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ABSTRACT

We studied the role of sensory C-fibres in inducing bronchoconstriction in guinea-
pigs by using a monoclonal anti-substance P antibody (a-SP MADb), selective neurokinin
receptor (NKR) agonists and antagonists. The relative affinities of the ¢-SP M.AD for SP.
neurokinin A (NKA), SP fragments and NKR antagonists were estimated by an inhibition
ELISA. Our findings confirmed that the o-SP MADb binds to epitopic sites on SP's C-
terminal. Amino acids 6 and 7, and, to a lesser extent, 8 and 9, determine affinity.

We characterized bronchoconstrictor responses to SP and its fragments, NKA,
selective NKR agonists and capsaicin (all iv) using selective NK1 and NK2 receptor
antagonists in guinea-pigs. C-terminal fragments of SP induced dose-dependent increases
in pulmonary flow resistance (R, ) and dynamic pulmonary elastance (E,); their rank order
of potency was: SP*!! >> S§p¥!! = Sp*!! = gp*!! > SP = SP%''. The selective NK1
receptor antagonists shifted the dose-response curves to SP, SP fragments and selective
NKR agonists to the right. The selective NK2 receptor antagonist significantly reduced
increases in R, and E; induced by SP*!!, NKA and capsaicin. Combinations of NK1 and
NK2 receptor antagonists shifted dose-response curves to SP, SP fragments, NKA and
capsaicin to the right more than NK1 or NK2 receptor antagonists alone. These findings
show that SP, SP¥!!, SP*!!, SP>!! and SP%!! induce bronchoconstriction mainly via NK1
receptors; SP*!! acts via NK1 and NK2 receptors. Also, these findings indicated that
capsaicin-induced bronchospasm is mediated mainly via NK2 receptors.

Whether passive immunization with o-SP MADb prevented bronchospastic
responses to SP, NKA and capsaicin, in vivo, was determined in groups of guinea-pigs

by recording R, and'EL. «-SP MAD, given iv, markedly inhibited increases in R, and E;



induced by SP and NKA, but not by capsaicin. However, when given ip and iv, it greatly
reduced pulmonary responses to capsaicin. These findings indicate that passive
immunizaiion with «-SP MADb can prevent the bronchospastic effects of exogenous SP
and NKA or endogenously released tachykinins (TK), SP and NKA, in guinca-pigs.
P.etreatment with atropine and vagotomy did not change bronchospastic responses
to capsaicin. By contrast, the ganglionic blocker mecamylamine and the non-specific 8-
adrenoceptor blocker nadolol increased responses to capsaicin. The effects of
combinations of mecamylamine and nadolol were additive. We concluded that the
endogenous release of the TK, SP and NKA, mediated bronchoconstriction induced by

capsaicin and there were no central or local cholinergic reflexes involved in these

respomnses.
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CHAPTER 1

INTRODUCTION



1.1. Regulation of bronchomotor tone

Bronchomotor tone is regulated via the actions and interactions of endogenously
secreted mediators or chemicals. Environmental stimuli are converted into electrical
impulses that are relayed through the central nervous system (CNS) (Nadel, 1977). These
afferent stimuli may themselves he mediators: histamine released during mast cell
degranulation activates afferent rapidly adapting receptors (Nadel, 1977). Efferent
transmission involves reconversion of electrical impulses into chemical secretion at
multiple levels including the CNS, the autonomic ganglia and the synaptic cleft. In the
synaptic cleft, mediator secretion (e.g. acetylcholine (ACh), norepinephrine and non-
adrenergic non-cholinergic {NANC) mediators) converts the electrical impulses of the
efferent autonomic nerves tec aiter the level of bronchomotor tone (see Table 1.1) (Weiner
& Taylor, 1985). This process is initiated by specific binding of mediators to membrane
receptors on the airway smooth muscle cells (Weiner & Taylor, 1985).

The neuronal control of airway smooth muscle is complex. The airways contain
both afferent and efferent innervation which controls the functions of airway smooth
muscle, blood vessels and submucosal glands. In all species, parasympathetic cholinergic
nerves are the dominant neural control of airway smooth muscle and stimulation of those
leads to bronchoconstricticn (Barnes, 1986b). Unlike the parasympathetic innervation, the
sympathetic innervation to airway smooth muscle is highly species-specific (Richardson,
1979). 1t should be noted that even in species which lack a direct sympathetic nerve
supply to airway smooth muscle, adrenergic activity has been shown to counteract

cholinergic activity (Daniel et al., 1986). Parasympathetic and sympathetic nerves are



TABLE 1.1

Classification of afferent innervation

Afferent innervation Classification Function

Slowly adapting receptors | Myelinated Hering-Breuer inflation reflex and
(steretch receptors) reflex bronchodilation

Rapidly adapting receptors | Myelinated bronchoconstriction and congh

(irritant receptors)

C-fibres Non- bronchoconstriction, plasma protein
myelinated extravasation, mucus secretion,
vasodilation and recruitment of

inflammatory cells

distributed unevenly throughout the airways. As the diameter of the airways decreases,
the density of the innervation decreases (Barmes, 1986Db).

Neural responses may be augmented or inhibited at the afferent visceral sensory
receptor, at the efferent ganglion, at the central nervous system (CNS), or at the synaptic
cleft itself. Simultaneous secretion of multiple mediators at the same postsynaptic cite
may augment (Poch & Holzman, 1980) or inhibit (Leff & Munoz, 1980) the physiologic
effects of each mediator. This may be caused by postjunctional mediator-mediator
interactions (Leff & Munoz, 1981) or by secretion of chemotactic factors that attract cells
that also secrete mediators that activate smooth muscle contraction. Cells that secrete

mediators (e.g., mast cells) are also regulated by a compicx series of intracellular events



that parallel the membrane transduction and intracellular calcium regulating mechanisms
that affect airway smooth muscle. Epithelial cells may also modulate stimuli to airway
smooth muscle from the mucosal side via secretion of stimulatory (Cooper et al., 1986)
or inhibitory substances (Barnes et al., 1985) directly onto airway smooth muscle. Finally,
airway smooth muscle responses must be considered in the context of other factors that
can affect airway calibre e.g. edema formation through the process of inflammation and
mucus secretion (James et al., 1986). Both of tliese processes are fundamental components
of human asthma. All these actions and interactions between autonomic nervous system
and cellular-derived mediators, create complex mechanisms in the regulation of
bronchomotor tone.

The autonomic nervous system controls many aspects of airway function and plays
an important role in the regulation of airway calibre in health and disease (Bames,
1986b). In addition to regulation of airway smooth muscle tone, autonomic nerves may
influence the secretion of mucus from submucosal glands, the transport of fluid across the
airway epithelium, vascular permeability, blood flow in the bronchial circulation and the
release of mediators from mast cells and other inflammatory cells (Barnes, 1991b). As
there are significant differences in autonomic innervation among different species, it is
difficult to extrapolate findings from experimental animals to humans (Leff, 1988).
However, due to difficulties involved in obtaining normal human airways and limitations
in studying airway tone and secretions in intact humans, the use of animal models is

essential.



The notion that autonomic control may be abnormal in asthma and other airway
diseases was first proposed by Alexander and Paddock (1921). They showed that injection
of the cholinergic agonist pilocarpine caused wheezing in asthmatics but not in normal
subjects. Also, they noted that the pilocarpine-induced wheezing was relieved by an
injection of epinephrine. Several different autonomic abnormalities have been proposed.
These include enhanced cholinergic, o-adrenergic or NANC excitatory mechanisms, or
reduced P-adrenergic or NANC inhibitory mechanisms (Nadel & Barnes, 1984).

In the next section I will focus on three major ways by which airways are
influenced: 1) from the serosal side of the airway (i.e., autonomic secretion), 2) from the
epithelial side (inhibitory effects and excitatory effects) and 3) via modulation of airway

smooth muscle contractility. Special emphasis will be placed on autonomic influences.

1.1.1. Afferent innervation

Three different types of afferent fibres have been identified: 1) slowly adapting
(stretch) receptors, 2) rapidly adapting (irritant) receptors and 3) C-fibre endings (see
Table 1.1) (Barnes, 1986b).

Slowly adapting (stretch) receptors, which are classified as myelinated nerves, are
localized mainly to smooth muscle in conducting airways. They mediate the
Hering-Breuer inflation reflex, which inhibits sustained inspiratory activity and prolongs
expiration at high lung volumes. These receptors mediate reflex bronchodilation by
inhibiting vagal tone (Barnes, 1991b). In normal subjects, deep inspiration inhibits efferent

parasympathetic output via these afferent receptors (Nadel & Tiemney, 1961).



Rapidly adapting receptors, which are also myelinated nerves, are activated by
mechanical stimuli, viral infections, nonspecific irritants and a variety of specific
mediators including serotonin (SHT), prostaglandin F,, and histamine (Empey et al,
1976). In contrast to slowly adapting receptors, irritant receptors may cause
bronchoconstriction by a reflex increase in vagal efferent activity in asthmatics (Barnes,
1991b).

Rapidly adapting receptors in the upper airways are called cough receptors. There
is a close relationship between cough receptors and irritant receptors; bronchoconstriction
augments and bronchodilation diminishes the threshold to cough (Chausow & Banner,
1983).

A third series of nonmyelinated nerve endings named C-fibres are also found in
the airways, usually within the airway epithelium. C-fibres appear to be involved in a
complex series of events that previously may have been attributed to rapidly adapting
receptors (Barmnes, 1986b). In contrast to irritant receptors, these fibres are stimulated
selectively by capsaicin and bradykinin (Coleridge & Coleridge, 1984). C-fibre afferents
have been implicated in the release of tachykinins (TK), substance P (SP) and neurokinin
A (NKA) (Martling et al., 1988). These mediators appear to cause bronchoconstriction
via neurokinin recepiors (NKR) (Saria et al., 1985; Foulon et al., 1993). Recently there
has been more focus on the role of C-fibres and meciators released from them in the

pathogenesis of airway diseases. This will be discussed later.



1.1.2. Cholinergic innervation

The parasympathetic nervous system provides the dominant control of neural
bronchoconstrictor mechanism in animals and humans. It plays an important role in the
regulation of airway tone (Bamnes, 1993). It has been suggested that there is imbalance
between the excitatory and inhibitory systems with a bias towards increased cholinergic
transmission in airway diseases such as asthma and chronic obstructive airway disease
(Barnes, 1992). Cholinergic efferent nerves arise in the vagal nuclei of the brainstem and
pass down the vagus nerve to synapse in parasympathetic ganglia located in the-airway
wall. From these ganglia, relatively short postganglionic fibres innervate target cells, such
as smooth muscle cells and mucus glands (Barnes, 1993). The density of cholinergic
innervation decreases as the airways get smaller and there is none in the terminal
bronchioles and the alveolar walls (Barnes et al., 1983).

Electrical stimulation of the vagus nerves releases ACh which activates muscarinic
receptors on airway smocth muscle, submucosal gland cells and the epithelium. This
results in narrowing of airways and mucus secretion. The onset of narrowing of airways
in response to ACh is rapid and it is readily reversible, suggesting that it is mediated by
the contractici: of airway smooth muscle rather than bronchial wall edema or luminal
obstruction with mucus (Nadel, 1980). The fact that this response is potentiated by
cholinesterase inhibitors and blocked by the muscarinic receptor antagonist atropine,
provides evidence that the vagal nerves cause bronchoconstriction by the release of ACh
from the cholinergic nerve terminals. Once present, the ACh rapidly diffuses to the

cholinergic receptors which are relatively close to the nerve tesminals. At the synaptic



cleft, acetylcholinesterase breaks down ACh. The magnitude of bronchospasm induced
by ACh in the airways is consistent with the distribution of the pulmonary cholinergic
nerves (i.e., decreasing response to ACh from intermediate size bronchi to the small

bronchioles and alveolar ducts) (Nadel, 1980).

1.1.2.1. Modulation of efferent parasympathetics

The functions of cholinergic nerves may be modulated by other neurotransmitters
or by inflammatory mediators. It has been shown that isoprenaline and norepinephrine
reduced cholinergically-induced contraction of canine and guinea-pig tracheal smooth
muscle (Danser et al., 1987; McCaig, 1987; Pendry & McLagan, 1991). By contrast,
neither sympathetic stimulation nor applied cathecolamine changed mechanical responses
to exogenous ACh (McCaig, 1937; Pendry & McLagan, 1991). These findings suggest
that catecholamines inhibit ACh release from postganglionic nerve terminals via effects
on prejunctional adrenoceptors. Furthermore, it was shown that these effects are mediated
via both B- and a,-adrenoceptors in guinea-pigs and humans (Grundstorm & Andersson,
1985a; Matran et al., 1989; Pendry & McLagan, 1991) (see Fig. 1.1) (see pages 10-14 for
more information). Inflammatory mediators such as prostanoids, histamine and SHT may
also modulate parasympathetic neurotransmision. Prostaglandin E, and E, inhibit (Inoue
& 1to, 1986; Deckers et al., 1989), whereas SHT and thromboxane A, potentiate (Sheller

et al.,, 1982; Chung et al., 1985), cholinergic neurotransmision in the airways.
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1.1.2.2. Muscarinic receptor subtypes in airways

Five subtypes of muscarinic receptors, M; - Ms, have been cloned and from these
3 subtypes have been recognised pharmacnlogically (Barnes, 1992). Binding studies in
guinea-pig whole lung have shown that M, receptors are predominant in guinea-pigs, but,
in humans, there is relatively equal distribution of M; and M,/M; receptors (Mak &
Bames, 1989; Pendry, 1993). M, receptors, which are excitatory, are localized to
parasympathetic ganglia (Fig. 1.1) (Bloom et al., 1987). M, receptors may facilitate
ganglion neurotransmission through parasympathetic ganglia (Barnes, 1992) and enhance
cholinergic reflex bronchoconstriction in humans (Roffel et al., 1990).

In several species including guinea-pigs and humans, there is evidence for
prejunctional M, receptors (autoreceptors) on postganglionic airway cholinergic nerves
that inhibit the release of ACh (Bames, 1992). Pilocarpine, which selectively activates M,
receptors, inhibits cholinergic reflex bronchoconstriction induced by sulphur dioxide in
normal subjects, but not in asthmatics (Minette et al., 1989). These findings suggest that
there might be dysfunction of autoreceptors in asthma, thus enhancing reflex
bronchoconstriction. It has been suggested that M, receptors are more susceptible to
damage by inflammatory mediators (Barnes, 1992). In guinea-pigs, influenza virus
infection resulted in a selective loss of M, receptors which could explain airways’
hyperresponsiveness after upper respiratory tract viral infection (Fryer & Jacoby, 1991).
In some species such as guinea-pigs, sympathetic nerves interact with airway cholinergic
nerves. M, receptors on sympathetic nerve terminals inhibit the release of norepinephrine

from these nerves (Bames, 1992).
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In guinea-pigs. M, receptors are localized predominately to the smooth muscle of
the proximal airways. In humans, M; receptors are abundant in the submucosal glands and
airway vascular endothelium (Bames, 1992). Activation of M, receptors causes
bronchoconstriction and mucus secretion (Barnes, 1992). M, receptors are expressed in

rabbit lung, but M, receptors have not yet been identified in lung {(Barmes, 1992).

1.1.2.3. Airway diseases and the cholinergic system

It has been suggested that there is increased cholinergic activity in airway diseases.
This could be as a result of inflammatory mediators, exposure of afferent C-fibre due to
damage of epithelium, dysfunction of M, receptors, and/or increased in responsiveness of
airway smooth muscle to ACh (Bames, 1991b). However, airways’ hyperresponsiveness
is not specific for ACh as it is also seen with other bronchoconstrictor agents (Barnes,
1991b). The fact that parasympathetic nerves are the predominant bronchoconstrictor
pathway in the airways, the discovery of different subtypes of muscarinic receptors and
the modulation of ACh release by prejunctional M, receptors suggest important clinical
applications for selective anti-muscarinic agents. Thus, selective M, and M; antagonists,
which do not block the modulatory effect of M, receptors, may be useful in treatment of

airway diseases.

1.1.3. Sympathetic innervation
Adrenergic control of the airways involves the sympathetic nerves (which release
norepinephrine), the adrenal medulla (which releases epinephrine) and «- and B-

adrenoceptors (Barnes, 1987a). In comparison to the dense pulmonary parasympathetic

11



innervation, sympathetic innervation is generally sparse, but again there is marked
variability among species (Richardson, 1979). Sympathetic nerves innervate airway
smooth muscle of dog, goat, sheep, cat, pig, calf and guinea-pig, but few, if any,
noradrenergic fibres have been demonstrated in airway smooth muscle of rats, rabbits and
humans (Pendry, 1993). In guinea-pigs, facilitatory M, receptors have been identified on
the sympathetic ganglion cell body (Fig. 1.1), but it has not yet been reported in other
species (Pendry, 1993).

Sympathetic neurotransmission is an event of brief duration in the airways (Leff
& Munoz, 1981b). As for parasympathetic nerves, the ganglionic transmitter is ACh. The
postganglionic neurotransmitter, norepinephrine, undergoes rapid uptake or is inactivated
by catechol-O-methyltransferase and monoamine oxidase (Pendry, 1993). It has been
shown that blockers of neuronal and extraneuronal uptake of noradrenaline potentiate the
response to noradrenaline in guinea-pig trachea but, not in guinea-pig bronchi or human
airways suggesting the presence of functional adrenoceptors in only guinea-pig trachea
(Taylor et al., 1984; Zaagsma et al., 1987).

Studies using electrical field stimulation have shown that tetrodotoxin, but not
propranolol, inhibited bronchodilation suggesting the presence of neurally-mediated
relaxation. These findings also, suggest that although there is no functional sympathetic
innervation of human airway smooth muscle, there is a NANC inhibitory ‘mechanism

(Barnes, 1991b).
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1.1.3.1. p-adrenoceptors

Despite the fact that sympathetic innervation of airways is sparse, both «- and -
adrenoceptors are present in the airways. The density of B-adrenoceptors increases with
decreasing the diameter of airways (Carstairs et al., 1985). B-adrenoceptors are found on
many different cell types within the lung, including the smooth muscle of all airways
from trachea down to terminal bronchiole but the majority of them are localized to the
alveolar walls (Barnes, 1984; Carstairs et al., 1985). f-adrenoceptors induce a potent
bronchodilating effect and have the ability to reverse bronchoconstriction regardless of
the constrictor stimulus. Activation of B-adrenoceptors causes an increase in concentration
of cyclic adenosine monophosphate (CAMP). This leads to activation of cAMP-dependent
protein kinase resulting in phosphorylation of proteins involved in airway smooth muscle
relaxation (Morley, 1994). This may be mediated via opening potassium channels (Small
et al., 1993) or via a direct effect upon G-proteins (Kume et al., 1992). Other effects of
B -agonists include inhibition of cholinergic transmission, stimulation of mucus secretion,
decreasing the release of mediators from mast cells and, possibly, reduction of plasma
extravasation and mucosal edema (Rhoden et al., 17%8).

It has been shown that both §3,- and P,-adrenoceptors are present in the lung. In
humans and guinea-pigs, the majority of these receptors are of the 3, subtype, but this
is not so in all species (Pendry, 1993). B-adrenoceptor agonists are potent relaxers of
airway smooth muscle in vitro and in vivo (Bames, 1991b; Pendry, 1993). These findings
and the faci that sympathetic innervation to human airways is sparse (White et al., 1987)

suggest *hat circulating catecholamines may play an important role in regulation of
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bronchomotor tone (Barnes, 1986c¢). It has been proposed that the catecholamines,
norepinephrine and epinephrine, may inhibit the release of ACh via an action on
prejunctional a- or f-adrenoceptors (Fig. 1.1) (Rhoden et al., 1988; Barnes, 1992;
Pendry, 1993). These findings together with those of Cerrina et al. (1986) and Goldie et
al. (1986) who showed that airways from asthmatic patients failed to relax normally to
isoprenaline, suggest that there may be dysfunction of B-adrenoceptors in asthma and
other airway diseases (Barnes, 1987a).

it has been shown that P-blockers enhanced the response of several
bronchoconstrictor agents in naive animals (Maclagan & Ney, 1979; Ney, 1983; Ballati
et al., 1992). Also, similar results were obtained with surgical adrenalectomy (Barnes,
1991b). These findings suggest that circulatory catechoiamines may mask existing
contractile influences of the parasympathetics (Boushey et al., 1980; Barnes, 1991b). 8-
adrenergic blockade with propranolol or other -adrenoceptor blockers causes pronounced
bronchoconstriction in asthmatics (Bcushey et al., 1980). By contrast, normal persons
receiving even greater levels of [-adrenoceptor blockade do not bronchoconstrict
spontaneously to propranolol and have virtually identical responses to bronchial challenge
compared with pretreatment conditions (McNeill, 1987). Concentrations of circulatory
catecholamines are not different in asthmatics at rest and normal subjects (Barnes, 1991b)
and, even in severe bronchoconstriction, asthmatics do not demonstrate significant
catecholamine secretion (Barnes et al., 1982). Thus, it has been suggested that there may
be an impairment of B-adrenoceptors in asthmatics. However, this is disputed as most
studies have shown no difference in the function of f3-adrenoceptors in untreated

asthmatics and normal subjects (Barnes, 1991b).

14



Recently there has been more interest in the use of P-agonists, as some studies
have shown a relationship between the increased morbidity and mortality in asthmatics
and use of P-agonists (Mitchell, 1989; Spitzer et al., 1992; Barrett & Storm, 1995). In
control and sensitized guinea-pigs, chronic administration of RS-albuterol induced
increased airways' responsiveness to several bronchospastic agonists including histamine
and leukotriene-C, (LTC,) (Hoshiko & Morley, 1993; Jafarian et al., 1995). Also, in
control and sensitized guinea-pigs, chronic administration of rac-fenoterol significantly
increased airway responses to ACh both in vivo and in vitro (Wang et al., 1994). These
findings together with increasing awareness of asthma as an inflammatory disease (BTS.
1990; NHLBYI, 1921) led to the reconsideration of the use of ,-agonists in the treatinent

of asthma and recommendations to use anti-inflamnmatory agents as first line in asthma

therapy.

1.1.3.2. c-adrenoceptors

a-adrenoceptors have been demonstrated in airways of several species but they are
less abundant than p-adrenoceptors (Bames =zt al., 1979; Bames, 1992). Like fB-
adrenoceptors, the density of a-adrenoceptors increases as the diameter of airways
decreases (Bames et al., 1979). Both «,- and o ,-adrenoceptors are present in the airways
(Grundstorm & Andersson, 1985a). The precise mechanism under which o -adrenoceptors
regulate bronchomotor tone is not yet understood. It appears that the o-adrenergic
response is regulated by a cyclooxygenase products, which are secreted by the muscle

itself due to mechanical deformation (Bames, 1991a). It has been shown that o-
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adrenoceptor agonists stimulate secretion from serous submucosal glands, induce
histamine release from mast cells and induce vasoconstriction (Barnes, 1986b).

The role of a-adrenoceptor stimulation in bronchial hyperreactivity has been
studied by assessing the ability of o-adrenergic antagonists to prevent the
bronchoconstriction induced by histamine and exercise in patients with asthma (Pendry,
1993). It is proposed that the contractile response to noradrenaline is predominately
mediated via o ,-adrenoceptors (Pendry, 1993). Also it has been suggested that mast cell
mediators enhance o-adrenoceptor function in airway smooth muscle. However, the
demonstration of a-adrenoceptors by autoradiography was not very successful and «-
blockers failed to induce bronchodilation (Barnes, 1992). o-antagonists such as
phentolamine and thymoxamine inhibited bronchoconstriction induced by histamine and
allergen (Patel & Kerr, 1975). However, the poor specificity of these drugs makes
interpretation difficult. Other effects of these drugs such as antihistaminic effects or
potassium channel activation may account for bronchodilatory responses to them (Barnes,
1991b). Furthermore, prazosin, a selective « -antagonist, showed little benefit in asthma,
either in challenge studies (Barnes et al., 1981) or chronic control of airway function
(Baudouin et al., 1988). Although activation of «,-adrenoceptors causes
bronchoconstriction in guinea-pigs but not in humans, o,-adrenoceptors inhibit both
cholinergic and NANC excitatory mechanisms (Figs. 1.1-1.2) (Grundstorm & Andersson,
1985b). The role of co-adrenergic activity in the regulation of mucus secretion in the
airways is another pathway for the involvement of a-adrenergic activity in patients with
asthma (Boushey et al., 1980). Also, a-adrenoceptors may indirectly influence airway

responsiveness by regulating airway blood flow (Barmes, 1992).
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1.1.4. NANC system

Classically, the autonomic nervous system has been described as consisting of two
components; the cholinergic and the adrenergic nerves (Lammers et al., 1992). However,
the presence of NANC mechanisms involved in autonomic control of airways has been
demonstrated in vitro and in vivo (Bames, 1986b; Bames, 1986d, Pendry, 1993). Both
inhibitory and excitatory NANC nerves have been described and studies have shown that
neuropeptides, that are localized to classical autonomic nerves, may act as
neurotransmitters of these systems (Polak & Rloom, 1986; Barnes, 1988). Despite the
large number of studies on NANC responses, our knowledge about the role of these
neurally mediated smooth muscle responses in the control of airway smooth muscle tone
is lacking. In this section I will focus on the main findings on the role of NANC

responses in the control of airway smooth muscle tone.

1.1.4.1. Inhibitory NANC mechanisms

Studies in vitro and in vivo have shown that one role of NANC inhibitory nerves
is to relax airway smooth muscle in several species including humans (Boushey et al.,
1980, Michoud et al., 1987). In isoloted human airway smooth muscle, orthodromic
stimulation of the vagus induced a contractile response that is blocked by pretreatment
with atropine and tetrodotoxin suggesting the involvement of parasympathetic nerves. This
is followed by a relaxant response which is not affected by P-adrenoceptor blockade but,
is affected by tetrodotoxin (Taylor et al., 1984; De Jongste et al., 1987). These findings

suggest that neural mechanisms are responsible for this response and that this relaxation
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is of non-adrenergic origin. However, in guinea-pig tracheal or canine bronchial smooth
muscle, the relaxant response to orthodromic stimulation of vagus is partially blocked by
B -adrenoceptor blockade (Taylor et al., 1984). Thus, in these species, both adrenergic and
NANC mechanisms are involved in relaxation of airway smooth muscle. Studies in vivo
support the involvement of NANC inhibitory mechanisms in modulation of airway smooth
muscle contraction (Irvin et al., 1982; Matsumoto et al., 1985).

As NANC inhibitory nerves are the major bronchodilatory pathway in human
airways, it has been suggested that impairment of this system may contribute to the
pathogenesis of asthma. Vasoactive intestinal peptide (VIP), peptide histidine isoleucine
(PHI), neuropeptide tyrosine (NPY) and nitric oxide (NO) are all possible contributors to
NANC inhibitory mechanisms (Barnes, 1986b; Lundberg, 1993). Table 1.2 shows NANC
and other mediators affecting airway smooth muscle and their specific effects.

VIP-immunoreactivity is often associated with cholinergic nerves suggesting the
coexistence of VIP and ACh (Lundberg et al., 1987). VIP acts via its receptors located
on bronchial smooth muscle, airway giands, epithelium and blood vessels (Pendry, 1993).
VIP conteracts the bronchoconstrictor activity of ACh and also inhibits its release (Fig.
1.2) (Bames, 1992). In vitro, VIP relaxes airway smooth muscle of several species by
activating adenylate cyclase (Lazarus et al., 1986; Rhoden & Barnes, 1990). Also, in
humans, inhalation of VIP protects against histamine-induced bronchoconstriction (Bames
& Dixon, 1984). However, inhalation of VIP by itself produced no bronchedilation in

human airvays (Said, 1982; Bames & Dixon, 1984). This could be explained by the
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TABLE 1.2

Mediators affecting airway smooth muscle

Classification Mediators Effects

Parasympathetic ACh bronchoconstriction, increased

mucus secretion and vasodilation

VIP, PHI, PHM and bronchodilation
NPY
Sympathetic noradrenaline and NPY bronchodilation

NANC inhibitory | VIP, PHI, NPY and NO | bronchodilation

NANC excitatory | SP and NKA bronchoconstriction, mucus
secretion, plasma protein
extravasation and recruitment of

inflammatory cells

CGRP vasodilation, increasing blood

flow and modulatory effects on

airway smooth muscle?

inability of the relatively large peptide to get to its receptors in the airways, by enzymatic
breakdown or by the limited doses used due to the profound cardiovascular effects of
VIP. Also, it has been shown that VIP immunoreactivity is reduced in airways of severe
asthmatics compared to normal subjects (Pendry, 1993).

Electrical field stimulation of tracheal preparations causes the release of VIP
(Matsuzuki et al., 1980; Camero:, 1983). This is abolished by tetrodotoxin suggesting the

involvement of the autonomic nervous system (Matsuzuki et al., 1980; Cammeron, 1983).
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The amount of VIP released correlates with the magnitude of NANC relaxation
(Cammeron, 1983). Also. antibody to VIP and incubation with chymotrypsin, an enzyme
responsible for VIP degradation, reduced NANC relaxation (Ellis & Farmer, 1989).

VIP has also been considered as a major candidate for inhibitory NANC
vasodilation. However, recent studies have shown that NO synthase (NOS), the enzyme
responsible for production of NO from L-atginine, is present in VIP-positive nerves,
emphasising the complexity of this issue (Lundberg, 1993).

Also, PHI is probably released with VIP and could be a neurotransmitter of NANC
relaxation in airways. PHI is equipotent to VIP as a bronchodilator, but is less potent as
a vasodilator suggesting that it might act on different receptors (Palmer et al., 1987b;
Yiangou et al., 1987).

NPY is localised in sympatheiic neurons and modulates both cholinergic
neurotransmission and release of sensory neuropeptides in guinea-pig airways (Fig. 1.2)
(Stretton et al., 1989; Pendry, 1993). The content of NPY is much higher in the trachea
compared to small bronchi (Martling et al., 1990). Adrenergic blockade does not block
the effects of NPY suggesting that NPY-mediated responses are not mediated via
adrenoceptors (Stretton & Barnes, 1988).

It has been shown that endothelial relaxant factor is identical to NO (Palmer et al.,
1987b). There is increasing evidence that NC may be a putative neurotransmitter in the
NANC inhibitory system (Barnes, 1992; Rand, 1992). Although inhaled NO has a larger
effect on lung vasculature than on bronchomotor tone, there is evidence suggesting that
the NANC inhibitory control of tracheobronchial smooth muscle involves NO as a

mediator (Alving et al., 1992; Bames, 1992; Bamnes & Liew, 1995). Thus inhibition of

2}



NOS attenuated the neural bronchodilation resnense to electrical field stimulation, in
guinea-pig and pig trachea. These effects could be partially reversed with L-arginine, but
not with D-arginine which is not a substrate for this enzyme (Bames, 1991a, Tuker et al.,
1990; Ellis and Undem, 1992b; Kannan & Johnson, 1992). Furthermore, in human
airways, inhibition of NO synthesis by C-N-arginine methyl ester reduced or abolished
neural bronchodilation caused by NO (Bai et al., 1992). NO is thought to relax airway
smooth muscle via stimulation of guanyl cyclase resulting in production of cyclic 3’, 5'-
guanosine monophosphate (Sheng et al., 1991).

Most of the evidence for NO being the inhibitory NANC transmitter for airway
smooth muscle relaxation depends on the specificity of NOS inhibitors. There is some
evidence that the arginine analogue L-NMMA is not a specific inhibitor of vascular
relaxation (Bamnes, 1991b) and the endothe:;an-independent relaxation of blood vessels
by VIP is also reduced by L-NMMA (Gaw et al., 1991). Also, studies have shown that
VIP-containing nerve fibres can contain NOS, indicating their ability to produce NO
(Ceccatelli, et al., 1992; Kummer et al., 1992). Hogman et al. (1993) showed that
inhalation of NO caused a mild bronchodilation in asthmatics which suggest a role of NO
in NANC inhibitory mechanism. It should be noted that NO may also have harmful
effects such as an increase in bronchial blood flow, plasma exudation in the airways and
eosinophilia (Kuo et al., 1992; Alving et al., 1993; Bames & Liew, 1995). These effects
are mediated via inducible NOS (Bames & Liew, 1995) suggesting that specific inhibitors

of inducible NOS may be beneficial in asthma and allergic diseases.
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Lei et al. (1993) looked at the role of NANC mechanism in the neural
bronchoconstriction in guinea-pigs. In this study they investigated whether a neural
inhibitory NANC mechanism regulated the magnitude of neural bronchoconstriction in
vivo in the guinea-pig. They looked at the effects of NOS inhibitors on NANC neural
bronchoconstriction induced by electrical vagal stimulation and by capsaicin in the
presence of atropine and propranolol. They showed that NOS inhibitors potentiated neural
bronchoconstriction induced by vagal stimulation, but not that induced by SP, NKA and
capsaicin. They suggested that NO, or NO-releasing material, produced in association with
stimulation of vagus nerves, regulated the magnitude of the bronchoconstriction. In this
study they used atropine to eliminate the constrictor effect of ACh released from vagal
cholinergic nerves and propranolol to prevent adrenergic influences. They suggested that
the bronchoconstriction seen in that study was due to SP and NKA released by sensory
nerves. Based on their finding that capsaicin-induced bronchoconstriction was not affected
by NOS inhibitors, they suggested that cholinergic nerves were the primary source of NO.
However, electrical stimulaticn of vagus nerves in guinea-pigs activates sympathetic
efferent, parasympathetic afferent, NANC efferent and parasympathetic efferent nerves
(Fig. 1.3). Propranolol and atropine eliminate the postsynaptic effects of sympathetic
efferent and parasympathetic efferent nerves, respectively. Thus, the effects of activated
NANC efferents and parasympathetic afferents remain intact. Considering this, it is not
possible to differentiate the effects of NANC efferent and parasympathetic afferent nerves
by just giving atropine and propranolol. It could account for the difference between the

effect of NOS inhibitors in vagally stimulated bronchoconstriction and SP, NKA, or
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capsaicin induced bronchoconstriction in this study. To overcome this problem ganglionic
blocking agents could be used. Ganglionic blocking agents block the effects of all

sympathetic efferents, parasympathetic efferents and NANC efferents, but not

parasympathetic afferents.

1.1.4.2. Excitatory NANC mechanisms

Electrical stimulation of guinea-pig bronchi, and occasionally trachea, produces
a component of bronchoconstriction which is resistant to atropine. There is convincing
evidence that tachykinins (TK), SP and NKA are neurotransmitters of this response
(Anderssoh & Grundstorm, 1983). These mediators can be released from afferent nerves
by capsaicin (Saria et al., 1987). CGRP, another mediator of NANC excitatory system,

is costored and coreleased with TK (Maggi & Meli, 1988). See page 36-58 for more

details about the excitatory NANC system.

1.1.5. Submucosal regulation

Ultimately, bronchomotor tone is regulated at the level of the airway smooth
muscle itself. It begins at the myoneural junction and terminates as the chemical coupling
or uncoupling of actin and myosin take place. Many investigators have focused upon the
membrane-mediated and intracellular events that translate receptor binding at the plasma
membrane of the smooth muscle cell to airway contractility and how these events are
modified by 1) membrane polyphosphoinositides and 2) the adenylcyclase-cAMP systems.

Both systems appear to mediate or modulate airway smooth muscle tone by controlting
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the availability of calcium ion (Ca?") to the contractile apparatus of the cell. However, the
interaction between these two systems remains undefined, and the data relating to each

therefore are considered separately.

1.1.5.1. Myoneural junction

The myoneural junction is a major locus of action in the neural regulation of
bronchomotor tone. It is the final common pathway. Here, electrical impulses from nerves
are converted to release of chemical mediators (neurotransmitters) into the synaptic cleft.
Circulating humoral agents, reach the smooth muscle membrane through the bloodstream.
Studies have shown a potential major role for the local endogenous regulation of smooth
muscle tone through 1) local secretion of mediators from circulating cells and fixed tissue
elements, 2) local release of inhibitory substances from the adjacent epithelium, and 3)
endogenous regulation of smooth muscle tone from substances secreted from the muscle
itself. Mediators finally elicit their effects on airway smooth muscle through membrane

transduction mechanisms that alter the affinity of binding of actin and myosin.

1.1.6. Epithelial modulation

Different stimuli must traverse the epithelium, which acts as a barrier, to initiate
a specific response. Both epithelial cells and the underlying muscle are heterogeneous
tissues with innervation, receptor density, and cell metabolism that vary in different
species and also they vary as a function of airway generation (Shioya et al., 1987). The

epithelium is also a site for the synthesis of proinflmmatory mediators that may be
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involved in the inflammatory component of asthma. By contrast, the epithelium may
synthesize other mediators that counteract smooth muscle contraction. Furthermore, it is
a site of metabolism for several mediators which are involved in regulating bronchomotor
tone (Flavahan et al., 1985). The epithelium contains the afferent sensory fibres that elicit
irritant receptor responses (Nadel, 1977). In asthmatics, it has been shown that there are
consistent mucosal alterations with destruction of ciliated epithelial cells (Laitinen et al.,
1985). This exposes intraepithelial nerves and mast cells to stimuli such as mechanical
or chemical irritants, cellular derived mediators and/or antigen.

Airway smooth muscle responses must also be considered in the context of other
factors that ma, affect airway calibre such as edema formation through the process of
inflammation (James et al., 1986) and mucous secretion. Both inflammation and mucus

secretion are fundamental components of human asthma.

1.2. Capsaicin and primary afferent neurons

Capsaicin (8-methyl-N-vanillyl-6-nonenamide), the active principle of hot peppers,
has the unique ability to excite and/or inhibit/degenerate a subpopulation of afferent
neurons. These neurons give rise largely, but not exclusively, to non-myelinated axons,
and thus are often referred to as C-fibres (Marsh et al., 1988; O’Neill, 1991). In many
tissues, capsaicin selectively stimulates a subpopulation of sensory parasympathetic and
sympathetic afferent nerves to induce the release of neuropeptides (Richardson, 1979;
Manzini et al., 1989; Saria et al., 1988). Thus, in perfused guinea-pig lungs, in vitro, low

concentrations of capsaicin induced the release of SP, NKA and CGRP (Saria et al., 1984,
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Lundberg & Saria, 1987; Martling et al., 1988). However, exposure to large doses of

capsaicin caused desensitization of sensory nerves (Maggi et al., 1991a).

1.2.1. The capsaicin receptor

On the basis of the structure-activity relationship of capsaicin analogs, Szolcsanyi
and Jansco-Gabor (1975) proposed that capsaicin interacts with a specific receptor. Plant
principles including capsaicin, resiniferatoxin and piperine have been shown to activate
capsaicin-sensitive primary afferents (Maggi et al., 1990a). Mediators of inflammation and
transmitters such as bradykinin, arachidonic acid metabolites, SHT, histamine and ACh,
chemicals from the environment such as smoke, allergens, toluene, ether, formalin and
high concentrations of potassium have also shown to have similar effects (Maggi et al.,
1990a). Using [*H]resiniferatoxin and capsazepine, a structurally related capsaicin
antagonist, competitive binding studies indicated the presence of a specific receptor with
a single binding site, the so called the “vanilloid” receptor (Szallasi & Blumberg, 1992).

“Vanilloid” receptors are selectively expressed on the plasma membrane of certain
primary afferents. The interaction of capsaicin with these receptors opens a voltage
insensitive (ligand-gated) non-selective cation channel allowing sodium to flow down its
concentration gradient into the cell causing depolarization (Maggi, 1991; Szallasi &
Blumberg, 1992). This depolarization generates an afferent impulse so that Ca®* enters the
cell from the extracellular space leading to membraﬁe depolarization (action potential).
It has been shown that in the absence of Ca®* there still is depolarization of the membrane

suggesting that Na® may be responsible for capsaicin dep~larization and impulse
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generation (Maggi, 1991). Depolarization of the membrane caused the release of
neuropeptides from the same terminal, i.e. without an obligatory contribution of nerve
conduction (Maggi, 1991). Although the role of Ca** in the excitatory action of capsaicin
is unclear, Ca®* influx through this channel appears to be necessary for capsaicin-induced
neurotransmitter release, desensitization and neurotoxicity (Marsh et al., 1988; Maggi ct
al., 1989b).

Ruthenium red, an inorganic dye with the ability to block Ca*" entry, protects from
capsaicin desensitization (Maggi et al., 1988b). Ruthenium red selectively prevents the
capsaicin-induced release of reurotransmitter from primary afferents (Maggi, 1991).
Ruthenium red blocks Ca®* transport not only at the cell membrane level but also in
mitochondria. This intracellular site of action cou)d be important for capsaicin
desensitization of primary afferents (Jancso et al., 1984). As well, the effects of ruthenium
red on capsaicin involve either antagonism at the level of capsaicin receptor, blockade of
cation channel coupled with the capsaicin receptor, or combination of both {Chahl, 1989).

The secretion of peptide from capsaicin sensitive nerves is via voltage-sensitive
Ca”" channels (Maggi, 1991). Release of transmitters by capsaicin was not affected by w-
conotoxin, a selective blocker of N-type voltage sensitive calcium channels, but was
blocked by ruthenium red (Maggi, 1991). By contrast, release of transmitter from primary
afferents by other stimuli such as electrical field stimulation and high concentrations of
potassium was w-conotoxin-sensitive but, ruthenium red resistant (Maggi et al., 1989a;
Maggi, 1991). These findings suggest that there may be two different ways for the release
of transmitter from capsaicin-sensitive primary afferents: 1) via direct Ca* dependent; 2)

via N-type voltage-sensitive calcium channels.
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1.2.2. Capsaicin-induced desensitization

Capsaicin has long been known to produce initial extensive excitation of sensory
neurons, followed by a prolonged neuroinhibitory action commonly referred to " capsaicin
desensitization’ (Maggi, 1991; O'Neill, 1991). This property has been exploited extensively
as a tool with which to investigate the role of these nerves in airways.

The extent of excitation and functional or anatomical disruption of the capsaicin-
sensitive neurons depends on duration and magnitude of exposure of these nerves. As
well, the species, the route of application and the developmental age of animal are
important factors (Maggi 1991; O'Neill, 1991). Exposure to low doses of capsaicin causes
selective desensitization to capsaicin itself, but exposure to high doses of capsaicin leads
to non-specific desensitization (Brugger et al., 1988; Dray et al., 1989).

Capsaicin-selective desensitization could be explained by capsaicin receptor down
regulation or loss of vanilloid binding sites (Szallasi & Blumberg, 1992). Non-specific
desensitization is probably due to the neurotoxic action of increased Ca®* influx produced
by high doses of capsaicin (Wood et al., 1988). Capsaicin induces ultrastructural changes
(e.g. mitochondrial swelling via activation of Ca®>'-dependent enzymes) and has cytotoxic
effects on primary afferents. These effects are prevented by exposure to a Ca*" free
medium indicating that it is Ca?>*-dependent (Marsh et al., 1988).

Another mechanism for the neurotoxic action of capsaicin is represented by Na”
influx éiong the capsaicin-activated cation channel which leads to uptake of Na" and CI,
influx of water and osmotic lysis (Winter et al., 1990; Dray, 1992b). Depletion of the

sensory neuropeptides accounts, at least in part, for a long-lasting impairment of the
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efferent function of capsaicin. This function recovers in parallel to recovery of tissue
levels of sensory neuropeptides (Maggi et al., 1987b). Other possibilities include
internalization of the receptor or down regulation of the second messenger-coupled
system.

In spite of progress in our knowledge about capsaicin, still the question of “what
is the physiological role of vanilloid receptors?” remains to be answered. Also the
endogenous ligand for these receptors remains unknown. A possible role of thesc
receptors may be associated with the hyperalgesia found in inflamed tissue (Bevan &
Yeast, 1989). It has been shown that ruthenium red prevents primary afferent activation
induced by noxious heat or application of toluene diisocyanate. These findings suggest
that these stimuli may release an endogenous capsaicin-like substance(s) (acting at the
capsaicin receptor) or could stimulate a distinct receptor(s) that share a common

membrane transduction/ion channel with the capsaicin receptor (Amann et al., 1990;

Maggi et al., 1990a).

1.2.3. Afferent-efferent dual function of capsaicin-sensitive sensory neurons

The capsaicin-sensitive neuron represents a peculiar type of sensory cell able to
release stored transmitters both peripherally and in the central nervous system. The release
of transmitter at different sites determines the sensory-efferent function of capsaicin
(Maggi & Meli, 1988). The release of transmitter in CNS or ganglia and in the periphery

represents the sensory and efferent functions, respectively.
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Capsaicin acts on sensory neurons to release mediators from peripheral terminals
via an axon reflex, or directly by stimulating the same terminal (Maggi & Meli, 1988).
This single event causes depolarization of sensory nerve endings and secretion of
transmitters in the periphery. By propagating an action potential, there can be release of
transmitters both in the CNS and the periphery (Szolcsanyi, 1983; Maggi et al., 1987a).

Whether depolarization of sensory nerve endings evokes central or axonal reflex-
mediated effects is controversial (Biggs & Goel, 1985; Maggi & Meli, 1988; Kroll et al.,
1990). Most investigators showed that centrally-mediated reflexes had no role in the
capsaicin-induced release of neuropeptides in the lungs (Gamse et al., 1979b; Saria et al.,
1983; Biggs & Goel, 1985). Saria et al. (1983) showed that visceromotor responses to
capsaicin are neurogenic and Na* channel blockade with local anesthetic or tetrodotoxin
did not change these responses. However some investigators showed that at cutaneous
level the inflammatory responses to capsaicin are blocked by local anesthetics suggesting
the involvement of axonal reflexes (Jancso et al., 1986; Foreman & Jordan, 1984,
Szolcsanyi, 1984b).

There also are conflicting views on the role of centrally mediated-reflexes in
capsaicin’s pulmonary effects, in vivo. Some have found pharmacologic evidence for
central reflex effects (Delpierre et al., 1981; Ballati et al., 1992), others have found none
(Szolcsanyi, 1983; Biggs & Goel, 1985; Maggi & Meli, 1988).

It is believed that SP is the mediator of the axon reflex at cutaneous levels where
it causes vasodilation and plasma extravasation via mast cell degranulation (Skofitsch et

al., 1985). This could not apply for certain viscera as it has been shown that tetrodotoxin
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and local anesthetics could not block the motor response to capsaicin (Szolcsanyi, 1983;
Santicioli et zl., 1986; Maggi et al., 1987a). The release of SP is believed to be the
mechanism involved in a variety of visceromotor responses to capsaicin (Bartho et al.,
1982; Maggi et al., 1985). However, the discovery of other neuropeptides e.g. neurokinin
A (NKA), neuropeptide K and calcitonin gene-related peptide (CGRP) gave a more
accurate view regarding the mechanisms involved in motor responses to capsaicin. Thesc
neuropeptides together with SP are costored and coreleased in capsaicin-sensitive sensory
nerves in both the central and the peripheral nervous system (Lundberg & Saria, 1987,
Martling et al., 1988).

Some of the effects of capsaicin can be attributed to the release of CGRP from
sensory nerves (Franco-Cereceda & Lundberg, 1985; Saito et al., 1986). Also in some
preparations (rat duodenum, uterus and vas deferens) desensitization to exogenous CGRP
prevented the effects of low doses of capsaicin which suggest that these responses are
mediated via endogenous release of CGRP from the sensory nerve fibres (Hua et al.,
1986; Hua & Lundberg, 1986).

At high doses, capsaicin showed excitatory effects which could be explained by
the release of TK. Taken as a whole, there is general agreement that at least part of
capsaicin’s effects are mediated by its ability to release neuropeptides from sensory nerve
endings. In this regard the bronchospastic effects of capsaicin could be explained by the
release of TK from the sensory nerve endings. Thus, non-selective or selective
neuropeptide receptor antagonists, or the ablation of sensory nerve endings by

pretreatment with large amounts of capsaicin, greatly reduced or prevented capsaicin-
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induced bronchospasm (Karlsson et al., 1985; Saria et al., 1985). Any discrepancies may
be -x:lained by the differences among species, organs, type of response measured and
systems of measurement. The majority of the species differences have been considered
as different at the level of transmitter released in the nerve terminals or in expression of

NKR (Szallasi & Blumberg, 1993).

1.2.4. Heterogeneity of capsaicin-sensitive sensory neurons

The importance of capsaicin-sensitive sensory fibres in the pathogenesis of human
disease such as asthma and bronchial hyperreactivity led investigators to look at the
mechanisms by which environmental stimuli activate these elements. An understanding
of the way natural stimuli activate these elements could help in finding drugs which
modulate these functions. Capsaicin-sensitive neurons behave as polymodal receptors as
various types of stimuli, physical and chemical stimuli, could activate them. There are
some controversies regarding the main mechanisms of activation of these elements. Some
believe that chemical signals are the major natural stimuli (Coleridge & Coleridge, 1981;
Coleridge & Coleridge, 1984). Others concluded that physical stimuli e.g. distension and
pulmonary edema are the major stimuli (Pintal, 1986; Roberts et al., 1986). It should be
noted that physical stimuli can activate biochemical events e.g. production of prostanoids
and bradykinin (Piper & Vane, 1971). Therefore, distinguishing the relative role of

physical or chemical stimuli is rather more complicated than what was expected.
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As a variety of stimuli can activate capsaicin-sensitive sensory neurons. these
elements are probably heterogeneous (Matsuyama et al., 1986; Rose et al., 1986).
Different type of sensory neurons have been detected. Although it is not very clear, some
evidence showed that activation of different types of sensory neurons leads to the release

of different mediators (Maggt & Meli, 1988).

1.2.5. Coexistence of neuropeptides in capsaicin-sensitive neurons

Immunohistochemical studies have shown that different neuropeptides and even
non-peptide transmitters are released by capsaicin in both CNS and periphery. Among
these transmitters SP, NKA, neuropeptide K, CGRP, VIP and somastatin have been most
studied (Maggi & Meli, 1988). Different types of capsaicin-sensitive sensory neurons
could account for this diversity. Another factor may be the intensity of stimulation.
Functional studies have shown that there are some interactions among these transmitters
and sometimes the effect of one transmitter is overcome by another one (Maggi & Meli,
1988); thus to get a clear picture it is necessary to measure biologic effects and measuie
neurotransmitter release simultaneously.

Administration of low doses of capsaicin causes bronchoconstriction through the
release of neurotransmitters. However, administration of high doses of capsaicin causes
a long-lasting desensitization of the sensitive primary afferent neurons, along with
neuropeptide depletion (Maggi, 1991; O'Neill, 1991). These findings indicate the
importance of capsaicin-sensitive afferent in airway pathopbysiolugy, but they cannot

show the relative importance of individual neuropeptides released from the primary

afferent nerves.
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1.3. NANC excitatory system

A noncholinergic excitatory pathway has been demonstrated in several species
including human and guinea-pig (Barnes, 1991b). The main mediators for this system are
SP, NKA and CGRP (Palmer & Bames, 1987; Bames, 1991b). Electrical stimulation of
guinea-pig trachea causes atropine-resistznt bronchoconstriction. This response is
mimicked by SP and inhibited by SP antagonists supporting the involvement of SP as a
neurotransmitter of NANC excitatory system (Lundberg et al., 1983b). SP belongs to a
family of closely related peptides called TK (Maggi, 1990). Another transmitter of NANC
excitatory is CGRP which is costored and coreleased with TK (Karlsson & Persson, 1989;

Pendry, 1993).

1.3.1. Tachykinins

TK are a group of peptides that in mammals comprise SP, NKA (and its N-
terminally altered form neuropeptide K) and neurokinin B (NKB) (Maggi, 1990).
Historically, the first peptide of this group was discovered by Von Euler and Gaddum
(1931) while studying the tissue distribution of ACh in equine intestine and brain. They
found an extract that maintained hypotensive and spasmogenic activity on isolated rabbit
jejunum in the presence of atropine. This compound was termed SP (P for purification).
TK are widely distributed and active in both the CNS and the periphery (Maggi, 1993).

TK evoke a variety of biological responses, including vasodilation and paradoxical
contraction of gastrointestinal, urinary and bronchial smooth muscle, mucus secretion,

increased microvascular permeability and decreased mucociliary clearance (Maggio, 1988,
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Nelly & Charle, 1991: Bamnes, 1991a). The principal biologic activities of these peptides
reside in their structurally similar carboxyl sequence, ...Phe-X-Gly-Leu-Met-COOH, where
X is a branched aliphatic or aromatic amino acid. However, it has been shown that some
of the effects of TK such as behavioural effects are mediated by N-terminal of these
peptides, where there is considerable variability in amino acid composition (Maggi, 1990;
Frossard & Advenier, 1991; Gerhardt et al., 1992; Larson & Sun, 1994). It is thise part
of the molecule that accounts for the different biologic activities e.g. potency, efficacy and
duration of action (Erspamer & Melchiori, 1973; Erspamer, 1981).

TK are synthesized in nerve cells and released locally, possibly as a result of local
reflexes (Gamse et al., 1979a; Nelly & Charles, 1991) and produce their biological effects

via activation of specific receptors (Nelly & Charles, 1991).

1.3.1.1. TK and their expression

SP can be encoded by 3 precursors, o, B and y-preprotachykinin mRNAs. NKA
can be encoded by both B and y-preprotachykinin mRNAs (Nelly & Charles, 1991).
cDNA encoding for NKB has been identified in rat cerebral cortex and appears to be

produced by neurons different from those containing the precursors for SP and N&./A

(Nelly & Charles, 1991).

1.3.1.2. TK receptors

TK effects are mediated via activation of neurokinin receptors (NKR). So far, three

NKR have been found; NK1, NK2 and NK3 receptors (Maggi, 199C; Hiroki & Shigetada,
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1991; Nelly & Charles, 1991; Krause et al., 1992). Figure 1.4 shows the structure of NK1
receptor. Features common to all members of this family of receptors include the presence
of seven hydrophobic protein sequences, each of which is believed to span the cell
membrane and interact with one or more GTP-binding proteins to promote high affinity
binding with ligand and transduce intracellular signals (Dohlman et al, 1987; Krause et
al., 1992). These receptor molecules appear to be involved in promoting transcellular
communication with the environment (Cascieri & Liang, 1983; Coats & Gerard, 1989).
Common sequence motifs among the TK allow them to interact with all of the receptors,
but with different affinity (Buck et al., 1984; Burcer et al., 1986). The NK1 receptér is
selective for SP > NKA > NKB; the NK2 receptor binds NKA > SP > NKB; the NX3
receptor is selective for NKB > NKA > SP (Nelly & Charles, 1991; Krause et al., 1992).
As a result of this cross reactivity, dissection of the ligand-receptor responsible for
particular physiological responses in vivo has been somewhat difficult. However, the
molecular cloning of the TK receptor gene and cDNAs from several species have
provided valuable information relating to the structure of these molecules. Also,
development of selective agonists and antagonists provides additional information about
the ligand binding sites and structure-function reiaticnships that are involved in signal
transduction, tissue localization and the regulation of expression of these receptor

molecules.
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1.3.1.2.1. Structural characterization of the NKR

Expression cloning in Xenopus oocytes, hydropathy analyses and pharmacological
evidence revealed seven hydrophobic membrane-spanning sequences for these receptors
which suggests TK signalling is mediated by activation of GTP-binding proteins
(Lundberg & Saria, 1987; Manzini et al., 1987; Gerard et al., 1990; Gerard et al., 1993).
cDNA cloning and structural studies show high homology among these receptors.
However, there are differences in potential glycosylation sites which may account for
some of the pharmacologic difference among species (Abdel-Latiff, 1986). Activation of
the receptor was shown to result in the rapid and transient appearance of inositol-1,4,5-
trisphosphate (IP3) (Payan et al., 1986; Krause et al., 1992). By crosslinking radiolabelled
SP and NKA to their receptors and doing SDS-PAGE, several specifically labelled
proteins with different molecular weights were observed (Payan et al., 1984; Payan et al.,
1986; Coats & Gerard, 1989). These findings together with pharmacological evidence
suggest that there might be multiple receptor subtypes (Quirion et al., 1991). This so-
called “receptor family” is coupled to and contains seven hydrophobic «-helical
transmembrane domains, with an extracellular amino terminus and intracellular carboxyl

terminus (Fig. 1.4).

1.3.1.2.2. Distribution of NKR
A few years ago, most of the studies to analyze functional properties and tissue
distribution of the TK were based on the use of functional cDNA clones for each of the

three NKR, as selective pure antagonists, specific radioligands and specific antibodies
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were not readily available. It was shown that mRNA for NK1 receptors was distributed
both in the nervous system and peripheral tissues. mRNA for NK3 receptors was also
distributed in various tissues, but it was expressed more predominantly in the nervous
system than in peripheral tissues. By contrast, mRNA for NK2 receptors was localized
in peripheral tissues (Hiroki & Shigetada, 1991; Gerard et al., 1993).

The development of selective and potent agonists and antagonists facilitated the
characterization of the structural and biochemical features and tissue distribution of NKR.
For NK 1 receptor binding studies [’H]-[Sar’ Met(O)"']}-SP and ['*I]BH-[Sar’,Met(O)'']-SP,
highly selective NK1 receptor radioligands, have been used (Quirion et al., 1991). Studies
using these agonists suggested the possible existence of NK1 receptor subtypes (Quirion
et al., 1991).

Overall, studies using selective agonists, cDNA cloning, sequence analysis and
functional expression show that NK1 receptors ari- expressed by neurons and glia in the
CNS, neurons within the myenteric plexus, smooth muscle cells, endothelial cells,
fibroblasts and various types of circulating immv.. : and inflammation-activated immune
cells (Krause et al., 1992). The NK2 receptors are primarily expressed in peripheral
tissues (smooth muscle cells) with little overlap with NK1 receptor sites (Krause et al.,
1992). The NK3 receptors are primarily expressed in CNS and certain peripheral tissues,

for example smooth muscle cells and portal vein, with little overlap with NK 1 receptors

(Krause et al., 1992).
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1.3.1.3. Enzymatic degradation of TK in the airways

The effects of TK are limited by enzymatic degradation by neutral endopeptidase
(NEP), angiotensin-converting enzyme (ACE), dipeptidyl (amino) peptidase and chymase
(Caughey et al., 1988; Frossard & Advenier, 1991; Wang et al., 1991). NEP is present
in tracheobronchial epithelial cells, in airway smooth muscle and around submucosal
glands and bronchial vessels (Picard et al., 1993; Qian et al., 1993). NEP cleaves peptides
preferentially at the amino-terminal site of the hydrophobic amino acid residues Phe, Leu,
Ile and Val (Turner et al., 1985; Lilly et al., 1993). Pretreatment of tissues with specific
NEP inhibitors leads to potentiation of the effects of the TK, in vivo and in vitro
{Thompson & Sheppard, 1988; Frossard & Advenier, 1991; Opgenorth et al., 1992; Shore
et al., 1992; Crimi et al., 1994).

SP is also cleaved by ACE (Frossard & Advenier, 1991, Lilly, 1993). ACE is
localised mainly on the surface of vascular endothelium (Kundu & Wilson, 1992). ACE
hydrolyses SP at the Phe®-Gly® and Gly’-Leu!® bonds which leads to inactivation of SP
(Shore & Drazen, 1988; Umeno et al., 1992; Lilly, 1993). The physiologic importance of
NEP and ACE as regulators of the pulmonary actions of SP appears to depend on the
route of administration of the peptide to the lung. When SP is presented to the lung via
the vasculature, its airway effects are enhanced by the inhibition of ACE (Drazen et al.,
1989; Lilly, 1993). The further enhancement of SP-induced pulmonary constriction when
a NEP inhibitor is added to the ACE inhibitor indicates modulation of this process by
NEP. NEP inhibition with phosphoramidon or thiorphan, but without captopril, augments

SP-induced increases in lung resistance in anesthetized, mechanically ventilated guinea-
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pigs (Thompson & Sheppard, 1988). However, when SCH32615 was used to inhibit NEP,
the SP response was not augmented unless ACE is also inhibited (Shore et al, 1992).
Since SCH32615 is a very specific NEP inhibitor (Chipkin et al., 1988) (i.e., has no
significant effect on ACE) while thiorphan has some anti-ACE activity, it appears that
NEP and ACE are physiologically competitive in their capacity to degrade SP.

In contrast, when SP is presented via the airway lumen, NEP alone appears to be
important in modulating its bronchoconstrictor activity. Addition of the NEP inhibitor
thiorphan or SCH32615 alone to the perfusate of isolated tracheally perfused lungs
increased the bronchoconstriction induced by a bolus of SP added to perfusate (Lilly et
al., 1993).

Cleavage of SP by dipeptidyl aminopeptidase results in production of SP*'! and
SP>!! which are more potent bronchoconstrictors than SP (Shore & Drazen, 1988; Wang
et al., 1991). Differences among the relative potencies of TK fragments and higher
potency of NK2 receptor agonists led to speculation that different NKR may be involved
in these phenomena. To address this idea, we used selective NKR antagonists and

characterized SP and SP-fragments-induced bronchospasm in anesthetized, mechanically

ventilated guinea-pigs.

1.3.1.4. Mechanisms of action of TK

In a number of tissue preparations, stimulation of NKR induces hydrolysis of
phosphatidy! inositol (PI) (! ianthy et al., 1984; Hunter et al., 1985; Johnson et al., 1991).

In some preparations, TK also enhanced synthesis of cAMP (Hunter et al., 1991).
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The discovery of several non-peptide NKR antagonists promises to be useful for
binding site determination as well as for pharmacologic studies. Interaction of NKR with
TK activates a G-protein which in turn stimulates the hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP,) via the activation of phosphclipase C (PLC). This causes the
production of two second messengers, water soluble (IP;) and lipid soluble diacylglycerol
(DAG) (Abdel-Latiff, 1986). IP; diffuses from the plasma membrane to the endoplasmic
reticulum (ER), where it binds to IP, receptors which control Ca?" release and thus
mobilizes Ca?* from this subcellular organelle (Abdel-Latiff, 1986). The release of Ca®*
from the ER into the cytoplasm results in the initial raise in Ca*>* concentration, which in
smooth muscle couples the agonist-receptor interaction to the fast component of the
contraction response. Excretion of Ca®" from the ER by IP; signals the influx of
extracellular Ca**. Although the influx of extracellular Ca*' is not required for the initial
phase elevation of Ca®" concentration, it is required for maintenance of the elevated Ca>”*
concentration which is necessary for a maximal and sustained response and to reload the
Ca?" stores (Abdel-Latiff, 1986). Ca®* is required for many intra- and extra-cellular
functions such as muscle contraction, cell membrane stability, etc. (Abdel-Latiff, 1986;
Walsh, 1991). Figure 1.5 shows the mechanism by which cellular Ca*" is regulated by

PLC-linked NK1 receptor in excocrine gland cells.

1.3.1.5. TK and airway pathophysiology
TK, particularly SP and NKA, are widely distributed in the airways and lungs of

several species (Lundberg et al., 1983a; Lundberg & Saria, 1987). The major source of
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Fig 1.5 (from Krause et al., 1992)

A model for the mechanism of action of substance P acting on the NK1 receptor. Ligand
stimulation of the receptor activates a G-protein cascade in mammalian cells. Dissociation
of Ga from the G-protein complex due to ligand stimulation results in the activation of
PLC by a pertussis toxin insensitive mechanism. PLC catalyses the breakdown of inositol-
containing phospholipids and generates two second messengers, the calcium mobilizing

agent inositol 1,4,5-triphosphate and an activator of protein kinase C, diacylglycerol.
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TK in the airways is the peripheral endings of certain primary afferent neurons which are
sensitive to the stimulant and toxic actions of capsaicin (Szolcsanyi, 1984a, Maggi &
Meli, 1988; Fuller, 1990). The preprotachykinin I gene is expressed by capsaicin-sensitive
afferent neurons innervating the mammalian airways. This indicates that SP and NKA are
costored and coreleased from sensory nerve terminals in the airways (Lundberg & Saria,
1987; Maggi, 1990). It has been shown that the capsaicin-sensitive afferents play a dual,
sensory and efferent function. In the airways, the sensory function of these nerves deals
with a number of reflex responses, inciuding cough to inhaled irritants (Barnes, 1986a).
The efferent function involves a variety of biologic effects, including bronchoconstriction,
vasodilation, increase in plasma protein extravasation, recruitment of inflammatory cells
etc. (Maggio, 1988; Nelly & Charle, 1991; Bames, 1991a). These effects comprise
neurogenic inflammation.

Because of the presence of TK in the airways and their ability to mimic the
various pathophysiological feature of asthma, SP and NKA are considered as possible
mediators in asthma. Data from several laboratories support the role of neurogenic
inflammation in animal models of asthma/bronchial hyperreactivity (Bames, 1986a;
Lundberg & Saria, 1987; Maggi,1990; Ichinos< & al., 1993). Also, studies on autopsy
tissue, bronchoalveolar lavage and sputum suggszst that in asthma the SP content of
airways may be increased (Joos et al., 1994). Interestingly, Adcock et al. (1993) showed
that there was an increase in NK1 receptor mRNA in the asthmatic lungs compared with
non-asthmatic control tissues. By contrast, they observed no change in the NK2 receptor
mRNA expression. This increase in NK 1 receptor gene expression may cause an increase

in the NK1 receptor numbers and contribute to inflammatory actions of TK in the lung.
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It was shown that SP is the most potent TK to induce plasma protein
extravasation, which leads to the conclusion that NK1 receptors are involved in plasma
protein extravasation (Maggi, 1990). Also using selective NK1 and NK2 receptor
antagonists, Tousignant et al. (1993a; 1993b) showed that plasma protein extravasation
in guinea-pig trachea and large airways was mediated by NK 1 receptors but that in lower
airways NK2 receptors were responsible for this effect. The C-terminal of TK is
responsible for activation of NK1 receptors (Maggi, 1990; Frossard & Advenier, 1991).
However, in guinea-pig lower airways, there is evidence for the presence of NK2 receptor
mechanisms mediating plasma protein extravasation (Tousignant et al., 1993a).

TK induce bronchoconstriction via NK2 and to a lesser extent via NK 1 receptors.
There are considerable differences among species regarding the involvement of NKR.
Thus in guinea-pigs both NK1 and NK2 receptors mediate bronchoconstriction however,
in humans NK?2 receptors mediate bronchoconstriction (Ellis, 1995: Lundberg, 1995). The
C-terminal of TK is involved in activation of NK2 receptors (Regoli et al., 1990; Cascieri
et al., 1992). SP also appears to release endothelium-derived relaxant factor (EDRF) as
well as prostaglandin E, (PGE;) from airway epithelium via NK1 receptors on epithelial
cells (Barnes, 1991a). EDRF and PGE, counteract the constrictor activity of SP on airway
smooth muscle. Epithelium removal markedly potentiated the bronchoconstrictor effect

of TK (Barnes, 1991a). This could be due to loss of EDRF, PGE, and NEP.
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1.3.1.6. TK and pulmonary circulation

Capsaicin-sensitive nerves in blood vessels contain SP, NKA and CGRP. These
transmitters have potent vasodilatory effects (Maggi, 1990). TK produce an endothelium-
dependent vasodilation of the pulmonary artery. The endothelium-dependent vasodilation
involves activation of NK 1 receptors (Maggi, 1990). Removal of the vascular endothelium
leads to vasoconstrictor effects of TK via NK2 receptors (Maggi, 1990). This paradoxical
effect of TK on the vasculature (endothelium-dependent vasodilation and vasoconstriction

in rubbed vessels) still remains to be understood.

1.3.1.7. TK and mucus secretion

Although the major mechanism mediating neurogenic mucus secretion is
cholinergic, a significant secretory response is mediated by NANC via TK (Rogers, 1995).
NK 1 receptors mediate mucus secretion from both seromucus glands and goblet cells. The
idea of involvement of NK1 receptor in mucus secretion was supported by the use of

selective NK|1 receptor agonists and antagonists (Kuo et al., 1990; Geppetti et al., 1992).

1.3.1.8. TK and cells of inflammation

Inflammation is a dominant pathophysiological feature of the asthma/bronchial
hyperreactivity. TK exert a variety of biological actions on inflammatory cells. Although
some of these cells e.g. mast cells and alveolar macrophages are normally present in the
lung, other cells e.g. granulocytes, lymphocytes and eosinophils migrate in the inflamed

tissue (Maggi, 1990). There is some evidence that specific NKR are present on several
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types of inflammatory cells (Joos & Pauwels, 1990; Frossard & Advenier, 1991). Von
Essen et al. (1992) showed that pM concentrations of TK stimulate the release of
neutrophil chemotactic factor(s) from bovine airway epithelial cells in culture. The
effectiveness of low concentrations of TK in this study suggests that this effect is
mediated via TK receptors. NK1 receptors are involved in this response (Frossard &
Advenier, 1991). It was shown that SP and NKA increased proliferation of human T-
lymphocytes at nM and pM concentration, respectively (Maggi, 1990). The greater
activity of NKA suggests the involvement of NK2 receptors. Brunelleschi et al. (1992)
showed that TK stimulate guinea-pig alveolar macrophages via activation of NKI1
receptors. SP slowed PMN and eosinophil infiltration via mast cell degranulation.
However NKA and kassinin, which have high affinity for NK2 and NK3 receptors,

respectively, were inactive (Maggi, 1990). NKA aerosol exposure causes neutrophil

recruitment (Kudlacz & Knippenberg, 1994).

1.3.1.9. TK and airway responses to antigen

Various studies suggest activation of sensory nerves during allergic reactions in
the airways. Pretreatment with capsaicin attenuates allergic reactions to acute exposure
to antigen (Joos & Pauwels, 1990). Ellis and Undem (1992a) reported that antigen
application enhanced TK-mediated atropine resistant contractions produced by electrical
stimulation of sensory nerves. Giving NKR antagonists abolished this response, but it did
not modify the response to exogenous SP. Furthermore, they showed that antigen-
potentiated contractions were blocked by pyrilamine. They concluded that antigen

stimulation of mast cells released histamine that facilitated TK release.
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1.3.1.10. NKR antagonists

Capsaicin has been used to examine the involvement of TK in the pathophysiology
of asthma. Using capsaicin enables one to look at the importance of capsaicin-sensitive
afferents in airway pathophysiology, but it cannot show the relative importance of
individual neuropeptides released from the primary afferent nerves. To overcome the
problem in determining which types of the NKR are involved in the specific effect,
selective NKR antagonists are available.

Fiun e early 1980s, much interest was on production of NKR antagonists. The
best example of the first generation of NKR antagonists was the undecapeptide SP
derivative, spantide 1 (Maggi, 1993). Due to iow potency and limitations linked to their
peptide nature, these peptides have not been considered as good candidates for these
studies. The second generation of NKR antagonists showed high potency and selectivity
for only one of the three NKR (Maggi, 1993). Problems with these antagonists were
associated with limitations linked to their peptide nature and their long duration of action
in vivo (Maggi et al., 1993).

Finally the third generation of NKR antagonists, nonpeptide ligands, which are potent
and highly selective for NK1 (CP 96,345, CP 99,994 or RP 67,580) and for NK2 (SR
48,960) receptors were discovered (Advenier et al., 1992; Martin et al., 1992; Picard et
al, 1993; Qian et al., 1993). The chemical structures of some of NKR antagonists are

given in Figure 1.6.
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Chemical ztructures of non-peptide neurokinin receptor antagonists 48,968 and CP
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The use of second and third generation of NKR antagonists { ly#d investigators
make firm conclusions about involvement of NKR in the pathophysiology of the airways.
Atropine-resistant bronchoconstriction is produced in guinea-pig airways by nerve
stimulation via TK release from sensory nerves. When exogenous TK were used, it was
shown that both NK1 and NK2 receptors were involved in this effect. However,
endogenously released TK generated by stimulating sensory nerves causes
bronchoconstriction mainly via NK2 receptors (Maggi et al, 1991a). It should be noted
that there are marked differences among species regarding the role of different NKR
(Belvisi et al., 1994). Stimulation of the vagi, antigen challenge and administration of
mediators of inflammation cause TK release that produced increases in plasma
extravasation. This is mediated through only NK1i receptors {Maggi et al, 1991a;
Tousignant et al., 1993; Nicolau et al., 1993). Also, it was shown that NK1 receptors are
responsible for increased mucus secretion by inhaled TK in the airways (Von-Fssen et al.,
1992). These studies led investigators to the idea that the development of potent and
selective TK antagonists might lead to a class of novel drugs with therapeutic potential

for the treatment of asthma and/or bronchial hyperractivity.

1.3.2. CGRP

CGRP, an endogenous 37 amino acid containing peptide, belongs to a family of
peptides comprising calcitonin, katacalcin and CGRP (Zaidi et al., 1990b). CGRP is a
product of alternative processing of RNA transcripts of the calcitonin gene (Nakamuta et

al., 1986). Four CGRP sequences have been detected from which two structurally related
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forms; a- and B-CGRP seem to be present in mammalian tissue (Steenbergh et al., 198S;
Zaidi et al., 1990a). The distribution of a- and B-CGRP is different but, they behave
similarly (Morris et al., 1984; Zaidi et al., 1990a). The amino acid sequence of CGRP is
well conserved among species which indicates its importance as a vasoactive peptide
(Zaidi et al., 1990b). CGRP is present in a variety of neurons in the CNS and periphery
(Rosenfeld et al., 1983; Lundberg et al., 1992). In sensory neurons, CGRP is mostly
colocalized with TK (Lundberg et al., 1985). CGRP immunoreactive sensory neurons are
present within lining epithelia, around blood vessels and non-vascular smooth muscle and

the myocardium of the atria (Lundberg et al., 1992).

1.3.2.1. Origin and secretion of CGRP

CGRP has been detected immunochemically in thyroid, pituitary, brain, gastric
nerves and genitourinary tract (Clague et al., 1985; Steenbergh et al., 1985; Santicioli et
al., 1988). CGRP is found abundantly in the nervous tissue, especially in the
cardiovascular system (Zaidi et al., 1987a). However, abundant CGRP-specific binding
sites were found not only in the nervous system but also in some peripheral tissues such
as spleen, liver and lung (Nakamuta et al., 1986). CGRP-like immunoreactivity was
observed in nerves from the epiglottis down to peripheral bronchi in rat, cat and guinea-
pig and also in human bronchi (Martling et al., 1988). Circulating CGRP is derived
mainly from perivascular and cardiac nerve terminals (Zaidi et al., 1990a). However, it

is not certain that the sole source of CGRP is the nerve terminals.
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CGREP is released upon activation of peripheral branches of sensory neurons by
capsaicin, bradykinin, high potassium concentrations, antidromic nerve stimulation,
nicotine and ouabain (Martling et al., 1988; Franco-Cereceda et al., 1989; Lou et al.,
1991). Release of CGRP by these stimuli is Ca’"-dependent indicating exocytosis from

storage vesicles (Franco-Cereceda et al., 1989; Lundberg et al., 1992).

1.3.2.2. Metabolism of CGRP

It is likely that CGRP is inactivated by enzymatic degradation as phosphoramidon,
a NEP inhibitor, has been shown to increase CGRP overflow from the iscfated guinea-pig
lung (LeGreves et al., 1989; Kroll et al., 1990). By contrast, some investigators showed
that it is protected from plasma peptidases (Brain & Williams, 1985). Interestingly, it was
shown that the cardiovascular effects of CGRP persist for a long time even after its
piasma levels have fallen to normal (Struthers et al., 1986; Benjamin et al., 1987; Adnot

et al., 1991). This could be explained by slow rate of metabolism or slows dissociation

of CGRP from its receptor.

1.3.2.3. CGRP receptors

There is a family of receptors for CGRP in the nervous systern. The highest
number of high-affinity CGRP-specific binding sites have been found in cerebrum, spinal
cord and other brain regions suggesting widespread involvement of CGRP in a variety of

brain functions. CGRP receptors are also found in membranes prepared from lung (Zaidi

et al., 1990a).
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Most of the effects of CGRP are via CGRP receptors while some of them are
mediated via calcitonin receptors (Zaidi et al., ?987a). Some of the effects of CGRP
appear to be mediated 5y cAMP (Zaidi et al., 1990a). The involvement of the different
regions of CGRP in binding to CGRP receptors is not clear. Thus, Chiba et al. (1989)
showed that the carboxy terminal of CGRP, CGRP??’, was able to bind to CGRP and
calcitonin receptors but that it antagonised the effects of CGRP. These findings together
with those of others indicate that amino terminal region of CGRP, especially the Cys’-
Cys’ disulfide bridge, is essential for inducing subsequent intracellular signal transduction
(Seifert et al., 1985). However, Maggi et al., (1990c) showed that N-terminal fragments
of CGRP had biological activities similar to intact CGRP, but they were 100-1000 times
less potent than intact CGRP. The lower potency of N-terminal fragments of CGRP
suggests that the middle and C-terminal regions are important for maximal peptide-
receptor interaction. This idea is confirmed by the findings of Shaw et al. (1992) who
used MAD against different regions of CGRP and concluded that the active site of CGRP
was located in the N-terminal but that the C-terminal or middle region of the peptide
played an important role in determining the structural conformation necessary for peptide-
receptor coupling. However, in some preparations, it was shown that the integrity of the
N-terminal disulfide bridge was not critical for maintenance of the biologic activities of
CGRP (Quirion et al., 1992).

Using CGRP?** and CGRP'**’, CGRP antagonists, in different experiments
indicated the existence of CGRP receptor subtypes (Quirion et al., 1992). Two distinct

receptor subtypes, CGRP, and CGRP,, for CGRP have been reported (Dennis et al.,
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1990). CGRP, receptors are sensitive to CGRP*?’ while CGRP, receptors are unaffected
by this antagonist (Bartho et al., 1993). These receptors showed little or low affinity for
calcitonin-like peptides (Quirion et al., 1992). Another CGRP receptor subtype has been

reported in the brain (Dennis et al., 1991).

1.3.2.4. Biologic effects of CGRP

CGRP induces a variety of biologic effects including modulation of nicotinic
receptor activities at the neuromuscular junction, reduction of gastric acid secretion,
peripheral blood vessel dilation, cardiac acceleration, regulation of calcium metabolism
and insulin secretion, increases in body temperature, decreases in food intake and increase
in somatostatin release (Grunditz et al., 1986; Okimura et al., 1986; Tshikawa et al., 1988;
Miles et al., 1989; Dennis et al., 1990; Hermansen & Ahren, 1990; Adnot et al., 1991;
Ren et al., 1992).

CGRP is one of the most powerful vasodilator agents with a prolonged effect
(Adnot et al., 1991). The mechanism of this action is controversial. Thus, in some
systems, CGRP induced endothelium-dependent vasodilation (Brzin et al., 1985), but in
others it showed a direct effect on vascular smooth muscle (McCulloch et al., 1986;
Franco-Cereceda, 1991). This may be due to interspecies andfor organ-specific
differences. Ohhashi and Jacobowitz (1985) showed that CGRP also acts on presynaptic
receptors and causes inhibition of noradrenaline release. However, this was disputed by
Al-Kazwini et al. (1986) who showed that inhibitory effects of human «-CGRP were not

antagonized by propranolol. Also, they showed that rat «-CGRP and human «-CGRP did
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not alter [*H]-noradrenaline uptake into the mouse vas deferens. These findings together
with those of Cadieux et al. (1990) suggest that although CGRP inhibited contractor
responses of mouse vas deferens, it was not by interfering with adrenergic mechanisms.

Antidromic stimulation of vagus nerve causes extravasation of plasma protein
which leads to neurogenic inflammation (Krause et al., 1992). Although TK are the
principle mediator of neurogenic inflammation, CGRP may play a role in this response.
It was shown that CGRP potentiated the effects of TK on plasma extravasation suggesting
that CGRP. may play a role in pathogenesis of asthma and airway diseases (Gamse &
Saria, 1985).

Although the physiological significance of CGRP in lung is still unclear, the close
association of CGRP-positive nerves with smooth muscle of tracheobronchial tree
suggests that this peptide may be involved in regulation of bronchomotor tone. However,
whether CGRP plays a role in capsaicin’s bronchospastic effects is unclear. Although
CGRP has no effect on guinea-pig airway smooth muscle, in vitre (Martling et al., 1988;
Luts et al., 1990; Parsons et al., 1992) in many tissues, there is good evidence that CGRP
has neuromodulatory as well as direct effects (Cadieux et al. 1990; Cadieux & Lanoue
1990). Lundberg et al. (1985) and Martling et al. (1988) showed that CGRP had no
contrac:ile or relaxant effect in guinea-pig trachea and hilar bronchi, whereas Palmer et
al. (1987a) and Hamel & Ford-Hutchison (1988) claimed that CGRP is a potent
contractile agent on human airway smooth muscle and guinea-pig trachea, respcctively.
By contrast, some investigators showed that CGRP modulated bronchoconstriction

induced by other bronchospastic agents such as carbamylcholine and SHT (Cadieux et al.,
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1990). We determined the effects of hCGRP and the CGRP antagonist, CGRP**’, on SP-,

NKA- and capsaicin-induced pulmonary responses.

1.4. Methods of assessment of airway's responsiveness
Airways’ hyperresponsiveness, extreme sensitivity of the airways to physiological,
chemical and pharmacological stimuli, is one of the characteristic features of asthma

(Curry, 1946).

1.4.1. Direct measvrement of smooth muscle function

Many studies of dose-response relationships (especially in laboratory animals) have
been performed in various organs, using isolated smooth muscle preparations. These in
vitro methods allow quantitative measurements of smooth muscle contraction as well as
control of variables affecting bronchomotor tone. The length of the muscle used for this
technique is important as the active tension developed in muscle depends on it (Stephens
et al., 1968). Studies are usually done at or near the length at which stimulation produces
a maximal response. Under these conditions, a sigmoidal curve relating the dose of

agonist to the tension developed is obtained.

1.4.2. Indirect measurement of smooth muscle function
In in vivo studies, smooth muscle contraction must be inferred from measurements
that only indirectly reflect airway caliber. In a few studies, direct measurement of airway

caliber has been done by morphological methods such as bronchography (Nadel et al.,
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1968; Nadel et al., 1971). However, in most studies, functional measurements such as
maximal flow or airway resistance, which reflect airway caliber indirectly, have been
used. It should be noted that changes in structures other than the airways may influence
these measurements. For example, in humans and spontaneously breathing animals,
laryngeal narrowing which can account for part of the total airflow resistance may be
considered as bronchoconstriction (Stransky et al., 1973; Szereda-Przestaszewska &
Widdicombe, 1973).

Another factor which can affect smooth musciz contraction is lung volume,
especially when airway smooth muscle tone is increased (Briscoe & DuBois, 1958).
Taking this in account, comparison of airway resistance or maximal flow should be done
at the same lung volume. At high lung volumes, analyzing changes in maximal airflow
is complicated by the effects on airway smooth muscle tone of inhalation to total lung
capacity (Green & Mead, 1974). Measurement of airway resistance or conductance
provides a more sensitive specific index of the caliber of the central airways, but it is
insensitive to changes in small, peripheral airways (Hahn & Nadel, 1979).

Airways’ hyperresponsiveness (AHR) is demonstrated clinically by comparing
asthmatics’ responses to inhaled aerosols of bronchoconstrictors with those of non-
asthmatic controls (ATS, 1987). It should be noted that the method of giving
bronchoconstrictors also influences the response of airway smooth muscle. Common
routes of delivering bronchoconstrictor drugs to airways are parenteral and aerosol or
topical application. When drugs are given as aerosols, the site of deposition depends on

the size of the aerosol particles. For example, fine aerosols of histamine preferentially
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constrict bronchioles but have no detecﬁble effect on bronchi (Nadel et al., 1966). Timing
of the delivery also affects deposition of drugs so that the bronchoconstrictor activity of
drugs will be different (Ruffin et al., 1978). A disadvantage of using inhaled aerosols of
agonist is that it precludes measuring responsiveness to several agonists in the same
animal. Also the amount of inhaled agonist actually reaching the lower airways is
unknown, because constriction of the upper airways prevents agonist from reaching to the
lower airways.

Parental routes also have some restrictions. Some of the bronchoconstrictors when
given parenterally cause the release of catecholamines from the adrenal medulla which
may decrease the effect of the drug on airway smooth muscle (Brody & Kadowits, 1974;
Ploy Song Sang et al., 1978). Inactivation of drugs during their passage through the lung
is another problem associated with iv administration (Ferreira & Vane, 1967). Thus,
inhaled but not iv administration of prostaglandin F,, induces bronchoconstriction (Brown
et al., 1978).

The influence of bronchoconstrictors on small or large airways depends on the
route of administration. Peripheral airways are predominately perfused by the pulmonary
circulation, whereas large airways are perfused by the bronchial arteries (Nadel et al.,
1964). Thus, delivery of drugs into the pulmonary circulation may have different effects
on the airways’ caliber than when it is delivered into the bronchial circulation or inhaled
as an aerosol of large particle size, and deposited in the central airways. It has been
shown that iv injection of histamine constricts peripheral airways whereas histamine
delivered into the bronchial arteries causes constriction of central airways (Colebatch et

al., 1966).
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Anesthesia is another important factor which affects airway smooth muscle
responses. it has been shown that general anesthesia changes baseline airway caliber
(Brenstine et al., 1957), inhibits histamine-induced bronchoconstriction (Douglas et al.,
1972) and releases catecholamines (Spriggs, 1965). Some anesthetics may induce
metabolic acidosis which can selectively inhibit the bronchoconstriction induced by
certain drugs, e.g., SHT (Douckles et al., 1974). The effects of anesthetics ma explain

some of the discrepancies among studies of the role of reflexes in bronchial reactivity.

1.5. Antibodies as tools for studying mechanisms of action of drugs or endogenous
mediators

Two approaches have been employed for studying the structurce activity
relationship and mechanism of action of drugs or endogenous mediators (Shaw et al.,
1992). In conventional pharmacological approaches, the structure-activity relationship is
studied using selective receptor agonists and antagonists or in case of endogenous
peptides using sequence analogues of peptides. However, to use sequence analogues onc
has to do amino acid substitution, deletion and insertion which may change the tertiary
structure of peptide and leads to loss of function of peptides (Shaw et al., 1992).

An alternative approach to pharmacological blockade is the use of antibodics
which bind to and inhibit the biological activities of drugs or endogenous peptides.
Immunoblockade may be a more general approach to investigate the physiological role
of neuropeptides as no assumptions have to be made concerning receptor multiplicity and

the relative selectivity of receptor antagonists. The use of MAb enables us to raise Ab
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directed against specific region of molecules so that it is possible to get information

regarding the active sites of molecules.

1.5.1. Monoclonal antibodies (MAb)

Serum contains many different types of Abs that are specific for different antigens
(Ag). 1he amount of specific Ab for an Ag is very low and even in a hyperimmune
animal it is less than one-tenth of the circulating Ab (Abbas et al., 1994). Using
polyclonal Ab creates variety of different problems for immunochemical or
pharmacological studies. To overcome these problems, homogeneous Ab with
predetermined specificity are needed. The technology of hyoridoma production enable us
to produce such Ab.

First attempts for isolation of a homogeneous population of Ab were by growing
B-cell tumors in animals or tissue culture. Each B-lymphocite produced Ab of single
specificity so that this technique allowed production of a homogeneous population of Ab
(Abbas et al., 1994). However, it was impractical to isolate B-cells secreting Ab of
predefined specificity. i3-lymphocytes are the source of production of Ab but, they can
not grow in vitro. To overcome these problems, Kohler and Milstein (1975) developed
techniques which allow the growth of cells secreting Ab with a predetermined specificity.
In this technique an Ab secreting cell (B-cell), isolated from an immunized animal, is
fused with an immortal myeloma cell, a type of B-cell tumour. The resulting hybrid cells
are called hybridomas and have the ability to grow in tissue culture and produce Ab with
defined specificity (MAD) (Eshar, 1985). Whenr B-lymphocytes are fused with myeloma

cells from different species, the resulting cells are called heterohybridomas.
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1.5.2. Production of MAb

Three common technologies used to grow hybridomas are the mouse ascites
technique, the conventional flask or roller bottle technique and the bioreactor (artificial
capillary system). Hybridomas in conventional cell culture systems e.g. flasks, suspe
cultures, or roller bottles are exposed to decreasing concentration of nutrients and oxygen
and with accumulation of increasing concentrations of lactic acid and ammonium ions.
In contrast, artificial capillary systems provide continuous supplies of fresh medium and
oxygen and at the same time metabolic waste products diffuse out of the extracapillary
space (ECS) and are washed away into the perfusing culture medium (reservoir bottle
(Fig. 1.7) (Shueh et al., 1992).

In conventional methods, cells have to grow on a two-dimensional surface which
is different from the physiological microenvironment on which cells normally grow. By
contrast, artificial capillary cell culture provides a three-dimensional environment for cell
growth (Knazek et al., 1972). In this system there is cell-cell contact, rapid influx of
nutrients and outflux of waste material to ECS which provides an environment similar to
physiological conditions (Knazek et al., 1990). Figure 1.7 shows the schematic diagram
of an artificial capillary system.

Three types of cartridges are used for capillary system: large (LPS), medium and
small pore size (SPS) cartridge modules. LPS cartridges allow rapid diffusion across the
capillaries of most macromolecules secreted by the cells or present in the medium,
By contrast, SPS cartridges do not allow macromolecules such as immunoglobulin to pass

the capillary membrane so that immunoglobulins concentrate in the ECS. The yield of
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Fig. 1.7
Schematic diagram of the CELLMAX artificial capillary system. The artificial capillary

cartridge and the oxygenation tubing comprise the artificial capillary module.
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conventional flask or roller bottle techniques is low (about 20 pg mL™) so that ascites
technique is used for production of large quantities of MAb. With the ascites technique,
the yield of Ab is about 1-5 mg mL'. However, the ascites technique cannot be used
when the cell line producing MAD is not syngeneic or it is a heterohybridoma. In such
cases, foreign cells act as xenografts and induce immune responses which preclude
production of MAb.

To overcome problems associated with conventional methods and the ascites
technique, artificial capillary membrane approaches look promising. The pores of the
cartridge prevent loss of immunoglobulin so that IgG, IgM, or IgA will accumulate in
ECS and attain high concentrations. The yield of artificial capillary system is close to
ascites techniques with the harvests of about 15-70 mg Ab per day (Knazek et al, 1990).
Usually LPS cartridges give better yields but, because of the dilution factor, the
concentration of Ab is lower than with SPS cartridges. Another advantage of artificial
capillary systems is that they are more adaptable for using culture medium with low
serum levels as it can mimic growth conditions in vivo and cell-cell interactions (Heifetz
et al., 1989). Key parameters which infiuence Ab production in artificial capillary systems
comprise pore size characteristics of the capillary fibres, frequency of harvesting, serum

concentration and CO, requirements of the cell line (Andersen & Gruenberg, 1987).

1.5.3. Purification of MAD

Purified Ab are required for a number of techniques, including immunoassays,

immunoaffinity, immunological blockade, etc. There is a wide varicty of methods used
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for purifying Ab. The correct choice of purification method will depend on a number of
variables, including the use for which the Ab are intended, the species in which it was
raised, its class and subclass if it is a MADb and the source that will serve as the starting
material for the purification (Pouradier Duteil et al., 1990). Ab from serum or ascites can
be purified using conventional methods involving precipitation and column
chromatography. However, when purifying tissue culture supernatants, the degree of
purity will be lower due to low concentrations of the specific Ab. For tissue culture
supernatants, usually protein A, protein G, or anti-immunoglobulin Ab affinity colun.::
are used (Pouradier Duteil et al., 1990).

A new method for Ab purification, termed thiophilic adsorption chromatography,
has been described and extensively studied (Porath et al., 1985; Lihme & Heegaard, 1990;
Oscarsson et al., 1991). It is a highly selective type of layotropic salt-promoted protein-
ligand interaction phenomenon (Porath et al., 1985; Oscarsson et al., 1991). This
interaction is called thiophilic as it is distinguished by proteins which recognize a sulfone
group in close proximity to a thioether (Porath et al., 1985; Belew et al., 1987). Salts
which interact with water molecules such as potassium sulfate and ammonium sulfate
enhance binding of proteins to thiophilic supports (Belew et al., 1987). Thiophilic
adsorbent (T-Gel™ adsorbent) has a high binding capacity towards immunoglobulin
derived from various animal species (Belew et al., 1987).

The neuronal control of airway smooth muscle is complex. In all species, the
dominant control of airway smooth muscle tone is exerted via the parasympathetic

nervous system. While activation of sympathetic nerves in some species induces
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relaxation of airway smooth muscle, in other species. including human, although §-
adrenoceptors are present on airway smooth muscle, the sympathetic innervation to these
receptors is sparse or absent. Both NANC excitatory and inhibitory have been identified
in several species. TK release from sensory C-fibres may now be considered as an
impertant factor in pathophysiology of bronchial inflammation and hyperresponsiveness
associated with asthma. However, the precise contribution of different nervous system is
not yet clear. Thus, TK action on multiple targets in the airways and lungs must be taken
into account to understand their possible roles as mediators in airway diseases. In this
study, the roles of sensory nerves in bronchoconstriction induced in guinea-pig airways
were investigated using both pharmacologic and immunologic approaches. The release of
endogenous neuropeptides from sensory nerves was achieved via the use ol capsaicin.
Immunoblockade is relatively a new approach to investigate the role of biologically-active
peptides. Therefore, this study also is a validation of this approach as an experimental tool
for probing the physiological roles of TK. To do such experiments, large quantitics of Ab
were needed. We used NC1/34 cell line, a heterohybridoma which secretes monoclonal
anti substance P antibody (a-SP MAb), (Cuello et al., 1979) as a source for production
of «-SP MAb.

We used guinea-pigs ior our studies for several reasons. They are one of the best
characterized animals showing AHR and appear to bear substantial resemblances to
asthmatic human subjects (Martin, 1994). They have a rich sensory nervous system in
their airways (Lundberg et al., 1987) making them appropr. .: for determination of the

role of sensory nerves which was the main purpose of this study. Furthermore, other
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investigators have shown that it is possible to induce AHR in guinea-pig by using
ovalbumin (OA) (Pretolani et al., 1989; Watson et al., 1990).

It is apparent from the review above that the role of afferent nerves, and the
mediators that their sensory endings contain, in the pathogenesisis of lung diseases such
as asthma is only partly defined. Interestingly, it has been reported that active
immunization of guinea-pigs against SP prevents the development of airway
hyperresponsiveness in a guinea-pig model o1 asthma (Ladenius et al., 1991). If active
immunization is effective, then passive immunization with an exogenous antibody should
be effective in preventing the development of airways hyperresponsiveness in this model.
Carefully characterized MADb against SP appeared to have potential not only for passive
immunization but also as tools for identifying the role of mediators released by agents,
such as capsaicii, that selecrively stimulate sensory C-fiber endings. My literature review
suggested that -“u- ws .+ MAD in experiments in vivo was relatively unexplored.
Accordingly, I elected to prepare and characterize a MADbD against SP and to attempt to
ase it as a pharmacological tool. Lastly, in view of the controversy that exists about the
value of B-agonists in the treatment of asthma, I used a guinea-pig model of asthma to
determine whether adminstration of albuterol for 6 d via osmotic pumps altered airways'’

responsiveness to histamine and LTC,.
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OBJECTIVES:

The main objective of these studies was to characterize the involvement of sensory
C-fibrzs tn inducing bronchoconstriction in guinea-pigs. We used both pharmacologic
(selective NKR agonists and antagonists) and immunologic approaches (MADb against SP).
Goals:

1) To establish a reliable method for assessing airways' responsiveness using
bronchospastic agents (iv) and vagal stimulation

2) To prepare sufficient quantities of monoclonal «-SP MADb for in vitro and in
vivo experimenis

3) To characterize the antigen binding site(s) of the «-SP MADb

4) To determine whether passive immunization with «-SP MADb altered pulmonary
responses to exogenously applied and endogenously released SP and NKA

5) To characterize capsaicin-induced bronchospasm in anesthetized guinea-pigs using
seicctive NKR agonists and antagonists and hCGRP and a CGRP antagonist
(CGRPY),

6) To determinc whether sustained administration of rac-albuterol via an implanted
osmotic minipump enhanced the increased airways’ responsiveness to histaminc
and LTC, secn in naive guinea-pigs and guinea-pigs that had been passively
immunized with anti-ovalbumin antibody-containing serum (a-OA Ab) and

challenged by inhalation of OA (2%)-containing aerosols.
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CHAPTER 2

DIFFERENTIATION OF THE EFFECTS OF
BRONCHOSPASTIC AGONISTS ON THE CONDUCTING
AND DISTENSIBLE AIRWAYS OF ANESTHETIZED,
PARALYSED GUINEA-PIGS USING COMPUTERIZED
MEASUREMENTS OF PULMONARY FLOW
RESISTANCE (R,) AND DYNAMIC PULMONARY

ELASTANCE (Ep)
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2.1. INTRODUCTION

Measurement of the bronchospasm induced by injected or inhaled agorists is used widely
to assess airways’ responsiveness. Although the theoretical basis for differentiating
between effects on the conducting and distensible airways was developed in the early
years of the 20th century (see reviews, Brown et al., 1991; Mitzner et al., 1992 Frecezer
et al., 1993), initially it was not widely applied to the measurement of the effects of drugs
and other agents on the airways of small animals such as guinca-pigs. Investigators
elected to measure effects on the pulmonary system as a whole and did not attempt to
differentiate between effects involving changes in flow or elastance (Mitzner et al., 1992).
In 1943, Konzett and Rossler devised a method for monitoring the effects of drugs on the
airways of artificially ventilated, anesthetized guinea-pigs. Animals were over ventilated
at constant volume to a preset maxima. pressure and the excess amount of air was
measured via a tambour attached to a lever. The increase in the excursion of the lever was
proportional to the degree of “bronchospasm”. Their method, or modifications of it, is still
in use today in some laboratories. However, many investigators now prefer to measure
intratracheal pressure in anesthetized animals, artificially respired at a constant
physiologic volume to assess bronchospasm - bronchospasm is taken as being dircectly
proportional to the increase in intratracheal pressure observed. The method is easy to
establish and yields reproducible responses to bronchospastic agonists injected iv and to
vagal stimulation. However, neither of the above methods can differentiate between
effects that involve changes in flow resistance that affect mainly conducting airways, e.g.,

the bronchi and bronchioles, and effects that involve changes in elastance that affect
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mainly the distensible portions of the lungs, e.g., the alveolar ducts and alveoli (Colebatch
et al., 1966; Colebatch & Engel, 1974; Smith et al.,, 1984; Nagase et al., 1992).
Physiologic studies have shown that the autonomic innervation of the lung is confined to
the conducting airways. Also, the distribution of receptors for many ligands differs among
parts of the lung. Ttus, by measuring only changes in intratracheal pressure, much
information about any differential effects of nerve stimulation and bronchospastic agonists
on the conducting and distensible sections of the lung is lost. Several groups, e.g., Cole
et al., 1993, have described computerized methods of determining changes in pulmonary
flow resistance (R,) and dynamic pulmonary elastance (E;) in small animals such as
guinea-pigs. We describe a computerized system for making breath-by-breath
measurements of R, and E, in artificially respired, anesthetized, paralyzed guinea-pigs
using a commercially available data acquisition program. With this system, we compared
the effects of methacholine, histamine, SHT, SP and NKA, all given iv, and bilateral
vagal stimulation on R, and E,;. We found that the bronchospastic effects of agonists and
vagal stimulation on the conducting and distensible airways differ and that the etiicacy
of the treatments in changing R, and E, reflected the distribution of ligand binding sites

described by others.

2.2. METHODS AND MATERIALS

2.2.1. Animals
Groups (n = 4 or 8) of SPF-quality, female Hartley-strain guinea-pigs (weight

range: 300-500 g) obtained from Charles River Inc., St. Constant, Québec were used.
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They were housed in laminar flow units (Bioclean™, Hazleton) on grids over trays of

rock salt and were fed guinea-pig chow supplemented with apples. Water was allowed ad

lib.

2.2.2. Methods

2.2.2.1. Measurements

Guinea-pigs were anesthetized with sodium pentobarbital (40-50 mg kg™, ip) with
additional doses (5 mg kg™!, iv) as required. Their tracheas were cannulated about 1 cm
caudal to the larynx (PE240, 3 cm) and artificial respiration was applied (minute volume
= 10 mL min" kg, pump speed = 20 strokes min') with a rodent ventilator (Ugo Basile,
Varese, Italy). A jugular vein was cannulated (PE50, 20 cm, attached to a 23G1 needle,
total dead space = 0.06 mL) for giving drugs iv. All animals were given succinylcholine
(0.03 mg kg, iv) to paralyse them and prevent spontaneous respiratory movements that
might interfere with measurements. Both vagi were cut to prevent any reflex responses.

Flow rate was .~ = - via a Fleisch 0000 pneumotachograph (Gould Godart BV,
Bilthoven, The Netherlands) with its ports attached ucross a Validyne MP 45-14-871
differential pressure transducer (Validyne Engineering Corp., Northridge, CTA).
Intratracheal pressure, which approximates transpleural pressure, was measured via one
port of a Validyne MP 45-28-871 differential pressure transducer with the other port open
to atmosphere. Excitation for the transducers was supplied by preampifiers (“Validyne

preamplifier,” Buxco Electronics Inc.). Signals from the transducers were collected and
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digitized using a Metrabyte DAS 20 data acquisition board controlled by Viewdac™,
Version 2 software (Asyst Software Technclngies Inc., Rochester, NY) running under
Windows™ on a 386-based PC clone. The Vie'wdac™ software presents the user with a
sequence of panels that provide visual feedhack and enable mouse control. The
experimental “menu” was divided into four areas: 1. Preview signals - allowed
observation of the “raw” flow rate, pressure and gating signals; 2. Calibrate system -
provided baseline adjustment and calibration and adjustment of transducers’ sensitivity;
3. Do one experiment - measured pressure and flow rate signals during the gated portion
of the breath and calculated R, and E; by the method of Uhl and Lewis (1978). A
subroutine averaged data for the first 5 breaths as a “control” and calculated changes in
R, and E, as percent of control. Pressure and flow rate signals, and measurements of R,
and E, breath-by-breath were displayed in a strip chart forr:at in real time. Calibration
data, timing information, pressure measuremeits and vaiues of R; and E,; in absolute
values and as percent control were stored on disk. 4. Print results provided hard copy
output of selected data to a printer. The portion of the breath examined was determined
by an adjustable gate driven by a digital timing device (Ediss & Biggs, 1991). Signals
were collected only during the inspiratory phase of the pump cycle. Also, the timing
device operated a so’2a0iG valve that opened the system to atmosphere during the
expiratory phase (Fig. 2.1); this prevented back flow through the pneumotachograph. Total
dead space of the system {pump inlet, pneumotachograph, pressure transducers, solenoid,

connecting tubing and tracheal cannula) was 16.3 mL.
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2.2.2.2. Evaluation of system for measuring of R, and E,

To validate the system of measurement of airway responsiveness, different scts of
experiments were carried out. In each experiment changes in resistance or elastance were
measured while parameters affecting these values were changed. In one set of
experiments, changes in resistance were measured as functions of increases in the length
of PE240 tube (length = 5. 15 or 30 cm) attached to the system. Also R, and E; were
measured at constant ininute volume £180 mL min™! kg') at various pump speeds (20, 30,

40 or 50 strokes min™).

2.2.2.3. Nerve stimulation

Both vagi were carefully isolated midcervically and cut. Their peripheral ends
were drawn into platinum tunnel =lectrodes made in this laboratory. The arca around the
electrodes was flooded with liquid paraffin to prevent current spread to the surrounding,
tissues. Stimulation was via a constant current stimulator (Biggs & Ediss, 1989). Stimulus
parameters were: current = 25-250 mA; frequency = 5 Hz; pulse width = 2 ms. A
stimulus counter, built in our laboratory, was used to deliver 8, 16, 24, 32, 40, or 48
stimuli via the electrodes to the nerves. Vagal stimulation was applied in ascending order
of number of stimuli. Any changes in R; and E; were allowed to recover to basceline
before the next stimulation. Each stimulation was repeated once before ihe next

stimulation was applied.
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2.2.2.4. Agonists given iv

Guinea-pigs received doses of methacholine, histamine, SHT, SP, or NKA (all iv)
in ascending order of dose until >200% increase in R, over the baseline was recorded.
Each dose was injected in a volume of 0.2 ml and the cannula was flushed with a further
0.2 ml of saline. R, and E, were allowed to recover to bascline values between doses.
Recovery to baseline was aid=d by inflating the lungs to twice tidal volme by occluding
the outflow port of the solenoid. Each dose was repeated once before giving the next

higher dose. Fresh solutions of all drugs were prepared daily in saline.

2.2.3. Materials

Methacholine chloride. 5-hydroxytryptamine creatinine sulfate complex and
succinylcholine chloride (Sigma, St. Louis, MO.), histamine dihydrochloride (Fluka AG,
Switzerland), substance P and neurokinin A (Peptide Institute Inc., Japan), sodium
pentobarbital (Euthanyl™, M.T.C Pharmaceuticals, Markham, ON) and polyethylene

tubing (Clay Adams, Becton Dickinson and Company, Parsippany, NJ).

2.2.4. Statistical analyses

Dose- and stimuli-response curves were plotted as mean + SEM. Data were
analyzed using Sigmastat™. Mann-Whitney Rank Sum Tests, Kruskal-Wallis ANOVA
and regression analyses of dose-response curves were used to examine differences among

responses and to determine linearity and confidence limits. Significance was assumed at

the 5% level.
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2.3. RESULTS
2.3.1. Measurements of resistance and elastance

At pump speeds ranging from 10-30 strokes min', phase shift between the
pressure and flow rate signals determined with the Viewdac™ program was minimal (<
5%). At these pump speeds, signals werc superimposable during all measurements even
at high values of resistance and elastance. At higher pump speeds (> 30 strokes min '),
a phase shift between the twn signals became apparent; for this reason, a pump speed of
20 strokes min"' was selected for most experiments.

Values of resistance and elastance of the measurement system itself yiclded values
that were close to zero (resistance = 0.000-0.006 cm H,O mL"' min’'; clastance = -C.001-
0.004 cm H,O mL!). Attaching the 3 cm PE240 tracheal cannula to the system at a pump
speed of 20 strokes min' and pump volume 5 mlL gave resistance = 0.048 + 0.002 and
elastance = 0.003 = 0.001; coefficient of variation was < 5% for thesc mcasurements.
Attaching animals to the system yielded baseline values of R in the range 0.170-0.283
and of E, in the range 1.500-3.182 (n = 6). Coefficients of variation were < 5% for both
R, and E,. Variation among measurements was greatly reduced by expanding the lungs
with twice tidal volume by occluding the outiflow port of the the solenoid for one pump
stroke.

Increasing the length of the PE240 tube, attached to the system increased
resistance linearly (* = 0.997) (Fig. 2.2). However, changes in pump speed did not alter
values of resistance when minute volume was held constant). By contrast, in guinea-pigs,

increases in pump speed decreased values of R, and increased values of E; ( = 0.954

and 0.943, respectively) (Figs. 2.3-2.4).
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2.3.2. Effects of vagal stimulation

Vagal stimulation (8-48 stimuli) at low current intensities (25-100 mA) induced
significant changes in R;, but not in E_ (Fig. 2.5); changes in R, were abolished by
atropine (0.1 mg kg, iv), or hexamethonium (2.5 mg kg*, iv) or mecamylamine (1.0 mg
kg, iv) (Fig. 2.6). Stimulation with higher currents (> 100 mA) yielded significan:
increases in both R and E;, however, these changes were not completely blocked by
atropine (0.1 mg kg, iv) or hexamethonium (2.5 or 5.0 mg kg, iv) (see Chow, 1986).
At lower current strengths, a plot of log number of stimuli vs percent change in R, from
baseline revealed a linear relationship (r* = 0.723, p < 0.001) (Fig. 2.6). There was
marked inter-animal variation among the size of the changes in R, to a single number of
stimuli (Fig. 2.7). However, there was no significant intra-animal variation between
responses to a set number of stimuli. Figure 2.7 also shows 95% confidence limits for the

log number of stimuli-respense curve.

2.3.3. Responses to methacholine

Methacholine (0.1-0.4 j1g kg, iv) induced dose-dependent increases in R, and E,
(Fig. 2.8). A plot of log dose vs percent change in R, or E; revealed a lincar relationship
(P = 0.61, 0.62, respectively, p < 0.05). Although there were no significant differences
within animals, there were significant differences between the changes in R and E, in
response to a single dose among animals. Calculation of 95% confidence limits for log
dose-response lines indicated that about a 100% increase in change in R a;ld a 80%

increase in change in E; from control values were required for significance (Fig. 2.9).
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2.3.3. Responses to histamine

Histamine (3.0-10.0 pg kg™, iv) induced dose-dependent increases in R, and E,
(Fig. 2.10). A plot of log dose vs percent change in R, or E; revealed a linear relationship
(r* = 0.81, 0.63, respectively, p < 0.05). As with methacholine, although there were no
significant differences within animals, there were significant differences between the
changes in R, and E, in response to a single dose among animals. Calculation of 98¢
confidence limits for log dose-response lines indicated ti:at about a 200% increase in

changes in R; and E; from control values was required for significance (Fig. 2.11).

2.3.4. Responses to SHT

SHT (5.0-50.0 pg kg'', iv) induced dose-dependent increases in R, and E, (Fig.
2.12). A plot of log dose vs percent change in R, or E; revealed a lincar relationship (rf
= 0.70, 0.58, respectively, p < 0.05, n = 4). As with methacholine and histamine, although
there were no significant differences within animals, there were significant differences
between the changes in R, and E,_ in response to a single dosc among animals.
Calculation of 95% confidence limits for log dose-response lines indicated that about a
160% increase in changes in R and about 60% increase in changes in E,, from control

values were required for significance (Fig. 2.13).

2.3.5. Responses to SP
SP (1.0-4.0 pg kg, iv) induced dose-dependent increases in R, and E, (Fig. 2.14).

A plot of log dose vs percent change in R; or E, revealed a linear relationship
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(* = 0.55, 0.54, p < 0.05). As with methacholine and histamine, although there were no
significant differences within animals, there were significant differences between the
change in R, and E, in response to successive single doses among animals. Calculation
of 95% confidence limits for log dose-response lines indicated that about a 100% increase
in changes in R, and about a 70% increase in changes in E; from control values were

required for significance (Fig. 2.15).

2.3.6. Responses to NKA

NKA (0.1-1.0 pg kg, iv) induced dose-dependent increases in R, and E,; (Fig.
2.16). A plot of log dose vs percent change in R, or E, revealed a linear relaticnship @
= 0.72, 0.55, respectively, p < 0.05). As with methacholine and histamine, although there
were no significant differences within animals, there were significant differences between
the changes in R, and E, in response to a single dose among animals. Calculation of 95%
confidence limits for log dose-response lines indicated that about a 200% increase in
changes in R, and about 150%increase in changes in E; from control values were

required for significance (Fig. 2.17).

2.4. DISCUSSION

The purpose of these experiments was to examine the natural variation in
responsiveness to vagal stimulation atid to bronchospastic agonists in guinea-pigs. Vagal
stimulation was selected for its known effects on the conducting airways {Cockeroft,

1988). The stimulus parameters used appeared to activate pregangiionic parasympathetic
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nerves selectively as atropine (0.1 mg kg, iv) and hexamethonium (50 mg kg, iv)
eliminated the responses. There was minor evidence of antidromic activation of vagal
afferents. Methacholine was selected as an agonist as it is commonly used in
bronchoprovocation tests and because of its selective effects on muscarinic receptors in
the lung (Hargreave et al., 1981). Histamine was selected because of its involvement in
anaphylactic responses. This agonist has the disadvantage that some of its bronchospastic
effects may be mediated via autonomic reflexes (Hargreave et al., 1981; Ichinose et al.,
1989). However, in these experiments, all guinea-pigs were vagotomized bilaterally to
eliminate this potential effect. SHT was selected as it has been shown that serotoninergic
svstem plays a significant role in upper airway obstruction (Arita et al., 1993). SP and
NKA were used as guinea-pigs lungs contain large amounts of these agents and they have
been implicated in the development of anaphylaxis and AHR (Lundberg et al., 1983a,b;
Pernow, 1983).

To validate the system of measurement of airway resporisiveness and to establish
the optimal conditions for measuring resistance and elastance, different sets of
experiments were carried out. In each experiment changes in resistance or elastance werte
measured while parameters affecting these values were changed. Applying a constant
minute volume and changing pump speed did not alter values of resistance. However,
with guinea-pigs attached to the system, decreases in R, and increases in E; were noted
(Figs. 2.3, 2.4). Although these changes were predicted - the frequency dependence of R,
and E, is well known - their magnitude was puzzling until we noted that the pressure
signals failed to attain baseline between breaths. This suggests that these frequency-
dependent changes are a feature of the system. Thus, at higher pump frequencies not all
air entering the guinea-pigs was vented via the solenoid’s orifice. This results in a
measure of positive end expiratory pressure (PEEP) being applied to animals’ lurigs. Thus

distention of the airways would predictably decrease R, and increase E;, the changes
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being proportional to the stroke rate of the pump. To avoid this artefact, all experiments
were conducted at a pump stroke rate of 20 per min which eliminated the artefactual
changes completely.

The pneumotachograph is a flow-measuring device consisting of a low-resistance
element which can be placed in series with subject’s airway. The resistance to flow
through the pneumotachograph (in the range of flow to be measured) has to be very low
compared to that of subject’s respiratory system. If flcw is lamipar the pressure drop
across the resistance will be proportional tc the flow iate (Poiseuille’s law), but if flow
becomes turbulent the pressure difference increases disproportionately. Therefore, the
limits for linearity must be established for each pneumotachegraph (Diamond &
Lipscomb, 1970). At high pump speed (strokes min™ > 50) the variarion of the values of
resistance increased probably due to the turbulence induced by rapid air flow.

Measurements of R, and E, suggested that vagal stimulation and the various
agonists altered these measures of lung responsiveness selectively. Thus, vagal stimulation
induced stimuli-dependent changes in R, . However, methacholine, histamine, SHT, SP and
NKA induced dosc-dependent changes in both R; and E,. These differences suggest that
these agonists affect both the conducting airways and distensible airways, whereas vagal
stimulation mainly affects the conducting airways. These findings are in good agreement
with those of others (Nadel, 1965; Lundberg et al., 1983b). The findings with vagal
stimulation and agonists injected iv indicate that, although responses are reproducible
within animals, inter-animal variation in the magnitude of responses to a particular
number of stimuli or to a single dose of agonist must be considered when the airways’
responsiveness of groups of guinea-pigs is compared. Based on these data, vagal
stimulation and/or methacholine, histamine, SHT, SP and NKA (iv) appear to be suitable

tools for comparing airways’ responsiveness as effects were reproducible among animals.
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CHAPTER 3

PASSIVE IMMUNIZATION WITH AN ANTI-SUBSTANCE
P ANTIBODY PREVENTS SUBSTANCE P- AND
NEUROKININ A-INDUCED BRONCHOSPASM IN

ANESTHETIZED GUINEA-PIGS

A significant portion of this chapter has been published. Jafarian, A., Suresh, M.R,,

Kreutz, F.T. and Biggs, D.F. 1995. Life Sci. 57: 143-153.
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3.1. INTRODUCTION

SP and NKA belong to a family of closely-related pepiides known as the TK. They are
widely distributed in tlie airways and lungs of several species, including humans and
guinea-pigs (Maggio, 1988; Guard & Watson, 1991; Maggi et al., 1993). Given
parenterally, they induce a variety of responses including contra;:tion of bronchial smooth
muscle, mucus secretion, vasodilation, extravasation of plasma proteins and recruitment
of inflammatory cclls. It has been suggested that release of endogencus SP and NKA
from pulmonary afferent C-fibres contributes to bronchial obstruction in asthma (Barmnes,
1986a; Lundberg & Saria, 1987; Maggi, 1990). The principal biologic activities of TK
reside in their structurally similar carboxyl sequence: ....Phe-X-Gly-Leu-Met-CONH,
(Erspamer, 1981; Gerard et al.,, 1993). In a guinea-pig model of asthma, active
immunization against SP prevented the development of AHR and reduced bronchospastic
responses to SP (iv) (Ladenius et al.,, 1991). We determined whether passive
immunization with a monoclonal, IgG,, anti-substance P antibody (a-SP MADb) derived
from the rat-mouse heterohybridoma NC1/34 (Suresh et al., 1986) altered pulmonary

responses to SP and NKA (iv).

3.2. METHODS AND MATERIALS
3.2.1. Methods
3.2.1.1. Production of o-SP MAb
Two procedures were employed for large quantities of production of x-SP MAb

-

to carry out our experiments.
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3.2.1.1.1 Classical method

Frozen NC1/34 cells were thawed and grown in RPMI 1640 medium supplemented
with fetal bovine sera (FBS; 10%) and L-glutamine (2 mM). About 1.5 x 10* cells ml"!
were transferred t¢ RPMI 1640 medium (50 mL) supplemented with 0, 2.5 or 5% FBS
and L-glutamine (2 mM) and incubated for 3 d (37°C, 7% CO,). FBS (2.5%) gave good
yields of «-SP MAb. Additional cells were grown in 400 mL flasks or I L roller culture
bottles. Supernatants (about 10 L) were collected by centrifugation (3000 rpm, 10 min).

Cell viability was assesscd by trypan blue exclusion.

3.2.1.1.2. Bioreactor (artificial capillary module)

The CELLMAX™ artificial capillary system was used for production of large
quantity of «-SP MADb from heterohybridoma HC1/34.

1. System set up: Prior to setting up the system, the reservoir bottle with its cap
assembly loosely attached and all other parts of the system, excluding the pump motor,
were steam autoclaved at 121°C for 20 min. The artificial capillary module was connected
to the reservoir bottle (see Fig. 1.6). Air was removed from cxtracapillary space (ECS)
of the cartridge and replaced with culture medium (serum fiee media). Then 100 ml of
culture medium was added to reservoir bottle and perfused for 2 d to condition the system
for cell culture and to ensure sterility of the system. Then, cells precultured for 2 d were

inoculated into the system. All operations were performed using aseptic technique in

biosafety cabinets.
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2. Inoculation: Initially cells were grown in RPMI 1640 medium supplemented
with fetal bovine sera (FBS; 10%) and L-glutamine (2 mM). About 1.5 x 10° cells ml”
were transferred in RPMI 1640 medium (50 mL) supplemented with 2.5 or 5% FBS and
L-glutamine (2 mM) and incubated for 3 d (37°C, 5% CO,). Finally the cells were
transferred into serum free media (BRL). Cells at a concentration of 4 x 107 cells ml? and
viability of 90% were inoculated into ECS and incubated at 37°C with 5% CO,. Then the
reservoir bottle was replaced with a 1 L bottle containing fresh culture medium. The
pump was set to medium speed for the first two days and then to high speed for the rest
of the time.

3. Feeding and harvesting: The culture medium was replaced with fresh pre-
warmed medium daily. Daily aliquots were removed for determination of viable cell
concentration and Ab production. These steps were done in biosafety cabinet. Starting on
day 4, the cells and the Ab secreted were harvested from ECS daily. To minimize the
volume of harvested Ab, before collection of the cells and the Ab the perfusion port were
closed so that only ECS content was collected. The ECS was flushed vigorously with 30
ml of fresh culture medium to remove additional cells and secreted products. Then it was

refilled with fresh culture medium.

3.2.1.2. Purification of a-SP MAb
Separation of «-SP MAb from culture supernatant was attempted with 3
chromatographic methods: protein A-sepharose, protein G-sepharose and thiophilic gel (T-

Gel™),
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Protein A- and protein G-sepharose - Supernatant was treated with ammonium
sulfate (50% saturated solution). The precipitate was collected by centrifugation,
resuspended in phosphate buffer (10 mM, pH = 7.4) and dialysed against phosphate-
buffered saline (PBS: pH = 7.4; 3 changes over §6 h). A 2 mL protein A-sepharose
column was prepared and equilibrated with binding buffer (glycine: 1.5 M; NaCl: 3 M;
pH = 8.9). Dialysed material (about 4 mg protein) was added to the column and washed
thoroughly with binding buffer; fractions were collected and their UV absorbance
monitored. Bound o-SP MADb was eluted with elution buffer (citric acid: 100 mM; pH
= 6.0, 5.0, then 4.0). Columns were regenerated with elution buffer (pH = 3.0). The a-SP
MAD content of fractions was estimated by ELISA. A similar procedure was used to try
and separate «-SP MAb from supernatant using protein G-sepharose.

Thiophilic gel - A 10 mL thiophilic gel (T-Gel™) column was prepared and
attached to a UV monitor. It was equilibrated with binding buffer (potassium sulfate: 0.5
M, sodium phosphate: S0 mM, sodium azide: 0.05%). Potassium sulfate was added to
untreated supernatant to a final concentration of 0.5 M. 700-800 mL of the mixture was
passed through the column and washed through with binding buffer; UV absorbance was
monitored and fractions collected. Bound «-SP MAb was eluted with elution buffer
(sodium phosphate: 50 mM; sodium azide: 0.05%). Columns were regenerated with
guanidine HC1 (8 M). The «-SP MAD content of fractions was estimated by ELISA.
Fractions containing o-SP MAb were concentrated with Centriprep™ and their «-SP
MADb content re-estimated. To purify the «-SP MAD further, fractions (7 mL) containing

«-SP MAbD were loaded onto a 15-mL DES52 column and eluted with a phosphate buffer
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gradient (10-100 mM) and fractions collected. Electrophoresis (SDS-PAGE) was used 1o
estimate «-SP MAD purity. The rat hybridoma YP4 which secretes an igG-type
monoclonal antibody against horse radish peroxidase (HRPO) was cultured and purified
similarly to provide a controi “irrelevant” rat IgG-type antibody for experiments, in vivo.
Concentrated fractions of both antibodies were dialysed against 0.9% saline (72 h, 3
changes) before use.

Supernatant obtained from the bioreactor was concentrated using Centriprep™ (cut
off: 30,000). The concentrated supernatant was dialysed against normal saline 0.9% (72
h, 3 changes). As SDS-PAGE revealed that dialysed supernatant was about 85% pure,

concentrated and dialysed supernatant, without any purification, was used for experiments.

3.2.1.3. Preparation of SP-BSA conjugate

SP (15 mg. 1.2 mL) and bovine serum albumin (BSA) (40 mg, 2.0 mL) were
dissolved separately in sodium bicarbonate buffer (0.1 M, pH = 9.2) and mixed.
Glutaraldehyde (0.5%, 0.6 mlL) was added to the mixture and stirred for 2 h at room
temperature (22-26°C). Glycine (75 mg) was added to mixture which was stirred for 1 h
at room temperature. This mixtu - was dialysed (3 d, 3 changes) against distilled water.

The SP-BSA conjugate was distributed into vials and stored (-20°C) until used.

3.2.14. a-SP MADb ELISA method
The relative activities of the purified «-SP MAb were estimated from dilution

curves obtained by ELISA. Microtiter plates were coated with constant amount of SP-
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BSA conjugate (1:200 dilution) and incubated overnight at 4°C. After washing (3x) with
PBS/Tween (0.05%) (automatic plate washer, Molecular Devices, Maxline Model 4845-
02), plates were blocked with BSA (1%) in PBS for 1 h at 37°C. After washing (3x),
fractions containing ¢-SP MADb were added and the plates incubated for 1 h at 37°C.
After washing (3x), goat anti-rat IgG antibody/HRPO conjugate *vas ada.d and the plates
incubated for 1 h at 37°C. After washing (5x), 2,2’-azino-bis (3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS) peroxidase substrate was added and the plates were incubated for
15 min at 37° C. Optical density (OD) was measured at 405 nm immediately after the 15-
min incubation (Molecular Devices, V max™, Model 04662, SoftMax® Software Version
2.02). Wells containing no a-SP MADb or no SP-BSA conjugate were used as controls.
All assays were performed in duplicate.

The relative affinities of the o-SP MAD derived from NC1/34 for SP, NKA and
CGRP were estimated using an inhibition assay (Rath et al., 1988). Microtiter plates werce
coated and blocked as above. Then, in 4 separate groups of experiments employing four
dilutions of ®-SP MADb (1:5,000; 1:10,000; 1:16,000; 1:32,000), varying concentrations
of SP, NKA, or CGRP (0.005-5000 nM; 25 pl.) were added to the wells followed
immediately by one of the dilutions of a-SP MADb and the plates incubated for 1 h at
37°C. After washing (3x), goat anti-rat IgG antibody/HRPO conjugate was added and the
plates incubated for 1 h at 37°C. After washing (5x), ABTS was added and plates were
incubated for 15 min at 37°C; OD was measured as before. Changes in OD in the
presence of different concentrations of SP, NKA and CGRP were compared with values

obtained in the absence of these peptides. Wells containing only SP-BSA and a-SP MADb,
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only SP-BSA and SP, NKA, or CGRP, and only «-SP MADb and SP, NKA, or CGRP
were among the controls used. All experiments were performed in duplicate. The relative
affinity of a-SP MAD for SP, NKA and ¢ GRP was estimated by the method of Van
Heyningen et al. (1983). Data were fitted to curves using non-linear regression and the
concentration of added SP, NKA, or CGRP that reduced OD to 50% of maximum (IC50)

determined for each dilution of «-SP MADb.

3.2.1.5. Measurement of airways' responsiveness

Groups (n = 3-5) of SPF-quality, female, Hartley-strain guinea-pigs (weight range:
350-450 g) were used. They were anesthetized with sodium pentobarbital (40-50 mg kg™,
ip, with additional doses, 5 mg kg, iv, as required). Their tracheas were cannulated
(PE240) and artificial respiration was applied (tidal volume = 9 mL kg™, pump speed =
20 strokes min') with a rodent ventilator (Ugo Basile, Varese, Italy). A jugular vein was
cannulated (PESO) for giving drugs iv. Succinylcholine (0.03 mg kg, iv) was given to
paralyse animals and prevent spontaneous respiratory movements. R; and E; were
measured continuously, breath-by-breath, using a computerized system. Dose-response
(peak response as percent change from baseline values of R; and E,) curves to SP (1.0-
8.0 ug kg'), NKA (0.1-1.0 pg kg™'), or methacholine (2.0-10.0 pg kg™) were established
in separate test (a-SP MAb-treated), control (vehicle-treated or “irrelevant” antibody-
treated) groups of guinea-pigs. All test animals received approximately 0.055 pM o.-SP
MAD (iv) 30 min before giving either SP or NKA. Control antibody-treated animals

-

received a similar amount of protein to the test animals.
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3.2.2. Materials

RPMI medium 1640, BSA and FBS (Gibco Laboratories, Grand Island, NY USA);
ABTS peroxidase substrate (Kirkegaard & Perry Labs., Gaithersburg, MD USA); T-Gel™
Adsorbent (Pierce, Rockford, IL USA); protein A- and protein G-sepharose (Bio-Rad,
Hercules, CA USA); guanidine hydrochloride, potassium sulfate, sodium azide and
sodium phosphate, (Aldrich Chemical Co., Milwaukee, WI USA); sodium pentobarbital
(Euthanyl®, M.T.C Pharmaceuticals, Markham, ON); goat anti-rat IgG antibody/HRPO
conjugate, methacholine chloride, succinylcholine chloride (Sigma, St. Louis, MO USA);
substance P, neurokinin A and calcitonin gene-related peptide (Peptide Institute Inc.,

Japan); Centriprep™ (Amicon, Beverly, MA USA).

3.2.3. Statistical analyses

Data from ELISA were analyzed with SoftMax®, Microsoft Excel® and
Mathematica® software. Inhibition curves were fitted using non-linear regression and
compared via 95% confidence limits. IC50s, with 95% confidence limits, were calculated
from the curves. Dose-response curves were plotted as mean + SEM and analyzed using
SigmaStat® software, version 5.01. Kruskal-Wallis ANOVA on ranks was used to
compare control and test data. Data at specific concentrations were compared using

Student's ¢ test and the Mann-Whitney rank sum test. Significance was assumed at the 5%

level.
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3.3. RESULTS
3.3.1. Production and purification of o-SP MAb

NC1/34 cells grown in media containing 2.5 or 5.0% FBS generated similar
amounts of «-SP MAb. In both instances, there was good growth with cell viability about
85%. Cells did not grow well in the absence of FBS. 2.5% FBS was selected for large
scale production of &-SP MAD as it was felt that this would simplify purification of the
o-SP MADb and economize on FBS. About 10 L of supernatant was collected and stored
at 4°C until purified. Anti-HRPO antibody from the rat hybidoma YP4 was prepared
similarly.

The artificial capillary system was also used for large scale production of «-SP
MADb. NC1/34 cells were originally grown in media containing 5.0% FBS then switched
to serum-free media. After transferring to the artificial capillary system there was good
growth with cell viability about 85-95%. About 600 mL of supernatant was collected and
stored at -20°C. High concentrations of «-SP MADb (about 1 mg mL') were obtained.
Electrophoresis on SDS-PAGE revealed that the crude supernatant contained about 80%
a-SP MAb. To conserve material, it was decided to use the supernatant without further
purification.

Protein A- or protein G-sepharose chromatography yielded minimal separation of
a-SP MADb from other contaminating proteins (Fig. 3.1A); ELISA showed that similar
amounts of a-SP MADb appeared in all fractions collected before and during elution. By
contrast, the thiophilic gel column provided excellent separation. ELISA showed minimal

amounts of «-SP MAD in fractions collected during binding and large amounts of «-SP
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MADb in fractions eluted from the column (Fig. 3.1B). Using this procedure, about 20 mg
of a-SP MADb was obtained from each litre of supernatant. Electrophoresis on SDS-PAGE
revealed that the «-SP MAb was about 50% pure. Attempts to purify the «-SP MAb
further using a DE52 column yielded an a-SP MAD that was about 85% pure (SDS-
PAGE). However, this purification step was very inefficient and only about 20 - 30% of
a-SP MAD activity was recovered. To conserve material, «-SP MADb obtained by
thiophilic gel separation was used in all experiments. The control “irrelevant” anti-HRPO
antibody derived from the YP4 hybridoma was purified to a similar level of purity using

thiophilic affinity chromatography.

3.3.2. Activity and specificity of c-SP MAb

A typical dilution curve for the purified, concentrated o-SP MADb solution was
obtained by ELISA using a starZardized amount of SP-BSA conjugate to capture the
antibody (Fig. 3.2). The relative aiii.ity of the a-SP MAD for SP, NKA or CGRP vs the
standardized amount of SP-BSA conjugate coated onto the plates was estimated by adding
known amounts of SP, NKA, or CGRP to wells and adding a fixed volume of 4 different
dilutions of «-SP MAb. Data are summarized in Fig. 3.3. CGRP did not aiter a-SP MAb
binding. By contrast, both SP and NKA prevented a-SP MADb binding. At all of the four
dilutions of a-SP MADb employed, SP was a better inhibitor of binding than NKA. From
the inhibition curves, the ratio of the relative affinities SP/NKA was about 45 (36-52) and
55 (46-65) at a-SP MAD dilutions of 1 in 5000 and 1 in 10000, respectively, bu} only 6.2

(1.7-10.7) and 3.8 (1.5-6.1) at a-SP MAD dilutions of 1 in 16,000 and 1 in 32,000. 95%
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Dilution curve for the anti-substance P antibody (o-SP MADb) obtained using a
constant, predetermined amount of SP-BSA conjugate. The amount of a-SP MAb

captured by the SP-BSA conjugate is shown as optical density of ELISA.
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confidence limits of the curves showed statistically significant differences between the
curves for SP and NKA at «-SP MAD dilutions of 1 in 5,000 and 1 in 10,000, but not
at a-SP MAD dilutions of 1 in 16,000 and 1 in 32,000. There was a linear relationship

between «-SP MAD dilution and maximal OD in the absence of SP, NKA or CGRP (!

= 0.991; p < 0.01; Fig. 3.4).

3.3.3. Effect of o.-SP MAD on bronchospasm induced by SP, NKA, or methacholine

Both SP and NKA induced dose-dependent increases in R, and E, in the control
groups (Figs. 3.5 and 3.6). On plotting maximal (peak) responses to individual doses,
NKA was about 10-12x more potent than SP. In preliminary experiments, SP (5 ug mL™)
in saline was incubated for 2 h at 37°C, alone, or with &-SP MADb in an approximately
1:1 or 1:5 molar ratio. Different volumes of these solutions were used to construct dose-
response curves. The findings indicated that the SP:«-SP MAD ratio of 1:5 eliminated
SP's bronchospastic effects (Fig. 3.7). This molar ratio was used in all subsequent
experiments. Administration of «-SP MADb (iv) in a 5:1 molar ratio to the total
cumulative dose of SP (15 pg) did not alter baseline values of R, and E, (R,: before =
0.26 + 0.03; after = 0.27 + 0.03; n = 5, p > 0.05); E, : before = 2.75 + 0.43; after = 2.67
+ 0.42; n = 5, p > 0.05). Baseline values of R, and E, in the o.-SP MAb-treated, vehicle-
treated and “irrelevant” antibody control groups were similar (R;: test = 0.26 + 0.03;
vehicle control = 0.27 + 0.03; antibody control = 0.26 + 0.03; n =4 and 5, p > 0.05; E:
test = 2.75 + 0.43; vehicle control = 2.68 : 0.41; antibody control = 2.63 0.3%; n = 3-5,

p > 0.05). Comparison of the dose-response curves to SP revealed that a-SP MAb
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markedly reduced (p < 0.05) changes in R, and E, induced by SP (iv). Surprisingly, the
same amount of o-SP MAD yielded similar findings with NKA (Figs. 3.5 and 3.6). This
amount of «-SP MAD had no effect on changes in R, and E, induced by methacholine
(Figs. 3.6-3.7). A similar molar ratio of rat IgG-type anti-HRPO MADb used as an

“irrelevant” control Ab did not alter responses to SP or NKA (Figs. 3.6 and 3.7).

3.4. DISCUSSION

These findings show that a monoclonal, 1gG,,, «-SP MADb derived from the
rat/mouse heterohybridoma NC1/34 given intravenously to guinea-pigs prevents increases
in R; and E; induced by SP or NKA (iv). As an "irrelevant” control, anti-HRPO, IgG-
type MADb was without effect, the effects of the «-SP MADb appear to be directed
specifically against the TK, SP and NKA. This conclusion is confirmed by the lack of
effect of the o.-SP MAD against methacholine-induced changes in R, and E,. Thus, thesc
experiments using passive immunization confirm those reported previously (Ladenius et
al., 1991) which indicated that active immunization of guinea-pigs against SP reduced the
bronchospastic response to SP.

NC1/34 cells secrete large amounts of a specific o-SP MAb. This rat/mouse
heterohybridoma must be grown in culture as it behaves as a xenograft in mice or rats
precluding the use of the ascites technique to produce large amounts of «-SP MAb.
Separation and purification of the a-SP MAb from culture media is often diff’ icult and
tedious. Neither protein A- nor protein G-sepharose gave a satisfactory absorPtion and

separation of the c.-SP MADb even after preliminary separation of protein with ammonium
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The effect of anti-substance P antibody (a-SP MADb) or a-HRPO MAD on the
changes in pulmonary flow resistance in response to various doses of SP,
neurokinin A (NKA), or methacnoline (MCh) iv. Results, as percent change from

baseline values, are mean : SEM of 4 or 5 experiments.
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The effect of anti-substance P antibody (a-SP MADb) or a-HRPO MAD on the
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In preliminary experiments, a fixed amount of substance P (SP) in saline was
incubated for 2 h at 37°C, alone, or with anti SP antibody (a-SP MADb) in
approximately a 1:1 or 1:5 molar ratio. Different volumes of these solutions were
used to construct dose-response curves. A SP:a-SP MAD ratio of 1:5 eliminated
SP’s bronchospastic effects. This molar ratio was used in all subsequent
experiments. Results expressed as percent changes from baseline values-of

pulmonary flow resistance are mean + SEM of 4 experiments.
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sulfate. However, thiophilic gel columns provided excellent absorption of «-SP MAb
from raw supematant; a-SP MAD activity estimated by ELISA v s almost completely
absent from fractions collected during thiophilic affinity chromatography. a-SP MAb
activity was rapidly and completely eluted from the column with low salt buffer. Attempts
to purify the «-SP MAD further using a DES2 column were abandoned as, although the
purity of the a-SP MAb was improved, yields were very low. a-SP MADb prepared from
supernatant by the single step thiophilic gel filtration was about 50% pure by SDS-PAGE
and it was decided to use this material, after dialysis against 0.9% saline, without further
purification. The efficiency of thiophilic gel purification was confirmed with anti-HRPO
MAD obtained from cultures of the rat hybridoma YP4.

The relative affinities of the ao-SP MAD for SP, NKA and CGRP were estimated
with a competitive binding technique that used a constant, predetermined amount of
immobilized SP-BSA conjugate to “capture” 4 different dilutions of «-SP MAD in the
presence of different concentrations of SP, NKA or CGRP (Van-Heyningen et al., 1983;
Rath et al., 1988). Relative affinities indicated that x-SP MAb had about 50x greater
affinity for SP than NKA at a-SP MADb dilutions of 1 in 5,000 and 1 in 10,000. However,
at the two lowest dilutions, the ratio of the relative affinities was only about 5. The «-SP
MADb had no affinity for CGRP at any of the 4 dilutions of a-SP MADb evaluated.
Conjugating SP to BSA andfor immobilizing it on the plate may alter or impede
expression of the relevant epitopic determinant of SP. Thus, the SP-conjugate’s ability to
compete for -SP MADbD probably differs from that of added free SP or NKA. E-Iowever,

although this is not a “true” competitive inhibition assay, as conditions were similar for
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SP, NKA and CGRP, it is likely that the values obtained for the relative affinity of the

a-SP MAD are representative (Rath et al., 1988). The NC1/34 heterohybridoma was
generated by immunizing mice with an antigen prepared by using glutaraldehyde to
couple SP via its N-terminal to keyhole limpet hemocyanin. Thus, the a-SP MAb was
most probably directed towards an epitopic site on the C-terminal part of the molecule.
As TK, SP and NKA share a similar C-terminus - SP: ....Phe-Phe-Gly-Leu-Met—CONHz;
NKA: ....Phe-Val-Gly-Leu-Met-CONH, - it is not surprising that some cross-reactivity
exists.

The preliminary experiments, in which SP was incubated with & -SP MADb before
injection of the mixture into guinea-pigs, suggested that the amount of a-SP MAD that
must be injected, in vivo, to prevent or reduce SP's effects was about a 5:1 molar ratio
to the total cumulative dose of SP (Fig. 3.5). Ladenius et al. (1993), who actively
immunized guinea-pigs against SP, reported (polyclonal) a-SP Ab titres ranging from
6,000-13,000. "Titres” of o.-SP MADb were not determined in the blcod of the guinea-pigs
used in the current experiments, however, they were anticipated to be at least an order of
magnitude less than those reported after active immunization (Ladenius et al., 1993).
Nevertheless, the monoclonal o-SP MAb was effective in preventing the bronchospastic
effects of both SF. ‘ NKA, eliminating or markedly reducing the changes in R, and E
induced by these agonists. However, the a-SP MAb was not selective (Figs. 3.6 and 3.7).
As NKA was a much more potent bronchospastic agent than SP (Figs. 3.6 and 3.7), the
molar ratio of a-SP MAD to the total cumulative dose of NKA was about 40:1, not the
5:1 ratio used for SP. This difference could account for the lack of selectivity.‘Also, the

concentration of the a-SP MADb in serum, in vivo, could determine the apparent selectivity
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of the antibody. If this concentration was sufficiently low, the dilution curve indicated that
it could fall on the asymptotic, non-linear portion of the curve. At these dilutions,
specificity ratios were aboﬁt ten-fold lower than at higher concentrations (Fig. 3.2 and
3.3). This would contribute to the apparent lack of selectivity. Larily, as discussed above,
the epitopic site on the antibody may not be as specific/selective, in vivo, as has been
reported, in vitro, by others (Cuello et al., 1979) and in this paper.

An o.-SP MAD that prevents the effects of TK such as SP could be a useful tool
for determining the role of TK in the pathogenesis of asthma and related lung diseases.
The Ab differs from classical pharmacologic antagonists as it would have no effect on
NK1, NK2 and NK3 receptors; yet it should prevent, rather than block, most of the
pharmacologic effects of exogenous, or endogenously released, TK such as SP and NKA.
The apparent lack of specificity, in vivo, of the a-SP MADb derived from the rat/mouse
heterohybridoma NC1/34 is disappointing as it appeared to be promising, in vitro. As
suggested above, this could arise from the C-terminal epitopic similarity between the SP
and NKA molecules, from the inher:nt difference in the molar ratios, «-SP MADb:SP or
NKA employed, or from dilution factors. Antibodies directed against the respective N-
terminals might be more specific and better able to differentiate between the two TK
molecules, in vivo.

In conclusion, these experiments show that passive immunization of guinea-pigs,
acutely, with a monoclonal «-SP MADb prevents the bronchospastic effects of exogenous
SP and NKA, in vivo, and indicate that this type of passive immunization could be useful

for determining the role of TK in guinea-pig models of asthma. -
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CHAPTER 4

CHARACTERIZATION OF THE MONOCLONAL ANTI-

SUBSTANCE P ANTIBODY DERIVED FROM NC1/34

A version of this chapter has been submitted to Life Sciences for publication. Jafarian A.

and Biggs D.F.
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4.1. INTRODUCTION

SP belongs to a family of closely-related peptides known as the TK (Maggio et al., 1985:
Guard & Watson, 1991; Maggi., 1993a) whose biologic activities reside on their
structurally similar carboxy terminal sequence: ....Phe-X-Gly-Leu-Met-CONH, (Erspamer,
1981; Gerared et al., 1993). TK, SP and NKA. are widely distributed and active in both
the CNS and the periphery (Maggi, 1993). TK’s pharmacologic effects are mediated via
the interaction of their C-terminus residues with specific NKR (NK1-3) (Maggi. 1990:
Frossard & Advenier, 1991; Maggi, 1993b). However, it has been shown that some of the
effects of TK such as behavioral effects are mediated by N-terminal of these peptides,
where there is: considerable variability in amino acid composition (Maggi, 1990; Frossard
& Advenier, 1991; Gerhardt et al., 1992; Larson & Sun, 1994). Monoclonal antibodics
with high specificity have potential for investigating the roles of naturally occuring
peptides. Cuello et al. (1979) develcped a rat-mouse heterchybridoma (NC1/34) which
produces monoclonal antibody against SP (a-SP MADb) and used it to detect SP in the
CNS. They showed that a-SP MADb had about 5% cross reactivity with another related
peptide, eleidosin. Some C-terminal fragments of SP were also as well bound as SP in an
inhibition radioimmunoassay (Cuello et al., 1979). We reported previously that «-SP MAb
had some cross reactivity with NKA (Jafarian et al., 1995). In these experiments, we usced
inhibition ELISA or dot immunoassay to determine the relative affinities of a-SP MAb
for SP and its fragments. Also, we examined SP and SP*'' analogues with sequential
substitution of alanine for each of their amino acids to identify the amino acids involved

in a-SP MADb binding to SP. -
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4.2. METHODS AND MATERIALS

4.2.1. Methods
4.2.1.1. Preparation of o-SP MAb

a-SP MAb was prepared from the supernatant of NC1/34 rat-mouse
heterohybridoma and purified as described previously (see chapter 3 and Jafarian et al.,

1995).

4.2.1.2. Preparation of SP-BSA conjugate

SP (15 mg, 1.2 mL) and bovine serum albumin (BSA) (40 mg, 2.0 mL) were
dissolved separately in sodium bicarbonate buffer (0.1 M, pH = 9.2) and mixed.
Glutaraldehyde (0.5%, 0.6 mL) was added to the mixture and stirred for 2 h at room
temperature (22-26°C). Glycine (75 mg) was added to mixture which was stirred for 1 h
at room temperature. This mixture was dialysed (3 d, 3 changes) against distilled water.

The SP-BSA conjugate was distributed into vials and stored (-20°C) until used.

4.2.1.3. Measurement of relative affinities by ELISA

The relative affinities of the a-SP MADb for SP and its fragments and selective
NKR antagonists were determined by inhibition ELISA (Jafarian et al., 1995). Briefly,
microtiter plaies (Nunc-Immuno Plate, MaxiSorp™) were coated with constant amount
of SP-BSA conjugate and incubated overnight at 4°C. After washing (3x) with

PBS/Tween (0.05%) (automatic plate washer, Molecular Devices, iaxline Model 4845-
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02). plates were blocked with BSA (1%) in PBS for 1 h at 37°C. Then, varying
concentrations of SP, SP fragments, or sclective NKR antagonists (0.04-1.00 uIVi. 25mL)
were added to the wells; a constant amount of a-SP MAD solution was added and the
plates incubated (1 h, 37°C). After washing (3x), rabbit anti-rat IgG antibody/HRPO
conjugate was added and the plates incubated (1 h, 37°C). After washing (5x), ABTS was
added and OD was measured at 405 nm after 15 min (Molecular Devices, V max™,
Model 04662, SoftMax® Software Version 2.02). All assays were performed twice in
duplicate. Changes in OD in the presence of different concentrations of SP, SP fragments,
or selective NKR antagonists were compared with values obtained in the absence of these
peptides. Wells containing only SP-BSA and «-SP MADb, only SP-BSA and SP, or SP
fragments and only o-SP MAb and SP or SP fragments were among the controls used.
The relative affinities of a-SP MADb for SP and SP fragments were estimated by the
method of Van Heyningen et al. (1983). Data were fitted to curves using non-linear
regression and the concentrations of added SP, SP fragments, or selective NKR

antagonists that reduced OD t0 50% of maximum (IC50) were estimated.

4.2.1.4. Synthesis of peptides

A SPOTs (solid phase synthesis of peptides) schedule was generated (SPOTs
software, version 2). Fmoc-amino acid chlorides were used for the solid phase synthesis.
Cellulose membranes with free OH groups were used as the solid phase. All amino acids
used were of L configuration. Fmoc-amino acids were dissolved in 1-methyl-2-pyrrolidine

(110-180 mg mL""). A 0.9 uL aliquot of the first amino acid was dispensed on to each of
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the SPOTs (color change from blue to blue/green, green or yellow) and repeated after 15
min. After 15 min, the trough containing the SPOTs membrane was placed on rocking
table and dimethylformamide (DMF) was added to the trough and rocked (2 min). This
step was repeated twice. To block any unreacted amino acid, the SPOTs membrane in the
trough was treated with acetic anhydride (0.8 mL) in DMF (20 mL) and rocked (15 min).
After washing with DMF (3x), excess acetic anhydride was eliminated by adding 20%
piperidine in DMF and rocking (5 min). After washing with DMF (3x), 1% bromophenol
blue solution in DMF was added to SPOTs membrane and rocked (5 min). After washing
with methanol (3x), the SPOTs membrane was wrapped in chrcmatography paper and
dried in a cool air dryer. This procedure was repeated for each cycle in which an amino
acid was added, except the last. For the last cycle the amino acid was added as above.
After washing (3x) with DMF, 20% piperidine/DMF was added. Then, after washing (3x)
with DMF, color was developed with bromophenol blue solution. After washing with
DMF (3x), acetic anhydride was added. Then, after washing with DMF (3x) and with
methanol (3x), the SPOTs membrane was dried.

After the last cycle, the side chain deprotection was performed by adding a
mixture of dicholoromethanol:trifluroacetic acid:triisobutylsilane (1:1:0.05) to the SPOTs
membrane in a propylene box and rocking (1 h). After washing with dichloromethane (3x)
and methanol (3x), the SPOTs membrane was dried, placed in plastic bag and stored (-
20°C).

The sequence of the each peptides synthesized using SPOTs is shown in Table 4.1.

-
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TABLE 4.1

Amino acid sequences of SP*'' and SP analogues synthesized by SPOTs analysis.

Double line represents the cellulose membrane.

Spb-ll
1

HOW N

M-I . e

NH,
NH,
NH,
NH,
NH,
NH,
NH,
Met
Met
Met
Met
Met
Met
Met
Met
Met
Met
Met
Met

Ala

Gin
Gin
Gin
Gin
Gln
Gin
Ala
Leu
Leu
Leu
Leu
Leu
Leu
Leu
Leu
Leu
Leu
Leu
Ala

Leu

Phe
Phe
Phe
Phe
Phe
Ala
Phe
Gly
Gly
Gly
Gly
Gly
Gly
Gly
Gly
Gly
Gly
Ala
Gly
Gly

Phe
Phe
Phe
Phe
Ala
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Ala
Phe
Phe
Phe

NH.

NH‘

NH,

-

NH,

NH.
NH,
NH,
Gly
Gly
Gly
Ala
Gly
Gly
Gly
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Ala
Phe
Phe
Phe
Phe

Gin
Gin
Gin
Gln
Gin
Gin
Ala
Leu
Leu
Ala
Leu
Leu
Leu
Leu
Gin
Gin
Gin
Gln
Gin
Gin
Gin
Ala
Gin
Gin
Gin
Gin
Gin

Phe
Phe
Phe
Phe
Phe
Ala
Phe
Met
Ala
Met
Met
Met
Met
Met
Glin
Gln
Gin
Gin
Gin
Gin
Ala
Gin
Gln
Gin
Gin
Gin
Gin

Lys
Lys
Lys

Lys

Arg
Arg
Arg
Arg

COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH

NH,

COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH

-COOH
COOH
COOH
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4.2.1.5. Direct ELISA on SPOTs membrane (dot immunoassay)

All steps were carried out at room temperature. The SPOTs membrane was
allowed to warm to room temperature, rinsed with methanol and dried. After washing (3x)
with PBS for 10 min, blocking buffer (BSA 3% in PBS) was added to the SPOTs
membrane and it was rocked overnight. After washing (3x) with PBS, «-SP MAD or
polyclonal anti-SP Ab was added to the SPOTs membrane and it was rocked for 4 h.
After washing (3x) with PBS, second antibody (goat anti-rat IgG/HRPO conjugate or goat
anti-rabbit IgG/HRPO conjugate) was added to the SPOTs membrane and it was rocked
for 2 h. After washing (3x) with PBS, substrate (TM-Blotting™ or 4-chloro-1-naphthol)
was added and the membrane rocked (10-60 min) to distinguish between positive and

negative SPOTs.

4.2.1.6. Peptide regeneration

After immunoassay, the SPOTs membrane was washed (3x, 10 min) with MilliQ
water, then with DMF (3x, 10 min). The membrane was washed (3 x, 10 min) with
regeneration buffer A (urea 48% and sodium dodecyl sulphate 1% in MilliQ water) and
then (3x, 10 min) with regeneration buffer B (MilliQ water: ethanol: acetic acid, 4:5:1).

Finally, it was washed (3x, 10 min) with methanol, before drying and storage in a plastic

bag at -20°C.
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4.2.2. Materials

ABTS peroxidase substrate (Kirkegaard & Perry Labs.. Gaithersburg. MD USA);
substance P (Peptide Institute Inc., Japan); goat anti-rabbit IgG antibody/HRPO conjugate,
rabbit anti-rat 1gG antibody/HRPO conjugate, N.N-dimethlformamide, 1-methyl 2-
pyrrolidine, 4-chloro-1-naphthol, SP*"!, SpP¥!' SpP’!! Sp*'! Sp*! Sp*!' Sp*'' §p>",
SP'*, SP'7 and SP'® (Sigma, St. Louis, MO USA); rabbit anti-substance P antibody (1C'N
Biochemical Inc.. Costa Mesa, CA, USA); ethyl alcohol and methyl alcohol (Mallinckrodt
Specialty Chemicals Canada Inc., Mississauga, ON Canada): acetic acid and acetic
anhydride (Anhaler, BDH Inc. Toronto, ON Canada); dichloromethane, piperidine and
methylene chloride (Fisher Scientific Ltd, Nepean, ON Canada); bromophenol blue.
trifluoroacetic acid and triisobutylsilane (Aldrich Chemical Company. Milwaukee, WI
USA); Fmoc-amino acids, methionine, Phe-Phe, Phe-Gly, Gly-Leu and Leu-Met (Bachem
Bioscience Inc., Philadelphia, PA USA); sodium dodecyl sulphate and urea (Gibco BRI.,
Gaithersburg. MD USA); 3.3°.5.5’-tetramethyl benzidin (TMB-Blotting™, Pierce,
Rockford, Illinois, USA). CP 96,345 was a gift of Pfizer Inc., Groton, CO, USA; SR

48,968 (gift of Sanofi Récherche, Montpellier, France).

4.2.3. Staiistical analyses

Data from ELISA were analyzed with SoftMax®, Microsoft Excel® and
Mathematica® softwares. Inhibition curves were fitted using non-linear regression and
compared via 95% confidence limits. IC50s, with 95% confidence limits, were calculated

from the curves. The Mann-Whitney rank sum test and Kruskal-Wallis ANOVA on ranks
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were used to test the differences among the inhibition curves. Significance was assumed

at the 5% level.

4.3. RESULTS
4.3.1. Relative affinities of a-SP MADb for SP, its fragments and selective NKR
antagonists

Using ELISA, a dilution curve was established using a standardized amount of SP-
BSA conjugate to capture different dilutions of a-SP MADb (Fig. 4.1). From this, it was
determined that a 1:1000 dilution of a-SP MADb solution was suitable for the inhibition
ELISA and 25 ul/well of this was used in all assays. The relative affinity of the a-SP
MAD for SP, SP fragments and selective NKR antagonists vs the constant amount of SP-
BSA conjugate coated onto the plates was estimated by adding known amounts of SP, SP
fragments, or selective NKR antagonists to wells and adding the fixed amount of o-SP
MAb. Findings from this inhibition ELISA are summarized in Tabie 4.2 . SP', SP'”” and
SP'°, methionine, the dipeptides, Phe-Phe, Phe-Gly, Gly-Leu and Leu-Met and the
selective NKR antagonists (NK1: CP 96,345; NK2: SR 48,968) did not alter a-SP MAb
binding (Figs. 4.2-4.4). By contrast, SP and its C-terminal fragments containing >3 amino
acids prevented a-SP MAD binding. The relative affinities of SP and its fragments were
obtained from the inhibition curves. Relative affinity of «-SP MAb for SP and SP
fragments are summarized in Table 4.2. Interestingly, SP*!' and SP”!! were 250 and 40
times more potent than SP itself at preventing binding, respectively (Fig. 4.5). However,
SP*" SpP*!'. SP*!' and SP*'' were approximately as active as SP (Fig. 4.6); SP*!' and

SP*!! were less active than SP at preventing binding (Fig. 4.7).

131



TABLE 4.2

Relative affinities of a-SP MAD for SP and SP fragments

Amino acid sequence

Abbreviation Relative
1 2 3 4 5 6 7 8 9 10 11 affinity
Arg Pro Lys Pro GIn  GIn Phe Phe Gly Leu Met CONH; SP 1
Gly leu Met CONH, SP*" 4x10*

Phe Gly Leu Met CONH, SP*'" 7.8x10°

Phe Phe Gly Leu Met CONH, SP™' 4.0x10'

GiIn Phe Phe Gly Leu Met CONH, SP*" 25x10°

Gin Gin Phe Phe Gly Leu Met CONH, SP*'" 6.3x10°

Pro Gin Gin Phe Phe Gly Leu Met CONH, SP*'" 6.7x10'

Lys Pro GiIn Gin Phe Phe Gly Leu Met CONH, SP'" 12

Pro Lys Pro GiIn Gin Phe Phe Gly Leu Met CONH, SP*'' 8.3x10'
Arg Pro Lys Pro CONH, SP'*  <48x10*
Arg Pro Lys Pro Gin Gln Phe CONH, SP'7 <4.8x10°
Arg Pro Lys Pro Gln Gin Phe Phe Gly CONH, SP'°  <4.8x10*

4.3.2. Alanine scanning

conclusions drawn from measurements of relative affinities by inhibition ELISA.
Analogues of SP%'' were prepared in which each amino acid was replaced with an
alanine. Table 4.1 shows the amino acid sequences of the peptides used in this study. The
activities of these peptides were estimated by dot immunoassay using monoclonal a-SP
Ab and polyclonal a-SP serum. Colour was developed in dots with 4-chloro-1-naphthol
as TM-Blotting™ failed to yield any color. Using the former reagent, none of the

analogues showed any evidence of binding with a-SP MADb, but alt showed evidence of

binding to polyclonal o«-SP serum.

Solid phase peptide syntheses on membranes were used to try and confirm the
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Dilution curve for the anti-substance P antibody obtained using a constant,
predetermined amount of SP-BSA conjugate. The amount of a-SP MADb captured

by the SP-BSA conjugate is shown as optical density of ELISA.
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Fig. 4.2
Relative affinities of anti-substance P antibody evaluated with a competitive
binding technique in the presence of a predetermined amount of SP-BSA conjugatc.
1:1,000 dilutions of o-SP MAb (25 pl) and different concentrations of SP or N-
terminal fragments of SP. The amount of «-SP MADb captured by the SP-B?A

conjugate is shown as optical density of ELISA.
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Relative affinities of anti-substance P antibody evaluated with a competitive
binding technique in the presence of a predetermined amount of SP-BSA conjugate,
1:1,000 dilutions of «-SP MAb (25 pul) and different concentrations of SP or SP’8,
SP*9, SP*10, SP!*!! and SP''. The amount of a-SP MADb captured by the SP-BSA

conjugate is shown as optical density of ELISA.
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Relative affinities of anti-substance P antibody evaluated with a competitive binding
technique in the giesence of a predetermined amount of SP-BSA conjugate, 1:1,000
dilutions of a-SP MADb (25 pl) and different concentrations of SP or selective
tachykinin receptor antagonists. The amount of a-SP MAb captured by the SP-B?A

conjugate is shown as optical density of ELISA.
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Fig. 4.5
Relative affinities of anti-substance P antibody evaluated with a competitive
binding technique in the presence of a predetermined amount of SP-BSA conjugate,
1:1,000 dilutions of a-SP MAb (25 ul) and different concentrations of SP or SP*"!
and SP’!'. The amount of a-SP MAD captured by the SP-BSA conjugate is shown

as optical density of ELISA.
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Relative affinities of anti-substance P antibody evaluated with a competitive
binding technique in the presence of a predetermined amount of SP-BSA conjugate,
1:1,000 dilutions of a-SP MADb (25 pl) and different concentrations of SP or SP*"!,
SP*!| SP*!! and SP5!'. The amount of «-SP MADb captured by the SP-BSA

conjugate is shown as optical density of ELISA.
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Relative affinities of anti-substance P antibody evaluated with a competitive
binding technique in the presence of a predetermined amount of SP-BSA conjugate,
1:1,000 dilutions of ¢-SP MADb (25 ul) and different concentrations of SP or SP**!
and SP*!. The amount of «-SP MADb captured by the SP-BSA conjugate is shown

as optical density of ELISA.
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4.4. DISCUSSION

The relative affinities of the a-SP MAD for SP and its various fragments were
estimated by inhibition ELISA. In this competitive binding technique, a constant amount
of SP-BSA conjugate bound to the plate was used to capture o.-SP MAD that had not
bound to different concentrations of SP or its fragments in solution (Jafarian et al., 1995).
The amount of «-SP MADb added was determined from a dilution curve and kept constant
in all experiments. This ensured reproducible measurements of relative affinity. The
findings indicated that the a.-SP MADb had approximately the same affinity for SP>!!, SP*
*1, SP*!! and SP*!! as SP itself. By contrast, the «-SP MAUb's affinity for SP*! and SP™"
was respectively 250 and 40 times greater than for SP. However, a-SP MAb's affinity for
SP*!! and SP*! was less than that for SP. In agreement with earlier findings (Cuello et
al, 1979), the data indicated that a-SP MAD is directed against C-terminus of SP.
Moreover, amino acids 6 and 7, and, to a lesser extent, amino acids 8 and 9, play a
crucial role in determining the «-SP MADb's affinity for SP and its fragments.
Interestingly, in this system, the «-SP MAb showed no affinity for N-terminal SP
fragments and mono- or di-peptides derived from SP’s C-terminal, confirming the crucial
role of all the four amino acids in the C-terminal of SP in determining affinity. The
NC1/34 was generated by immunizing mice with an antigen prepared by using
glutaraldehyde to couple SP via its N-terminal to keyhole limpet hemocyanin. Thus, the
a-SP MAD should be directed towards an epitopic site on the C-te:minal part of the
molecule. Similarity in the C-terminus of TK could account for weak cross rea_ctivity of

«.-SP MAD with eleidosin and NKA reported previously (Cuello et al., 1979; Jafarian et
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al., 1995). It is possible that conjugating SP to BSA and absorbing it onto the plate alters
or impedes expression of its relevant epitopic sites. Thus, the conjugate’s ability to
compete for a-SP MAb with free SP or SP fragments is probably reduced. Thus, this i
not a true “competitive” inhibition assay. However, as the conditions were sirailar for SP
and SP fragments, it is likely that the values obtained for the «-SP MADb's relative
affinities for them are representative. It was noteworthy that the «-SP MADb’s affinity
decreased from a peak at SP®!! to values around that for SP for fragments SP*!!, SP*!!,
SP*!' and SP*!!. This difference may be related to the fragments’ molecular size or
changes in their conformation in solution. SP*!! and NKAS!! differ by two amino acids
at positions 8 and 6 - Phe vs Val; Gln vs Ser, respectively. The commonality at amino
acids 7 (Phe vs Phe) and 9 (Gly vs Gly) may contribute to the cross reactivity observed.

The use of monoclonal antibodies against TK appears to be a powerful approach
for detecting TK and investigating their role. However, similarity in the C-terminus of TK
may preclude the use cf monoclonal antibodies directed towards the C-terminus of TK.
Thus, to detect and differentiate between the effects of TK molecules, it is necessary to
use highly specific monoclonal antibodies with minimal cross reactivity with other related
peptides. Antibodies directed against the respective N-terminals where there is
considerable variability among TK should be more specific.

De novo peptide synthesis was used to try and confirm the conclusions drawn from
measurements of relative affinities by inhibition ELISA. There are two different ways to
create a defined set of peptide sequences: the genetic and the synthetic approach (Fields

& Noble, 1990). The latter approach was adopted for these studies. It was decided to use
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the SPOTs solid phase synthesis system. With this method, numerous peptides can be
synthesized simultaneously on a derivatized cellulose membrane. Peptide “SPOTs” can
then be evaluated using a dot immunoassay. Analogues of SP%!' were prepared with
single sequential substitutions of alaninz for each amino acid (Table 4.1). As SPOTs
syntheses utilized the N-terminal for the addition of amino acids to the peptide, similar
peptides in which the C-terminal was “spaced” away from the membrane by four arginine
molecules to expose the methionine residue were also prepared. Lastly, analogues of SP
were prepared in which the C- and N-terminals were reversed. Dot immunoassay of all
these peptides revealed that none of these peptides bound the monoclonal «-SP Ab, but
all of them bound the polyclonal a-SP serum used as a positive control. These findings
indicate the importance of an accessible and untreated C-terminal portion of the peptide
for binding to the a-SP MAb. Addition of spacer arginine molecules clearly did not
provide this. The SPOTSs system used the C-terminal to bind the peptide to the membrane
and added amino acids via the N-terminal. Since the C-terminal is an important
contributor to the «-SP MADb's affinity for peptides, this method and alanine replacement
studies unfortunately did not provide information about the role of specific amino acids
in binding to o.-SP MAb. |

Lastly, we attempted to determine whether there were any similarities between the
a.-SP MADb's paratopic site(s) and NKR by measuring the Ab’s affinity for the selective
NK1-receptor antagonist CP 96,345 (Sinder et al., 1991) and the selective NK2-receptor
antagonist SR 48,968 (Emonds-Alt et al., 1992). NK1 and NK2 receptors belong to the

family of G-protein-coupled receptors. Neurokinin agonists and antagonists bind to the
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receptors’ extracellular domains (Frossard & Advenier, 1991; Cascieri et al., 1992). The
structure-activity relationships involved in SP’s binding have been much studied (Regoli
et al., 1984a; Buck & Burcher, 1986; Laufer et al., 1986). The smallest fragment with
significant affinity for NKR is SP*"! (Regoli et al., 1984b; Wang et al., 1993a; Boyle et
al., 1994). Interestingly, Wang et al. (1993b) showed that changes of chirality of the
amino acids in the C-terminal of SP markedly altered affinity for the NK1-receptor. By
contrast, changes at the N-terminal had much less ef¥zct. In our experiments, the a-SP
MADb bound neither the NK1- nor the NK2-receptor antagonist suggesting that the
paratopic site on the antibody bears little resemblance to the binding sites on NKR.

In conclusion, these experiments suggest that the monoclonal «-SP MAb derived
from the rat/mouse heterohybridoma NC1/34 is directed against epitopic sites on SP’s C-
terminal. Amino acids 6 and 7, and, to a lesser extent, 8 and 9, are important in
determining affinity. It appears that the methionine residue in the C-terminal of SP and
its fragments has to be exposed for binding to occur. However, we were unable to
confirm these conclusions using alanine scanning probably because the peptides
synthesized were attached to the SPOTs membrane via their C-terminal. in retrospect,
it would have been better to have employed & iethod of synthesis for the peptides that

used the N-terminal for addition of each amino acid.
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CHAPTER 5

PHARMACOLOGIC CHARACTERIZATION OF
BRONCHOSPASM INDUCED BY SUBSTANCE P AND

SUBSTANCE P FRAGMENTS IN GUINEA-PIGS

................................

A version of this chapter has been submitted to Pulmonary Pharmacology for publication.

-

Jafarian A. and Biggs. D.F.
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5.1. INTRODUCTION

SP is a neuropeptide considered to function as a neurotransmitter or neuromodulator in
the central and peripheral nervous system (James et al., 1992). It is well characterized in
terms of sites and mechanisms of biosynthesis, distribution, site of release and biological
actions. SP belongs to a family of closely-related peptides known as TK, that are widely
distributed in the airways and lungs of several species, including humans and guinea-pigs
(Maggio, 1985; Guard & Watson, 1991; Maggi, 1993; Maggi et al., 1993). Given
parenterally, they induce a variety of responses including contraction of bronchial smooth
muscle, mucus secretion, vasodilation, extravasation of plasma proteins and recruitment
of inflammatory cells (Lundberg & Saria, 1987; Maggi, 1990). Thesc effects comprise
“neurogenic” inflammmation. It has beén suggested that release of endogenous TK, SP and
NKA, from pulmonary afferent C-fibres contributes to bronchial obstruction in asthma
(Lundberg & Saria, 1987; Maggi, 1990; Maggi, 1993).

With few, but important exceptions (e.g. mast cell degranulation and some
behavioral effects), the biological effects of TK are mediated via their structurally similar
carboxy-terminal sequence: ....Phe-X-Gly-Leu-Met-CONH, on NK1, NK2 and NK3
receptors (Erspamer, 1981; Guard & Watson, 1991; Nakanishi, 1991; Gerard et al., 1993).
Predictably, in vitro and in vivo, non-selective or selective NKR antagonists reduccd or
abolished tachykinin-induced bronchospasm (Ballati et al., 1992; Ichinose et al., 1992;
Foulon et al., 1993; Maggi, 1993).

As with other peptide transmitters, the physiologic effects of TK are limited by

enzymatic degradation at or near their site of release. All TK are subject to cleavage by
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NEP; SP is also subject to cleavage by ACE and aminopeptidase (Lilly et al., 1993).
Studies in vitro have shown that ACE hydrolyses SP at Gly®-Leu'® and Phe®*-Gly®. NEP
cleaves SP preferentially at the amino-terminal side of the hydrophobic amino acid
residues Phe’ or Phe® and Leu'®. Some of the metabolites are further cleaved by these
enzymes (Lilly et al., 1993). In vivo, the major metabolites of SP are SP'® and SP'*!!
(Masata et al., 1984; Borson et al., 1987). In vitro and in vivo, NEP or ACE inhibitors
have been shown to augment SP and NKA's biologic effects (Borson et al., 1987; Shore
& Drazen, 1988; Shore & Drazen, 1991). The products of NEP and ACE cleavage of SP
at Gly®-Leu'® have no bronchospastic activity in guinea-pigs, but SP*!! and SP*'!, which
result from cleavage of SP by dipeptidyl (amino) peptidase IV, are more potent
bronchoconstrictors than SP (Shore & Drazen, 1988). We used selective NK 1 and NK2
receptor antagonists to characterize the bronchospasm induced in anesthetized guinea-pigs

by injection of SP or its fragments.

5.2. METHODS AND MATERIALS

5.2.1. Animals

SPF-quality, female Hartley-strain guinea-pigs (weight range: 350-450 g) were
obtained from Charles River Inc., St. Constant, Québec. They were transported to
Edmonton in filter-top boxes and housed in laminar flow units (Bioclean™, Hazleton) on

grids over trays of rock salt and fed guinea-pig chow supplemented with apples. Water

was allowed ad lib.
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5.2.2. Methods
5.2.2.1. Measvrement of airways' responsi::cness

Groups (n = 3-5) of SPF-quality, female, Hartley-strain guinea-pigs (weight range:
400-450 g) were used. They were anesthetized with sodium pentobarbital (40-50 mg kg™,
ip, with additional doses, 5 mg kg”, iv. as required). Their tracheas were cannulated
(PE240) and artificial respiration was applied (tidal volume = 9 ml kg, pump speed =
20 stroke< .:¥j with a rodent ventilator (Ugo Basile, Varese, Italy). A jugular vein was
cannulii’  #ESO) for giving drugs iv. Succinylcholine (0.03 mg kg, iv) was given to
paralyse animals and prevent spontaneous respiratory movements. Pulmonary flow
resistance (R,) and dynamic pulmonary elastance (E,) were measured continuously,
breath-by-breath, using a computerized system (Jafarian et al., 1995). Agonists were given
in ascending order of dose and after each dose animals were inflated with two tidal
volumes to expedite return to baseline values of R, and E,. Dose-response (peak response
as percent change from baseline values of R, and E,) curves to SP, SP*!, SP*!!, SP™",
SPe1l, Spsl, §p+t, Sp>!l Sp*!l SP'4, SP'7 and SP!® were established and the effects
of selective NK 1 or NK2 receptor antagonist were determined. The amino acid sequences
of the peptides used are shown in Table 4.2. The relative bronchoconstrictor activities of
SP and its fragments were estimated by linear regression. Antagonists were given iv 15
min before injecting SP or SP fragments. Drugs were dissolved in distilled water except
for SR 48,968 (4 mg was dissolved in ethanol 95%, 0.1 ml), SP*!! (dimethylsulfoxide,
0.1 ml) and SP'7 and SP*!! (acetic acid, 0.05%). All drugs were diluted to their final

concentrations with 0.9% saline.
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5.2.3. hia: : -ials

Drugs used were: substance P (Biochem Pharma Inc.,, Montréal, PQ),
succinylcholine chloride, SP®-!!, SP®!!, SP”-!!, SPS!! SpP*!!, SP*!!, SP*!!, SP*!!, SP'+, SP'7
and SP'® (Sigma, St. Louis, MO USA), sodium pentobarbital (Euthanyl™, M.T.C
Pharmas=zuticals, Markham, ON); methionine, Phe-Phe, Phe-Gly, Gly-Leu and Leu-Met
(Bachem Bioscience Inc., Philadelphia, PA USA); CP 96,345 and CP 99,994 were gifts

of Pfizer Inc., Groton, CO. SR 48,968 was gift of Sanofi Récherche, Montpelier, France.

5.2.4. Statistical analyses

Dose-response curves were plotted as mean + SEM. Data were analyzed using
Sigmastat™ and SAS programs. Mann-Whitney rank sum tests, Student’s ¢ tests and one-
way ANOVA were used to examine differences among responses; least square linear
regression analyses were used to determine linearity and relative potency of peptides.
Differences among ED, and ED,,, (nmol kg™ of peptide required to cause 700% increase

in R,, or 250% increase in E,, respectively) were used to compare peptides’ potency.

Significance was assumed at the 5% level.

5.3. RESULTS

5.3.1. Bronchopulmonary responses to SP and SP fragments
N-terminal fragments of SP and C-terminal fragment of SP containing < 6 amino
acids had no bronchospastic effects in doses up to 3.5 pmol kg''. SP (1.49 - 5.94 nmol

kg!), SP*!! (1.68-6.71 nmol kg™*), SP*!! (1.83-7.31 nmol kg*), SP*"' (0.041-0.828 nmol
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kg*), SP*! (1.15-11.50 nmol kg') and SP*'! (1.35-10.80 nmol kg?), aii iv, induced dose-
dependent increases in R, and E, (for R;: r? = 0.9594-0.9983; for E,: r* = 0.8997-0.9742)
(Figs. 5.1-5.2). On plotting maximal (peak) responses to individual doses, the
bronchoconstrictor activities of SP and SP fragments were compared by linear regression.
ED,q, (R) and ED,s, (E;) were determined from the dose-response curves and used to
compare the relative bronchoconstrictor activity of these peptides. Data are summerized
in Table 5.1 The order of potency of SP and SP fragments was: SP*!! >> Sp>!! = sp*"!

= Sp?!! > §P%!! = SP >>> SP”!! > SP*! (Figs. 5.1-5.2 and Table 5.1).

5.3.2. Effects of NKR antagonists on bronchopulmonary responses induced by SP
and SP fragments

Pharmacologic characterization of the bronchoconstrictor activity of SP and SP
fragments was carried out with selective NK 1 and NK2 receptor antagonists. The selective
NK1 receptor antagonists, CP 96,345 or CP 99,994 (3.0 mg kg™, iv), and the selective
NK2 receptor antagonist, SR 48,968 (1.0 mg kg, iv), did not alter baseline values of R,
and E, (R.: before = 0.27 + 0.03; after = 0.27 + 0.03; n = 38, p > 0.05); (E.: before =
1.75 + 0.29; after = 1.74 + 0.31; n = 38, p > 0.05)). We have shown that these doses of
CP 96,345 and SR 48,968 were effective in decreasing the bronchopulmonary responses
to SP, NKA and selective NK1 or NK2 receptor agonists (se chapter 6 for details). The
selective NK1 receptor antagonists caused a significant rightward shift of the dose-
response curves to SP and SP fragments (n = 3-5, p < 0.05) (Figs. 5.3-5.8, Table 5.1). By

contrast, the selective NK2 receptor antagonist had no significant effect on bronchospastic
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TABLE 5.1

The relative bronchoconstrictor activities of substance P (SP) and SP fragments

Agonist n ED;e (Ry) Relative ED,,, (E)) Relative
(nmol kg') potency (nmol kg") potency
SP 5 5.81 + 0.94 1.00 423 + 0.51 1.00
Sp ! 3 394 + 0.63 1.48 242 + 043 1.75
Sp3-!! 3 3.80 + 0.67 1.53 2.38 + 0.52 1.77
Sp 4! 3 0.15 £ 0.03 38.73 0.47 + 0.09 9.00
Sps-! 3 385 + 044 1.63 2.66 :+ 0.61 1.59
Sp &l 3 358 + 0.74 1.03 4.05 + 0.76 1.04
sp’u 3 > 2500 < 0.002 > 2500 < 0.002
Sp&! 3 > 2500 < 0.002 > 2500 < 0.002
Sp o 3 > 5000 < 0.001 > 5000 < 0.001
Sp o1 3 > 5000 < 0.001 > 5000 < 0.001
sSp ! 3 > 5000 | < 0.001 > 5000 < 0.001
) e 3 > 5000 < 0.001 > 5000 < 0.001
Sp&° 3 > 5000 < 0.001 > 5000 < 0.001
Sps-10 3 > 5000 < 0.001 > 5000 < 0.001

Values are means + STD; n, number of experiments; ED,, (R,), doses of peptides (nmol
kg!') required to cause 700% increase in pulmonary flow resistance (R;) from baseline
values. ED,5, (E.), doses of peptides (nmol kg') required to cause 250% increase in

dynamic pulmonary elastance (E,) from bascline values.
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Fig. 5.1
Changes in pulmonary flow resistance in response to various doses of SP and SP
fragments (all iv) in anesthetized, paralyzed guinea-pigs. Results, expressed as

percent changes from baseline values, are mean + SEM of 5 experiments.
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Fig. 5.2
Changes in dynamic pulmonary elastance in response to various doses of SP and
SP fragments (all iv) in anesthetized, paralyzed guinea-pigs. Results, expressed as

percent change from baseline values, are mean + SEM of 5 experiments.
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The effects of iv administration of 3 mg kg™ CP 96,435 (selective NK1 receptor
antagonist), 1 mg kg' SR 48,968 (selective NK2 receptor antagonist) or
combination of 3 mg kg CP 96,435 and 1 mg kg SR 48,968 on the changes in
pulmonary flow resistance induced by various doses of SP iv. Results, expres§ed

as percent changes from baseline values, are mean + SEM of S experiments.
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Fig. 5.4
The cffects of iv administration of 3 mg kg™ CP 99,994 (selective NK 1 receptor
antagonist), 1 mg kg' SR 48,968 (selective NK2 receptor antagonist) or
combination of 3 mg kg”' CP 99,994 and 1 mg kg’ SR 48,968 on the changes in
pulmonary flow resistance induced by various doses of SP*!! iv. Results, expressed

as percent changes from baseline values, are mean + SEM of 3 experiments.
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Fig. 5.5
The effects of iv administration of 3 mg kg™ CP 99,994 (selective NK1 receptor
antagonist), 1 mg kg' SR 48,968 (selective NK2 receptor antagonist) or
combination of 3 mg kg CP 99,994 and 1 mg kg SR 48,968 on the changes in
pulmonary flow resistance induced by various doses of SP*>!! iv. Results, expressed

as percent changes from baseline values, are mean + SEM of 3 experiments.
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The effects of iv administration of 3 mg kg™ CP 96,435 (selective NK I receptor
antagonist), 1 mg kg’ SR 48,968 (selective NK2 receptor antagonist) or
combination of 3 mg kg CP 96,435 and 1 mg kg"' SR 48,968 on the changes in
pulmonary flow resistance induced by various doses of SP*!! jv. Results, expres§ed

as percent changes from baseline values, are mean + SEM of 3 experiments.
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pulmonary flow resistance induced by various doses of SP*"! iv. Results, expressed
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responses to SP and all of its C-terminal fragments except for SP*!! (n = 3-5, p >
0.05) (Figs. 5.3-5.8). However, a combination of the NK1 and NK2 receptor
antagonists induced significantly greater rightward shift of dose-response curves to
SP and its fragments (Figs. 5.3-5.8). Results are quantitated and summarized in
Table 5.2 (EDsy (Ry) (dose of agonist required to cause 300% increase in R, was
used to compare the effect of NKR antagonists on SP- and SP fragments-induced
bronchospasm because in the presence of these antagonists large quantities of
peptides were required to get ED,q)). The ratios of the doses of agonists required
for inducing equivalant changes in R, in the absence and the presence of selective
NKR antagonists were computed (Table 5.2). Pretreatment with NK1 receptor
antagonist resulted in a rightward shift (3-9 fold) in the dose-response curves to SP
or its fragments. Pretreatment with combination of NK1 and NK2 receptor
antagonists resulted in a rightward shift (38-59 fold) in the dose-response curve to
SP or its fragments (Table 5.2). Data for E, are not shown; the findings were

sirnilar to those for R,

5.4. DISCUSSION

Structure-activity relationship studies showed that amino acid sequence of
the C-terminal of SP is necessary for most of its biologic activities (Frossard &
Advenier, 1991). In this study we characterized neurokinin-mediated responses in
guinea-pigs by comparing the actions of selective NK1 and NK2 receptor

antagonists against SP- or SP fragment-induced bronchoconstriction. Our findings
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TABLE 5.2

Antagonism of the bronchospastic effects of substance P (SP) and SP fragments by

selective NKR antagonists in anesthetized guinea-pigs

Neurokinin Control CP 96.345 or | Ratio SR 48,968 Ratio CP 96.345 ot ...(m
antagonists CP 99,994 CP 99,994 +
SR 48,968
Treatment | n ED.y, ED.y (R)) ED.y (R)) ED,, (R,)
(nmol kg*) (nmol kg™) (nmol kg*) (nmoi kg'')

SP 5] 299 :+ 091 > 20 - 3.74 + 0.94 1.25 > 40 -
spx!! 3] 3.95 + 091 17.35 + 2.21 4.4 4.12 + 0.89 1.04 173.25 + 1493 439
sp* 3} 253 +048 17.72 + 2.00 7.0 2.58 + 0.11 1.02 109.12 + 15.76 43.1
sp+i! 31 0.15 + 0.03 1.39 + 0.31 9.2 0.12 + 0.03 | 0.80 563 : 0.85 375
sp*! 3] 386 x044 | 3426 + 5.31 8.9 4.02 1 0.53 1.04 | 22132 £ 1943 | 573
spei! 31583074 16.83 : 3.22 2.8 599 :+ 0.82 1.03 345.73 + 62.71 59.3

Values are means : STD; n, number of experiments; ED,y,, doses of peptides

(nmol kg') required to cause 300% increase in pulmonary flow resistance (R,)

from baseline values.

indicat=d that bronchospastic activity of SP depends on the its C-terminal. These

findings confirm and extend those of Shore and Drazen (1988) who also showed

that iv administration of SP or its C-terminal fragments induced

bronchoconstriction in guinea-pigs. The inability of SP’s N-terminal fragments to
induce bronchospasm further confirms the involvement of the C-terminal of SP in

inducing bronchospasm. It has been shown that the methionine at position 11 has
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a crucial role in determining SP’s activity (Chipkin et al., 1979) which may explain
the inability of N-terminal fragments of SP to induce bronchospasm.

SP%!! was as potent a bronchoconstrictor as SP but C-terminal fragment of
SP containing < 6 amino acids had no specific bronchospastic effect at the doses
examined. These findings suggest the minimum requirement for inducing a specific
bronchospastic activity is 6 amino acids in the C-terminal of SP. These findings are
in agreement with those of Pernow (1983) who showed that SP®**!! was the smallest
fragment of SP with the ability to induce biologic activities. Removal of up to 4
amino acids from N-terminal of SP increased the bronchoconstrictor activities of
these peptides as SP*!, SP*', SP*" and SP*! were more potent
bronchoconstrictors than SP. However, removal of more than five amino acids
reduced or abolished bronchocoustrictor activity. The bronchospastic effect of C-
terminal fragments, SP”"!’ and SP*"', seen only at high doses, could possibly be due
to the low affinity of these peptide for NKR. Also, interaction with non-specific
sites may possibly explain- the effects of SP’-!! and SP®*!! since other basic amino
acid residues like tuftsin, mastoparan and cationic protein showed similar
physiologic effects, possibly via direct activation of G-protein by basic peptides
(Mousli et al., 1989; Mousli et al., 1990). SP*!'" was the most potent
bronchoconstrictor fragment. The presence of proline at position 4 may account for
this as presence of proline can modify the conformation of the carboxy-terminal
sequence (Cascieri et al.,, 1992), to optimize its interaction within the binding

pocket of the NK2 receptor. However, further addition of one to three amino acids
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(lysine, proline and arginine) may provide additional binding interactions or modify
the conformation of carboxy-terminal to favour binding to NK1 receptors whose
activation leads to less bronchospastic effect than activation of NK2 receptors.
The selective NK1 receptor antagonists CP 96,345 or CP 99,994 and the
selective NK2 receptor antagonist SR 48,968 did not change the baseline values of
R, and E, indicating that their effects are not via nonspecific effects on baseline
airway calibre or airway smooth muscle contractility. CP 96,345 or CP 99,994
greatly reduced responses to SP and SP fragments. By contrast, SR 48,968, in a
dose that blocked responses to NKA and the selective NK2 receptor agonist [B-
Ala®]-NKA 4-10, significantly reduced responses to only SP*''. These findings
suggest that SP and its C-terminal fragments induce bronchoconstriction mainly via
NK1 receptors. As a selective NK2 receptor antagonist reduced bronchospasm
induced by SP*!!, the greater bronchoconstrictor activity of SP*!!' may, at lcast in
part, be explained by its effects being mediated via NK2 receptors. A combination
of NK1 and NK2 receptor antagonists caused greater rightward shift of the dose-
response curves to SP and SP fragments suggesting that bronchoconstriction
induced by SP or SP fragments is mediated via both NK1 and NK2 receptors in
guinea-pig. These findings are supported by those of Bertrand et al. (1993) and
Foulon et al. (1993) who showed that in guinea-pigs both the NK1 and NK2
receptors must be involved in bronchospasm induced by these agonists. Ballati et
al. (1992) claimed that capsaicin’s bronchospastic effects were reduced _by

capsaicin-induced release of TK that had stimulatory actions on NK2 receptors in

162



sympathetic ganglia. This may explain the ineffectiveness of selective NK2 receptor
antagonist on bronchospasm induced by these peptides while in combination with
selective NK 1 receptor antagonists it induced significance decrease in this response.
Studies on the effects of septide, an analogue of SP C-terminal which was belived
to be a specific NK1 receptor agonist, have shown the existence of a distinct new
NKR named “septide -sensitive” receptor.’? It has been suggested that NK1 receptor
agonists and septide act on different sites of the receptor protein which leads to
distinct conformational changes induced by these peptides (Pradier et al., 1994).
Mutational studies have shown that there may be conformational compatibility
between each antagonist and NKR so that binding to one receptor may lead to
specific changes which are different from changes which occure when both
receptors are occupied (Huang et al., 1994a). It is possible that both NK1 and NK2
receptors are located on the same cell or NK1 and NK2 receptor antagonists act on
different sites of the same protein. This may explain the greater effect of
combination of NK1 and NK2 receptor antagonist in blocking bronchoconstriction
induced by SP and its fragments.

In conclusion, SP*!!, SP*!!, SP?!! and SP%!! induce bronchoconstriction
mainly via NK1 receptors; SP*!! acts via NK1 and NK2 receptors. N-terminal

fragments of SP were devoid of bronchospastic activity.
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CHAPTER 6

MECHANISMS INVOLVED IN BRONCHOPULMONARY

RESPCONSES TO CAPSAICIN

A version of this paper has been submitted to Pulmonary Pharmacology for publication.

-
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6.1. INTRODUCTION

In many tissues, capsaicin selectively stimulates a sub-population of sensory
parasympathetic and sympathetic afferent nerves to release neuropeptides (Saria et al.,
1988; Manzini et al., 1989¢c; O’Neill, 1991).Thus, in perfused guinea-pig lungs, in vitro,
low concentrations of capsaicin induced the release of SP, NKA and CGRP (Saria et al.,
1984; Lundberg & Saria, 1988; Martling et al., 1988) and, in vivo, non-selective or
selective NKR antagonists reduced or abolished capsaicin-induced bronchospasm (Ballati
et al.,, 1992; Bertrand et al., 1993). Capsaicin acts on “vanilloid” receptors, non-selective
cation channels, on the nerve terminal (Maggi & Meli, 1988; O'Neill, 1991). Stimulation
of vanilloid receptors leads to the entry of Na* and Ca?" ions into the sensory nerve
terminals, to their depisarization and to the release of neuropeptides (Dray, 1992;
Lundberg ¢t +%., 1992). ‘Whether depolarization of these sensory endings evokes central
or axonal reiini-anvided effects is controversial (Biggs & Goel, 1985; Maggi & Meli,
1988; Kroll et al., 1990). Most investigators showed that axonai reflexes had no role in
the capsaicin-induced release of neuropeptides (Molnar et al., 1969; Biggs & Goel, 1985).
By contrast, there are conflicting views on the role of centrally mediated-reflexes in
capsaicin’s pulmonary effects, in vivo. Some have found pharmacologic evidence for
central reflex effects (Delpierre et al., 1981; Ballati et al., 1993 . ~thers have found none
(Szeicsanyi, 1983; Kroll et al.,, 1990). However, there is general agreement that at least
part of capsaicin’s bronchospastic effects are mediated by its ability to release
neuropeptides from sensory nerve endings. Thus, NK2 receptor antagonists, or the

destruction of sensory nerve endings by pretreatment with large amounts of capsaicin,
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greatly reduces or prevents capsaicin-induced bronchospasm (Karlsson & Persson, 1985:
Sarid el al., 1985). Although, there is good evidence for NK1 receptors mediating
bronchospasm (Longmore et al., 1994), surprisingly, NK 1 receptor antagonists alone have
little effect on capsaicin-induced bronchospasm (Maggi, 1990; Lilly et al., 1994).
However, both NK1 and NK2 receptor blockade is required to abolish capsaicin’s
pulmonary effects (Maggi, 1990; Ballati et al., 1992; Bertrand et al., 1993).

CGRP is co-released by capsaicin with SP and NKA; its role in capsaicin’s
bronchospastic effects is unclear. Althou_h CGRP has no effect on guinea-pig airway
smooth muscle, in vitro (Martling et al., 1988; Luts et a!., 1990; Parsons et al., 1992), in
many tissues, there is good evidence that CGRP has neuromodulatory zs well as direct
effects (Cadieux et al., 1990; Cadieux & Lanoue, 1990). We characterized capsaicin-
induced bronchospasm in anesthetized guinea-pigs using a specific monoclonai antibody
against 5F and selective NKR agonists and antagonists. Also, we determined the effects

of hCGR¥ and a CGRP antagonist (CGRP**’) on capsaicin-induced pulmonary responses.
6.2. METHODS AND MATERIALS

6.2.1. Animals
SPF-quality, female Hartley-strain guinea-pigs (weight range: 350-450 g) were
obtained from Charles River Inc., St. Constant, Québec. They were transported to

Edmonton in filter-top boxes and housed in laminar flow units (Bioclean™, Hazleton) on
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grids over trays of rock salt and fed guinea-pig chow supplemented with apples. Water
was allowed ad lib. All experimental procedures were reviewed and approved by the

Health Sciences Animal Welfare Committeee, University of Alberta.

6.2.2. Methods

6.2.2.1. Pulmonary measurements

Guinea-pigs were anesthetized with sodium pentobarbital (40-50 mg kg™, ip) with
additional doses (5-10 mg kg, iv) as required. Their tracheas were cannulated about 1
cm caudal to the larynx (PE240, 3 cm) and artificial respiration was applied (tidal volume
=9 ml kg, pump speed = 20 strokes min!) with a rodent ventilator (Ugo Basile, Varese,
Italy). A jugular vein was cannulated (PES0, 20 cm, attached to a 23G1 needle, total dead
space = 0.06 ml) for giving drugs iv. All animals received succinylcholine (0.03 mg kg™,
iv) to prevent spontaneous respiratory movements that might interfere with measurements.
Air flow was measured via a pneumotach (Fleisch 0000, Validyne MP45 differential
pressure transducer) and intratracheal pressure relative to atmosphere via a pressure
transducer (Validyne MP45). Signals were digitized and processed to yield
brcatl;by-breath values of R, and E,, using a computerized system. In some experiments,
arterial blood pressure was monitored via a catheter (PESO) placed in a carotid artery
(Statham P23Dd pressure transducer, HP 8805B carrier amplifier, HP 7702B chart

recorder). Dose- (ascending order, responses allowed to return to baseline before injection

of the next dose) response (as absolate values or as percent change from baseline values
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of R, or E,) curves were established to capsaicin, SP, NKA, [Sar’ Met(0O,)!!]-SP and (B-
Ala®}-NKA*' in separate control and test groups of animals. Antagonists, autonomic
blockers hCGRP*?*” and control vehicle were given (iv) 15 min before agonists. In one
set of experiments, a-SP MAb was given (iv) 30 min before capsaicin; in another, it was
given 24 h (ip) and 30 min (iv) before animals were used for experiments. Bilateral

vagotomy was performed midcervically. hCGRP was given alone, or immediately before

injection of SP, NKA, or capsaicin.

6.2.3. Materials

Drugs used were: substance P, neurokinin A and human calcitonin-gene-related
peptide (hCGRP) (Biochem Pharma Inc., Montréal, PQ); [Sar’ Met(0,)"']-SP, [B-Ala*-
NKA*', and human calcitonin gene-related peptide™ (hRCGRP*) (Peninsula
Laboratories Inc., Belmont, CA); atropine sulphate (BDH. Toronto, ON); mecamylamince
hydrochloride (gift of Merck, Sharp & Dohme Research Lab., Rahway, NJ); nadolol (gift
of Bristol-Myers Squibb Canada Inc., Montréal, PQ); pelargonic acid vanillylamide
(synthetic capsaicin) (Fluka AG, CH-9470 Buchs, Switzerland); sodium pentobarbital
(Euthanyl,™ M.T.C Pharmaceuticals, Markham, ON); succinylicholine chloride (Sigma,
St. Louis, MO). CP 96,345 was a gift of Pfizer Inc., Groton, CO; SR 48,968 (gift of
Sanofi Récherche, Montpellier, France). a-SP MAb was obtained from the rat/mouse

heterohybridoma NC1/34 (Jafarian et al., 1995).
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6.2.4. Statistical analyses

Points comprising dose-response curves were plotted as mean + SEM. Data were
analyzed using Sigmastat™, Mann-Whitney rank sum tests, Student’s ¢ tests. One- and
two-way ANOVA were used to compare differences among responses. Regression
analyses were used to determine linearity and confidence limits. Significance was assumed

at the 5% level.

6.3. RESULTS

6.3.1. Bronchopulm#snary responses to capsaicin and effects of autonomic blockers

Capsaicin (4.0-30.0 pg kg, iv) induced dose-dependent changes in R, and E,
(Fig 6.1). As responses to the largest doses of capsaicin were slow to return to baseline
values and showed evidence of a cumulative effect of the drug, separate groups of control
and test animals were used.

Baseline values of R; and E; were similar in guinea-pigs pretreated with the
muscarinic blocker atropine (0.5 mg kg™, iv; p > 0.05, n = 4) or bilaterally vagotomized
(p > 0.05, n = 3) and untreated controls. Dose-response curves to capsaicin in atropinized
or vagotomized animals were similar to those in untreated controls (Fig. 6.1; p > 0.05,
n = 4 or 3). By contrast, although the ganglionic blocker mecamylamine (5 mg kg, iv)
did not alter baseline values of R, and E, compared to untreated controls, it significantly
increased bronchopulmonary responses to capsaicin (Fig. 6.1; p < 0.05, n = 3). The non-

specific -receptor blocker nadoloi (1.0 mg kg, iv) significantly increased baseline
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values of R; and E; (R;: 0.189 : 0.004 to 0.254 - 0.023, p < 0.05,n = 6; E;: 1.693 .
0.044 to 2.232 + 0.17, p < 0.05, n = 6). Nadolol significantly increased responses to
capsaicin (n = 3, p < 0.05) (Fig. 6.1). After correcting for changes in baseline, analysis
of responses to capsaicin in guinea-pigs pretreated with nadolol indicated that the
responses were significantly greater (p < 0.05) than those in control or mecamylamine-
treated animals (Fig. 6.2). Ccinbinations of mecamylamine and nadolol increased
bronchopulmonary responses to capsaicin more than either drug alone (Figs. 6.1 - 6.2).
After correcting for changes in baseline, two-way ANOVA indicated that the drugs'

effects were additive. Findings for E; (not shown) were similar to those for R,.

6.3.2. Effects of «-SP MAD on bronchopr::monary responses to capsaicin

In doses that significantly inhibited responses to SP or NKA, (Jafrian et al., 1995)
«-SP MAD (iv), did not alter baseline values of R, and E; (R;: before = 0.26 + 0.03:
after = 0.27 + 0.03, p > 0.05, n = 4; E; : before = 2.75 + 0.015, after = 2.67 1+ 0.42, p >
0.05, n = 4). Also, baseline values of R, and E, in the a-SP MAb-treated and vehicle-
treated control gro. - similar (R;: test = 0.26 + 0.03, control = 0.27 + 0.03, p >
0.05,n = 4; E, test = 2.75 + 0.43, control = 2.68 + 0.41, p > 0.05, n = 4). Given only
iv, a-SP MAD did not alter the changes in R, and E, induced by capsaicin (Fig. 6.3). By
contrast, &-SP MAb given 24 h (ip) and 30 min (iv) before capsaicin, significantly
reduced capsaicin-induced changes in R, and E,. (n = 3, p < 0.05) (Fig. 6.3). An
“irrelevant” rat IgG antibody given in similar doses 24 h (ip) and 30 min (iv) befor«

capsaicin did not alter bronchopulmonary responses tc capsaicin (data not shown).
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The effects of auiono:nic blockers on changes in pulmonary flow resistance in
response to various doses of capsaicin (iv). Results as percent change fromn baseline

values are mean + SEM of 3-6 experiments.
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6.3.3. Bronchopulmonary responses induced by SP, NKA, [Sar’,Met(O,)'']-SP, [B-
Ala®’]-NKA and capsaicin

SP (1.0-8.0 pg kg'), NKA (0.1-1.0 pg kg™'), [Sar’, Met(O,)!']-SP (0.2-1.0 pg kg™),
[B-Ala®]-NKA** (1.0-6.0 ug kg) and capsaicin (5.0-30.0 pg kg) (all iv) induced dose-
dependent increases in R, and E, in the control groups (Figs. 6.4A & B, 6.5A & B, 6.6A
& B and 6.7). The onset of SP-, [Sar®, Met(0,)"']-SP-, NKA and [B-Ala®]-NKA*'%induced

bronchospasm and recovery to baseline were slower than those of capsaicin (Table 6.1).

6.3.4. Effects of NKR antagonists on bronchopulmonary responses induced by SP,
NKA, [Sar’,Met(0,)""]-SP, [B-Ala®*}-NKA and capsaicin

The NK1 receptor antagonist CP 96,345 (1.0-3.0 mg kg™*) did not alter baseline
values of R, and E,, but reduced responses to SP and blocked responses to the selective
NK1-receptor agonist, [Sar’,Met(O,)'']-SP (Figs. 6.4A & B, 6.5A & B, 6.6A & B ).
However, CP 96,345 did not reduce or block responses to capsaicin (Fig. 6.7). Moreover,
in some guinea-pigs (2 of 7) CP 96,345 significantly (p < 0.05) increased bronchospastic
responses to capsaicin (Fig. 6.8).

The NK2 receptor antagonist SR 48,968 (0.1-1.0 mg kg, iv) had no effect on
baseline values of R, and E,, but blocked responses to NKA and [B-Ala®]-NKA%°, and
greatly reduced, but did not abolish, pulmonary responses to capsaicin (Figs. 6.4A & B,
6.5A & B, 6.6A & B and 6.7). A combination of the NK1 and NK2 receptor antagonists

eliminated bronchopulmonary responses to capsaicin (Fig. 6.7).
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TABLE 6.1
Time (s) required to achieve maximal bronchoxpasm (peak response) after injection of
agonists iv (t max) and the half life (t,,) of the peak response. Data are expressed as

mean - SEM of 4-6 experiments.

AGONIST t max (s) t,,. PEAK RESPONSE
(s)
Capsaicin 10.5 + 0.9 1201 0.3
[Sar’,Met(0O,)!']-SP 205 + 45 18.1 : 1.8
Substance P 138 + 1.2 20.1 + 0.6
Neurokinin A 75.0 = 10.2 55.6 + 3.6
[B-Ala®]-NKA*!° 674 + 8.8 673 1+ 49

6.3.5. Effects of hCGRP and hCGRP*¥ on bronchopulmonary responses to SP, NKA
or capsaicin

In doses that significantly decreased mean arterial blood pressure, hCGRP (iv) did
not alter baseline values of R, and E, or the changes in R, and E, induced by SP, NKA
or capsaicin (n = 4, p > 0.05) (Figs. 6.9 - 6.10). By contrast, hCGR?** a CGRP
antagonist (Bartho et al, 1991; Maggi et al., 1991d), in doses that did not alter baseline
values of R and E; but reduced the depressor effects of hCGRP (Fig. 6.11), significantly

(p < 0.05) increased pulmonary responses induced by capsaicin (Fig. 6.12).
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The effects of CP 96,345 (selective NK 1 receptor antagonist) and SR 48,968
(selective NK2 receptor antagonist) on changes in pulmonary flow resistance in
response to various doses of NKA (A) and SP (B) (iv). Results, expressed as

percent change from baseline values, are mean + SEM of 4-6 experiments.
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DYNAMIC PULMONARY ELASTANCE
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The effects of CP 96,345 (selective NK1 receptor antagonist) and SR 48,968
(selective NK2 receptor antagonist) on changes in dynamic pulmonary elastance in
response to various doses of NKA (A) and SP (B) (iv). Results, expressed as

percent change from baseline values, are mean + SEM of 4-6 experiments.
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The effects of CP 96,345 (selective NK1 receptor antagonist) and SR 48,968
(selective NK2 receptor antagonist) on changes in pulmonary flow resistance in
response to various doses of selective NK2 (A) and NK 1 (B) receptor agonists (iv).
Results, expressed as percent change from baseline values, are mean + SEM of 4

experiments.
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Fig. 6.7
The effects of CP 96,345 (selective NK1 receptor antagonist) and SR 48,968
(selective NK2 receptor antagonist) on changes in pulmonary flow resistance in
response to various doses of capsaicin (iv). Results, expressed as percent change

from baseline values, are mean = SEM of 4-6 experiments.
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The effects of CP 96,345 (selective NK1 receptor antagonist) on changes in
pulmonary flow resistance in response to various doses of capsaicin (iv). Results,
expressed as percent change from baseline values, are mean + SEM of 2

experiments.
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The effects of CGRP on changes in pulmonary flow resistance in response to
various doses of SP and NKA (iv). Results, expressed as percent change from

baseline values, are mean = SEM of 4-6 experiments.
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Fig. 6.10

The effects of CGRP on changes in pulmonary flow resistance in response to
various doses of capsaicin (iv). Results, expressed as percent change from baseline

values, are mean + SEM of 4 or 6 experiments.
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The effects of CGRP*?’ on the depressor effects of CGRP (iv). Results, expressed
as change in mean arterial blood pressure (mm Hg), are mean + SEM of 4
experiments.

(* p < 0.05)
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The effects of CGRP**” on changes in pulmonary flow resistance in response to
various doses of capsaicin (iv). Results, expressed as percent change from baseline
values, are mean + SEM of 4 experiments.

(* p < 0.05)
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6.4. DISCUSSION

SPF-quality guinea-pigs, shipped in filter top boxes and maintained in laminar
flow units that supplied HEPA-flitered air were used in these experiments. Guinea-pigs
were maintained on grids over trays of rock salt and routine, periodic histologic
examinations of animals’ lungs revealed no pathologic findings. Thus, it is unlikely that
responses to tachykinins and capsaicin were enhanced or modified by the presence of
infections or environmental factors such as ammonia (rryer & Jacoby, 1991; McDonald
et al,, 1991; McDonald, 1992).

Capsaicin may induce bronchospasm viu direct effects on afferent nerve endings
that release SP and NKA, via axonal reflexes that release thesc tachykinins, via centrally
mediated reflexes whose efferent arc comprises the parasympathetic nervous system, or
combinations of these effects (Maggi & Meli, 1984). Some workers (Molnar et al., 1962:
Szolcsanyi, 1983; Maggi & Meli, 1984; Biggs & Goel, 1985) concluded that there was
no central cholinergic reflex component to capsaicin-induced bronchospasm in guinea-
pigs. Others (Delpierre et al., 1981; Kroll et al., 1990; Ballati et al., 1992) concluded the
opposite. Ballati et al. (1992) who studied the effects of single doses of capsaicin,
selective NK1 and NK2 receptor agonists and acetylcholine in animals treated with
atropine or hexamethonium, the non-specific f8-blocker propranolol, or pharmacologicaily
sympathectomized with guanethidine, suggested that part of capszicin's effects inQolvcd
centrally mediated cholinergic reflexes and that part resulted from the capsaicin-induced
release of endogenous tachykinins acting on airway smooth muscle NK2 receptors. The

latter component was modulated via tachykinin-mediated stimulation of NK?2 receptors



situated on sympathetic ganglia. They concluded that capsaicin released tachykinins that
stimulated sympathetic ganglia, released sympathomimetics and thus antagonized its own
indirect bronchospastic effects. We found no evidence for cholinergically mediated effects
of capsaicin. In agreement with earlier findings (Biggs & Goel, 1985), in the experiments
reported here, neither atropine, nor bilateral vagotomy, nor mecamylamine reduced
bronchospastic responses to capsaicin. Thus, we have no evidence implicating central or
axonal reflex-mediated parasympathetic effects in capsaicin-induced bronchospasm.
Pretreatment of animals with the ganglionic blocker mecamylamir:e or the non-
specific PB-receptor blocker nadolol enhanced responses to capsaicin and shifted dose-
response curves significantly to the left. Similar findings with a single dose of capsaicin
were reported by Ballati et al. (1992) with propranolol and hexamethonium. In the
experiments reported here, nadolol increased baseline values of R, and E , but
mecamylamine was without effect on these parameters. The increase in baseline after
giving nadolol could account, in part, for the enhancement of bronchopulmonary
responses to capsaicin. These findings are in agreement with those of others (Advenier
et al., 1983; Stewart et al., 1984) using the ganglionic blocker hexamethonium and
histamine or leukotriene D, as agonists. Paradoxically, combinations of nadolol and
mecamylamine showed an additive enhancement of capsaicin-induced bronchospasm.
Mecamylamine’s and part of nadolol’s effects could be attributed to block of sympathetic

neurotransmission. Thus, in our experimental situation, the airways have sympathetic tone.

“Nouspecific” effects of nadolol could account for additive effect of combinations of

-

nadolol and mecamylamine and the increase in baseline values of R, and E,. RS-, R- and
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S-propranolol and the cardioselective P -blocker, practolol, all enhance the
bronchoconstrictor effects of histamine (Ney, 1983). Although, we did not specifically
design experiments to demonstrate that capsaicin increases svarg=stlctic activity via NK2-
receptor mediated effects at sympathetic ganglia, our findings with =:..amylamine and
nadolol suggest that this effect was not a feature of our experiments. Moreover, the
findings with CP 96,345, the selective NK1 receptor antagonist, in which we noted
marked potentiation of responses to capsaicin in two of seven animals, suggest
involvement of NK1 not NK2 receptors. Our findings are in agreement with those of
others (Foulon et al., 1993) who showed that NK 1 receptors, but not NK2, receptors were
involved in neurokinin-induced depolarization of tonic neurons in the guinea-pig.

a-SP MADb, in doses that significantly inhibited SP- or NKA-induced
bronchospasm (Jafarian et al., 1995), when given ip and iv, decreased capsaicin-induced
changes in R, and E, . The inability of a-SP MADb given only iv (30 min beforehand) to
reach the sites of capsaicin-induced neurokinin release may account for its lack of effect
against capsaicin as it was effective when given ip and iv. An irrelevant rat monoclonal
IgG antibody was ineffective confirming the specificity of the effect observed. The
findings with this specific a-SP MADb confirm that the endogenous release of the
neurokinins, SP and NKA, mediates bronchoconstriction induced by capsaicin.

The onset of SP-, [Sar’,Met(O,)!'}-SP-, NKA and [B-Ala®]-NKA*'°-induced
bronchospasm and recovery to baseline were slower than those of capsaicin. It is likely
that endogenously released SP and NKA induce more rapid bronchoconstriction as the
distance between the site of release and the receptor is small (McDonald, 1994) compared

with exogenously applied SP and NKA.
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The selective NK1 receptor antagonist CP 96,345, in a dose that reduced responses
to SP and blocked responses to the selective NK1 receptor agonist [Sar’,Met(O,)'']-SP,
had no effect on bronchopulmonary responses to capsaicin in five of seven guinea-pigs.
However, the selective NK2 receptor antagonist SR 48,968, in a dose that blocked
responses to NKA and the selective NK2 receptor agonist [B-Ala®]-NKA*!°, greatly
reduced bronchopulmonary responses to capsaicin but did not eliminate them. A
combination of NK1 and NK2 receptor antagonists was necessary to eliminate them.
These findings agree with those of others (Bertrand et al., 1993; Foulon et al. 1993) and,
together with those using «c-SP MADb, show that endogenous release of the neurokinins,
SP and NKA, mediate bronchoconstriction induced by capsaicin via NK1 and NK2
receptors; latter dominate capsaicin’s pulmonary effects. The NK1 antagonist induced
augmentation of capsaicin-induced bronchospasm seen in some animals suggests that there
may be a presynaptic NK1 receptor-mediated inhibitory system that decrezses TK release
from capsaicin sensitive afferent nerves. As NKA and [B-Ala®]-NKA*! were more
effective than SP at inducing changes in E,;, NK2 receptors appear to be more abundant
in the distensible airways (Joos & Pauwels, 1990).

There are conflicting findings regarding the effects of CGRP on airways. Thus,
Palmer et al. (1987a) concluded that CGRP was a potent constrictor of human airways.
By contrast, Martling et al. (1990) concluded that CGRP had a relaxant effect on
precontracted pig bronchi. Other studies (Cadieux et al., 1990; Cadieux & Lanoue, 1990;
Kroil et al.,, 1990) showed that CGRP lacked contractile activity in the airways but

reduced responses induced by bronchoconstrictor agents. Our findings revealed that
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hCGRP in doses that significantiy decreased mean arterial blood pressure, had no effect
on changes in R, and E,; induced by SP, NKA or capsaicin. These findings are in
agreement with those of Martling et al. (1988) who showed neither rat nor human CGRP
induced bronchoconstriction, or inhibition of NKA-induced bronchospasm. As suggested
by others (Martling et al., 1990; Mimeault et al., 1991 Evangilista et al., 1992; Giuliani
et al., 1992; Barwo et al., 1993), the presence of multiple CGRP receptor subtypes could
account for these differences. It is noteworthy that the hCGRP antagonist, in a dose that
reduced the depressor effect of hCGRP, increased bronchopulmonary responses to
capsaicin. hCGRP**’ antagonizes the effects of CGRP in various tissues (Bartho et al.,
1991). The ability of hCGRP®*?¥ to increase capsaicin-induced bronchoconstriction may
be due to its blocking effect on CGRP released from capsaicin sensitive C-fiber afferents.
CGREP is colocalized and coreleased with SP and NKA (Martling et al., 1988; Lundbrg
et al,, 1992). Although we were unable to demonstrate thgt hCGRP blocked the effects
of bronchoconstrictor agonists, these findings suggest that the capsaicin-induced release
of CGRP may modulate bronchopulmonary responses induced by the release of
endogenous SP and NKA.

In conclusion, the endogenous release of the neurokinins, SP and NKA, acting on
NK2, and to a lesser extent NK1 receptors, mediates bronchoconstriction induced by
capsaicin. No central or local cholinergic reflexes are involved in these responses.
Bronchospastic responses to capsaicin mediated via the release of endogenous neurokinins

are modulated by the concomitant release of endogenous CGRP.
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CHAPTER 7

EFFECTS OF RS-ALBUTEROL ON THE DEVELOPMENT
OF ANTIGEN-MEDIATED AIRWAY

HYPERREACTIVITY IN GUINEA-PIGS

........................................

A version of this chapter has been accepted for publication in Clinical Reviews in

Allergy and Immunology. Jafarian A., Handley D.A. and Biggs D.F. -
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7.1. INTRODUCTION

B,-adrenoceptor agonists are widely used to treat bronchospasm in patients with asthma
and chronic obstructive pulmonary disease. Although most of their pharmacologic activity
resides in the R enantiomer (Brittain et al. 1973;Sanjar et al., 1990; Morley et al., 1991;
Hoshiko et al., 1993; Mazoni et al., 1995), commercially available [,-agonists are
marketed as racemates. Use of P,-agonists has been associated with increased morbidity
and mortality in asthmatics (Barrett & Storm, 1995). In sensitized guinea-pigs,
administration of RS-albuterol (1.0 mg kg’ d') for 6 days via an osmotic minipump
induced increased airways’ responsiveness to several bronchospastic agonists including
histamine and leukotriene-C, (LTC,) (Hoshiko & Morley, 1993). Also, in control and
sensitized guinea-pigs, chronic administration of rac-fenoterol significantly increased
airway responses to ACh both in vivo and in vitro (Wang et al., 1994). The purpose of
this study was to determine whether sustained administration of RS-albuterol via an
implanted osmotic minipump enhanced the increased airways’ responsiveness to histamine
and LTC, seen in guinea-pigs that had been passively immunized with ¢-OA Ab and

challenged by inhalation of OA (2%) containing aerosols.

7.2. METHODS AND MATERIALS
7.2.1. Methods
7.2.1.1. Preparation of a-OA Ab containing serum
To obtain serum containing «¢-OA IgG Ab, guinea-pigs were immunized with a
single ip injection of 20 mg kg’ OA in saline. Twenty-one days later, on 8 consecutive

days, animals were given pyrilamine (0.5 mg kg, ip) and 30 min later inhaled OA (2%,
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in saline) aerosol (VIX Acorm™ nebulizer, compressed air at 15 psi) for up to 8 min.
Guinea-pigs were carefully observed for the appearance of the signs of anaphylaxis. If
these signs appeared, they were immediately removed from the exposure chamber and
observed. If the signs persisted, they were placed in a chamber containing 100% oxygen.
If the signs still persisted, epinephrine (0.5 mg kg') was given subcutaneously (sc).
Guinea-pigs developed a predominantly «-OA IgG-mediated reaction as defined by
passive cutaneous anaphylaxis of their serum at various times post-injection and ELISA
of their serum using anti-guinea-pig IgG, IgG, and IgG, antibodies (Campbell, 1992). On
the 30th day after immunization, the guinea-pigs were anesthetized with pentobarbital
(40-50 mg kg'') and exsanguinated under aseptic conditions via cardiac puncture (20 mL
syringe, 16 G needle). The blood was placed in a sterile glass centrifuge tubes, seaied and
centrifuged at 1,500 rpm for 10 min before being stored at 4°C overnight. Then, the tubes
were centrifuged again (1,500 rpm, 10 min), the serum aspirated, pooled, placed in sterile
polypropvlene tubes and stored at -20°C. An aliquot of serum was used for determination
of the titre of a-OA Ab. Serum was treated with ammonium sulfate to precipitate
immunoglobulins, which were collected by centrifugation, dissolved in phosphate buffer
(pH = 7.4) and dialyzed for 48 h against four changes of phosphate buffer. An aliquot of
the dialyzed immunoglobulins was diluted and the titre of 3-OA Ab determined. The titre
of the «-OA Ab containing immunoglobulin solution was adjusted to a standard titre of
2,500 by addition of phosphate buffer. This standardized material was used for passive

immunization (dose = 0.5 mL kg™).
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7.2.1.2. Passive immunization of guinea-pigs
All guinea-pigs received two injections of standardiz*d &-OA Ab solution

prepared as described above (0.5 mL kg™, ip) 1 d apart as set out in the protocol below.

7.2.1.3. Aerosol exposure
Each group of guinea-pigs was exposed to OA (2%)- or saline-aerosol for 8 min
1 d after receiving each injection of &-OA Ab solution. Each animal was pretreated with

pyrilamine (0.5 mg kg™, ip) 30 min before inhaling either aerosol.

7.2.1.4. Measurement of airways' responsiveness

Guinea-pigs were anesthetized with pentobarbital sodium (35-50 mg kg, ip). Their
tracheas were cannulated and they were connected to a rodent ventilator (Ugo Basile) that
provided a tidal volume of 10 mL kg at 20 breaths min™. Air flow was measured via a
pneumotach (Fleisch 0000, Validyne MP45 differential pressure transducer) and
intratracheal pressure relative to atmosphere via a pressure transducer (Validyne MP45).
Signals were digitized and processed to yield breath-by-breath values of pulmonary flow
resistance (R,) and dynamic pulmonary elastance (E,). A catheter was placed in a jugular
vein to give drugs iv. All animals received su:cinylcholine (0.1 mg kg™, iv) to prevent
spontaneous breathing movements that woulll interfere with measurements. Increasing
doses of histamine or LTC, were injected (iv) in increasing order of dose with recovery
to baseline between injection of doses until R, increased by at least 150% over baseline.

Histamine was always given first.
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7.2.1.5. Preparation of osmotic pumps

Sustained infusion of RS-albuterol was achieved by employing a sterile solution
in saline deployed in ALZET™ osmotic pumps (2ML1, 10 mL h’, 7 d). Sterile saline
alone containing citric acid was used as control vehicle. Individual pumps were prepared
for each guinea-pig. Dose of RS-albuterol was 1.0 mg kg™ d'!. Solutions placed in the
pumps were sterilized by filtration (0.22 mm syringe-end filter). Two mL of solution was
placed into each pump. Pumps were primed by placing them in sterile saline at 24-26°C
for 4-6 h before implantation. All procedures involved in preparation of the pumps were
performed using aseptic technique.

The 2ML1 pumps’ specifications state that they deliver 10 pL h’'. Thus, for a
guinea-pig weighing 1.0 kg, the pump must contain a solution of 4.16667 mg mL™" RS-
albuterol base. This soiution needs to be diluted pro rata for guinea-pigs that weigh < 1.0

kg. A similar procedure was used for the control solution.

7.2.1.6. Implantation of pumps

The ALZET™ osmotic pumps containing the drug or coatrol solution were
implanted sc in the nuchal region under isoflurane anesthesia using aseptic surgical
technique. The procedure mimicked that shown in the pump manufacturer's instructional
videotape. The incision was closed with standard wound clips. All animals received
buprenorphine (0.1 mg kg™, sc) immediately after pump implantation to control any pain

after surgery. -
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7.2.1.7. Removal of pumps

The pump implanted in each animal was removed as soon as each guinea-pig was
anesthetized for pulmonary measurements. The wound clips were removed, the incision

opened and the pump removed with forceps.

7.2.1.8. Evaluation of pump function

The patency of the delivery portal emitting the drug solution was confirmed
visually under a dissecting microscope (magnification = x 15). Then the flow moderator
was removed and the fluid remaining in each pump was aspirated via a syringe and a

blunt-tipped filling tube; the volume remaining in the pump was noted.

7.2.1.9. Bronchial alveolar lavage

After measurement of airway responsiveness, the lungs were lavaged with 2 x §
mL PBS containing BSA (1%), at 24-26°C. The two lavage fluids were combined. Two

Cytospin™ preparations were made and stained for differential cell counts.

7.2.1.10. Protocol

The experimental design is summarized in Table 7.1 and Fig. 7.1.

7.2.2. Animals

All procedures involving animals were examined and approved by the Health

Sciences Laboratory Animal Welfare Committee, University of Alberta.
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Twenty four female, Hartley-strain guinea-pigs, weight range 300-400 g, were
purchased from Charles River Inc., St. Constant, Québec. They were shipped to Edmonton
via air freight in filter top boxes. Upon arrival, they were randomly divided into four
groups of six animals each and placed in cages in a laminar flow enclosure that supplied
HETI A-filtered air. They were maintained on grids over trays of rock salt, fed standard

guinea-pig chow supplemented with apples and allowed water ad lib.

7.2.3. Materials
Drugs used wers: RS-albuterol base (Sepracor Inc. Marlborough, MA); albumin,

chicken egg (ovalbumin) Grade V, citric acid, leukotriene-C,, pyrilamine maleate and
succinylcholine chloride (Sigma, St Louis, MO); buprenorphine hydrochloride
(Temgesic®. Reckitt & Colman Pharmaceuticals, Hull, UK); histamine dihydrochloride
(Fluka A.G., Buchs, Switzerland); isoflurane (Forane®, Ohmeda, Mississauga, ON);

sodium pentobarbital (Euthanyl™, M.T.C. Pharmaceuticals, Markham, ON).

TABLE 7.1

Experimental design

GROUP n IMMUNIZATION AEROSOL RS-albuterol
1 6 + SALINE -
2 6 + OVALBUMIN -
3 6 + SALINE + )
4 6 + OVALBUMIN +
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7.2.4. Statistical analyses
Differences among groups were analysed using Student's ¢ test, one- and two way

ANOVA, Kruskul-Wallis one-way ANOVA on ranks and Student-Newman-Keuls Test.

SigmatStat™ was used to apply these tests. Significance was assumed at the 5% level.

7.3. RESULTS

7.3.1. Implantation of pumps

All guinea-pigs tolerated the procedure to implant the osmotic pumps well. At
experiment, one animal from Group 2 showed some signs of infection at the implantation
site. All other animals showed no signs of infection and the incision sites had all healed

well during the time frame of the experiments.

7.3.2. Evaluation of pump function

Inspection of the emitting orifices of the pumps showed all to be patent and
apparently functioning properly. Aspiration of the remaining solution in each pump
revealed that less solution had been delivered to each animal than anticipated. Each pump
should have delivered about 1.4 mL of solution (10 pL x 24 h x 6 d), but only about 1.2
mL, approximately 85% of the amount predicted, was delivered. Data for the pumps from
the four Groups are shown in Table 2. There was no statisticaliy significant differences

among the pump volumes delivered among the four experimental groups.
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TABLE 7.2

Volumes (mL) delivered (2.00 mL - volume aspirated) by each osmotic pump

ANIMAL # GROUP 1 GROUP 2 GROUP 3 GROUP 4

1 1.10 1.10 1.10 1.10

2 1.10 1.30 1.20 1.30

3 1.00 1.00 1.25 1.20

4 1.10 1.20 1.20 1.30

5 1.24 1.15 1.25 1.20

6 1.40 1.20 1.20 1.30
MEAN : SE 1.16 + 0.13 1.16 + 0.10 1.22 + 0.02 1.26 + 0.04
e | . . %

7.3.3. Effects noted upon aerosol exposure

All guinea-pigs were pretreated with pyrilamine (0.5 mg kg, ip) 30 min before
exposure to saline or OA aerosols. Groups 2 and 4 inhaled OA acrosols. None of the
guinea-pigs in these Groups showed any signs of anaphylaxis and all animals were

exposed to aerosols for 8 min on each of the two specified days.
7.3.4. Baseline measurements of R, and E,

There were no statisticaily significant differences among the baseline

measurements of R, and E,. Data are summarized in Figs. 7.2A and 7.2B.
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7.3.5. Dose-response curves to histamine and LTC,

Changes in R, and E, in response to graded doses of histamine and LTC, (both
iv) in the four Groups are shown in Figs. 7.3-7.6. We first compared dose-response curves
to histamine in guinea-pigs that had received a-OA serum (ip) and inhaled saline (Group
1) or inhaled OA (2%) aerosol (Group 2); in both groups the osmotic pumps contained
control solution. For changes in R, induced by histamine (iv), inhalation of OA aerosol
induced about a two-fold, statistically significant (p < 0.05) shift of the dose-response
curve to the left, in comparison with inhalation of saline aerosol. A similar shift was
noted when LTC, was the agonist. However, the variance was such that the shift was not
statistically significant. In our hands, LTC, had less than half the activity reported by
previous workers (Hoshiko et al., 1993). Similar findings were noted with measurements
of changes in E_ in response to histamine and LTC,. Histamine was about twice as active
in inducing changes in R than E;; by contrast LTC, was equally active at inducing
changes in R, and E; .

We next compared dose-response curves in guinea-pigs in Groups 1 and 3. Both
groups received a-OA serum (ip); both groups inhaled saline. In Group 1 the osmotic
pump contained control solution and in Group 3 it contained RS-albuterol. For the
changes in R, induced by histamine (iv), administration of RS-albuterol induced about a
two-fold, statistically significant (p < 0.05) shift of the dose-response curve to the left,
in comparison with control solution-treated controls. When LTC, was the agonist,
significantly increased airways’ responsiveness was noted only at the highest dose used

(1.8 pg kg™). Similar findings were noted when the effects of histamine and LTC, were

compared on changes in E, .
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Fig. 7.3
Changes, as percent of baseline values, in pulmonary flow resistance in
anesthetized, paralyzed guinea-pigs following injection (iv) of histamine in
experimental Groups 1-4. Each point represents the mean + SEM of 6 experiments.
(* p<0.05-Group 1 vs 2; + p<0.05 - Group 1 vs 3; # p < 0.05 - Group 2 vs
3; ** p < 0.05 - Group 3 vs 4)
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Changes, as percent of baseline values, in pulmonary flow resistance in
anesthetized, paralyzed guinea-pigs following injection (iv) of LTC, in
experimental Groups 1-4. Each point represents the mean + SEM of 6 experiments.
(*p<005-Group 1 vs2; +p<0.05-Group 1 vs 3; # p < 0.05 - Group 2'vs
3; ** p < 0.05 - Group 3 vs 4)
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Changes, as percent of baseline values, in dynamic pulmonary elastance in
anesthetized, paralyzed guinea-pigs following injection (iv) of LTC, in
experimental Groups 1-4. Each point represents the mean + SEM of 6 experiments.
(*p<005 -Group 1 vs 2; + p<0.05 - Group 1 vs 3; # p < 0.05 - Group 2 vs
3; ** p < 0.05 - Group 3 vs 4)
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Lastly, we compared dose-response curves in guinea-pigs in Groups 2 and 4. Both
groups received a-OA serum (ip); both groups inhaled OA aerosols. In Group 2, the
pump contained control solution, for Group 4, it contained RS-albuterol. For changes in
R, induced by histamine, administration of RS-albuterol and inhalation of OA aerosol
induced about a two-fold, statistically significant (p < 0.05), shift of the dose-response
curve to the left, compared to animals that inhaled OA aerosol but received no RS-
albuterol. Two-way ANOVA indicated that the effects of OA aerosol and RS-albuterol
on airways’ responsiveness to histamine were additive. Similar findings were noted when
the effects of histamine on E; were examined. When LTC, was the agonist, about a four-
fold, statistically significant (p < 0.05) shift of the dose-response curves was noted. By
contrast, guinea-pigs that had received control solution and inhaled OA aerosol (see Figs.
7.3-7.6, Groups 1 and 2) showed about a two-fold, and animals that had received (rac)-
albuterol (see Figs. 7.3-7.6, Groups 1 and 3) a minimal shift of the dose-response curve.
Similar findings were noted when the effects of histamine on E, were examined. Two-
way ANOVA indicated that the effects of OA aerosol and RS-albuterol on airways’

responsiveness to LTC, were synergistic.

7.3.6. Differential cell counts

Data are summarized in Figs. 7.7A, B and C. Analyses of the findings were
complicated by the fact that occasional animals showed profound eosinophilia in their
lavage fluid. Nevertheless, the data suggest that RS-albuterol may reduce the number of

eosinophils found in these animals.
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7.4. DISCUSSION

These findings confirm our earlier reports (Ladenius, 1993) that passive
immunization of guinea-pigs to OA and subsequent challenge with OA aerosol(s)
significantly increases airways’ responsiveness to histamine (iv), compared to a similarly
treated control group that had inhaled saline aerosols. Interestingly, in the experiments
reported here, generally similar findings were noted with LTC,. These data confirm
others’ observations (Hoshiko et al., 1993; Hoshiko & Morley, 1993) but the dose-
response curves we obtained were markedly steeper than those authors reported and we
found LTC, to have about one half to one third the bronchospastic activity reported
(Hoshiko et al., 1993; Hoshiko & Morley, 1993).

Our findings show clearly that RS-albuterol infused via an osmotic pump for 6
days increased airways’ responsiveness to histamine and to LTC,, in comparison with the
appropriate control groups. In: restingly, the effects of OA inhalation and RS-albuterol
appeared to be additive when histamine was the agonist and synergistic when LTC, was
the agonist. At no time did we observe that infusion of RS-albuterol reduced OA aerosol-
induced airway hyperresponsiveness. It clearly enhanced it with either agonist and to an
equal or much greater extent than that seen following immunization and antigen
challenge. Also, comparison of baseline measurements of R, and E; showed that infusion
of RS-albuterol for 6 days did not signficantly alter these values. Thus, despite its well
established airway smooth muscle relaxant effects, RS-albuterol did not induce either a

decrease or an increase in airway tone as assessed by these measurements. -
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The findings from the differential cells counts of lavage fluid suggest that infusion
of RS-albuterol may reduce eosinophil counts. However, the high eosinophil counts found
in some animals in Groups 1 and 2 suggest that eosinophilia may be endemic in these
animals’ lungs. “Spontaneous” pulmonary eosinophilia has been a seasonal problem with
guinea-pigs (unpublished observations). Further experiments are required to validate these
interesting observations with RS-albuterol.

The mechanisms that underlie RS-albuterol’s ability to enhance airways'
responsiveness were not defined in these experiments. In humans, stereoselective
metabolism of RS-albuterol that results in accumulation of the distomer S-albuterol has
been reported (Tan & Soldin, 1987; Walle et al., 1993) and it is possible that this occurs
in guinea-pigs as well. Others (Sanjar et al., 1990; Mazzoni et al., 1995) have associated
an increased mortality from anaphylaxis in immunized guinea-pigs after inhalation of
antigen with pretreatment of the animals with B,-agonists. This was attributed to the
increased toxicity from selective accumulation of the distomers. Interestingly, these
workers reported that in their guinea-pigs any increased airways' responsiveness to

agonists could be prevented by bilateral vagotomy or ketotifen (Hoshiko et al., 1993;

Mazzoni et al., 1995).

In conclusion, these experiments demonstrate clearly that RS-albuterol markedly
enhanced airways’ responsiveness to histamine in passively immunized guinea-pigs that
inhaled saline or OA containing aerosols. By contrast, RS-albuterol significantly enhanced
airways’ responsiveness to LTC, only in passively immunized guinea-pigs that had inhaled

OA. Two-way ANOVA showed that the effects of OA aerosol inhalation and RS-
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albuterol on airways' responsiveness were additive when histamine was the agonist and

synergistic when LTC, was the agonist. These findings suggest that RS-albuterol may

have more adverse effects in asthmatics than in normals.
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CONCLUSIONS AND SUMMARY
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To characterize the involvement of sensory C-fibres in inducing
bronchoconstriction in guinea-pigs, we first established reliable methods for assessing
airways’ responsiveness. Thus, the natural variation in responsiveness to vagal stimulation
and to bronchospastic agonists in guinea-pigs was examined. The stimulus parameters
used appeared to selectively activate preganglionic parasympathetic nerves as atropine
and hexamethonium eliminated the responses.

Measurements of R, and E; suggested that vagal stimulation and the various
agonists selectively altered these measures of lung responsiveness. Thus, vagal stimulation
induced stimuli-dependent changes in R, . However, methacholine, histamine, SHT, SP and
NKA induced dose-dependent changes in R, and E,. These differences suggest that these
agonists affect both the conducting airways and the distensible airways, whereas vagal
stimulation mainly affect the conducting airways. Based on our findings, vagal stimulation
and/or methacholine, histamine, SHT, SP and NKA (iv) appear to be appropriate for
comparing airways’ responsiveness as responsiveness to these modalities was reproducible
among animals.

The next step was to produce large quantities of o-SP MADb and to characterize
this Ab. Two procedures were employed for production of a-SP MAMD, the classical bulk
cell culture method and the hollow-fibre bioreactor. SDS-PAGE revealed that o.-SP MAb
obtained from bioreactor was about 80% pure, so that it was used for in virro and in vivo
experiments without any purification. By contrast, ¢-SP MAb obtained by the classical
bulk culture method needed to be purified. Neither protein A- nor protein G-sepharose

gave a satisfactory absorption and separation of the &-SP MAb even after preliminary
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separation of protein with ammonium sulphate. However, thiophilic gel columns provided
excellent absorption of «-SP MADb from raw supernatant and provided a satisfactory
purification method.

The relative affinities of the a-SP MADb for SP, NKA, CGRP and SP fragments
were estimated by inhibition ELISA. The order of potency of these peptides to inhibit
binding of a-SP MAb to BSA-SP conjugate was: SP*'! > SP”!! > SP = SP™!! = Sp*! =
SP*!! = §P*!! > SP*!! > SP%!!. N-terminal SP fragments, mono- or di-peptides derived
from SP, CGRP and selective NKR antagonists showed minimal af: finity for a-SP MADb.
These experiments show that the monoclonal «-SP MAb derived from the rat/mouse
heterohybridoma NC1/34 is directed against epitopic sites on SP’s C-terminal. These
findings suggest that amino acids 6 and 7, and, to a lesser extent, 8 and 9, are important
in determining affinity. Solid phase peptide syntheses on membranes were used to try and
confirm the conclusions drawn from measurements of relative affinitics by inhibition
ELISA. Dot immunoassay of all these peptides revealed that none bound the monoclonal
«-SP MAD, but all of the peptides bound the polyclonal a-SP serum used as a positive
control. These findings indicate the importance of an accessible carboxy group at the C-
terminal of the peptide for binding to the monoclonal o.-SP MAb.

In our experiments, the o.-SP MAb bound neither the NK 1- nor the NK2-receptor
antagonist suggesting that the paratopic site on the antibody bears little resemblance to
the binding sites on NKR.

«-SP MAD given iv to guinea-pigs specifically prevented increases in R, and E,

induced by SP or NKA (iv) but not by capsaicin. However, when «-SP MAb was given
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ip and iv, it decreased capsaicin-induced changes in R; and E,. The findings with this
specific monoclonal a-SP MAD indicate that passive immunization of guinea-pigs, with
a-SP MAD prevents the bronchospastic effects of SP and NKA, in vivo, and confirm that
the endogenous release of the neurokinins, SP and NKA, mediates bronchoconstriction
induced by capsaicin.

In the next step, we characterized neurokinin-mediated responses in guinea-pigs
by comparing the actions of selective NK1 and NK2 receptor antagonists against SP-, SP
fragments-, selective NKR agonists-, NKA- and capsaicin-induced bronchoconstriction.
The order of potency of SP and its fragments in inducing bronchospasm was: SP*!! >>
Sp¥! = gp¥i!t = SpP5! > SP = SP%!. N-terminal fragments of SP were devoid of
bronchospastic activity. Our findings indicated that bronchospastic activity of SP depends
on its C-terminal and that the minimal requirement for inducing bronchospastic activity
is 6 amino acids in the C-terminal of SP.

CP 96,345 or CP 99,994 blocked responses to a selective NK1 receptor agonist
and greatly reduced responses to SP and SP fragments. SR 48,968 blocked responses to
NKA, a selective NK2 receptor agonist and significantly reduced responses to SP*!!.
These findings suggest that SP, SP*!!, SP*!!, SP>!! and SP%!! induce bronchoconstriction
mainly via NK1 receptors; SP*!! acts via NK i and NK2 receptors. A combination of NK 1
and NK2 receptor antagonists caused greater rightward shift of the dose-response curves
to SP, SP fragments and NKA suggesting that bronchoconstriction induced by SP, SP

fragments or NKA is mediated via both NK1 and NK2 receptors in guinea-pig.
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To further study the mechanisms underlying the effects of activation of sensory
C-fibres, we looked at endogenously released TK, SP and NKA, via capsaicin. In the
experiments reported here, neither atropine, nor bilateral vagotomy, nor mecamylamine
reduced bronchospastic responses to capsaicin. Thus, we have no evidence implicating
central or axonal reflex-mediated parasympathetic effects in capsaicin-inducsd
bronchospasm. Pretreatment of animals with the ganglionic blocker mecamylamine or the
non-specific B-receptor blocker nadolol enhanced responses to capsaicin and shifted dose-
response curves significantly to the left. The increase in baseline after giving nadolol
could account, in part, for the enhancement of bronchopulmonary responses to capsaicin.
Paradoxically, combinations of nadolo! and mecamylamine showed an additive
enhancement of capsaicin-induced bronchospasm. Thus, in our experimental situation, the
airways have sympathetic tone. “Nonspecific” effects of nadolol could account for additive
effect of combinations of nadolol and mecamylamine and the increase in baseline values
of R and E, .

The selective NK1 receptor antagonist CP 96,345 had no effect on
bronchopulmonary responses to capsaicin. However, the selective NK2 receptor antagonist
SR 48,968 greatly reduced bronchopulmonary responses to capsaicin but did not eliminate
them. A combination of NK1 and NK2 receptor antagonists was necessary to eliminatc
them. Activation of NK2 receptors dominates capsaicin's pulmonary effects. The
synergistic effects of combination of selective NK1 and NK2 receptor antagonist leads
to the assumption that there may be conformational compatibility between each antagonist

and neurokinin receptors. Thus, binding to one receptor may lead to specific changes
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which are different from changes which cceure when both receptors are occupied or
binding of one antagonist to its receptor may facilitate the binding of the other antagonits
to its receptor. Also it is possible that both NK1 and NK2 receptors are located on the
same cell or NK 1 and NK2 receptor antagonists act on different sites of the same protein.

Our findings revealed that hCGRP in doses that significantly decreased mean
arterial blood pressure, had no effect on changes in R; and E, induced by SP, NKA or
capsaicin. The hCGRP antagonist, in a dose that reduced the depressor effect of hCGRP,
increased bronchopulmonary responses to capsaicin. The ability of hCGRP?? to increase
capsaicin-induced bronchoconstriction may be due to its blocking action on the effects of
CGRP released from capsaicin sensitive C-fibre afferents. Although we were unable to
demonstrate that hCGRP blocked bronchoconstriction induced by €xogenous agonists,
these findings suggest that the caps::in-induced release of CGRP may modulate
bronchospasm induced by the endogenously released SP and NKA.

Finally, we studied an animal model of asthma by passively immunizing guinea-
pigs with an a-OA Ab. We sought to determine whether sustained administration of RS-
albuterol enhanced the increased airways’ responsiveness to histamine and LTC, in
guinea-pigs. These findings showed that passive immunization of guinea-pigs to OA and
subsequent challenge with OA aerosol(s) significantly increases airways’ responsiveness
to histamine and LTC,. RS-albuterol increased airways’ responsiveness to histamine and
to LTC,, in comparison with the appropriate control groups. The effects of inhalation and
RS-albuterol appeared to be additive when histamine was the agonist and synergistic when

LTC, was the agonist. Despite its well established airway smooth muscle relaxant effects,
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RS-albuterol did not induce either a decrease or an increase in airway tone as assessed
by these measurements. The findings from the differential cel’~ counts of lavage fluid
suggest that infusion of RS-albuterol may reduce eosinophil counts. However. the high
eosinophil counts found in some animals in control groups suggest that eosinophilia may
be endemic in these animals’ lungs. These findings suggest that RS-albuterol may have

more adverse effects in asthmatics than in normals.
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