hydrochloride, albumin (chicken egqg,
ovalbumin, Grade V) (Sigma, St.Louis, MO);
L-noradrenaline-D-bitartrate  (Fluka, Ronkonkoma, NY); L-ascorbic
acid (BDH Chemicals, Toronto, Canada); prazosin hydrochloride (gift
of Pfizer, Kirkland, Quebec); and pentobarbital sodium injection
(Euthanyl, MTC Pharmaceuticals, Mississauga, Canada). Most drugs -
were dissolved in distilled water; indomethacin was dissolved in
0.2% sodium carbonate, and prazosin was dissolved in a mixture of

glycerine/5% dextrose solution (1:1).

3.3. Results

gl;Adrenoceptor-Mediated Pressure Responses. The effects of
norepinephrine (0.1 - 30 pM) and phenylephrine (0.1 - 30 pM) were
compared among tracheas from Groups 1, 2, and 3 (Fig. 1). In
tracheas from all Groups, NE induced small (<4 cm Hy0) increases
in  intratracheal pressure which were dose-dependent within a
preparation but varied greatly among tissues. Pressure increases to
NE were similar in tracheas from control and all three sensitized
groups. Prazosin (0.3 pM) abolished pressure increases induced by NE
in all tissues. In Groups 2 and 3, phenylephrine was approximately

as potent as NE in inducing increases in pressure, and followed a
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similar pattern; pressure incresases were similar to control.

as-Adrenoceptor-Mediated Inhibition of Cholinergic
Transmission (Table 1). In control tissues, with stimulation for 10
s at 2, 8, and 32 Hz, the NE pD, values for NS and FY %brrelated

negatively with frequency; i.e., less NE was requiresd at low
frequencies to inhibit pressure increases. However, with trains of
64 stimuli, the NE pD, values correlated negatively with frequency
for NS but not FS.

Sensitization did not significantly alter the NE pD, for both
NS and FS, values correlating negatively with frequency for both NS
and FS with 10 s stimulation (Fig. 2). In tracheas from .
hypersensitized animals (asthma model A), the NE pD, values were
not significantly different from controls with both modes of
stimulation; values for both NS and FS correlated negatively with
frequency for 10 s stimulation but not for trains of 64 pulses (Fig.
2, 3). Stimulation of the tissues for trains of 64 pulses at all
frequencies produced similar NE pD, values for NS and FS in
tracheas from control and hypersensitized (asthma model B) animals;
values for tracheas from this asthma model correlated negatively
with frequency for both NS and FS (Fig. 3). For both NS and FS, the
NE  pDp, values were not significantly different at the same

frequencies in tracheas from all groups.

Responses to Nerve and Field Stimulation (Table 2). In tracheas

from sensitized animals, responses to NS and FS for 10 s at 2, 8,

and 32 Hz were similar to control (Fig. 4). Comparison of pressure
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increases to NS and FS, with stimulation for 10 s or trains of 64
pulses, at all frequencies, revealed no significant differences in
the size of responses in tracheas from control and hypersensitized
(asthma inndel A) animals (Fig. 4, 5). In tissues from
hypersensitized animals (asthma model B), responses to NS and FS for
trains of 64 pulses at all frequencies were also similar to control
(Fig. 5).

In tracheas from all groups, the size of responses to both NS
and FS at all frequencies correlated positively with frequency for
10 s stimulation, but negatively for trains of 64 pulses; responses
to NS and FS were not significantly different at the same

frequencies with both modes of stimulation.

Responses to Exogenous Acetylcholine. Desipramine (0.1 uM) did
not alter responses to acetylcholine (ACh) in tracheas from control
and asthma model A. In the presence of desipramine (0.1 pM), ACh
induced dose-dependent increases in pressuré in tracheas from
control and two asthma models A and B. In tracheas from asthma model
A, pressure responses to ACh were similar to control. However,
pressure responses to ACh were significantly smaller in asthma model
B than in tracheas from control and asthma model A as demonstrated
by a decrease in the mean pD, value for ACh (Table 3). There was
no significant difference in maximum pressure responses to
acetylcholine (10'3 M) among tracheas from these three groups
(Table 3). NE (1 or 3 pM) did not alter dose-response curves to

added acetylcholine in tracheas from all these groups (Fig. 6).
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Table 3-3. Maximal pressor responses to and pD,
values for acetylcholine in tracheas from control

and two asthma models.

Treatment Contrc: Model A Model B

Maximum pressure 69.7+2.8 79.61+4.9 72.6+3.0

(cmH,0)
Mean pD, 5.92+40.10 5.71+0.08 5.29+0.07"
n 4 4 3

* Significantly different from control (p<0.01)
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Fig. 3-6. Dose-response curves to ACh in the absence and in the
presence of NE (3 pM) in tracheas from asthma model B.
Responses were expressed as % of maximal responses

induced by ACh.
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3.4. Discussion

Our two asthma models are different from each other as shown by
different onset time for asthma-like symptoms during 10-day exposure
to OA. aerosol, and these models have shown changes in
a-adrenoceptors in  Tung homogenates (Mita et al., 1983) or
hyperresponsiveness to various pharmacological stimuli (Biggs &
Ladenius, 1989), making these models suitable for the study of
airway a-adrenasceptor function in asthma.

The finding that NE and phenylephrine did not increase
intraluminal pressure in tracheal tubes from two guinea-pig models
of human asthma compared with those from controls indicate that
postjunctional aj-adrenoceptor-induced contraction of airway .
smooth muscle is of no significance in causing or contributing to
bronchoconstriction in asthma. Our findings in trachea are
particularly interesting because we extended to the Jlevel of
trachea, in a similar model of chronic allergic asthma, the finding
by others in 1lung strips that NE concentrations for threshold,
EC5p, or maximal responses for a-adrenoceptor-mediated contraction
of the Tung strips were unchanged in sensitized guinea pigs
challenged daily by an antigen aerosol for 4 wk, compared with
nonsensitized animals (Turner et al., 1983), despite two-fold
increase in 1lung aj-adrenoteptor sites (Barnes et al., 1980). Our
findings of minimal increases in pressure in response to NE and
phenylephrine in tracheas from control animals concur with the in
vivo results in this species by Biggs and D’Souza (1987), which
indicate that aj-adrenoceptor-mediated airway contraction is

minimal, as Jjudged by pulmonary flow resistance and dynamic
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pulmonary elastance.

This observation raises the possibility that, in two models of
human asthma, the increase in «j-adrenoceptor binding sites in
tracheobronchial tree may not have been accompanied by any
functional change, reflected in contractile response to NE. However,
no radioligand binding studies were done in tracheas from these
asthma models. aj-Adrenoceptors mediate contraction of human
peripheral 1lung strips (Black et al., 1981) and markedly increase in
lung membranes from humans with chronic bronchitis (Barnes et al.,
1980). However, in these peripheral 1lung preparations, the
contractile respons: +s more likely to be due to a-adrenoceptors on
other contractile ciza-nts such as pulmonary vessels or interstitial
Kapanci cells (Rarse:, i838), and the functional significance of the
marked increase in aj-sites is questioned.

In guinea-pig lung strip preparations, NE-induced contraction
was completely insensitive to cocaine, which argues against a
significant role of ap-adrenoceptors located in (densely
innervated) blood vessels in the contraction. Similariy, in our
experiments, desipramine (0.1 pM) did not increase NE-induced
contraction of tracheas' from control and hypersensitized animals
although, in this species, the tracheal smooth muscle is more richly
innervated by sympathetic nerves than the peripheral airways
(0’Donnell et al., 1978). These findings may further indicate that
tracheal contraction mediated via smooth muscle aj-adrenoceptors
is not sensitive to uptake-1 blockers, presumably a reflection of a

minor role of these receptors in airway contraction.
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Our results are consistent with recent findings by Goldie et al.
(1985), who did not find any evidence for signhificant bronchial

a-adrenoceptor-mediated contraction in a 1large number of in vitro

experiménts with asthmatic and nondiseased human bronchi. Our
findings further support the observation that inhaled buffered
phenylephrine failed to induce significant bronchospasm in
asthmatics (Thomson et al., 1982) and a-adrenoceptor antagonists had
no useful part to play in the treatment of asthma (Svedmyr, 1984).

aj-Adrenoceptor-mediated contraction of tracheal smooth muscle
were noticeably absent or very small in our preparations. This may
have been due to 1low inherent tone resulting from exclusion of
muscular effects of prostaglandins by indomethacin (Hardy et al., .
1984; Ito & Tajima, 1981), since pretreatment with histamine,
serotonin, or potassium were found to enhance the contractions
produced by NE in canine trachea in vitro (Barnes et al., 1983 a,b)
and in vivo (Barnes et al., 1983a; Brown et al., 1983), and in
nondiseased human tracheal and bronchia! preparations in vitro
(Kneuss1 & Richardson, 1978), suggesting that histamine and possibly
other chemical mediators of asthma could facilitate or activate
a-adrenoceptor function in airway smooth muscle.

The guinea-pig tracheal tube is one of the few airway
preparations in which it is possible to stimulate parasympathetic
nerves pre- or post;ganglionically (Btackman & McCaig, 1983; Widmark
& Waldeck, 1986). Under the experimental conditions used in the
present study, sympathetic, npnadrenergic noncholinergic, and
afferent nervous systems, and (co)transmitters in these systems

could not have contributed significantly to tracheal responses to NS
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and FS, as previously discussed in detail (see chapter 2), making
this preparation suitable for the study of modulation of chelinergic
transmission through parasympathetic ganglia.

In tracheas from OA-sensitized or hypersensitized groups, the NE
pD, values for NS and FS were not significantly different at any
of the frequencies tested, with either method of stimulation, as in
tissues from control (unsensitized) group, and they were also
similar compared with those for control tissues. ay-Adrenoceptors
may have mediated NE’s inhibitory effects on the NS- and FS-induced
pressure increases as shown previously in tissues from control
animals (B8iggs et al., 1988; Grundstrom et al., 1981) and confirmed
by experiments with propranolol and prazosin present in the bathing .
solution. Our findings indicate that ay-adrenoceptors modulate
cholinergic neurotransmission at neuromuscular junctions but not at
ganglia and these modulatory functions are unaltered in two
guinea-pig models of human asthma. A great deal of evidence has
shown that sympathetic agonists could inhibit cholinergic
transmission in airways of several species including humans, via
different types «¢f adrenoceptors located at neuremuscular junctions
or at ganglia: «- in ferrets (Baker et al., 1983; Skoogh, 1986,
1987), and ap- in guinea pigs and humans (Biggs et al., 1988;
Grundstrom et al., 1981; Grundstrom & Andersson, 1985), B- in guinea
pigs (McCaig, 1987), p;- in dogs (Denser et al., 1987), and
Bp-adrenoceptors in ferrets and huwans (Rhoden et al., 1987;
Skoogh, 1986, 1988). Our findings, which do not support the idea
that the decrease in inhibitory prejunctional az-adrenoceptors may

contribute to airway hyperresponsiveness in asthma (Casale, 1988)
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are particularly interesting in the light of inhibitory effects of
adrenergic agonists on cholinergic transmission and the suggestion
that the release of the braking mechanism on airway cholinergic
transmission might result in exaggerated bronchoconstrictor
responses  (Barnes, 1986). However, this does .not exclude the
possibility that ao-adrenoceptor agonists could improve respiratory
function in asthma via presynaptic ap-adrenoceptors on
postganglionic cholinergic fibers, as shown in our asthma models.
This possibility 1is further supported by others who reportod that
clonidine inhibited bronchospasm induced by antigen challenge in
sensitized guinea-pigs (Andersson et al., 1986b) and in asthmatic
patients (Lindgren et al., 1986); a considerable part of the .
allergen-provoked airway obstruction can be accounted for by
mechanisms  involving vagal cholinergic innervation (Widdicombe,
1982).

The finding of the increase of ;- rather than
aj-adrennceptors  in lymphocytes and adipocytes from asthmatics
suggested the selective proliferation of ap-adrenoceptors and
their role in asthma (Szentivanyi et al., 1984). However, the
studies of «-adrenoceptors in human airways did not identify
ap-adrenoceptors on the bronchial smooth muscle.(Andersson et al.,
1985;  Grundstrom & Andersson, 1985), though prejunctional
ap-adrenoceptors, which mediate the inhibition of cholinergic
neurotransmission, were thought to Tloucate on postganglionic
cholinergic fibers (Grundstrom & Andersson, 1985). Thus, although it
is not clear whether prejunctional ay-adrenoceptors are increased

in airways of asthmatics, our results from two models of human
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asthma appear to indicate an insignificant role of these receptors
in asthma.

Pressure responses to exogenous ACh were significantly reduced
in asthma model B compared with control and model A as shown by a
decrease in the mean pD, values for ACh. These findings are
interesting, because asthmatics are known to express a greater
degree of bronchoconstriction in response to a number of nonspecific
stimuli, including cholinergic agonists than normal subjects (Gross
& Skorodin, 1984), and Biggs. & Ladenius (1989) have shown large
increases in airway responsiveness to iv injected methacholine in
their in vivo asthma model, which is similar to ours. These authors
further observed the greatly enhanced bronchospastic effect of vagal
stimulation in their hypersensitized animals, the first
demonstration of this in an asthma model. However, in our in vitro
experiments, resies L» wigyal stimulation were smaller, though not
significantly, in trachedis from two asthma models. These differences
in  responses to ACh and vagal stimulation may indicate no
relationship between cholinergic responsiveness in vitro and in
vivo, as shown in human airways (Roberts et al., 1984), suggesting
that hyperresponsiveness results from an abnormality in the control
mechanism for airway smooth muscle rather than the target organ
jtself (Barnes, 1986; Vincenc et al., 1983; Armour et al., 1984).
However, our findings in tracheas are similar to those by Compton et
al. [1987), who reported increased sensitivity to carbachol in lung
parenchymal =trips, but decreased .sensitivity in tracheas from
OA-challenged guinea pigs, compared with those from unchallenged

(sensitized) animals. Thus, ours and these authors’ findings may
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indicate regiona! differences in airways’ response to cholinergic
agonists in hypersensitized animals. It is not clear why guinea-pig
tracheas from asthma model B were less responsive to ACh and vagal
stimulation. Down-regulation of postjunctional muscarinic receptors
might have occurred as a result of ACh outpouring during
antigen-induced vagal discharge (Widdicombe, 1982), as suggested by
Compton et al. (1987). Similar responses to ACh in tracheas from
control and asthma model A appear to be supported by no change in
muscarinic receptors in lung homogenates from this model (Mita et
al., 1983).

In  summary, smooth muscle oj-adrenoceptor-induced tracheal
responses are not changed in two different models of asthma. An -
unaltered function of inhibitory op-adrenoceptors located on
parasympathetic efferents in hypersensitized animals is the first

demonstration of this in asthma models.
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4. PHYSIOLOGICAL AND PHARMACOLOGICAL CHARACTERIZATION OF TRACHEAL
RESPONSES TO STIMULATION OF THE SYMPATHETIC NERVES®

4.1. Infroduction

The guinea-pig tracheal tube is one of the few airway
preparations, physiologically and pharmacologically well
characterized (Blackman & McCaig, 19833 Widmark & Waldeck, 1986); il
is possible to stimulate parasympathetic nerves pre- or
post-ganglionically. Using these preparations from normal animals
(Biggs et al., 1988) and two asthma models (Shin & Biggs, 1989), it
has been shown that adrenoceptor agonists inhibit cholinergic
neurotransmission only via ap-adrenoceptors on post-ganglionic -
neurons and have no modulatory actions at parasympathetic ganglia.
In this preparation, sympathetic and parasympathetic nerves may also
be stimulated separately, making it possible to study interaction
between these two nervous systems; electrical and mechanical
responses to sympathetic (ganglionic) stimulation were characterized
in some detail (Blackman & McCaig, 1983; McCaig, 1986a). Thus,
McCaig (1987) has recently shown that stimulation of sympathetic
stellate ganglia reduced tracheal responses to vagal stimulation,
presumably via presynaptic mechanism. However, it was not known
whether sympathetic stimulation induced these inhibitory effects
through its action on parasympathetic ganglia or postganglionic

fibers.

A version of this chapter is in preparation for publication in
Can. J. Physiol. Pharmacol.
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Nonadrenergic noncholinergic (NANC) inhibitory nerves were observed
in the airways of many species including humans (Diamond & Altiere,
1988) and are considered to be a major inhibitory nervous system in
human airway smooth muscle, lacking functional inhibitory adrenergic
nerves (Richardson & Beland, 1976; Richardson, 1981). NANC
inhibitory nerves are thought to receive preganglionic supply from
the vagi (Hammarstrom & Sjostrand, 1979; Chesrown et al., 1980; Yip
et al., 1981), and in guinea-pig airways, the proportion of
adrenergic and NANC inhibitory responses are controversial
(Kalenberg & Satchell, 1979; Yip et al., 1981; Taylor et al., 1984).
Therefore, we examined and further characterized NANC inhibitory
responses and the effects of sympathetic ganglionic stimulation on .
tracheal responses to vagal nerve and field stimulation in

guinea-pig tracheal tube preparations.

4.2, Methods

Tracheal tube preparation. After female Hartley-strain (350-550
g) guinea pigs were killed by a blow to the head, tracheal tube,
with its vagi and recurrent laryngeal nerves intact on both sides,
was dissected out, as previously described in detail (see chapter
2). Cervical sympathetic trunks were traced to locate sympathetic
ganglia at the Tlevel of the first and third rib, and these ganglia
dissected free from the surrounding tissues, taking extreme cire to
keep their fine nerve branches intact. The trachea was mounted in a
tissue holder equipped with two parallel platinum wire electrodes
for transmural electrical field stimulation (FS), the ganglia placed

on platinum hook electrodes connected to flexible fine wires for a



169

minimal stretch of these ganglia, and then the whole tissue placed
vertically in a 45-ml organ bath containing oxygenated (95% 0y/5%
C0,) Krebs-Henseleit solution at 379C. After 1 h equilibration,

intraluminal pressure was recorded ¢s before (see chapter 1).

Sympathetic ganglionic stimulation. (a) Effects on intratracheal
pressures. Tracheal responses to sympathetic stimulation (n=4) were
determined by stimulating ganglia at 3 min intervals with
rectangular pulses applied from a Phipps & Bird 611 stimulator.
Pulse duration, voltage setting, frequency, or duration of
stimulation was varied while other parameters were kept constant.
Responses were expressed as % of the maximal response to .
isoproterenol (10‘6 M). In separate experiments (n=2) for
characterization of responses, ganglia were stimulated for 10 s with
rectangular pulses (1 ms; 50 V; 40°Hz) after adding each of the
following drugs successively: atropine (10'6 M), atenolol (10'6

M), hexamethonium (5 X 10°* M), and propranolol (5 X 10~6 ).

(b) Effects on_responses to nerve and field stimulation. The

inhibitory effects of sympathetic ganglionic stimulation on tracheal

responses to vagal nerve (NS) and field stimulation (FS) were
studied in a group of tissues (n=5). Both vagi were drawn into a
single shielded platinum tunnel electrode for NS with rectangular
pulses (0.5 ms; 25 V) applied via a Grass S 44 stimulator. For FS,
bipolar rectangular pulses (0.5 ms; 80 V)vwere applied from a Grass .
SD9 stimulator. Before the preparation was used, alternate NS and FS

were applied at 3 min intervals at 2, 8, and 32 Hz for 5 s until
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pressure increases were constant. Rectangular pulses (1 ms; 5C V; 40
Hz) were applied to ganglia 30 s before control responses to NS or
Fs.

To characterize the effects of sympathetic stimulation on
tracheal responses to NS and FS, these experiments (n=2) were done
at 8 Hz after ganglionic blockade with hexamethonium (10'4 M, 30
min incubation) alone and followed by chemical sympathectomy with
6-hydroxydopamine (10'3 M, 1 h incubation)

Propranolol (5 «x 1076 M) and indomethacin (10‘5 M) were
present in the bath throughout the experiment. Some experiments were
done in the presence of desipramine (10'6 M) and yohimbine (3 x
1076 M). Percentage inhibition of control responses to NS and FS
was calculated. Responses were compared using Student’s t test for
paired or wunpaired samples, as appropriate, and differences were
accepted as significant at p<0.05. A1l data are expressed as mean +

SEM.

Nonadrenergic noncholinergic responses. Tracheal responses to

NS and FS were characterized by adding the following drugs
successively: atropine, atenolol, hexamethonium, propranolol,
phentolamine (5 X 10°6 M), and tetrodotoxin (3 X 19°9 M). Each
drug was added to the bath at least 30 min before the experiment.
Rectangular pulses of varying stimulation parameters were applied as
given in the results section. Otherwise indicated, pulse duration
and voltage setting were the same as _above. At the end of each

experiment, tracheal tone was confirmed by aminophylline (10‘3 M).
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Drugs. The following drugs were used: atenolol, atropine
sulfate, desipramine hydrochloride, 6-hydroxydopamine hydrochloride,
indomethacin, and propranolel hydrochloride (Sigma, St.Louis, MO);
DL-isop}oterenol sulfate (Fluka AG, Buchs SG, Switzerland);
L-ascorbic acid (BDH Chemicals, Toronto, Canada); aminophylline
injection, USP (Squibb Canada Inc., Canada); phentolamine mesylate
for injection (Ciba Pharmaceutical Co., Div. Ciba-Geigy Corp.,
Summit, N.J.); hexamethonium bromide (K & K Laboratorie Inc.
Plainviéw, New York); and tetrodotoxin crystalline 3X (Sankyo Co.,
Ltd. Tokyo). Most drugs were dissclved in distilled water;
6-hydroxydopamine was dissolved in 0.02% ascorbic acid, indomethacin
uze dissolved in 0.2% sodium carbonate, and prazosin was dissolved

ture ¢f glycerine/5% dextrose solution (1:1).

with sympathetic ganglia. Tracheal responses to
- gapnglionic _ stimulation. Stimulation of sympathetic

_anglia induced a decrease in intratracheal pressures; occasionally,
this decrease was preceded by an increase in intratracheal pressure.
The decrease in intratracheal pressure returned to the control level
slowly after cessation of the stimulation. Atropine (10‘6 M)
abolished completely the evoked increase in intratracheal pressure,
leaving the evoked decrease (9.5 cm Hy0) unchanged (n=2). In the
presence of atropine, the evoked decrease in intratracheal pressure
was slightly (10.9%) reduced by atenolol (10'6 M), a selective
B1-adrenoceptor antagonist; however, the responses were reduced

significantly (63.6%) by subsequent addition of hexamethonium
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Fig. 4-1. Effects of selective By-adrenoceptor atenolol,

ganglionic blocker hexamethonium, and nonselective
B-blocker propranolol on tracheal responses to
sympathetic (ganglionic) stimulation. Atropine (1 uM)
and phentolamine (5 uM) were present throughout the
experiment.

(5 X 10-4 M), an autonomic ganglionic blocker, and completely
abotished by further addition of propranolol (5 X 10 m), a
noiiselective B-adrenoceptor antagonist (Fig. 1).

The effects of pulse duration, frequency, voltage, and duration
of stimulation were shown in Fig. 2. Supramaximal voltage was
determined by increasing voltage up to 50 V while a constant number
of pulsés (0.5 ms) were delivered at 20 Hz. The increase in the
voltage from 1 to 5V induced a rapid increase in the intratracheal
pressure response from 9.8 + 5.9 to 65.7 & 16.0% of the maximal
responses to iscproterenol, and responses reached the maximum at 50
V (89.5 + 16.0%) {(Fig. 2a). The effects of pulse duration on
tracheal responses to sympathetic stimulation were determined while
trains of 200 @ulses were delivered at 20 Hz at the supramaximal
voltage (50 V). Responses increased rapid]y from 28.8 + 8.8% to 83.3
+ 12.5% as pulse dyration Yncreased from 0.04 to 0.5 ms, and there

was a small change in the response between 0.5 and 4 ms (Fig 2b).



173

‘(Wi 1) Loududjoadost 03 asuodsad [ewixew
34yl Jo 9% se passaudxa auaMm sosuodsay - JudwLUddXd
9yl 1noybnouay} 7juasaud osaam (Wi ) sutwejojuayd
pue (Wl 1) autdoajy -AlaALjoadsas  ‘uorjeinuiis
J0 uotjeanp pue ‘sbejjoa ‘Aduanbasy ‘uopjeanp as|nd
30 5309339 ay) juasaddaa @ pue ‘5 ‘g ‘y ‘caunssaad
Ledydeajeazul uo uoije|nwiys dijayjedwds jJo $393433

(s) swn uonomus
ot o.n o.N

(zH) Aouanbauy
08 0L 09 05 oOr Of o0Z Ot O

0
A ot @0 oo 0 8 % 2o
M 02
O
.—\_. av -0
_ A —
| L 09
ﬁ fe) 09 0
O Orlln—v _ — ~ \.
n«u\ _ — — | 08 0//%\. .— i)
: ! |
. . F00t SWZe—@ 00
SWwZ ‘A0S ZH 0vO—0 $ 01 'AOS 'sw | O—O
a J
(sw) uonounp asing (A) aboatop
ot o'e (1A ()} Q.OQ 0s oy ot (V4 (1]} 0
. , , " A A AT A 0

T W 1| Py

—_—

e
|

|
[ T 1 A_u_\\.\\

$ 01 "ZH 0Z 'sw G'00—O

@
1
—.ON
q
k.s
O.oo %

(onL J0 %) aunssaud ui 9sbIJ93Q

T T Y T
[=} [=] o Q
o w < o~

(40w jo %) 2inssaad Uy asDIIOAQ

[
[¥]




174
Tracheal responses to sympathetic stimulation increased with
frequency until the maximal responses were reached at 40 Hz (81.4 +
13.2% and 87.4 + 12.8% with 1 and 2 ms pulses, respectively), when
pulses ~of 1 and 2 ms were applied at the supramaximal voltage for 10
s (Fig 2c). Responses increased rapidly with the duration of
stimulation up to 10 s, but small changes in response were seen for

over 10 s stimulation (Fig 2d).

Effects on responses to nerve and field stimulation. Sympathetic
stimulation reduced tracheal responses to NS and FS equi-effectively
and in a frequency-dependent manner, i.e., sympathetic stimulation
was more effective in inhibiting responses at low than high rates of
stimulation (Fig. 3a). The inhibitory effects of sympathetic
stimulation on tracheal responses to NS and FS at 2 Hz were slightly
enhanced by desipramine (10'6 M) and significantly (p<0.05)
reduced by yohimbine (3 X 1076 M) (Fig. 3b).

In separate experiments (n=2) without propranolol and
indomethacin, sympathetic ganglionic stimulation reduced tracheal
responses (32.2 cm Hy0) to FS at 8 Hz by 60%, and this inhibitory
effect was significantly reduced to 16% by hexamethonium (10'4 M)
and further reduced to 2.5% after subsequent sympathectomy with
6-hydroxydopamine (10'3 M) (Fig. 4). These experiments were done
only for FS, because hexamethonium significantly reduced tracheal

responses (30.3 cm Hy0) to NS by 76.5%, but not to FS.

Nonadrenergic noncholinergic (NANC) responses. In e
presence of atropine (10‘6 M) and phentolamine (5 X 10-6 M),
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Fig. 4-4. Effects of hexamethonium {100 pM) and sympathectomy
with 6-hydroxydopamine (1 mM) on the inhibitory effect
of sympathetic stimulation (8 Hz) on tracheal
responses to NS.

nerve and field stimulation for 10 s induced depressor responses in
a frequency-dependent manner. Tracheal responses (n=2) to NS were
smaller than those to FS at all frequencies examined (0.9, 5.0, and
7.4 cm H0 for NS vs. 4.4, 8.6, and 8.1 cm H,0 for FS at 2, 8,
and 32 Hz, respectively). Tracheal responses to FS at 8 Hz were
slightly reduced from 5.4 to 4.2 cm H,0 after atenolol and not
further reduced by subsequent addition ©of propranolol. After
addition of atenolol, propranolol, and hexamethonium, tracheal
responses to FS were slightly reduced to 3.6, 7.3, and 7.6 cm H,0
at 2, 8, and 32 Hz, respectively (Fig. 5a); responses to NS were
comoletely abolished at these frequencies, but sustained NS for 1
min with pulses of strong stimulation parameters (4 ms; 40 or 120
Hz) induced a minimal decrease (< 1.5 cm Hy0) in infratracheal
pressure (Fig. 5b). NANC inhibitory responses to FS seen in the

presence of the above autonomic blocking agents were almost
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Fig. 4-5. Nonadrenergic . noncholinergic responses. A. Field

stimulation, the effect of tetrodotoxin (3 pM). B.
Sustained nerve stimulation (1 min; 4 ms; 40 or 120
Hz). (.) indicates stimulation at a given stimulation
parameters.
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completely abolished by tetrodotoxin (TTX, 3 x 10-6 M). However,

tetrodotoxin could not abolish all the evoked responses; depressor
response turned into dual depressor/pressor response (Fig. 5a).
" Thus, a minimal decrease followed by a minimal increase in
intratrachea, “ressure (n=2) was observed for FS with rectangular
pulses (0.% -, 32 Hz; 4 ms, 8 and 32 Hz; 10 s); TTX-resistant NANC
inhibitory responses were dependent on pulse duration (Fig. 5a).
With pulses of a short duration (0.5 ms, 8 Hz, and 10 s),
TTX-resistant NANC inhibitory responses were seen when NANC
inhibitory responses were large (8.3 cm Hy0); however, only
TTX-resistant excitatory responses were seen when small (4.0 cm
Ho0). Subsequent addition of aminophylline (10’3 M) dinduced a
decrease in pressure (11.8 cm Hy0), similar in size to the

response to FS at 8 Hz.

4.4. Discussion

Guinea-pig tracheal muscle is densely innervated by adrenergic
nerve fibers (Doidge & Satchell, 1982; O0’Donnell & Saar, 1973;
0‘Donnell et al., 1978), derived from superior cervical ganglia
(Smith & Satchell, 1985) and stellate ganglia (Hammarstrom &
Sjostrand, 1979; Blackman & McCaig, 1983). The in vitro electrical

stimulation of the stellate ganglia induced relaxation of trachea,
which were blocked by propranolol (Blackman & McCaig, 1983) or by
guanethidine (Hammarstrém & Sjostrand, 1979). In our experiments,
stimulation of sympathetig gang]ja‘ at a variety of stimulation
parameters induced depressor responses, which were slightly reduced

by Bj-selective antagonist atenolol and completely abolished by
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nonselective B-adrenoceptor antagonist propranolol. These findings
confirm those of others {Blackman & McCaig, 1983) and provide
further evidence for coexistence of p;- and Bp-adrenoceptors and
functioﬁal importance of pp-adrenoceptor-mediated relaxation in
guinea-pig trachea, as shown by others (Zaagsma et al., 1979;
Carswell & Nahorski, 1983). Occasionally, depressor responses were
preceded by atropine-sensitive pressor responses; these findings
confirm those by others (Binger et al., 1931; Hebb, 1940;
Hammarstrém & Sjostrand, 1979) and indicate that guinea-pig trachea
receives cholinergic fibers via both the vagi and sympathetic
ganglia.

Unlike others (Elackman & McCaig, 1983), depressor responses
induced by sympathetic ganglionic stimulation were significantly
reduced by hexamethonium, suggesting tiiat in our preparations
ganglionic stimulation stimulated both pre- and post-ganglionic
sympathetic. nerves. This suggestion is further supported by our
finding that hexamethonium also significantly reduced the inhibitory
effects of sympathetic ganglionic stimulation on tracheal responses
to FS.

Stimulation of sympathetic ganglia for 35 s at the maximal
stimulation parameters (1 ms; 50 V; 40 Hz) for the tissue were
equi-effective in inhibiting pressor responses to NS and FS at 2, 8,
and 32 Hz, and this inhibitory effect was significantly reduced by
yohimbine as seen at 2 Hz. It has been shown in tracheal tubes from
normal (Biggs et al., 1988) and hypersensitized (Shin & Biggs, 1989)
guinea pigs that exogenous norepinephrine were equally effective at

blocking NS and FS at these frequencies whether for 10 s stimulation
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or for trains of 64 pulses. Thus, our findings indicate that, as for
adrenoceptor agonists, sympathetic ganglionic stimulation also
modulate cholinergic neurotransmission via aj-adrenoceptors
1ocated. solely on post-ganglionic neurons and have no modulatory
actions at parasympathetic ganglia; any direct effect of sympathetic
stimulation on tracheal smooth muscle was excliuded because
sympathetic stimulation did not alter mechanical responses to
exogenous acetylicholine (McCaig, 1987).

However, the inhibition of tracheal responses to NS and FS by
sympathetic gangiia is significantly smaller than those by exogenous
norepinephrine (Grundstrom et al., 1981; Biggs et al., 1988);
stimulation of sympathetic ganglia at the maximal stimulation
parameters inhibited contfol responses to NS at 2 Hz by only
37.6+4.5% compared with complete inhibition by exogenous
norepinephrine of responses tg¢ NS even at a higher frequency (32
Hz). These findings appear to indicate that, under physiological
conditions, norepinephrine released from sympathetic nerves may have
a minor role in modulating cholinergic neurotransmission.

Using similar stimulation parameters, McCaig (1987) observed
substantial inhibition of pressor responses to vagal stimulation in
approximately half the preparations tested; in the remaining
preparations, vagal responses were unaltered. This author suggested,
based on these findings, that anatomical apposition between
cholinergic and adrenergic nerve fibers may vary frem animal to
animal; thus, in preparatioms in which sympathetic stimulation is
ineffective, neurally-derived norepinephrine does not reach

adrenoceptors mediating neuromodulation. McCaig (1987) also showed
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that both presynaptic a- and B-adrenoceptors may inhibit cholinergic
neurotransmission. Unlike this author, we conducted all the
experiments in the presence of propranolol to study only
a-adrenbceptor-mediated modulation. Thus, smaller inhibition
observed in our experiments might be due to the blockade of
B-adrenoceptor-mediated inhibition and the possible variance among
animals in anatomical apposition between cholinergic and adrenargic
nc - . Fibers. Our finding that the inhibitory effect of sympathetic
s. iation were almost completely abolished by sympathectomy with
6-hydrexydcpamine indicate that neurally-derived norepinephrine is
responsible for the neuromodulatory effect of sympathetic
stimulation. Unlike the experiments with exogenous norepinephrine
(see chapter 2), the neuromodulatory effects of sympathetic ganglia
were not altered by the uptake 1 blocker desipramine, and this might
have been attributed to the maximal effect exerted by sympathetic
ganglia stimulated at the maximal parameters.

In the presence of atropine, FS induced depressor responses at
2, 8, and 32 Hz; these responses were slightly reduced by
propranolol and almost completely blocked by tetrodotoxin. These
findings indicate that NANC inhibitory responses of nerve origin are
predominant in these preparations. The proportion of adrenergic and
NANC inhibitory responses are controversial in guinea-pig trachea.
It has been shown that NANC inhibitory responses make up about
20-40% of the total relaxation inBluéd by FS of tracheal strips |
(Kalenberg & Satchell, 1979) or tubes (Kalenberg & Satchell, 1979;
Yip et al., 1981). However, in more recent studies using guinea-pig

tracheal chain preparations, Taylor et al. (1984) concluded that
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NANC nerves are majcr inhibitory nerves in this tissue. Dur results
appear to support these authors’ conclusion; the discrepancies among
these studies are not clear, presumably indicating variation among
individuals. Like others (McCaig, 1986b), sustained NS for 1 min
with strong stimulation parameters (4 ms; 40 or 120 Hz) induced a
minimal NANC inhibitory responses (even in the presence of
hexamethonium [10‘4 M]). The smallness of vagally-mediated NANC
inhibitory responses compared with those by FS, and the need for
sustained stimulation at much stronger stimulation parameters raise
the question about how these NANC responses are excited under
physiological conditions. TTX-resistant depressor responses were
followed by pressor responses; by contrast, Coburn & Tomita (1973)
observed contraction followed by relaxation +im their tracheal
strips. TTX-resistant depressor responses were dependent on pulse
duration rather than frequency, the size at longer pulse duration
being similar to TTX-sensitive NANC inhibitory responses induced by
vagal stimulation at strong parameters. Thus, these findings might
suggest that both TTX-sensitive and TTX-resistant NANC inhibitory
responses are important in controlling the airway tone in guinea
pigs, as in primate airways (Daimond & Altiere, 1988). The mechanism
for TTX-resistant NANC pressor and depressor responses and their

physiological significaiice remain to be further investigated.
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5. GENERAL DISCUSSION AND CONCLUSIONS
The literature review revealed that:

1. The sympathetic nervous system can modulate airway tone via its
effects on cholinergic transmission through airway ganglia, a
notion supported by the electrophysiological, morphologic, and
pharmacological studies in several species.

2. Prejunctional ap-adrenoceptors inhibit cholinergic
neurotransmission by reducing the release of acetylcholine from
postganglionic nerve endings in the airways of guinea pig and
human.

3. Stimulation of postjunctional aj-adrenoceptors in asthmatic
may induce bronchospasm.

The above information led us to postulate that up-regulation of
excitatory aj-adrenoceptors and down-regulation of inhibitory
presynaptic ap-adrenocepiors could contribute to airway
hyperresponsiveness in asthma. Therefore, we compared the inhibitory
effects of NE (and selective ag-adrenoceptor agonists clonidinz
and xylazine) on pre- and post-ganglionic nerve stimulation of
guinea-pig tracheal tubes prepared from control, sensitized, and
hypersensitized guinea pigs (asthma models). In tissues from control
animals, the effects of sympathetic ganglionic stimulation on
responses to pre- (NS) and po;t-gang]ienic-nerve stimulation (FS)
were also compared. Also, we compared the effects of NE and
selective aj-adrenoceptor agonist pheny]ephrine in tissues from
the different groups of animals.

The results of this study show that NE and sympathetic

185
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stimulation inhibit tracheal responses to NS and FS equi-effectively
at all frequencies. This suggests that, in guinea-pig trachea,
adrenoceptor agonists mediate their inhibitory effects via
me-adrehoceptors located solely on post-ganglionic neurons and
have no modulatory actions at parasympathetic ganglia. These
findings concur with morphological evidence confirming the absence
of adrenergic fibers in airway parasympathetic ganglia of this
species. Extrapolation of these data to human airways may be
misleading as, unlike guinea-pig airways, morphological evidence
indicates the presence of adrenergic fibers in parasympathetic
ganglia of human airways. Also, we have not excluded the possibility
that p-adrenoceptors exist on parasympathetic ganglia and modulate
ganglionic transmission, as veported “» other species (Skoogh,
1986).

The NE pD, values for NS and FS in tissues from asthma model A
and B were not significantly different from those for control
tissues. Thus, inhibitory az-adrenoceptor function is unaltered in
these two guinea-pig models of human asthma. The Tack of involvement
¢f inhibitory az-adrenoceptors in airway hyperresponsiveness is
supported by the finding that, in control tissues, the inhibition of
cholinergic responses by sympathetic stimulation was significantly
Jess than with exogenous NE, even though the supramaximal
stimulation parameters were used. ap-adrenoceptors have been
reported to inhibit cholinergic neurotransmission at the
neuromuscular Jjunctions in Ysolated human bronchi. However, this
study suggests that prejunctional ap-adrenoceptors do not

contribute to airway hyperresponsiveness in human asthma. Our study
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indicates that az-adrénergic agonists would reduce the degree of
airway hyperresponsiveness in asthma if it involved cholinergic
transmission. | The ap-adrenergic agonist clonidine prevents
bronchoépasm induced by antigen provocation iﬁ asthmatics and
sensitized guinea pigs, presumably by inhibition of vagal reflex
bronchoconstriction via presynaptic ay-adrenoceptors on
cholinergic efferents.

Many types of receptors could modulate cholinergic
neurotransmission at neuromuscular Jjunction or at airway ganglia.
However, it 1is not known whether their functions are altered in
asthma. These data draw our attention to other presynaptic receptors
for their possible role in airway hyperresponsiveness in asthma.

The second part of the present study revealed that
aj-adrenoceptor function was unchanged in two animal models of
asthma. Several studies have demonstrated the enhanced
ajp-adrenoceptor effects in asthmatics. However, this might be due
to other effects not involving ap-adrenoceptors. For example,
apparent enhanced oj-adrenoceptor effects in asthmatics may be due
to a pH effect of the solution. Thus, unlike unbuffered solutions of
phenylephrine, buffered phenylephrine has been shown to be no more
spasmogenic than buffered saline in asthmatics. Our findings in
vitro concur with those of others who showed that phenylephrine
failed to induce significant increases in tone in bronchi iselated
from either non-diseased or asthmatic human lungs. It was shown that
nonselective a-antagonists (such  as thymoxamine, phentolamine and
indoramin) increase resting airway conductance in asthmatics and

protect against bronchoconstriction induced by many stimuli.
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However, these effects may relate to the non-a-receptor blocking
pharmacological actions of the drugs, including direct relaxation of
smooth muscle, catecholamine release, or antihistaminic activity.
Also, ihe absence of any beneficial effects of the «;-selective
antagonist prazosin in asthma supports these findings. It s
possible that oj-adrenoceptor function is increased in the smaller
airways in asthma - the number of aj-adrenoceptors increases as
the airways become smaller. These experiments were conducted in a
large airway and it may not be possible to extrapolate the findings
to small airways.

In summary, results of this study show that, in guinea-pig
models of asthma, alterations in «p- and ay-adrenoceptors do not

contribute to airway hyperresponsiveness.



6. INTRODUCTION AND PROPOSED RESEARCH
6.1. Cardiovascular Receptors

Work over the past 40 years has shown that the cardiovascular
system and lungs contain many receptors mediating reflexes affecting
the respiratory, cardiovascular, and other systems. Cardiovascular
receptors comprise systemic arterial baroreceptors, peripheral
arterial chemoreceptors, pulmonary vascular receptors, and atrial
and ventricular receptors (Daly, 1986). This section will be
limited to discussion of cardiovascular receptors (see Chapter 1. of
Section I for receptors in lungs).

Systemic arterial baroreceptor areas derive from the aortic
branchial arches (see Kirchheim, 1976). In man and mammals, the
receptor endings are located in segments of the arterial system that
have an elastic structure (Grigoreva, 1962; Muratori, 1967).
Receptors are found in the following regions: 1) in the aortic arch
at the origins of the brachiocephalic artery, the left subclavian
artery, and Botallo’s duct; 2) in the brachiocephalic artery at its
bifurcation into the right subclavian and right common car.tid
artery; 3) in the carotid sinuses; 4) along both common carotid
arteries; and 5) in both common carotid arteries at the origin of
the superior thyroid artery (see review by Kirchheim, 1976). There
is no experimental evidence thatlthe latter two "minor areas" induce
typical reflex changes in blood pressure in species other than in
the cat (Green, 1967). Sensory innervation by the left aortic or
depressor nerve reaches the aortic arch at the point where the left

subclavian artery originates from the descending part of the aorta.
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The principal contribution to the right aortic nerve comes from the
subclavian-carotid angle and the neighboring part of the
brachiocephalic artery. Recently, the pathway of aortic depressor
nerves .has been described in the guinea pig (Sun & Biggs, 1986). The
carotid sinus region is supplied by the sinus nerve, a branch of the
glossopharyngeal nerve (see next section for the details of carotid
sinus region). The characteristics of the receptors in the carotid
sinuses and aortic arch and their reflex responses have been
described in several reviews (Heymans & Neil, 1958; Kezdi, 1967;
Kirchheim, 1976; Sleight, 1980). Baroreceptors in the carotid
sinuses and aortic arch are innervated by medullated (A-type) or
nonmedullated (C-type) fibers (Kirchheim, 1976). The receptors
respond to stretch of the vessel wall in which they 1lie and
therefore to changes in mean pressure, pulse pressure, and pulse
frequency. Changes in the viscoelastic properties of the vessel
walls, whetivar produced by chemical agents, sympathetic activity, or
arterial disease and hypertension, can alter the relationship
between pressure and the frequency of firing of baroreceptors (Aars,
1968, 1971; Angell-James, 1971, 1973, 1974a,b). Stimulation of
baroreceptors in the carotid sinus and aortic arch alters peripheral
resistance and heart rate. When compared with the aortic baroreflex,
the carotid baroreflex is more sensitive to dynamic than to static
stimulation (Angell-James & DeBurgh-Daly, 1970), also, it alters
vascular resistance more than heart rate (Glick & Covell, 1968), and
seems more effective in hypotensive than in hypertensive states
(Donald & Edis, 1971). It has been shown that selective stimulation

of baroreceptors induces reflex bronchoconstriction in cats and dogs
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(Daly & Schweitzer, 1951) and guinea pigs (Biggs, 1984; Biggs &
Perterson, 1981).

Peripheral arterial chemoreceptors ars 1located in the carotid
and aoftic bodies. Carotid bodies are present in all mammalian
species studied and contain two types of cells: type I and type II.
Cells are found in the principal mass of the carotid body and in
isolated groups in the connective tissue around vessels in the
carotid bifurcation, separate from the principal mass - the
periadventitial cells (Clarke & Daly, 1981a,b, 1982, 1983).
Periadventitial cells are uresent in cats, dogs, and rabbits but not
in guinea pigs, rats, and mice. Chemoreceptors in the carotid bodies
are innervated by the carotid sinus nerves. They respond to changes
in blood p0y, pCOp, and pH. Unlike baroreceptors, chemoreceptor
activity is asynchronous with heart rate and activity has no
relationship to systole (Heymans & Neil, 1958). Under circumstances
in which secondary effects resulting from changes in arterial blood
pressure and blood gases are controlled, stimulation of the carotid
bodies causes bradycardia, a negative 1left ventricular inotropic
response, a reduction in cardiac output, and an increase in systemic
vascular resistance (Daly, 1986). The aortic bodies are located in
the aortic arch region (Howe, 1956). The relative contributions of
the carotid and aortic bodies to respiratory and circulatory control
varies, depending on the species under study, as aortic bodies are
absent from rabbits, rats and mice and the carotid bodies are
present in all mammals studied. Functional differences are noted
between chemoreceptors in the carotid and aortic bodies. Stimulatioi

of the carotid bodies evokes bradycardia and a decrease in left



192

ventricular (dP/dt)max (where P = pressure and t = time), aortic
body stimulation causes tachycardia and an increase in (dP/dt)max
(Karim et al., 1980). Also, the carotid bodies exert a greater
influence on respiration, whereas the aortic bodies produce a
greater hypertensive response (Comroe & Mortimer, 1964).

Pulmonary vascular receptors occur at the adventitial-medial
Jjunction in the main pulmonary artery and its two branches or
penetrate the outer layers of the media. They are supplied by
myelinated fibers running in the vagi, although some fibers run in
sympathetic nerves (Daly, 1986). Receptors have also been described
in the pulmonary veins. Generally distension of the whole pulmonary
vascular bed causes tachycardia, sometimes preceded by brief apnea,
bradycardia, and systemic hypotension dependent on the integrity of
the vagi (Daly & Hebb, 1966). Endings connected to large myelinated
fibers are distributed almost exclusively in the left and right main
pulmonary arteries and are active at normal arterial pressures.

Atrial receptors have been reviewed (Linden & Kappagoda, 1982;
Linden, 1987; Mary, 1987). Receptors are located in the walls of the
atria and atrial appendages at the junctions of the right atrium
with superior and inferior venae cavae and of the left atrium with
pulmonary veins in animals and humans. Receptors served by
myelinated A-fibers are found Aat all these sites. C-fiber endings
are located mainly in the atrial walls, interatrial septum, and
atrial appendices. Myelinated afferents run in the vagi and
unmyelinated afferents run in the.vagi and sympathetic nerves. Of
these three groups, only the group of receptors that discharge into

myelinated vagal nerve fibers has been shown upon stimulation to
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result in the following reflex responses: an increase in the
activity in efferent cardiac sympathetic nerves (Linden et al.,
1982) and heart rate (Kappagoda et al., 1979); a decrease in the
' activity in efferent renal sympathetic nerves (Linden et al., 1980)
and an increase in urine flow (Sivananthan et al., 1981); a decrease
in the plasma level of vasopressin (Bennett et al., 1984) and plasma
renin activity (Hicks et al., 1985).

Ventricular receptors are innervated mainly by nonmyelinated
vagal C-fibers and their density differs among species (Baker et
al., 1979; Coleridge & Coleridge, 1980). They are divided into:
those excited predominantly by chemical stimuli, and those
responding mainly to mechanical stimuli. Stimulation of veniricular
receptors results in decreases in heart rate and in vascular
resistance in various parts of the body and dilatation of
capacitance vessels. Responses to stimulation of these receptors
appear to be influenced by the intensity of the stimuli to other
reflexogenic areas and changes in resistance are inhibited at high

carotid sinus pressures (Hainsworth & McGregor, 1987).

6.2. Baroreceptors in Carotid Sinus
6.2.1. Arteries

The wall of arteries consists of three layers: tunica intima,
tunica media, and tunica adventitia (Rhodin, 1980). The intimal
layer is the innermost layer and is composed of the following
structures: 1) a single layer of endothelial cells Tlining the
vascular wall; 2) a thin, about 80-nm thick basal lamina; and 3) a

subendothelial layer, composed of collagenous bundles, elastic
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fibrils, smooth muscle cells, and perhaps some fibroblasts. The
subendothelial 1layer, however, is usually present only in the large
elastic arteries such as human aorta. The endothelial monolayer
serves .as a nonthrombogenic surface for prevention of thrombi and
function as a permeability barrier or transport system, or both, for
components of the blood to the underlying smooth muscle cells of the
media of the vessel well (Ross & Kariya, 1980). The arterial
endothelium is provided with a system of tight, occluding junctions
and communicating junctions, which are implicated in
transendothelial transport. It has been hypothesized that "injury"
to the endothelium is a critical factor in lesion formation in
atherosclerosis. The tunica media is the middle layer of the
arterial wall and made up of smooth muscle cells, a varied number of
elastic sheets (laminae), bundies of collagenous fibrils, and a
network of elastic fibrils. There are no cells present in the media
other than the smooth muscle cells. The tunica adventitia is the
outermost layer. In all arteries, the adventitia consists of dense
fibroelastic tissue without smooth muscle cells. The adventitia alse
harbours the nutrient vessels of the arterial wall: arteriolas,
venules, blood capillaries, and lymphatic vessels, collectively
referred to as the vasa vasorum. The adventitia renders the arierial
wall stable, and serves to connect the blood vessel to its
surrounding tissues. Also, it conveys nutrients to the szingth muscle
cells of the media.

Generally, arteries are subdivided into f%sp categories,
elastic and muscular. Those with large diameters, in which the

media contains both smooth muscie cells and many elastic laminae,
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are called elastic arteries. Arteries decrease in diameter as they
approach the periphery and become purely muscular arteries in which
the media is less elastic and the smooth muscle cells prevail.
Branches of some elastic arteries remain elastic throughout their
course, e.g. vertebral artery; some demonstrate a gradual transition
from elastic to muscular, e.g. internal carotid, axillary arteries;
others are elastic only at their origin and become muscular in
character, e.g. external carotid artery. Although an elastic artery
can give rise to elastic or muscular branches, no elastic artery has
been found to originate from a muscular vessel. Elastic arteries
include the aorta, brachiocephalic trunk, arteria subclavia, arteria
carotis, arteria iliaca, and arteria pulmonalis. Elastic laminae in
the tunica media are fenestrated. It has been suggested that the
fenestrations are for the passage of nutrition from the lumen to the
tunica media, or insertion points for the tendons of smooth muscle
cells (Hassler, 1962). The number of fenestrated elastic laminae in
the tunica media of elastic arteries varies among species: 40-60 in
large elastic arteries such as human aorta and only 20 in the much
smaller aorta of the rabbit (Wolinsky & Glagov, 1967). Their number
decreases gradually toward the periphery of the arterial system. The
elastic laminae are concentrically arranged and spaced
equidistantly. A network of delicate elastic fibrils interconnects
the elastic laminae. Through this arrangement, the media has a
highly structured and e1aborate elastic framework which gives it
great resilance and strength. The_,smooth muscle cells are placed
within this framework and their arrangement and orientation varies

among species. In the aorta of the squirrel monkey (Rhodin, 1974),
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the smooth muscle cells are attached to the elastic laminae. Cliff
(1976) maintains that alternating elastic and muscular laminae give
major mechanical strength to the media, and adapt rapidly to
a]terat%ons in pressure and flow because of their compliance and
plasticity. Woliasky and Glagov (1964) suggested that the entire
wall of an elastic artery is constructed to distribute uniformly the
tensile forces to which it is exposed. The elastic compdnents and
the smooth muscle celis are held together by a network of
collagenous fibrils, all of which are embedded in a viscous and
gelatinous mucopolypeptide ground substance (Rhodin, 1980). It has
been suggested that the orientation and close relationship among
elastic fibers, elastic laminae, collagenous bundles, and smooth
muscle cells serve as a continuous fibrous helix, which can
withstand 1longitudinal and lateral forces of expansion. Wolinsky and
Glagov (1964) stressed that the lamellar unit of aortic medial
structure, made up of elastin, collagen, and smooth muscle,
contributes to the viscoelastic properties and could account for
many of the static and dynamic mechanical features of elastic

arteries.

6.2.2. Carotid Sinus

6.2.2.1. Structural Features

Carotid sinus is located where common carotid artery bifurcates.
There are species differences in the anatomical structures involved
in the forming of the sinus. An occipital sinus near a carotid sinus
has been observed in cat and dog and an occipital-internal carotid

sinus has been reported in calf and pig (Muratori, 1967). In guinea
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pigs, the carotid sinus is located where common carotid artery
bifurcates into the the external and occipital arteries. Despite
these anatomical differences, the areas supplied most densely with
baroreceptors in all species are elastic in nature. Thus, the media
of the sinus region is thinner, contains significantly less smooth
muscle and has a higher elastin content tizan the internal, external,
or common carotid arteries (Kirchheim, 1976). Compared with the
common carotid artery, the medial-intimal thickness of the carotid
sinus was less, the thickness of the adventitia greater, even though
the whole-wall thickness was the same (Rees & Jepson, 1970; Bagshaw
& Fischer, 1971). In the media of the carotid sinus of rabbits, the
¢lastic sheets alternate with single layers of smooth muscle cells
(Rees, 1968). The carotid artérial musculature cranial and caudal to
the sinus is helically disposed (the angle between the helical turn
and the long axis of the artery varying from 20° to 809).
However, the smooth muscle sheets in the sinus media are arranged
circumferentially with respect to the long axis of the vessel (angle
of spiraling 909). Moreover, the neighboring smooth muscle cells
were closer to each other, the intercellular distance being 150-200
A [intercellular distance between individual smooth muscle cells in
vessels of elastic type was reported to be 10,000 A (Prosser et al.,
1960)]. These structural features enable the carotid sinus to
decrease its radius more efficiently than other vessels of the

elastic type by activation of its smooth muscle cells.

$.2.2.2. Baroreceptors

Genevrally, the baroreceptors of the carotid sinus are found in
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the adventitia, and mainly at the medial-adventitial border (see
review, Kirchheim, 1976). Two types of sensory nerve endings have
been described in the carotid sinus of man and mammals (Abraham,
1967; Willis & Tange, 1959): type 1 receptors consisting of a few
relatively thin myelinated fibers that run together until they form
a diffuse arborization in a large loose plexus, and type 2 receptors
consisting of a single thick myelinated fiber that runs for quite a
distance until an extremely rich arborization begins. In the carotid
sinus, the receptors appear to lie between the collagen fibers of
the adventitia parallel to the longitudinal axis of the vessel. The
majority of the baroreceptors are connected to medullated (A-type)
nerve fibers. The A-fibers in the sinus nerve of cat, dog, rabbit,
and man range from ¢ to 12 um in diameter (Kirchheim, 1976). Of the
A-fiber population in the sinus of cat, about two thirds belong to
chemoreceptors and one third to baroreceptor fibers (Fidone & Sato,
1969). Also, nonmedullated (C-type) fibers were reported in the
sinus nerve of cats (Fidone & Sato, 1969).

One model for baroreceptor function (Brown & Wilson, 1980)
suggests two linked events: mechanical and electrical. The
mechanical sequence 1links intrasinus pressure to receptor
deformation while the electrical seguence 1inks receptor deformation
to axonal discharge. According to this model, pressure produces
circumferential wall strain which deforms the baroreceptors and
causes them to discharge. In the steady state, the relationship
between pressure and diameter or strain (defined as the ratio of the
change 1in radius to the radius at zero pressure) is non-linear as is

the relationship between pressure and discharge. However the
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relationship between discharge and strain is linear (Andresen et
al., 1978). These findings indicate that steady-state
non-linearities result from the properties of the tissues in which
the reéeptors are embedded. These findings further imply that fof
small perturbations, receptor strain, receptor potential, and axonal
discharge are probably Tlinear functions of displacement (Brown &
Wilson, 1980). |

In this section, the mechanical 1ink will be discussed in more
detail considering its relationship to the structural features of
the carotid sinus. The nonneural wall components, i.e., the
fibroelastic tissues, transmit the intensity of stimuli by causing
mechanical deformafion of the receptor-generator region (Paintal,
1972). Baroreceptors respond to distortion of their receptor regions
by generating action potentials and, thus, provide information to
the central nervous system for cardiovascular control. It is
believed that distortion activates a relatively nonseiective
cation-conducting channel through the membrane (Andresen & Kunze,
1987). In a model system for mechanotransducer ion channels, it has
been shown that membrane tension is coupled to the channel by
cytoskeletal strands that concentrate the strain energy from a large
area of membrane and thereby provide high sensitivity (Sachs, 1987).
In these channels, transduction is accompanied by a strain-dependent
increase in the probability of being open. Thus, the baroreceptors
are stimulated by the mechanical deformation of certain areas within
the arterial wall rather than by the_intrafafterial pressure changes
per se (Heymans & Neil, 1958; Peterson, 1962). There’is evidence

that the deformation that ‘determines the electrical activity of
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carotid. sinus baroreceptors is stretch, and thit transmural pressure
is the factor determining the stretch or "tone" of the receptors
(Kirchheim, 1976). The extent to which the receptors, or the
fibroe]hstic tissues associated with receptors, will become
stretched for a given transmural pressure will depend on two
factors: 1) the geometry of the vessel wall, i.e., its internal
radius and wall thickness; and 2) the elastic and viscous properties
of the vessel wall - determined to a large extent by the tissue
composition of the arterial wall (Burton, 1954). It has been shown
that for a given transmural pressure the (stretching) stress is
highest at the innermost part of the vessel wall and decreases in a
nonlinear fashion toward the outer part of the wall (Timoshenko,
1962). In the carotid sinus, the main baroreceptor-bearing area
(i.e., the medial-adventitial border) is placed close to the sinus
lumen, as the media-intima layer of the sinus is thin (see above).
Thus, the geometry of the carotid sinus (Bagshaw & Fischer, 1971;
Rees, 1967a,b; Rees & Jepson, 1970) seems to provide a special
advantage for the transformation and transduction of transmural
pressure to radial; i.e., circumferential stretch at those sites

within the vessel wall that bear the receptor endings.

6.2.2.3. Sympathetic Innervation

In addition to its afferent innervation, the carotid sinus
region receives sympathetic efferent innervation. Sympathetic
efferent fibers have been repeatedly described in the carotid sinus
of mammals with traditional microscopic methods (Eyzaguirre & Lewin,

' 1961). Rees (1967b) demonstrated the presence of NE-containing
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sympathetic nerve endings in the carotid tree of rabbits using
parallel electron and fluorescent microscopic techniques. In the
walls of the internal and external carotid arteries, sympathetic
nerves'.closely associated with smooth muscle were observed along the
medial-adventitial border. In the wall of carotid sinus, sympathetic
nerves were not observed along the medial-adventitial border.
However, naked or partly naked sympathetic fibers were observed in
the adventitia in close association with smooth muscles; these
muscle cells, which are not identified elsewhere in the carotid
tree, are circumferentially and longitudinally arranged and are set
back from the medial-adventitial border by distances of up to 20 um.
Confirming Rees’ findings (1967b), Reis & Fuxe (1968) reported
fluorescence studies that revealed a rich noradrenaline-containing
network in the deeper layers of the adventitia in the rabbit and cat
carotid tree. The fluorescent beads, indicative of sympathetic nerve
terminals, were distinctly set back from the media and were more
dispersed in the sinus wall compared with the neighboring carotid
wall, in which the nerve terminals were more close to the media.
Both groubs (Reés, 1967b; Reis & Fuxe, 1968) demonstrated that the
fluorescence was reduced or disappeared after chronic stimulation of
the cervical sympathetic ganglion or after administration of
reserpine. .

It is generally acknowledged that the transducer properties of
arterial baroreceptors are influenced by the mechanical behavior of
the baroreceptor regicns. Also, there is evidence that direct
application of vasoconstrictor agents to the carotid sinus could

modify its mechanical properties, and thereby influence baroreceptor
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nerve output (Heymams & Neil, 1958). However, It is controversial
whether sympzthetic efferents influence the sensitivity or set point
of the sinus baroreflexes. The effects of stimulating sympathetic
efferenfs have been negative (Moncada & Scher, 1963) or variable and
modest (Koizumi & Sato, 1969; Sampson & Mills, 1970; Wurster &
Trobiani, 1973). Bergel et al. (1980) has shown that Tlocal
application of norepinephrine to the sinus of anesthetized dogs
constricted the sinus; the radius was reduced at all intrasinus
pressures except the highest studied. Norepinephrine increased both
wall tensior and nerve activity at a given radius. Similar findings
were obtained with sympathetic stimulation in the sinus of this
species (Peveler et al., 1980). Thus, these findings in dogs with
norepinephrine and sympathetic stimulation suggest that sympathetic
efferents can increase the sensitivity of baroreceptors in the
carotid sinus, probably by an increase in the active tension of
smooth muscle cells coupled in series with receptor endings. Also,
sympathetic nerves may have a direct effect on carotid sinus
baroreceptors. Munch & Brown (1987) showed that orthodromic
electrical stimulation of the efferent sympathetic nerves to the
aortic arch caused baroreceptor unloading via vasoconstriction and,
possibly, direct excitation of some units. In vivo, the sensitivity
of baroreceptors may be controlled by a feedback burst of
sympathetic activity which coincides with diastole; this would
accord the pulse a major role in reflex control of the

cardiovascular system.
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6.3. Preamble

The carotid sinus is the "elastic segment" of the bifurcation
region of carotid arteries; it receives a rich sensory innervation
from bfanches of the glossopharyngeal nerve. In various species,
ultrastructural studies of this region showed mixed findings on the
location of baroreceptors in sinus wall and on their structural
characteristics (see Shin et al., 1987). Also, it has been suggested
that  baroreceptor function is modulated by adrenergic nervous
activity. The density of the adrenergic innervation and presumably
the degree of adrenergic modulation varies among species. Therefore,
we examined the fine structure of the baroreceptors and the
adrenergic  innervation of the guinea-pig carotid sinus by
transmission electron microscopy (TEM).

The sinus region has unique pressure sensing functions, and this
has been related to the structural differences among the carotid
sinus and its adjacent regions. TEM studies of the carotid sinus
demonstrated a close association between baroreceptor terminals and
surroundiiig elastic tissues, emphasizing the importance of elastic
tissues. Despite this, three dimensional studies of elastic tissues
in the bifurcation region of carotid arteries have not been
conducted in any species to date. Therefore, we compared the
organization and fine structure of -the elastic laminae of the
carotid sinus and its adjacent arteries by scanning electron

microscopy (SEM).

6.4. Hypothesis

The structural features of baroreceptors in carotid sinus show
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interspecies. homogeneity, and the elastic laminae of the carotid
sinus, coupled with its dense innervation by baroreceptors, relate

to its pressure-transducing functions.

6.5. Objectives

Overall: Characterize the morphology of carotid sinus in
guinea pigs.
1. Investigate the distribution and ultrastructure of
baroreceptors in the carotid sinus from normal, control guinea pigs.
2. Study the adrenergic innervation in the carotid sinus from
6-hydroxydopamine-treated guinea pigs.
3. Compare the elastic networks of the carotid sinus and its
adjacent arteries to study structural basis for the physiological

roie of the'carotid bifurcation.
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7. OBSERVATIONS ON THE FINE STRUCTURE OF THE BARORECEPTORS AND
ADRENERGIC INNERVATION OF THE GUINEA-PIG CAROTID SINUS®

7.1. Introduction
In guinea pigs, unlike most other species studied, the carotid
sinuses are Tlocated where the common carotid arteries bifurcate to
form the occipital and external carotid arteries (Rees, 1967). The
sinus regions receive rich sensory innervation from branches of the
glossopharyngeal nerves, and the medial layer of the sinuses
contains large amounts of elastic tissue. However, ultrastructural
studies of the sinus regions in various species have yielded mixed
findings: baroreceptive endings have been demonstrated in the
adventitia or extending along the medio-adventitial border in
rabbits, cats, and dogs (Knoche & Schmitt, 1964; Knoche & Addicks,
1976, Knoche et al., 1977, 1980), in the outer medial layers in
rabbits and dogs (Dropmann, 1967; Chiba, 1972), and in the media
even in the innermost layers adjacent to the intima — in guinea
pigs (Bock & Gorgas, 1976; Gorgas et al., 1983). Furthermore, not
all structural characteristics of baroreceptor terminals are present
in every terminal, and they vary among species. A classification of
the terminals, based on their ultrastructural characteristics, has

been proposed (Bock & Gorgas, 1976) but is not widely used (Knoche

A version of this chapter has been published:
H.S. Shin, W.C. Hulbert, and D.F. Biggs. J. Morphol. 194:65-74
(1987)
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et al., 1980). These characteristics include densely packed and
heterogeneous mitochondria, osmiophilic homogeneous and lamellated
bodies, neurotubuli, neurofilaments, glycogen granules, clear and
granu]af vesicles, translucent axoplasmal matrix, lamellar systems
(1aminar, Knoche et al., 1980), 1ipid droplet-like material, and
vacuoles (Rees, 1967; Chiba, 1972; Bock & Gorgas, 1976; Knoche et
al., 1977, 1980).

Studies of the adrenergic innervation of the carotid sinus with
fluorescence histochemistry have shown species-related variations in
the distribution and number of nerve fibers (Reis & Fuxe, 1968; Béck
& Gorgas, 1976; Stanton & Hinrichsen, 1980). In all species
studied, however, 6-hydroxydopamine (6HD) induces rapid, selective
degeneration of adrenergic nerve terminals, leaving cholinergic
neurons, Schwann cells, and glial cells intact (Thoenen & Tranzer,
1968; Llever et al., 1971), and the degenerated fibers become
electron-dense or swollen (Tranzer & Thoenen, 1968, Tranzer &
Richards, 1671; Cobb & Bennett, 1971).

We examined the distribution and ultrastructure of baroreceptors
in guinea pigs, and investigated the adrenergic innervation of the

walls of the carotid sinus after treatment with 6HD.

7.2. Methods

Guinea pigs of either sex, weighing 400-750 g, were anesthetized
with urethane, 1.5 g/kg, injected ip. The trachea was cannulated
(PE 240), both common carotid bifurcations were isolated, and the
common carotid arteries were cannulated centrally (PE 50). Both

bifurcations were perfused at a rate of 1 ml/min with 10 ml of
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heparinized saline containing sodium nitroprusside (20 pg/ml)
followed by 10 ml of ice-cold 4% glutaraldehyde containing 0.1%~
osmium tetroxide in 0.1 M sodium cacodylate, pH 7.4. Both
bifurcations were resected, fuirther fixed in 4% glutaraldehyde in
0.1 M cacodylate buffer for 1 h, washed in 0.2 M cacodylate buffer
(pH 7.35), and refixed for 1.5-2.0 h in 1:1% osmium tetroxide with
potassium ferrocyanide in 0.1 M sodium cacodylate. Th2 tissues were
then rinsed in distilled water, refixed in saturated uranyl acetate
for 2 h, dehydrated in a series of graded ethanols and embedded in
LX112 resin. Ultrathin serial sections were cut with a diamond
knife fitted to a Sorvall Porter-Blum MT-2 ultramicrotome, mounted
on naked copper grids, stained with uranyl acetate and lead citrate,
and examined with a Phillips 410 transmission electron microscope
(TEM). Degeneration of adrenergic fibers was induced by injecting

6HD ip, 50 mg/kg, 12 h before the animals were killed.

7.3. Results

Innervation. Large numbers of nerve bundles were found in the
outer layers of the tunica adventitia. Each bundle was surrounded
by a perineurium enclosing one or two myelinated fibers and several
unmyelinated fibers. Groups of unmyelina;ed fibers, surrounded by
Schwann cells and a basal lamina, were embedded in collagen fibers
(Fig. 1). Several Tlarge perineuria were seen; they enclosed many
unmyelinated fibers (0.36-0.70 uM diameter) and some contained
myelinated fibers also (Fig. 2), most qf which were much thicker
(0.36-1.5 uM diameter). The ratio of unmyelinated to myelinated
fibers was 13-18:1.
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Penetration. Many large myelinated fibers lost their myelin

sheath as they penetrated the adventitia. Others, however, lost
their éheath only when they had reached varying depths of the media
(Fig. 3), and thus resembled the "premyelinated axons" described by
Rees (1967). The fibers, now unmyelinated, accompanied by their
Schwann cells, branched and penetrated deeper into the media through
gaps in the medial elastic laminae (Fig. 4) and formed rounded
endings (Fig. 5). These receptor endinas contained cytoplasmic
inclusions, most commonly densely packed mitochondria, various types
of vesicles, osmiophilic boedies and glycogen granules. In some
sections, a thick myelinated fiber was seen between two medial
elastic  laminae. Serial sections revealed accumulations of
mitochondria and osmiophilic bodies along the cytoplasmic membrane,
and neurofilaments in the central part of the receptor adjacent to

where the myelin sheath disappeared (Fig. 3).

Distribution of baroreceptor nerve terminals. Baroreceptors

(sensory-nerve terminals) were distributed throughout the adventitia
and media. Most of them were extremely rich in drgane]]esAand each
was enveloped by a Schwann cell (the "terminal cell" of Knoche &
Schmitt, 1964). The nerve complex was enclosed by basal laminae,
and embedded in densely packed collagen fibers (Fig. 6). In some
sections the }receptor surface was partly or completely (i “led of
the cytoplasm of the terminal cell and covered only i: “:sal
lamina. In a few sections a complicated basal laminar @2t <~ s

v

observed between the receptor and its adjacent Schwan"ys "



214
elastic. membrane (Fig. 7). In the adventitia, the receptors were

embedded in the matrix of elastic and collagen fibers (Fig. 8).

Ultrastructural characteristics of receptors. Nerve terminals
in the adventitia or media showed the ultrastructural features of
baroreceptors, varying from a few types of structure to the entire
range within individual terminals. Some receptors contained
numercus mitochondria, densely packed, of varied size and shape
(Figs. 3,5,9), whereas others contained only a few. Other features
observed were strongly osmiophilic lamellated or homogeneous bodies
that resembled mitochondria in size and shape (Figs. 6,10),
aggregates of osmiophilic granules (Fig. 11), vacuoles and vesicles
(Fig. 12), abundant glycogen granules (Fig. 7) and a lamellar
system. Examination of serial sections revealed that the numbers and
sizes of vacuoles, and the numbers of mitochondria, varied according
to the plane of sectioning.

Several types of vesicles were observed. Those in one receptor
surrounded by adventitial collagen fibers were of varied electron
density and granular texture, ranging from 100 to 1000 A in diameter
(Fig. 8). Receptors in the media were packed with granular vesicles
of almost identical electron density and size; they and other types
of receptors appeared to be within the cytoplasm of the same
terminal cell (boxed area of Fig. 7). The glycogen granules were
interspersed among the mitochondria or clumped in the cytoplasm.
The Tlamellar system consisted of Iayers'of osmiophilic membranes;
in one receptor, in the media, numerous vacuoles and lamellated

bodies were present inside and outside the lamellar system and there
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was an adjacent area of translucent amarphous cytoplasm (Fig. 13).

Effect of 6-hydroxydopamine on adremergic nerves. The carotid

sinuses of guinea pigs given 6HD (50 mg/kg ip) contained a few
adrenergic nerve fibers or terminals in various stages of
degeneration: some were strongly osmiophilic (Fig. 14), others
greatly swollen. These degenerated fibers were in the adventitial
matrix of collagen fibers, mostly around the vasa vasorum. No

fibers of this type were found in the media.

7.4. Discussion

Innervation. Our findings indicate that the elastic segment
(the carotid sinus) of the carotid bifurcation has the densest
innervation. TEM of the various areas (common carotid artery,
externd]l carotid artery, occipital artery) of this bifurcation
revealed that the carotid-sinus region contained the highest density
of elastic tissue and least smooth-muscle cells. These guinea-pig
carotid sinuses were similar to those of humans, dogs, rabbits and
cats; they were unlike those of rats and mice, which contain no
clearly defined elastic segment (Rees, 1967; Bdock & Gorgas, 1976).

The carotid sinus was densely innervated by both unmyelinated
and myelinated nerve fibers. Perineuria enclesing bundles of the
fibers were common; however, although some contained only
unmyelinated fibers, none contained only myelinated ones. The
medial Tlayer contained occasional nerve fibers that appeared to be
losing their myelin sheaths and taking on the features

characteristic of baroreceptors. Thus, as in rats (see Brown,
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1980), - a proportion of baroreceptors in guinea pigs possess
myelinated afferents. Saum et al. (1976), using
electrophysiological techniques, establicshed that baroreceptors
possess’ both myelinated and unmyelinated afferents; however, the
anatomical features of baroreceptors subserved by both types of
afferents have not been clearly determined. Our findings suggest
that the myelinated afferents innervate - baroreceptors with
characteristics similar to those presumably innervated by
~unmyelinated afferents; but, in the absence of precisely oriented
serial sections, one cannot be sure of this.

In both normal and 6HD-treated animals, some unmyelinated fibers
were sympathetic efferents. Stanton and Hinrichsen (1980) ‘showed
with fluorescence microscopy that adrenergic nerves are sparse in
the guinea-pig carotid sinus, a finding we confirmed with TEM after

treatment with 6HD.

L, .astructure of receptors. We identified baroreceptors by
their content of densely packed mitochondria, together with
osmiophilic, lamellated, and homogeneous bodies, vacuoles,
aggregates of osmiophilic granules, conspicuous accumulatdons of
glycogen granules or neurofilaments and vesicles of various types,
and Tlamellar systems. These characteristics have been described in
many other spacies (Chiba, 1972; Knoche & Addicks, 1976; Knoche et
al., 1980), as well as guinea pigs (Rees, 1967; Bdck & Gorgas,
1976). We also found some features not.previously described for
guinea-pig carotid sinus. Accumulations of glycogen granules in

baroreceptors have been reported for rabbits, cats, mice and dogs
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(Bock & Gorgas, 1976; Knoche & Addicks, 1976; Knoche et al., 1977,
1980), but not for guinea pigs (Bock & Gorgas, 1976). We also found
two types of receptors containing large numbers of granular
vesicles. Some were almost filled with these structures, 400
1000 A in diameter, of widely varied electron density and granular
texture; in others, electron density and size were invariant. It
is unlikely that these endings containing densely packed vesicles
represent efferent adrenergic endings, because the granular textures
of the vesicles did not resemble those of catecholamine-containing
endings (Knoche & Addicks, 1976); moreover some of the endings were
in the tunica media, where degenerated adrenergic fibers were not
found in the carotid sinuses from 6HD-treated animals. Similar
baroreceptor endings have been reported only in mice (Béck & Gorgas,
1976). Some sections contained large lamellar systems in
association with accumulations of glycogen granules or numerous
vacuoles, similar to those described in carotid-sinus baroreceptors
of rabbits, dogs, and cats (Chiba, 1972; Knoche & Addicks, 1976;
Knoche et al., 1977, 1980). They were not noted, however, in the
study of guinea pigs by Bick & Gorgas (1976).

The vacuoles in endings that contained lamellated bodies,
homogeneous osmiophilic granule-containing and densely osmiophilic
bodies (see Fig. 11) are similar to those reported in rabbit carotid
sinus by Knoche et al., (1980). These workers suggested that the
vacuoles and densely osmiophilic bodies represent end-products of
mitochondrial degeneration.  Our observations, however, could be
interpreted to suggest that the process may be continuous rather

than divergent: mitochondria -——> osmiophilic bodies —>
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organelles that contain osmiophilic granules —> vacuoles. It is
noteworthy that endings containing large numbers of osmiophilic
bodies and vacuoles contained few mitochondria, even though the
" mitochondria were readily apparent in the cytoplasm of the terminal
cells. The greatly varying ratios between mitochondria and
osmiophilic bodies support the suggestion that the 1latter may
represent a stage in mitochondrial degeneration. Finally, we noted
areds of translucent amorphous axoplasm that have been described in
cats, rabbits, and dogs (Knoche & Addicks, 1976; Knoche et al.,
1977, 1980).

Having examined many receptors, with various features, we
believe the baroreceptors we identified are representative of those
in guinea-pig carotid sinuses. Thus, gquinea-pig baroreceptors
resemble those of other species, and previous reports of differences
from cats, mice, and rahbits could arise from failure to examine
large enough numbers.

We were unable to distinguish receptors innervated by myelinated
or unmyelinated afferents, but we did observe myelinated fibers
penetrating the media through gaps in the elastic laminae and

developing cnaracteristics typical of baroreceptors.

Location of baroreceptors. We found baroreceptors in the
adventitia and at almost all ievels in the media, even the inner
layers. In following the route of a few myelinated fibers in serial
sections, we found that both myelinated and unmyelinated fibers
penetrate the media through gaps %n.the eiastic laminae (e.qg., Fig.

4). We traced one myelinated axon, filled with numerous
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mitochondria, osmiophilic bodies, and neurofilaments, that ran
between two elastic laminae: in one section it appeared to lose its
myelin sheath and become a typical sensory ending with a terminal
cell ahd basal 1lamina. This finding is particularly interesting,
others having claimed that myelinated fibers lose their sheaths in
the inner layers of the adventitia or at the adventitial—medial
Junction (Knoche & Schmitt, 1964; Rees, 1967; Knoche & Addicks,
19765 Knoche et al., 1977, 1980; Kimani & Mungai, 1983), before
becoming the "stem fibers" or "stem axons" described by Bick &
Gorgas (1976).

Aumonier  (1972), using 1light microscopy, confirmed earlier
reports that baroreceptor endings were confined to the adventitia in
dog, cat, and rabbit carotid sinuses. However, electron microscopy
has revealed baroreceptors in the outer part of tha tunica media
(Chiba, 1972; Knoche et al., 1980), and Biock & Gorgas (1976)
observed them in even the innermost layers of the media, adjacent to

the intima, in guinea pigs. Thus, our findings concur with others’.

Associations between connective tissue and receptors. The

frequent association of receptors, terminal cells, and basal laminae
indicate that these three form morphological and functional units
(Knoche et al., 1980). These units were surrounded by collagen and
elastic fibers and fibroblasts in the tunica adventitia and media.
In some instances the unit’s terminal-cell covering was deficient or
absent, so that only the basal lamina' was visible between the
receptor and surrounding tissues.

The role of basal laminae in baroreceptor function is unclear,
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but the closeness of the receptors to their surrounding tissues via
the basal 1laminae implies contact between the receptor unit and the
deformable tissue of the sinus wall (Fig. 7). Krauhs (1979) also
emphasiied the importance of the basal laminae. He observed
extensive, prominent basal laminae around rat aortic baroreceptors,
closely associated with muscle cells, elastic fibers and collagen
bundles, and postulated that the 1laminae protect the sensory
terminals from distending forces. Recently, in the carotid sinus of
giraffes, Kimani & Mungai (1983) observed basal laminae juxtaposed
between elastic fibers and nerve terminals and, in some places,

encapsulating bundies containing these fibers and collagen.

Location of adrenergic nerves in the carotid sinus. The density
and distribution of adrenergic nerve fibers in the carotid sinus
wall varies among species (Reis & Fuxe, 1968; Bock & Gorgas, 1976:
Stanton & Hinrichsen, 1980). Stanton & Hinrichsen (1980) noted
sparse innervation of the carotid sinus in guinea pigs, and Bick &
Gorgas (1976) reported that the adrenergic innervatior was only to
the adventitia in this species. Our failure to locate degenerated
adrenergic fibers in the tunica media of the carotid sinus in the
6HD-treated animals confirms these findings.

Our findings suggest closer similarity of structural features of
baroreceptors in guinea pigs and other species than reported to
date; i.e., many of the structures we have now identified for the
first time in guinea pigs have begn.described for rats, mice, cats,
dogs and giraffes. These include the accumulations of glycogen

granules, large lamellar structures, and distinctive areas of
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translucent cytoplasm in the baroreceptors. Thus it seems that
these and other features are simply additional observations that
confirm interspecies homogeneity - but they militate against a ready
exp]anafion for the guinea pig’s lower mean resting systemic

arterial blood pressure.



222

7.5. R_eferences

Aumonier, FJ. Histological observations on the distribution of
baroreceptors in the carotid and aortic regions of the rabbit, cat
and dog. Acta Anat (Basel) 82:1-16, 1972.

Bock P, Gorgas K. Fine structure of baroreceptor terminals in the
carotid sinus of guinea pigs and mice. Cell Tissue Res 170:95-112,
1976.

Brown AM. Receptors under pressure. An update on baroreceptors.
Circ Res 46:1-10, 1980.

Chiba T. Fine structure of the baroreceptor nerve terminals in the
carotid sinus of the dog. J Electron Microsc (Tokyo) 21:139-148,
1972. ’

Cobb JLS, Bennett T. An electron microscopic examination of

the short-term effects of 6-hydroxydopamine on the peripheral

adrenergic nervous system. In: 6-Hydroxydopamine and Catecholamine

rllgt;rions. T. ~;1aln‘1;f’6or's and H. Thoenen (eds): Amsterdam: North-Holland,
» Pp. 33- .

Dropmann K. Electron microscopic findings in the carotid sinus of
rabbits. In: Baroreceptors and Hypertension. P. Kezdi ed. Oxford:
Pergamon, 1967, pp. 267-271.

Gorgas K, Reinecke M, Weihe E, Forssmann WG. Neurotensin and
substance P immunoreactive nerve endings in the guinea-pig carotid
sinus and their ultrastructural counterparts. Anat Embryol (Berl)
167:347-354, 1983.

Kimani JK, Mungai JM. Observations on the structure and innervation
of the presumptive carotid-sinus area in the giraffe (Giraffa
camelopardalis). Acta Anat (Basel) 115:117-133, 1983.

Knoche H, Addicks K. Electron microscopic studies of the
pressoreceptor fields of the carotid sinus of the dog. Cell Tissue
Res 173:77-94, 1976.

Knoche H, Schmitt G. Beitrag zur Kenntnis des Nervengewebes in der
wand des Sinus carvoticus: I. Z Zellforsch Mikrosk Anat 63:22-36,
1964.

Knoche H, Walther-Wenke G, Addicks K. Die Feinstruktur der
barorezeptorischen Nervenendigungen in der Wand des Sinus caroticus
der Katze. Acta Anat (Basel) 97:403-418, 1977.

Knoche H, Wiesner-Menzel L, Addicks K. Ultrastructure of
baroreceptors in the carotid sinus of the rabbit. Acta Anat (Basel)
106:63-83, 1980.

Krauhs JM. Structure of rat aortic baroreceptors and their
relationship to connective tissue. J Neurocytol 8:401-414, 1979.



223

Lever JD, Spriggs TLB, Ivens C, Joo F, Mottram DR, Graham JDP.
Vasomotor innervation in the hind limb muscles of the normal and
6-hydroxydopamine-treated cat. A formol fluorescence, histochemical
and fine structural study. Z Zellforsch Mikrosk Anat 122:389-396,

1971.

Rees PM. Observations on the fine structure and distribution of
presumptive baroreceptor nerves at the carotid sinus. J Comp Neurol

131:517-548, 1967.

Reis DJ, Fuxe K. Adrenergic innervation of the carotid sinus. Am J
Physiol 215:1054-1057, 1968.

Saum WR, Brown AM, Tuley FH. An electrogenic sodium pump and
baroreceptor function in normotensive and spontaneously hypertensive
rats. Circ. Res. 39:497-505, 1976.

Stanton PD, Hinrichsen CFL. Monoaminergic innervation of the carotid
sinus in mammals: a histochemical study. Acta Anat (Basel)
108:34-44, 1980.

Thoenen H, Tranzer JP. Chemical sympathectomy by selective
destruction of adrenergic nerve ending with 6-hydroxydopamine.
Naunyn Schmiedebergs Arch. Pharmacol. 261:271-288, 1968.

Tranzer JP, Richards JG. Fine structural aspects of the effect of
6-hydroxydopamine on peripheral adrenergic neurons. In:
6-Hydroxydopamine and Catecholamine Neurons. T. Malmfors and H.
Thoenen eds. Amsterdam: North-Holland, 1971, pp. 15-31.

Tranzer JP, Thoenen H. An electron microscopic study of selective,
acute degeneration of sympathetic nerve terminals after
administration of 6-hydroxydopamine. Experientia 24:155-156. 1968.



224



Fig. 7-1.

Fig. 7-2.

Fig. 7-3.

Fig. 7-4.

A typical fiber bundle surrounded by a perineurium (p) in
the outer layer of the guinea-pig sinus wall. Myelinated
fibers (my) and groups of unmyelinated fibers (u) are
sheéthed in Schwann cells (sch) and embedded in collagen

(c). (magnification, x9,100)

Large perineuria (p) in the outer layer of the guinea-pig
sinus wall, containing many unmyelinated (u) or mixed
myelinated (my) and unmyelinated fibers. (magnification,

x2,800)

Thick myelinated fiber (my) adjacent to medial elastic
laminae (el); numerous mitochendria (m), neurofilaments
(f), and osmiophilic bodies (o) are visible at the site
where the fiber 1loses its myelin sheath. A Schwann-cell
cytoplasm (sch) containing mitochondria (m) also can be
seen. (b1, Basal lamina; c, collagen.) (magnification,

x9,100)

An unmyelinated axon (u) has penetrated the tunica media
through gaps in several layers of medial elastic tissue
(el). It is accompanied by a Schwann cell (sch). (c,

Collagen.) (magnification, x2,800)
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Fig. 7-5

Fig. 7-6.

Fig. 7-7.

A typical barorecebtor nerve terminal (r) in the media of

the guinea pig sinus wall, showing enlargement of an axon
(a) to form a terminal. The receptor contains numerous
mifochondria (m) and is enveloped in cytoplasmic
Schwarnin-cell (sch) processes. (c, Collagen.)

(magrification, x9,100)

A baroreceptor nerve terminal in the carotid sinus wall
is filled with osmiophiljc bodies (o). Schwann-ceiil
cytoplasm enwrapping the receptor axon contains
mitochondria (m) and -endoplasmic reticulum (er). (b1,
Basal Tlaminae; c, dense collagen fibrils; n, nucleus of

Schwann cell.) (magnification, x12,000)

Baroreceptor nerve terminals located between layers of
medial elastic laminae (el). One receptor contains a
targe collection of glycogen granules (g) and a lamellar
system (1s). The receptor was denuded of Schwann-cell
cytoplasm in some areas (arrows) and covered only by
basal lamina. A basal lamina complex {bl) connects a

Schwann cell to another terminal (t). (c, Collagen; er,

endoplasmic veticulum of Schwann cell; n, Schwann-cell

nucleus.) ‘(magnification, x 14,000)

Inset: Higher magnification of the boxed area reveals a
receptor embedded in the Schwann cell. It contains
nearotubuli (nt), and numerous granular vesicles (v) of
similar size and electon density. (magnification,

x33,600)






Fig. 7-8.

Fig. 7-9.

Fig. 7-10.

A baroreceptor nerve terminal in the tunica adventitia of
the carotid sinus wall contains predominant]yigranular
vesicles of varied electron density and granular texture.

(c, Collagen.) (magnification, x64,800)

A baroreceptor nerve terminal adjacent to the nucleus (n)
of & terminal cell. Note the densely packed mitochondria
(m) in the receptor and an aggregation of organelles in
the cytoplasm of the terminal cell. (c, Collagen; er,
endoplasmic reticulum  of the terminal cell.)

(magnification, x17,000)

A baroreceptor nerve terminal in the caretid sinus wall
is enveloped in Schwann-cell cytoplasmic processes
(sch). It contains many osmiophilic homogeneous bodies
(hb) and some osmiophilic Tamellated bodies (1b). (b1,

Basal laminae.) (magnification, x29,000)






Fig. 7-11.

Fig. 7-12.

Fig. 7-13.

Fig. 7-14.

A baroraceptor nefve terminal in the carotid sinus wall
is enveloped in Schwzin-cell cytoplasmic processes
(sch). It contains many homogeneous osmiophilic bodies
(ob), aggregates of osmiophilic particles (op), and
vacuolar organelles (vac). (c, Dense collagen fibrils.)

(magnification, x40,000)

Baroreceptor nerve terminals located close to the medial
elastic Taminae (el). One receptor contains a large
number of vacuoles (vac), and vesicles (v) of various
sizes, (c, Collagen; n, Schwann- cell nucleus.)

(magnification, x29,000)

A baroreceptor nerve terminal located close to the
nucleus (n) of a terminal cell rich in organelles. Note
the Tlarge intraneural lamellar system (1s), numerous
vacuoles (vac) and 1lamellated bodies (1b) inside and
outside this system, and a translucent amorphous axoplasm

(*). (ga, Golgi apparatus.) (magnification, x31,200)

Electron micrograph of degenerated adrenergic fibers (a)
from guinea- pig carotid sinus 12 h after the injection
of  6-hydroxydopamine. Well-preserved nonadrenergic
fibers (na) are visible. (c, Dense collagen fibers in

the adventitia.) (magnification, x14,500)






8. SCANNING ELECTRON MICROSCOPY OF ELASTIC NETWORKS FROM THE
BIFURCATION REGION OF GUINEA PIG CAROTID ARTERIES”

8.1. Introduction

In all- species studied, inc.uding humans, the walls of the
arteries contain elastic Tlaminae, tevmed the fenrﬁtratéd melizranes
of Henle by Dees (1923). The internal surface of these :uii‘nee iu a
felt-like sheet composed of fine elatttc fibers that merges into «
coarse plexus of much Tlarger elastic fibers (Dees, 1923). The
internal elastic 1laminae (IEL) contain numerous small holes that
vary in size and shape among arteries in the suie species (Hassler,
1962; Cook et al., 1975).

The carotid sinus (CS) has unique pressure-sensing functions,
and in guinea pigs, unlike most of other species studied, it is
located where the common carotid arteries (CCA) bifurcate to form
the occipital arteries (0A) and external carotid arteries (ECA)
(Rees, 1967) (Fig. 1). Light and transmission electron microscopic
studies (Rees, 1967; Rees & Jepson, 1970; Knoche et al., 1980; Shin
et al., 1987) indicate that the sinus region receives rich sensory
innervation from branches of the glossopharyngeal nerves and

contains a thinner, more elastic and less muscular tunica media

A version of this chapter has been published:
H.S. Shin, W.C. Hulbert, and D.F. Biggs, Blood Vessels 25:63-74

(1988); Proc. West. Pharmacol. Soc. 29:97-100 (1986)
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compared with its contiguous arteries - presumably a reflection of
differences in function. Scanning electron microscopy (SEM) was used
in this study to compare the organization and fine structure of the
e]astic. laminae of the CS and its adjacent arteries, in an attempt
to relate any structural differences to the physiological role of

the carotid bifurcation.

8.2. Methods

Female guinea pigs of the Hartley strain were purchased from
Charles River Laboratories, St-Constant, P.Q., Canada. They were
8-10 months old and weighed 450-550 g. They were anesthetized with
urethane, 1.5 g/kg body weight, injected intraperitoneally, and the
trachea was cannulated with a polyethylene tube (PE240) at the
midcervical level.

Both CCA were isolated in the midcervical region; they were
cannulated (PES0) with the tip pointing cephalad, and their
bifurcations were exposed. Both arteries were perfused at ! ml/min
(transmural pressure not measured) with solutions at 20-229C,
first with 10 ml of heparinized saline containing sodium
nitroprusside (20 ug/ml) and then with 10 ml of fixative (2.5%
glutaraldehyde in 0.1 M Sirensen’s phosphate buffer, pH 7.4).
Cardiac and respiratory arrest occurred after perfusions of about 2
ml of the 1latter. Each arterial region containing the bifurcation
was then removed en bloc. For this study, seven bifurcations were
obtained from 4 animals and 2 of them were processed for scanning
IEL, 3 for adventitial elastic layer (AEL), and the other 2 for both
IEL and AEL.
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To aid examination: IEL, the bifurcations were opened along
several planes (Fig. 1); AEL, PES0 tubes were inserted into tﬁe CCA
and ECA to help prevent their coilapse during the remainder of
procedufes. No special care was taken to maintain the shape of the
other arteries (ascending pharyngeal, occipital). Specimens were
immersed in 0.1 M NaOH at 95°C for 1.25 or 2.0 h, then transferred
to 0.1 M NaOH at 20-229C (5 min), distilled water (5 min), 0.1 M
HC1 (2 min), and 0.9% saline (5 min), fixed in 2.5% glutaraldeohyde
fixative for 2 days, and rinsed 3 timed in 0.15 M phesphate buffer
(Song & Roach, 1983). Finally, they were freeze-dried (Grut et al.,
1977), mounted on aluminum SEM stubs with conductive silver paint,
dried overnight, and gold-coated (10 nm thick) in a cool sputter
coater (1.2 kv, 30 mA, 30 s). Adluminal and adventitial surfaces of
the specimens were examined at 20 kV with a Cambridge 250 scanning

electron microscope.

8.3. Results

Longitudinal sections of the region of bifurcation showed that
the walls of the CCA and ECA consisted of a continuous sheet of IEL,
apout 2.0 pm thick, that was attached to an outer mesh of elastic
tissue§ arrangea in a web-T1ike honeycomb pattern (Fig. 2). The web
was fine @eneath the adluminal surface but became coarser as it
approached w#he adventitial surface (Fig. 2a, b). By contrast, cross
sections of the CS revealed attachment of the outer surface of the
IEL to a much coarser mesh of elastic tissues (Fig. 2c).
Cross-sectimnal thickness of the elastic networks was 87.5 pm (+6.9

SD, n = 9; measurements from the same bifurcations) in the CCA and
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ECA and 46.8 um (+2.4 SD} n = 4 measurements) in the CS.

Internal Elastic laminae. The IEL fenestrated. Throughout each

specimen, the adluminal surface appeared as a membranous sheet (Fig.
3a) of varied texture of elastic fibers. In the OA, high
magnification of the adluminal surface revealed two distinct
patterns (Fig. 3b): much of the surface was coarse and felt-like,
but in some regions, continuous with this, was a loose arrangement
of unidirectional fibers. Higher magnification of the transitional
areas showed that some adjacent fibers had fused to form thicker
fibers, and both types had a coarse surface comprising fine
fibrillar components (Fig. 3c). In other regions, the surface was
composed of a very fine, open-meshed plexus of fibrillar components
continuous with an underlying membranous sheet (Fig. 3d).

In specimens from ECA, a coarse felt-like surface, ridged in
placed, was also visible on the adluminal surface of the IEL (Fig.
4a). High magnification of a ridged area revealed tightly fused
bundles of unidirectional fibers (Fig. 4b), some of which were
composed of fine fibrillar material. The mainly fibrous surface was
seen over a wide area (Fig. 4c), particularly in the ECA adjacent to
the apex of the bifurcaticn. In other regions, the adluminal surface
consisted of either a complex network of elastic fibers contiguous
with the underlying coarse surface (Fig. 4d) or a membranous sheet
of multidirectional fine fibrillar components that were fused
together in a lacy pattern (Fig. 4e). In some areas, this sheet
underlay wide "ribbons" of elastic tissue (Fig. 4f).

The adluminal surface of the CCA comprised a felt-1like mass

similar to that in the OA, ECA, and CS.
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In the CS, a similar felt-like mass on the adluminal surface
appeared to be composed of tightly fused fine fibrillar components
(Fig. 5a, b). In part of the cranial sinus, a coarse open-meshed
' plexus 'of elastic fibers was superimposed on and continuous with the
underiying membranous sheet (Fig. 5c). In some regions,
unidirectional 1loose fibers were seen on the adluminal surface of
the IEL; these were not as prominent as in the OA (Fig. 5d). The
cranial sinus exhibited several unique structures. Firstly, the
adluminal surface of the IEL of the interior of the cranial sinus
bore many blister-like structures (Fig. 5e), rounded or apparently
collapsed and of various shapes and sizes, maximally accumulated
near the circumferential center 1ine of the cranial sinus. Secondly,
there were 1large numbers of fenestrations, of various sizes and
shapes, separated by fine elastic fibers; these were most numerous
in the region between the entrance to ascending pharyngeal artery
(APA) (not shown in Fig. 5&} and the maximal accumulation of
blister-1ike outgrowths ({Fig. 5e). Finally, a unique honeycomb-like
mesh arose at the entrance to the APA and extended over about
one-fourth of the sinus’s circumference; higher magnification
revealed that the orientation of adjacent IZL changed from
horizontal to vertical at this site to form the honeycomb rugae

(Fig. 5fF).

Adventitial Flastic Laminae. Unlike the adluminal surface of
the IEL, the adventitial surface consisted of a complex network of
elastic fibers. In the CCA, individual elastic fibers fused and

divided repeatedly to form interwoven bands of varying width that
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made up a complex network of elastic tissue (Fig. 6a). The
continuous membranous sheet characterizing the IEL was absent.
Higher magnification revealed that the outermost elastic networks
were iinked to deeper ones; also, fine fibrous or fibrillar
components connected adjacent intra- or interlaminar wide elastic
ribbons (Fig. 6b). Where deeper layers were exposed. they appeared
as a continuous fenestrated sheet; again, the fenestrations were of
varying shapes and sizes (Fig. 6c). Marked regional heterogeneity in
the density of fibers was also noted (Fig. 6d).

Generally, findings similar to those described for the CCA were
observed in the other arteries; however, there were differences.
Particularly in the OA, a continuous membranous sheet similar to the
IEL was seen over a wide area (Fig. 7); it was fenestrated, with
holes resembling those in the IEL. In the CS, in addition to the
radiating type of network 1like that in the CCA and ECA (Fig. 6a),
networks whose directionality was roughly maintained were seen at
low magnification (Fig. 8a). Some regions of the CS contained
bundles of tightly fused, multidirectional fibers (Fig. 8b); this
type of fusion was also visible in the junctional region of the CS
and OA, much finer networks in the CS enwrapoed the OA (Fig. 9a). At
the Jjunction of the CS and ECA, the elastic networks of the CS were
much finer than those of the ECA (Fig. 9b). Patches of densely
packed fibers found in the CCA were observed in the ECA.

Fenestrations. Fenestrations were seen on the IEL throughout the
entire bifurcations, and their distribution varied among vessels and

among regions of the same vessel. They appeared much more unevenly
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distributed in the CS and OA than in the CCA and ECA.

In the OA, fenestrations were in groups (Fig. 3a). In the
interior cranial sinus, there were clusters of fenestrations
separated by fine elastic fibers near the area of maximal
accumulation of blister-Tike structures (Fig. 5e) but none in
contiguous regions in any of the specimens examined, indicating
uneven distribution even in the same vessel. The number of
fenestrations per square millimeter, counted from randomly chosen
micrographs of the same bifurcation representing an area 40 X 40
pmz, varied among branches: CCA and ECA, 13,625 (+3,075 SD, n = 5
micrographs); cs, 26,250 (+10,508 SD, n - 4), and OA, 36,094
(+10,660 SD, n = 4). The fenestrations varied in shape and size; all
bifurcations examined contained either simpie pits 0.2-5.0 um in
diameter, or holes 2.0-6.0 um in diameter, which were spanned by
delicate but intact elastic fibers (Fig. 3b, d, 5a) that were
continuous with the sheet 6f coarse elastic fibers surrcunding the
hole (Fig. 5b). There was some overlap in size between these two
types of fenestrations. Particularly in some regions of the CS,
clusters of simple pits were closely associated with fibrous
components of the adluminal surface of the IEL (Fig. 5d).

Fenestrations were also seen on the AEL of all arteries in the
bifurcation region, but only in regions where individual fibers
fused to form wide bands or continuous sheets of elastic tissue

(Fig. 6c, 7).

Fibrous or Fibrillar Components. Fine fibrous or fibriilar

components were identifiable on the surface of the IEL and AEL. In
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the IEL, these components (0.1-0.2 um) fusec to form thicker fibers
(0.3-0.5 pm) or the adluminal surface of the IEL (Fig. 3c, 4b. e).
Intact fenestrations were structures bridged by thread-1ike spans
about 6.3 pm thick (Fig. 5b). In the AEL of the CCA, the densely
packed elastic fibers were 1.8-2.6 pm thick (Fig. 6d) and the
fibrous or fibri]]af components that connected bands of elastic

tissue (Fig 6b) were 0.1-0.3 pm thick.

8.4. Discussion

A1l bifurcations examined contained a well-defined continuous
fenestrated IEL, as has been shown by others in the aorta and other
arteries of many species. In 1923, Dees described the elastic lamina
of human and bovine aorta and renal arteries as a thin continuous
sheet that on closer examination was a felt-like mass of fine
elastic fibers fused to a coarse, open-meshed plexus of thicker
elastic fibers whose meshes were elongated in the direction of the
longitudinal axis of the blood vessel. Smith (1976) determined the
orientation of the elastic fibers in laminar from the pulmonary
trunks and aorta from rabbits, and Song & Roach (1983) cenfirmed
many of Dees’s original findings in their SEM studies of thoracic
aorta from sheep. In a later study, whose main objectives was closer
examination of the fenestration, Song & Roach (1984) described three
patterns of the adluminal surface of the IEL of canine thoracic and
abdominal aorta - a coarse felt-like surface, a smoother surface
(figure not shown), and a smooth membranous sheet continuous with a
loose arrangement of unidirectional fibers. In the present study,

however, I distinguished five distinct patterns in guinea pig
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carotid bifurcations: (a) a coarse felt-like surface (Fig. 3b); (b)
a coarse felt-1ike surface continuous with a Toose arrangement of
unidirectional fibers (left Tlower corner of Fig. 3b); (c) a coarse
surface' composed of a very fine, open-meshed plexus of fibrillar
components continuous with an underlying membranous sheet {%ig. 3b);
(d) a ridged surface composed of tightly fused %Yumdius of
unidirectional fibers (Fig. 4b) and (e) a membranous fine fibrillar
components that were fused together in a lacy pattern (Fig. 4e).

The predominant pattern of the AEL was of individual elastic
fibers fused in a complex lacy network that on closer examination
was found to be continuous with underlying network structures. In
some regions, however. particularly near junctions between the CS
and its adjacent arteries, the AEL appeares to be a membranous sheet
similar to that in the IEL although less well defined.

In sheep aortae, Song & Roach (1983) showed that the adluminal
surface of the IEL kept its felt-1ike membranous appearance, and the
AEL its fibrous appearance, when aortae were digested in 0.1 N NaOH
for 1-48 b. These workers noted that numbers of fenestration in both
IEL and AEL correlated positively with digestion time, but that the
AEL appeared "more fibrous" after long digestion times. Crissman
(1986, 1987) recently reported that networks prepared form canine
femoral arteries by two different digestion techniques were
generally similar in appearance. However, he claimed that there were
minor differences, among networks, attributable to the method of
preparation. Although it has not been demonstrated conclusively that
the preparative technique for this study has not effect on the

elastin fibers in the networks, it is felt that findings in this
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study and those of others (see above, Song & Roach, 1983; Crissman,
1986), strongly suggest that the features of the IEL and AEL
observed in this study are predominantly morphological and not
artifactual.

Examination of the IEL of the CS and its adjacent arteries
revealed fenestrations 3in ail Tlaminae. However, the fenestration
were unevenly distributed and varied greatly in size and shape,
preciuding comparison of measurements of density and size. Like Song
& Roach (1984), who studied aortae, 1 could not relate the
fenestrations to the functions of the CS or contiguous vessels.
Nevertheless, they could be divided into two groups: simple pits or
holes (diameter 0.2-5.0 pm), and holes spanned by delicate elastic
fibers (diameter 2,0-6.0 um). The simple pits may have arisen from
the 1latter, as a few intermediate forms with apparently collapsing
spans were observed and there was some overlap in size between the
two types. However, the existence of simple pits much smaller than
those spanned by delicate elastic fibers seems to suggest that they
are always thus. Cook et al. (1375) noted larger holes in arteries
that had been distended during preparation. In the present study,
great care was taken to ensure that all of the bifurcations were
perfused at constant rates and with a medium containing sodium
nitroprusside to relax the smooth muscle. Thus, the holes observed
in the present study should have been comparable in all specimens -
although, of course, it cannot be absolutely certain that the method
of preparation did not affect their size.

Fenestrations were observed throughout the IEL and in those

regions of the AEL where individual fibers were fused into a band or
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continuous sheet - and appearance more characteristic of IEL
structures - but none in those AEL regions that consisted of fibrous
networks. In studies of cerebral arteries, Hassler (1962) suggested
that the fenestrations are for the passage of nutritional materials
from the Tlumen to the tunica media, or insertion points for the
tendons of smooth muscle cells, whereas Campbell & Roach (1983)
suggested that their size and distribution probably related to the
elastic properties of the laminae. Thus, the function of
fenestrations in the IEL characterized by a well-defiend continuous
membranous sheet may be di¥ferent srom that of fenestrations in AEL
characterized by fibrous retworks.

Very fine fibrous or fibrillar components 0.1-0.3 pum thick
identified in both IEL and AEL were of similar diameter to those in
bovine 1igamentum nuchae (Gotte et al., 1972). In the IEL, they
merged into an uneven, ridged surface of large fibers, similar to
Crissman’s (1984) finding in canine saphenous veins, or fused to
form its adluminal surface. By contrast, in the AEL, they connected
wider bands of elastic tissue.

Longitudinal sections of the ¢arotid bifurcations show that the
walls of the CCA, ECA and CS ‘consist of a continuous IEL, attached
to an outer mesh of elastic tissuz that §s arranged in a web-Tike,
honeycomb pattern, a structural feature that may contribute to
maintaining elasticity of the arteries (Wolinsky & Glagov, 1967;
Carnes et al., 1977). It is noteworthy that, in the CCA and ECA, the
web was fine beneath the adluminal surface and became coarser as it
approached the adventitial surface. Surprisingly, the cross-

sectional thickness of the entire elastic layers in the CS was about
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half that of the CCA and ECA; also, the CS had fewer elastic layers

and thus formed a coarser mesh than the CCA and ECA. The relatively
coarse mesh seen adjacent to the adventitial surface of the CCA and
ECA and throughout the CS did not appear to be due to the method of
preparation: in all experimerts, the fine honeycomb of rugae beneath
the adluminal surface was well preserved.

Some investigators (Wolinsky & Glagov, 1967; Bergel, 196la, b)
have correlated the viscoelastic properties of thg arterial walls
with the close association among elastic and collagen fibers and
smooth muscle cells (Wolinsky & Glagov, 1967; Bergel, 196la, b) and
have stressed the importance of the elastic lamella and the contents
of its adjacent interlamellar zone to the proper functioning of the
arterial walls (Wolinsky & Glagov, 1967). It may be postulated that
the differences of the CS from its adjacent arteries, as shown in
this study, are associated with its unique pressure-sensing
functions, although one would have predicted more, rather than less,
elastin in this structure.

Unlike the other areas of the bifurcation, the cranial sinus
exhibited several unique structures - blister-i1ike outgrowths, dense
clusters of fenestrations, and an unusual honeycomb-like maze near
the entrance to the ascending pharyngeal artery.

The many morphologic differences between etastic laminae of he
CS and its adjacent arteries, coupled witk the dense innervation of
the CS region of the bifurcation by baroreceptors (Rees, 1967; Rees
& Jepson, 1970; Knoche et al., 1980; Shin et al., 1987), lead to the
conclusion that the unique features of the IEL and the findings in

sections of the CS relate to a pressure-transducing function of the
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sinus region. The unique structures - blister-like outgrowths, dense
clusters of fenestrations, and honeycomb-like mazes - may increase
the elasticity of the IEL directly below the endothelial cells
(Campbei] & Roach, 1983). This increased elasticity, in conjunction
with the cross-sectionally thin, uniformly coarse, network of
elastic tissue, may help amplify pressure gradients in the vessel
wall and enhance the transmission of “stretch" to the sensory
receptors that, in guinea pig CS, have been found mainly in the

medial layers (Bdock & Gorgas, 1976; Shin et al., 1987).
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Fig. 8-5. SEM of the adluminal surface of the IEL from a CS. a
Felt-1ike surface showing three distinct types of
fenestration: simple holes (arrow), those spanned by
intact delicate elastic fibers (solid arrowhead). Bar = 4
pm. b High magnification of a fenestration spanned by
delicate elastic fibers. Bar =2 pm. ¢ Coarse,
open-meshed plexus (arrow) of elastic fibers continuous
with an underlying felt-like mass at the cranial sinus.
Bar = 2 pm. d Accumulation of numerous simple
fenestrations and fibrous components of the adluminal
surface of the IEL. Bar = 4 pum. e Accumulation of
blister-like outgrowths (solid arrowhead) and
fenestrations (open arrowhead) separated by fine elastic
fibers on the interior of the cranial sinus. Bar = 20 um.
f Honeycomb-like mesh arising from the origin of the

APA. Bar = 4 pm.
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9. GENERAL DISCUSSION AND CONCLUSIONS
The literature review revealed that:

1. Baroreceptors in the carotid sinus (CS) display morphologic
features which vary among species.

2. The 1location of the baroreceptor endings in the CS of various
species 1is variable - baroreceptors have been demonstrated in
the tunica adventitia, along the medio-adventitial border, in
the outer media, and even in the innermost layers of the media
adjacent to the intima.

3. In the sinus region, baroreceptsrs are closely associated with
elastic wall components, characteristic of the sinus region.

The guinea pig was chosen as an animal model for TEM and SEM studies

as the few TEM studies on baroreceptors conducted in this species

were particularly at odds.

The present study revealed that morphological features of tuw
baroreceptors in guinea-pig CS are the same as other species. &y
contrast, previous reports (Bock & Gorgas, 1987; Gorgas et al.,
1983) had suggested siructural differences of sinus baroreceptors
between guinea pig and other speci&s. Thus, many of the structures
we found for the first time in guinea pigs had been described in
other species. These findings fill the gap in our knowledge of the
fine structure of baroreceptors in various species and suggest
interspecies homogeneity among their structures. The reported
structural differences among species could arise from tailure to
examine large enough numbers of receptors rather than from species

differences. The identification of baroreceptors in the media
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confirms the findings of others in guinea pigs. Thus, it is possible
that baroreceptors in guinea-pig CS are more suitably placed for
pressure-sensing functions than in other species, as it has been
shown that, for a given transmural pressure, the (stretching) stress
is highest at the innermost part of the vessel wall and decreases
towards the outer part of the wall.

TEM studies of baroreceptors indicated the close association
between baroreceptors and elastic laminae. In many cases,
baroreceptors were Tlocated between layers of elastic laminae and
were in close contact with adjacent elastic laminae only via basal
laminae or a basal laminal complex where terminal-cell covering was
absent. These findings of "naked" baroreceptors prompted us to
examine the elastic laminae in the CS and its adjacent regions in
the second part of the present study.

Our SEM studies on the organization and fine structure of
elastic laminae in the CS and its adjacent arteries are the first
comparative examination of the elastic ‘laminae from guinea-pig
carotid bifurcations. Only one report has dealt with structure of
elastic networks from (human) common carotid arteries (Mikhalev et
al., 1978). Unlike other areas of the bifurcation, the sinus region
exhibited some unique structural features including dense clusters
of fanestrations, blister-like outgrowths, and an unusual
honeycomb-1ike maze on the adluminal side of the internal elastic
lamina. In addition, the cross-sectional thickness of the entire
elastic layers was less in the CS than in adjacent arteries, also
the elastic networks in the CS werz much finer.

In summary, the results of this study indicate that guinea-pig
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carotid sinuses contain baroreceptors with morphologic features
similar to those described for other species. Also, the fine
structure of elastic laminae of the carotid sinus differs from that
of its'adjacent arteries - presumably a reflection of differences in
function. These findings provide a morphologic basis for functional

studies of baroreceptors in this species.



