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KEY POINTS

e Exercise-induced bronchoconstriction is defined as a decrease in forced expiratory vol-
ume in 1 second of 10% to 15% or more and is seen in most patients with asthma.

e Refractoriness, a decreased responsiveness to repeated exercise challenge, is an inborn
protective mechanism with an unknown mechanism of development.

e Refractoriness is not associated with decreased levels of the primary mediators of bron-
choconstriction, cysteinyl leukotrienes, or prostaglandin D,, as previously suggested.

e Desensitization of the cysteinyl leukotriene receptor (CysLT4) through interplay between
leukotrienes and prostaglandins is suggested as a possible mechanism for refractoriness.

INTRODUCTION

“Exercise-induced bronchoconstriction (EIB) and exercise induced asthma are the
terms used to describe the transient increase in airways resistance that follows
vigorous exercise.”! Most untreated patients with asthma will experience broncho-
constriction after exercise,?™ and the prevalence of positive responses in those being
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treated with inhaled corticosteroids is about 50%.5° EIB is identified by measuring a
decrease in forced expiratory volume in the first second of expiration (FEV,) after ex-
ercise of at least 10% to 15% from the pre-exercise value. Recovery of the FEV, nor-
mally occurs within 30 to 60 minutes but can be aided by inhaling a B,-agonist. Most of
those with EIB are atopic.”-® Late asthmatic responses are very uncommon, if ever
present following EIB.%1°

When the same exercise challenge is repeated within 1 hour, about 50% of patients
with asthma will demonstrate less than half the response they had on the initial chal-
lenge, as measured by a decrease in FEV; or peak expiratory flow (Fig. 1).'"2 This
decreased response to repeated challenges is called refractoriness and its duration
is called the refractory period. To avoid false identification of refractoriness, it is essen-
tial that the lung function returns to close to the baseline value before the challenge is
repeated (see Fig. 1). The precise mechanism for refractoriness is not known, although
there have been several proposals from studies performed in patients with clinically
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Fig. 1. Bronchoconstricive response in patients with asthma on repeated exercise challenge.
Peak expiratory flow rate (PEFR) expressed as a percentage of the predicted normal value
before, during, and after 3 exercise challenges separated by 40 minutes in 16 patients
with asthma. PEFR has now been replaced by FEV, as the lung function test to measure
EIB. The patients included all returned to within 10% of baseline lung function before
the start of the subsequent challenge. Refractoriness was seen in 8 patients, whereas no pro-
tection was seen in 8 patients. (From Schoeffel RE, Anderson SD, Gillam |, et al. Multiple ex-
ercise and histamine challenge in asthmatic patients. Thorax 1980;35:164-70; with
permission.)
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recognized asthma over the last 30 years. Identification of this protective mechanism
is advantageous, first, because it has the potential to improve control and resolution of
one of the most common causes of an attack of asthma and, second, because eluci-
dation of the mechanism also has the potential to introduce a new target for treatment
of asthma in general. The authors have reviewed the current clinical investigations into
the stimulus and mechanism of EIB and the previously proposed mechanisms for
refractoriness. The mechanism most generally accepted involves the release of a pro-
tective prostaglandin (PG), presumably PGE,, during the first challenge. This mecha-
nism has, however, not been conclusively established. Considering these earlier
observations and some recent observations, the authors propose desensitization of
the G protein—coupled cysteinyl leukotriene receptor; (CysLT,) as the mechanism of
refractoriness and that this desensitization is the effect of interplay between leukotri-
enes (LTs) and PGs.

WHY DOES EXERCISE PROVOKE AN ATTACK OF ASTHMA?

The most important determinants of EIB are the ventilation reached and sustained dur-
ing exercise and the water content and temperature of the inspired air. The higher the
ventilation reached and the drier the air inspired, the greater the potential to provoke
bronchoconstriction. Although the flow rates can start to decrease during exercise,
the lowest values usually occur 5 to 12 minutes after 6 to 8 minutes of vigorous exer-
cise." It is well documented that EIB is inhibited by inhaling fully humidified air at 37°C
and the primary stimulus to EIB is most likely water lost by evaporation, in humidifying
large volumes of air during exercise.'® The evaporation of water is associated with
heat loss and dehydration of the airway surface liquid (ASL). The ASL is 5 to 7 um in
depth; over the first 10 generations of airways, its total volume is estimated to be
less than 1 mL." There are 2 major theories for the mechanism whereby respiratory
water loss causes bronchoconstriction. One theory relates to the thermal effects’®
and the other relates to the osmotic effects of water loss.'®* The thermal theory pro-
poses that the increased ventilation during exercise causes airway cooling and vaso-
constriction that is followed by rapid rewarming and a reactive hyperemia of the
bronchial mucosal vasculature at the cessation of exercise. These vascular events
cause the airways to narrow. The theory does not encompass bronchial smooth mus-
cle or mediator release.’® The osmotic theory proposes that the water lost by the
increased ventilation of exercise transiently increases the osmolarity of the airway sur-
face and possibly the submucosa.'®'* This hyperosmolarity, in turn, triggers the
release of mediators, such as PGs, LTs; histamine from inflammatory cells, such as
mast cells and eosinophils; and possibly neuropeptides from sensory nerves in the air-
ways.'®""® These mediators can cause the airways to narrow by contraction of bron-
chial smooth muscle.™

The documentation of EIB, under conditions of breathing hot dry air, demonstrates
that airway cooling is not a prerequisite for EIB.2° Thus, although the vascular events
may play an important role when exercise is performed in low-temperature condi-
tions, these events become less relevant when exercise is performed in moderate-
to high-temperature conditions. The importance of increased ventilation, rather than
the metabolic effects of exercise, in provoking EIB has been confirmed by studies
showing similar results with eucapnic voluntary hyperpnea (EVH).2! Moreover, the
release of mediators has been demonstrated in vivo following inhalation of the osmot-
ically active substance mannitol as well as in vitro.'®1822 The protective effect of the
mast cell stabilizing agent sodium cromoglycate on challenge by exercise and
mannitol supports mediator release from mast cells as an important factor in
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provoking EIB.2%24 Further, LT antagonists, such as montelukast, significantly atten-
uate EIB, whereas histamine seems to have a subordinate role with conflicting results
using antihistamines.?®-27

REFRACTORINESS WITH REPEATED CHALLENGES

McNeill and colleagues®® were the first to describe refractoriness to repeated exercise
challenges, and Edmunds and colleagues®® were the first to study its duration.
Edmunds and colleagues performed a repeated exercise challenge in 8 patients
and looked at the duration of the refractory period and the effect of the workload on
the degree of refractoriness. The degree of refractoriness varied between the patients,
and the duration of the refractory period varied from 1 to 2 hours (Fig. 2). The more
intense the exercise during the first challenge, the more refractory the patients were
to the second challenge.

A refractory period occurs not only after exercise challenge but also after other in-
direct challenges, such as EVH,3%3" hypertonic saline,®? adenosine,® ultrasonically
nebulized distilled water,3* and mannitol.3%-3 All these indirect challenges are asso-
ciated with the release of mediators, all are inhibited by premedication with sodium
cromoglycate, and all are thought to induce refractoriness via a similar pathway.®”
EVH is a good surrogate for an exercise challenge producing a similar reduction in
lung function and a similar degree of refractoriness.®® Cross-refractoriness occurs
between exercise and EVH,3° between exercise and hypertonic saline,*® and
between exercise and adenosine 5-monophoshate.*’ The findings of cross-
refractoriness between the different indirect challenges support the concept that
they share similar mechanisms. Initial mast cell mediator release is common to all
of these challenges.
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Fig. 2. The duration of refractoriness. Eight patients performed a second running exercise
after the specified interval of time. The shorter the time between tests, the less the response
on the second test. By 4 hours, the initial response was reestablished. (From Edmunds AT,
Tooley M, Godfrey S. The refractory period after exercise-induced asthma: its duration
and relation to the severity of exercise. Am Rev Respir Dis 1978;117:247-54; with
permission.)
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SUGGESTED MECHANISMS OF REFRACTORINESS

The mechanisms that have been proposed to account for refractoriness following ex-
ercise include high levels of circulating catecholamines, depletion of mast cell media-
tors, a decrease in release of sensory neuropeptides, a decreased responsiveness of
the smooth muscle, release of a protective mediator in response to the initial chal-
lenge, and desensitization and/or downregulation of the receptors for the mediators
that cause bronchoconstriction after the initial challenge.

Increased Levels of Catecholamines

One of the initial proposals put forward to account for refractoriness was that higher
levels of catecholamines released during the first provocation would be protective
during the second challenge. This proposal was not supported by studies measuring
levels of epinephrine and norepinephrine after exercise and during the refractory
period to exercise challenge.*>*® Further refractoriness has been reported after
EVH and other indirect stimuli that do not involve release of catecholamines.3°

Depletion of Mast Cell Mediators

Over the years, the assays to identify inflammatory mediators in the blood, sputum,
and urine became more sensitive, and mediator release as the cause of EIB became
more widely accepted. The identification of the involvement of mediator release in EIB
led some investigators to propose that refractoriness might be caused by a depletion
of these mediators by the initial challenge, with insufficient concentration of mediators
remaining to cause bronchoconstriction a second time. This theory became accepted,
but there are only a few studies that have actually investigated the possibility of the
depletion of mediators after repeated challenge. Belcher and colleagues*® studied
the release of histamine and catecholamines in plasma and venous blood, respec-
tively, following 2 exercise challenges separated by 60 minutes. No difference in the
release of histamine or catecholamines between the first and second challenge was
seen even though the subjects were refractory. More recently, the authors reported
results on the urinary excretion of LTE, and PGD, following 2 mannitol challenges,
90 minutes apart.®® The authors found release of both mediators after both challenges,
with the subjects who were most refractory having the highest levels of mediators
compared with those who were the least refractory. Taken together, these two studies
do not support depletion of mediators as a cause of refractoriness, and there are no
reports of observations of decreased release during the refractory period.

Decreased Release of Sensory Neuropeptides

Evidence to support EIB being mediated by neuropeptides comes from the inhibitory
effect of a neurokinin (NK); receptor antagonist.** There are, however, conflicting data
from a study of the effect of a nonselective NK;/NK; receptor antagonist showing no ef-
fect on the bronchoconstriction following hypertonic saline.*® Further, in addition to their
well-known effects on mast cells, sodium cromoglycate and nedocromil sodium also
have an inhibitory effect on sensory nerves.*® Other evidence comes from the finding
that the release of LTs and NKA (an NK1/NK; receptor agonist) were strongly associated,
raising the possibility that the cysteinyl leukotrienes (CysLTs) activated the sensory
nerves.*” This association, however, could also be an effect of the LTs and NKA being
released in parallel or that activation of sensory nerves induces the release of mediators
from mast cells. The sensory nerves are also activated by increases in osmolarity.!”
The data to support the depletion of sensory neuropeptides in the development of
refractoriness come from the finding that there is cross-refractoriness between
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sodium metabisulfite, a neurally mediated challenge, and exercise.*® However, meta-
bisulfite challenge may also be associated with the release of leukotrienes because
the CysLT; antagonist zafirlukast has been shown to attenuate the response to so-
dium metabisulphite.® The involvement of neuropeptides and sensory nerves in the
development of refractoriness needs to be further investigated because, to date,
only indirect evidence exists and the literature on the effect of neurokinin antagonism
is conflicting.®®

Decreased Responsiveness of the Airway Smooth Muscle

To test if refractoriness is caused by the airway smooth muscle not being able to con-
tract during the second challenge, various pharmacologic agents that act directly on
smooth muscle have been administered during the refractory period. The responsive-
ness of the smooth muscle to inhalation of histamine and methacholine after exercise
challenge®'~%® and methacholine after mannitol challenge has been reported as un-
changed in subjects who are refractory.®® A decreased responsiveness to histamine
has been documented only after paired, but not single, exercise provocation.>*
Thus, it seems unlikely that refractoriness to EIB can be accounted for by a general
decreased responsiveness of the airway smooth muscle itself. Although the muscle
may remain responsive to histamine, this mediator does not play a prominent role in
sustaining EIB.?”

Tachyphylaxis of the muscle may occur in response to other mediators of EIB. For
example, it is well recognized that tachyphylaxis occurs with repeated inhalation of
LTD,4 and cross-tachyphylaxis occurs between exercise challenge and LTD,4 chal-
lenge (Fig. 3).5° One of the original observations on tachyphylaxis involved the inhala-
tion of PGF,,, and led to a proposal of a secondary protective mechanism. Fish and
colleagues®® demonstrated that when PGF,,, was inhaled, it induced bronchoconstric-
tion; but if the inhalation was continued with higher doses, there was a return to base-
line lung function. It was not clear if this tachyphylaxis was an expression of decreased
responsiveness of the muscle, by downregulation of the receptor, or caused by the
release of a protective substance. Yet another possibility is that PGF2a at the higher
concentration, because of its relative lack of receptor specificity, would have also had
an effect on other PG receptors, such as the bronchodilating PGE, receptors EP, and
EP,. It seemed necessary for PGF,, to be the initial stimulus, but the subsequent
response was not specific to PGF,,, because there was also a reduction in responsive-
ness to histamine (Fig. 4).% The investigators suggested that there may be a second-
ary protective mechanism initiated by PGF,,. Hyperventilation has been shown to
induce the release of bronchodilating PGE, and PGl,, lending support to the idea of
a secondary protective mechanism involving PGs.%”

Release of Protective PGs

The release of a protective PG would seem to be the best argued mechanism for
refractoriness to date. The proposal of a protective mediator initially made by Fish
and colleagues®® was revisited by others who studied the effect of pretreatment
with the cyclooxygenase (COX) inhibitors, thereby blocking the production of prosta-
noids, such as PGs, prostacyclin, and thromboxane. The effect of the COX inhibitor
indomethacin has been studied extensively on refractoriness to exercise, EVH, and
inhaled water aerosol (Fig. 5).34%8-%° The findings that indomethacin abolished refrac-
toriness to these 3 challenges, yet had no effect on the response to the initial chal-
lenge, strongly support the role of PGs in the development of refractoriness.

The early studies involved an initial exercise breathing hot humid air followed by a
second exercise challenge breathing dry air.6-%2 EIB was inhibited by the hot humid
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Fig. 3. Cross-refractoriness between exercise and LTD4. (Upper panel) The mean (%SEM)
PCyo LTD4 for two LTD,4 challenges separated by1 hour and for an LTD,4 challenge 1 hour af-
ter exercise during treatment with either placebo or flurbiprofen (50 mg/d for 3 days). LTD4
tachyphylaxis occurred in control subjects (open bars). LTD, tachyphylaxis also occurred
after exercise during placebo (dotted bars), but the effect was significantly attenuated
(P = .027) during flurbiprofen treatment (solid bars). (Lower panel) The mean (SEM) per-
centage decrease in FEV, after 2 exercise challenges separated by 1 hour and for exercise
1 hour after LTD,4 challenge during treatment with either placebo or flurbiprofen. Exercise
refractoriness occurred after LTD,4 challenge during placebo treatment (dotted bars), but the
effect was significantly attenuated (P = .026) during flurbiprofen treatment (solid bars).
(From Manning PJ, Watson RM, O'Byrne PM. Exercise-induced refractoriness in asthmatic
subjects involves leukotriene and prostaglandin interdependent mechanisms. Am Rev Respir
Dis 1993;148:950-4; with permission.)
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air, but tolerance, to a similar degree as refractoriness, was observed to the second
exercise with dry air.%162 These studies were important because they demonstrated
that EIB per se was not required for the development of tolerance to the second ex-
ercise. Further, the tolerance to the second exercise was abolished by pretreatment
with indomethacin.®® This finding suggests that protective PGs were induced by the
initial exercise challenge, even in the absence of EIB (Fig. 6).%° It also suggests that
PGs play no role in the inhibition of EIB by hot humid air because no bronchoconstric-
tion occurred during indomethacin treatment. The inhibitory effect of indomethacin on
refractoriness, however, makes the release of a protective PG following initial chal-
lenge seem a likely mechanism. There is one major caveat, however, in that severe
EIB has been reported when breathing dry air 20 minutes after an initial challenge
with hot humid air when EIB was prevented.®3* Although these two studies were
not designed to include the effect of indomethacin, the findings are markedly at
odds with those described earlier.

Further support for a protective PG came from a later study in which the effect of
repeated exercise and LTD, challenge were investigated as well as the effect of
LTD, preceding or following exercise challenge.®® The investigators used the COX
inhibitor flurbiprofen to study its effect on the refractory period (see Fig. 3). Their
findings suggest that LTs induce release of a protective PG. By contrast, there is
currently no evidence for a role of histamine in the release of protective mediators.
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Fig. 4. The effect of repeated inhalation of PGF2a and histamine in patients with asthma.
Percent change in FEV, after administration of different agonist combinations in a represen-
tative subject. Panels, from top to bottom, illustrate the response to first (PGF1) and second
(PGF2) challenge with PGF,,, response to first (H1) and second (H2) challenge with hista-
mine, and response to challenge with PGF,, (PGF3) followed by histamine (H3). Tachyphy-
laxis to the second challenge with PGF,, was seen. Also a decreased response to histamine
was seen following challenge with PGF,,. (From Fish JE, Jameson LS, Albright A, et al. Modu-
lation of the bronchomotor effects of chemical mediators by prostaglandin F2 alpha in asth-
matic subjects. Am Rev Respir Dis 1984;130:571-4; with permission.)

For example, histamine Ha,-receptor antagonists neither affect the airway response
to exercise nor the refractoriness induced with repeated challenges.®>%¢ However,
the possible role of the more recently discovered H; and H, receptors remains to
be studied.

This protective PG was considered likely to be PGE,, which had been shown to
reduce both the duration and severity of bronchoconstriction following exercise
challenge.®” Inhalation of PGE, does not alter the airway response to methacholine,
suggesting it does not act as a functional antagonist.?”:68 PGE, may work through
mast cells, neural pathways, or via modulation of receptors or downstream intracel-
lular signaling molecules. PGE; is thought to be produced by the airway smooth mus-
cle cells®® and the epithelium.”® An increase in osmolarity is also a stimulus for the
release of PGE,.”" PGE, also reduces the airway response to metabisulfite. This
finding, together with the data supporting a role for leukotrienes in metabisulphite-
induced bronchoconstriction, is in keeping with the concept of interdependence be-
tween LTs and PGs in the development of refractoriness.
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circles). Refractoriness occurred after exercise on the 2 placebo days but not after indometh-
acin. (From O’Byrne PM, Jones GL. The effect of indomethacin on exercise-induced broncho-
constriction and refractoriness after exercise. Am Rev Respir Dis 1986;134:69-72; with
permission.)

Many studies have suggested this protective PG to be PGE,.55-%8-60 Although this is
the most studied idea, much remains unclear; is there release of PGE,? If there is
release, how does the PGE, act to prevent bronchoconstriction? How long lasting
is the effect? The reason for this protective PG not affecting the bronchoconstrictor
response to the initial challenge, to any significant extent, may be that the release is
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Fig. 6. The effect of breathing conditions on the response to a subsequent challenge per-
formed in thermo neutral conditions. Percentage decrease in FEV; (mean =+ standard error
of the mean) after exercise compared with pre-exercise values. Placebo and indomethacin
pretreatments were compared under thermoneutral and warm-humid breathing condi-
tions. Refractoriness was seen during challenge 2 (c/losed bars) independent of the breath-
ing conditions during challenge 1 (open bars). The refractoriness was abolished by
indomethacin in both situations. (From Wilson BA, Bar-Or O, O'Byrne PM. The effects of
indomethacin on refractoriness following exercise both with and without a bronchocon-
strictor response. Eur Respir J 1994;7:2174-8; with permission.)
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delayed compared with the other mediators. It may also be that it needs to be present
before the other mediators are released, as is the case in the study by Melillo and col-
leagues®” whereby the patient inhaled PGE, 30 minutes before the challenge. Yet
another possibility is that the effectiveness is dependent on interplay with the other
released mediators.

WHERE ARE WE NOW?

Since the idea of a protective PG was put forward, 4 different receptors for PGE, have
been identified, EP4_4. The activation of EP4 and EP5 has been shown to induce bron-
choconstriction, whereas the activation of EP, and EP, induces relaxation of the bron-
chial smooth muscle.”73

Manning and colleagues®® proposed interdependence between LTs and PGs in the
development of refractoriness. This idea, however, has never been proven; and how
PGE, would exert its effect has not been discussed. Also, that levels of PGE, are
elevated during the refractory period requires confirmation. Considering the recent
findings®® of a relation between high levels of mediators and a higher degree of refrac-
toriness, the authors propose a new interpretation of how the interplay between LTs
and PGs (PGE, and PGD,) takes place: via downregulation of the CysLT;.

From studies investigating G protein-coupled receptors (GPCRs), a common
finding is agonist-promoted homologous desensitization.”* This topic has been exten-
sively investigated with the B,-adrenergic receptor agonists (8, agonist). In relation to
EIB, this desensitization to a B, agonist manifests as a reduction in the duration of pro-
tection against EIB within days of regular use,”®>” a more prolonged recovery from
EIB in response to a B, agonist when breakthrough EIB has occurred,”® and an in-
crease in the severity of EIB at the end of a dosing period.”® With acute stimulation,
this desensitization of the B.- receptor is associated with phosphorylation of the re-
ceptor by GPCR kinases and the second messenger-dependent protein kinase A.&°
The receptors are then internalized through the effects of arrestins.”* With a more
chronic stimulation, the agonist exposure leads to receptor downregulation with
decreased expression and synthesis.?% There is also a correlation between the
strength of the stimulus and the desensitization that an agonist can induce.®'

The various GPCRs do not work in isolation but rather they have been shown to
exhibit extensive crosstalk between them.82 An example of this crosstalk is the activa-
tion of the PGE, receptor EP, leading to a reduction of the bronchodilating function of
the B,-adrenergic receptor.82 The same has been observed for LTD,.84 Release of
PGD; and CysLTs has been established with EIB'98%86 and there are also reports
on release of PGE,.®” These eicosanoids exert their actions in humans via their
respective GPCRs.88 For example, LTD, has been shown to induce phosphorylation
and internalization of the CysLT; receptor, a process involving protein kinase C and
arrestins.®® This process of phosphorylation and internalization of the CysLT; has
been shown to be initiated rapidly on stimulation and to be recycled back to the cell
surface in 15 to 20 minutes after the removal of the stimulation.®°

The early study of EIB showing a relationship between the workload and refractori-
ness?® and the more recent study showing higher mediator levels in those who are
most refractory®® is in keeping with receptor desensitization as the mechanism of
refractoriness. Also in keeping with receptor desensitization is the prolonged increase
(60-120 minutes) in the urinary excretion of LTE, and 11B-PGF,,, after challenge with
exercise, EVH, or mannitol.’®3%8586 (The nomenclature of the metabolites of different
PGs has recently been revised, and 11B-PGF,,, is the new term for the metabolite pre-
viously called 9a,11B-PGF, by the authors and others.) Further, the timing of induction
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and cessation of receptor internalization would fit with the duration of the refractory
period being up to 2 hours. From the authors’ experience,®>8%8 they have seen that
the dynamics of release and the level of mediators vary to a great degree between sub-
jects. These differences between subjects not only help to explain why some subjects
are rendered refractory while others are not, but they may also account for the varying
duration of the refractory period.?® When the authors compared the most and least re-
fractory subjects following repeated inhalation of mannitol, they found that the most re-
fractory subjects had significantly higher levels of both LTE, and the PGD, metabolite
11B-PGF,,.3° The most refractory subjects also had sustained higher levels and did not
return to baseline mediator values before the second challenge.

The consistent finding of increased levels of the PGD, metabolite 118-PGF5,, during
EIB may be relevant in that it may contribute to crosstalk via the thromboxane receptor
(TP) receptor leading to desensitization of the CysLT, (Fig. 7). In keeping with this, the
effect of indomethacin on refractoriness could be explained by PGs having an impor-
tant role in the crosstalk between GPCRs to induce increased desensitization of
CysLT, in response to elevated levels of LTs following exercise challenge. When the
levels of PGs are decreased, as would be the case with indomethacin pretreatment,
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Fig. 7. Desensitization of CysLT, as a mechanism of refractoriness. With exercise, there is
release of cysteinyl leukotrienes from mast cells that stimulate the GPCR CysLT; causing
contraction of the muscle and exercise-induced bronchoconstriction. The PGs generated
during the same exercise could, via stimulation of the GPCRs DP+/EP,_4/TP, lead to crosstalk
so that the CysLT, is desensitized through phosphorylation and internalization. Refractori-
ness to a second exercise challenge within a short period occurs as a result. When the levels
of mediators return to baseline values, the CysLT; receptors are recycled back to the cell sur-
face and the muscle becomes sensitive to further stimulation. When generation of PGs is
inhibited by agents, such as indomethacin and flurbiprofen, then there is limited desensiti-
zation of the CysLT; and, therefore, limited refractoriness. CysLT,, cysteinyl leukotriene
receptor,; DP,, prostaglandin D receptory; EPy4, prostaglandin E receptorq4 GPCR,
G-protein coupled receptor; TP, thromboxane receptor.
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LTs alone would not be able to cause enough phosphorylation to induce refractoriness
or at least not as effectively.

Further support for the idea of high levels of CysLTs leading to decreased sensitivity
of the same receptor comes from a series of studies of patients with aspirin-intolerant
asthma by Lee and coworkers.®'%3 In this peculiar syndrome, following a positive
challenge with aspirin causing bronchoconstriction, continued daily administration
of aspirin produces a state of refractoriness to aspirin (ie, aspirin desensitization).

If there is a general desensitization of all the receptors of the mediators released
during EIB or if there is desensitization only of a specific receptor (eg, the CysLT,) re-
mains to be determined. Also, what receptors are involved with this process either
directly or via crosstalk is somewhat speculative, but the PGE, receptors EP4_4, the
PGD, receptors DP; and TP, and the PGl, receptor IP are all likely candidates.

There are also experimental data suggesting a possible role for adenosine or ATP.
The bronchoconstriction, and the change in volume that may be expected to occur in
the ASL during challenge by exercise, EVH, distilled water, hypertonic saline, and man-
nitol, is likely to lead to the release of ATP.%4 The suggested involvement of adenosine
or ATP makes extracellular nucleotide receptors P2Y and the adenosine receptor
A2b other possible candidates. It is of course also possible that other yet-to-be-
identified mediators and their receptors have a vital role in this complex interplay.

In this review, the authors revisit the literature on refractoriness and its suggested
mechanisms. The proposed mechanism that has the most supportive evidence is
the release of a protective PG, presumably PGE,. The authors extend this thinking
and suggest that it is desensitization of the CysLT, that is the mechanism of refracto-
riness to exercise. This hypothesis is based on the evidence to date and may act as a
starting point for further research in the field.
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