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The capacity of terbutaline and the long-acting (3,-agonist salmeterol to
suppress wheal-and-flare reactions (WFRs) to intradermal antihuman IgE
and to histamine was evaluated in 36 healthy volunteers. We also examined
effects of the two drugs on the subsequent late cutaneous reaction (LCR)
to anti-IgE. Salmeterol (107107 M) and terbutaline (107'°-107 M),
injected intradermally 2 or 15 min before anti-IgE challenge, produced a
dose-dependent inhibition of the WFRs to anti-IgE (titer 1:10000) with a
maximal effect of =60% (wheal) and =75% (flare) by both drugs. On a
molar basis, salmeterol was approximately 10-100 times more potent than
terbutaline in inhibiting the WFRs. Moreover, the wheal response to
histamine (4 nmol) was antagonized by =40% after pretreatment with either
salmeterol (107> M) or terbutaline (10 M). We found that both salmeterol
and terbutaline exhibited anti-WFR activity for up to 24 h, salmeterol being
significantly more potent in this regard. When selecting a 15-min
pretreatment interval with equieffective anti-WFR doses from the first dose-
response experiments (i.e., a salmeterol : terbutaline ratic of 1: 10), the
WEFRs to high-dose anti-IgE (titer 1: 100) were inhibited by terbutaline
(10~ M) by 25-30%, but not by salmeterol (107°). On the other hand.
salmeterol attenuated (by up to =35%) the subsequent LCR more
effectively than terbutaline. As compared to the pretreatment procedure,
infiltration of the drugs (single doses) into the wheals 30 min after challenge
with anti-IgE (titer 1: 100) proved to be less effective on the development
of LCRs. Taken together, salmeterol was found to express higher potency
and have longer duration of action than terbutaline in inhibition of IgE-
mediated inflammation in human skin.
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B,-Adrenoceptor agonists cause relaxation of air-
way smooth muscle and are widely used in the
treatment of obstructive airway disease such as
asthma. These drugs have also been shown to
inhibit degranulation of mast cells and mediator-
and allergen-induced plasma leakage in various
animal models (1-4). Moreover, 3,-agonists, partic-
ularly the long-acting ones (i.e., salmeterol, formot-
erol), reduce inflammatory leukocyte accumulation
in rodent tissues (3-6). All these effects of the 8,-
agonists may well contribute to the clinical

response when treating allergic asthma, becausew

many of the clinical characteristics of this disease

are believed to depend on ongoing inflammatory
processes.

The long-acting ,-agonists were developed to
meet a clinical need for a prolonged bronchodilator
action for use in controlling the symptoms of
nocturnal asthma and to provide more convenient
maintenance therapy for the asthmatic patient (7,
8). Salmeterol and formoterol, compared with
shorter-acting 3-agonists (e.g., salbutamol, terbuta-
line), are more efficacious in reducing late airway
responses to antigen inhalation which are charac-
teristically associated with leukocyte accumulation
(9-12). Salmeterol and formoterol also provide
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prolonged protection against evoked plasma
extravasation and mediator release (1, 3, 4, 6, 13).
Yet, there is no clear evidence that long-acting 3,-
agonists inhibit the inflammatory mediator release,
airway edema, and/or leukocyte recruitment asso-
ciated with late asthmatic reactions in man (14-16).

The type of mediators released and the sequence
of microvascular inflammatory events follow a
rather stereotypical pattern regardless of the tissue
in which an allergic reaction takes place (17-19).
In this context, the accessibility of the skin makes
it an attractive tissue for studies of basic mecha-
nisms, including drug intervention, in IgE-depend-
ent inflammatory reactions. For this purpose,
cutaneous anti-IgE challenge in nonatopics appears
to be a useful and reproducible alternative to
allergen provocation in atopics (20, 21). A late
cutaneous reaction (LCR), characterized by local
edema and perivascular infiltration of inflamma-
tory cells, often follows the early wheal-and-flare
reaction (WFR) induced by either allergen or
antthuman IgE (22). The LCR has many similari-
ties with the delayed response in the lung and can
be attenuated by intradermally (i.d.) administered
formoterol or terbutaline (20, 23). In the latter
studies, formoterol was more potent and had a
longer duration of action than terbutaline in inhi-
bition of anti-IgE-induced skin reactions in healthy
subjects. Moreover, the effects of both drugs on the
LCR appeared to be partly independent of inhibi-
tion of the preceding release of mast-cell mediators
(20).

Salmeterol is a highly selective B,-agonist with a
long duration of action, possibly as a result of
binding to an exosite within the B,-adrenoceptor
protein (8). In guinea-pig skin, salmeterol was
generally more efficacious than formoterol with
respect to inhibition of leukocyte recruitment and
leukocyte-dependent plasma protein extravasation
(PPE) after id. administration of the drugs,
whereas both drugs equally attenuated mediator-
induced PPE (4). The present study aimed to
compare the potency and duration of action of
topical salmeterol and terbutaline on IgE-mediated
inflammation (diameters of WFRs and LCRs) in
human skin.

Material and methods
Subjects

Thirty-six healthy, drug-free volunteers (20-54
years of age, mean 30, 24 women and 12 men), with
no history of atopy, negative SPT to a panel of
common allergens, and negative reactions to i.d.
injection of normal goat IgG were recruited. By
history, none of the patients had dermatographism.
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All subjects in the study gave their informed
consent to participate in the study, which was
approved by the ethics committee of the Karolinska
and Huddinge hospitals.

Reagents for skin testing

Affinity-purified goat antihuman IgE (e-chain spe-
cific) and chromatographically purified normal
goat IgG were obtained from AB Kemila-Preparat
(Sollentuna, Sweden). The lyophilized antibodies
were reconstituted in sterile phosphate-buffered
saline (PBS) and dialyzed against PBS for 24 h. The
antibodies were then passed through a Millipore
filter (0.22 wm), analyzed for protein content
according to Bradford (24), diluted to 0.1 mg/ml
(=titer 1:10) in sterile PBS, divided into aliquots,
and stored frozen at —20°C. Histamine phosphate
(British Drug House, Poole, UK) was dissolved in
sterile PBS at a concentration of 200 uM and
passed through a Millipore filter (0.22 pm). As
reported previously, we have no evidence that the
subjects become sensitized to the small amounts of
animal IgG administered (25).

Salmeterol xinafoate (provided by Glaxo
Research and Development, UK) was dissolved in
95% ethanol at a concentration of 102> M and then
further diluted in sterile PBS, with a first dilution
step of x100 (i.e., to 10* M). Consequently, the
highest ethanol concentration injected into skin
was 0.01% (i.e., salmeterol 10° M) in the anti-IgE
experiments and 0.1% in the experiments with
histamine (i.e., salmeterol 10> M). In a series of
control experiments, we found that ethanol in these
concentrations does not interfere with cutaneous
responses to anti-IgE or histamine (R. Gronneberg
and J. Raud, unpublished observations). Terbuta-
line sulfate (Bricanyl injection solution 0.5 mg/ml,
Draco, Lund, Sweden) was diluted in sterile PBS.
Fresh solutions of the two drugs were made each
day.

Skin testing

WER to low-dose anti-IgE and drug treatment. The
back of each subject was divided into 30 sections
from the upper level of the scapula to the second
lumbar vertebra, providing five injection sites
at each level. All injection volumes were 20 i
and were administered by the same investigator
by micrometer syringe (Wellcome Laboratories,
Beckenham, UK; anti-IgE and histamine) or tuber-
culin syringe (solutions of drugs, diluents, and
normal goat IgG).

To investigate the doses of anti-IgE required
to obtain an equivalent response to a predefined
dose of histamine, we injected anti-IgE (titer



1:33000-1: 1000 in 3.3-fold increments) and hista-
mine (4 nmol) 1.d. The approximate dose of anti-
IgE resulting in a flare reaction similar to that
evoked by 4 nmol histamine was selected for further
experiments on dose-response relationships and
duration of inhibition of WFRs by salmeterol and
terbutaline.

To examine the potency ratio (relative potency)
of salmeterol to terbutaline, we randomly treated
skin sites with coded solutions of salmeterol
(1071°-107° M) or terbutaline (107'°-10~ M) in 10-
fold incremental doses i.d. 2 or 15min before
injection of the selected dose of anti-IgE. The pre-
treatment schedule was based on previous findings
that terbutaline is more effective as an inhibitory
drug when administered i.d. 2 or 5 min before
rather than concomitantly with allergen in atopics
(26). Because salmeterol is slower to reach equili-
brium in isolated airway preparations than the
short-acting (3,-agonists salbutamol and fenoterol
(8), we extended the pretreatment interval for
salmeterol (and terbutaline) in our skin model to
15 min. PBS injected 1.d. 2 or 15 min before anti-
IgE at each injection level served as control. Com-
parison of WFRs at drug-pretreated sites with
responses at control sites was performed at each
injection level in each subject. We also tested 30-
and 60-min pretreatment with fixed doses of salme-
terol (10°°® M) and terbutaline (10> M) in five
subjects.

Using the experimental model described above,
we examined the duration of drug action by inject-
ing coded solutions of salmeterol (10 and 10°° M),
terbutaline (1077 and 10 M), or vehicle at each
level between 8 and 10 a.m. in approximate 1Dy,
and ID, doses, 1.e., concentrations that produced
30% and 60% inhibition, respectively, of the WFRs
to anti-IgE in the previous dose-response experi-
ments. All injection sites were carefully outlined
with a marking pen to enable later i.d. challenge
with anti-IgE (titer 1:10000) after time intervals
of 15 min and §, 24, and 48 h.

Late-phase response to high-dose anti-IgE. The
volar aspects of the forearms (midway between the
wrist and the elbow) were treated with coded
solutions of salmeterol (10° M), terbutaline
(10°M), or diluent according to the two designs
described below. In both series of experiments, the
choice of concentrations of the drugs was based on
the dose-response experiments on inhibition of
WFRs induced by low dose anti-IgE. In one set of
experiments, the respective drug or diluent was
injected (20 wl) 15 min before challenge with anti-
IgE (titer 1 : 100, 40 wl). In another series of exper-
iments, salmeterol, terbutaline, or vehicle was
injected (40 pl) into the wheal 30 min after chal-
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lenge with anti-IgE (titer 1: 100, 40ul). Each sub-
ject received all treatments (crossover design) with
a =10-day interval between testing. In the latter
experiments, anti-IgE injection sites were marked
to avoid the skin being in an LCR refractory state
at the second occasion (27).

Registration of WFR and LCR. The WFRs (at
10 min) and the subsequent delayed edema/indu-
ration (LCR, at 1-24 h) were delineated on a
transparent plastic sheet at indicated time points.
LCRs were recorded by the test subjects them-
selves after thorough instructions. The areas (cm?)
of the skin responses were determined by computer-
assisted planimetry. Total LCR was estimated by

adding the areas for all LCR time-points from 1 to
24 h.

Statistical analysis

Skin responses to anti-IgE and histamine were
compared at drug-treated sites with those of simul-
taneously injected control sites by the Wilcoxon
signed ranks test for paired observations. All values
are expressed as meant*SE. and n represents
number of subjects per group.

Results
Methodological aspects

Anti-IgE (titer 1 : 33000-1 : 1000) dose-dependently
produced WFRs in all subjects (not shown),
with titer 1:10000, resulting in a flare reaction
similar to that induced by 4 nmol histamine. The
magnitude of the WFRs (10 min) to anti-IgE (titer
1:10000) at control sites was 16.6+1.4 cm? (flare)
and 0.81+0.05 cm? (wheal) (n=10). The corres-
ponding responses to histamine (4 nmol) amounted
to 14.540.85 cm? (flare) and 0.75+0.06 cm?* (wheal).
The mean coefficients of variation (CV mean),
calculated as previously described (28), for WFR
(10 min) to anti-IgE (titer 1 : 10000) injected at the
same occasion at two injection levels on the back
were 10% (wheal) and 5% (flare) (n=10). The CV
means for 10-min responses to anti-IgE titer
1:10000 at five injection levels (28) over a 1-24-h
period were 20% (wheal) and 21% (flare) (n=7).
The CV means for WFRs (10 min) and total LCR
(1-24 h) to anti-IgE titer 1:100 injected on the
volar aspects of forearms in the same subjects on
two occasions separated by a =10-day interval,
were 14% (wheal), 8% (flare), and 30% (total
1-24 h LCR) (n=9). Cutaneous responses to nor-
mal goat-IgG (titer 1:100) were indistinguishable
from the minor reaction induced by vehicle (PBS
or ethanol).
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Fig. 1. Intradermal pretreatment of multiple sites on subject’s back with different doses of salmeterol (107'"-10° M) or terbutaline
(10""-10° M) 2 min before induction of wheal (a) and flare (b) by i.d. challenge with anti-IgE (titer 1: 10000, n = 10). Panels ¢
and d show comparison between pretreatment with salmeterol (1010 M) for 2 and 15 min before challenge with anti-IgE
(n=9). WFR measured at 10 min after anti-IgE. Effects of drugs are expressed as percentage of control response to anti-IgE.

*P<0.05; **P<(0.01; ***P<0.001. Mean £ SE.

Dose-response relationships and duration of action
of salmeterol and terbutaline

Salmeterol (10 M, n=6) and terbutaline (10 M,
n=9) (15-min pretreatment) reduced the hista-
mine (4 nmol)-induced wheal reaction by
44.414.9% and 41.5+7.8%, respectively (P <0.05),
and the flare response by 19.0%7.1% and
15.5+8.8%, respectively (P <0.05). Pretreatment
of the skin with terbutaline (107""-107 M) or salm-
eterol (107'"-10°° M) 2 min before challenge pro-
duced a dose-dependent inhibition of the WFRs
induced by anti-IgE (titer 1:10000) (Fig. l1a, b).
salmeterol being approximately 10-100 times
more potent on a molar basis (ID,,and ID., doses
of the drugs, which produced =30% and 60%
inhibition, respectively, were selected for the sub-
sequent experiments). Extension of the pretreat-
ment interval for salmeterol (107'°-107° M) from
2 to 15 min did not significantly change the dose-
response curve with regard to inhibition of WFRs
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(Fig. 1c, d). In a separate series of experiments
with fixed doses of salmeterol (10°M) and terb-
utaline (107 M), it was found that further exten-
sion of the pretreatment interval to 30 or 60 min
was no more effective than 2 or 15 min (Fig. 2).
The lack of statistical significance with 30-min
pretreatment was probably due to the relatively
small number of observations in this group (n=4)
(Fig. 2). With regard to wheal or flare, the
responses to the different concentrations of terb-
utaline or salmeterol per se were indistinguishable
from those caused by vehicle (not shown).

The duration of inhibition produced by terbuta-
line (1077 and 10~ M) and salmeterol (10~® and
107° M) on the anti-IgE-induced WFRs is shown in
Fig. 3. Considered together, both concentrations of
terbutaline and salmeterol showed inhibitory activ-
ity for up to 24 h, salmeterol being significantly
more effective at 24 h, particularly at the higher
concentration. At 48 h, there was a trend for better
inhibitory activity by salmeterol.
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Fig. 2. Intradermal pretreatment of multiple sites on subject’s
back with salmeterol (10°® M) or terbutaline (10 M) for
indicated periods of time before i.d. challenge with anti-IgE
(titer 1:10 000). Wheal reaction measured at 10 min. Effects of
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Effect of salmeterol and terbutaline on LCR

Intradermal injection of the higher dose of anti-IgE
(titer 1:100) induced both WFRs and late-phase
reactions (Fig. 4). The LCRs were characterized by
distinct, somewhat irregular, erythematous indura-
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tion and edema, reaching a maximum at 4-10 h
after challenge.

Pretreatment with salmeterol (10° M) 15 min
before challenge had minimal effects on the WFR
and the first part (1-2 h) of the following LCR to
the high-dose anti-IgE, but reduced the 4-10-h
LCR by approximately 30% (Fig. 5). In contrast to
salmeterol, terbutaline (10> M) attenuated the
WFR to anti-IgE (titer 1 : 100) by 25% (wheal) and
30% (flare) (Fig. S). On the other hand, terbutaline
was less effective than salmeterol in inhibiting the
subsequent LCR (Fig. 5).

When infiltrating the drugs in single doses 30 min
after challenge with anti-IgE (1 : 100), we detected
no clear pattern of inhibition (Fig. 6). The attenua-
tion of the first 1-2-h LCR seemed somewhat more
pronounced at sites treated with salmeterol (107
M), whereas the following 4-24-h LCR appeared to
be more inhibited by terbutaline (10~ M).

Discussion

The main objective of this study was to define the
duration of action and relative potency of salme-
terol in comparison with terbutaline in antagonizing
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Fig. 3. Intradermal pretreatment of multiple sites on subject’s back with 10° M salmeterol or 10~ M terbutaline for indicated
periods of time before induction of wheal (a) and flare (b) by i.d. challenge with anti-IgE (titer 1:10000) (15 min, n=9; 8 h, n=5;
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IgE. *P <0.05; **P <0.01. Mean+ SE.
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Fig. 4. Size (cm?) of WFRs (at 10 min) and LCRs after i.d.
injection of anti-IgE (titer 1:100) on volar aspect of forearms.
Mean +SE (n=10).
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Fig. 5. Intradermal pretreatment of volar aspect of forearms

with salmeterol (10° M, n=10) or terbutaline (10™ M, n=28)
15 min before i.d. challenge with anti-IgE (titer 1: 100). WFRs
were measured at 10-min and LCRs at indicated time intervals.
Effects of drugs are expressed as percentage of control
response to anti-IgE. *P <0.05; **P <0.01. Mean*SE.

IgE-dependent reactions in human skin. Regard-
ing the effects on the early WFR to anti-IgE,
pretreatment with salmeterol and terbutaline
(given 2 or 15 min before challenge) resulted in
the same maximal inhibition (70-80% ); however,
salmeterol was approximately 10-100 times more
potent than terbutaline. The two drugs appeared
to have an equally rapid (=2 min) onset of anti-
inflammatory action in the skin, and extending the
pretreatment interval to 30 or 60 min did not
increase the effects of salmeterol. Both salmeterol
and terbutaline exhibited anti-WFR activity for
up to 24 h, salmeterol being significantly more
potent in this regard. To provoke LCRs, we used
a 100 times higher dose of anti-IgE as compared
to WFR-inducing concentration, and, as described
above, on the basis of the initial dose-response
experiments, we selected equieffective anti-WFR
doses of the drugs, i.e., a dose ratio of 1:10 for
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salmeterol : terbutaline in agreement with clinical
asthma treatment. In these experiments, the LCR
was moderately reduced by both drugs, with a
clear tendency for a higher degree of inhibition
by salmeterol. Terbutaline, but not salmeterol,
inhibited the preceding WFR to the high-dose
anti-IgE by =25% (15-min pretreatment). When
injecting the drugs in single doses into the anti-
IgE-induced wheal 30 min after challenge, neither
salmeterol nor terbutaline was very effective in
inhibiting the LCR. If anything, terbutaline
appeared slightly more efficacious at later time
points in these experiments. Taken together, the
results of this study show that salmeterol was
clearly more potent and somewhat more long-
acting than terbutaline in inhibition of anti-IgE-
induced inflammation in human skin.

Our present experiments do not explain the
mechanism(s) by which salmeterol and terbutaline
inhibited the IgE-mediated reactions. However, the
fact that histamine-induced whealing was attenu-
ated by up to 40% by both drugs suggests direct
antagonism of plasma protein extravasation, rather
than inhibition of mast-cell activation, as the main
mode of action. Yet, it is possible that the reduction
of WFR to high-dose anti-IgE by terbutaline
involved inhibition of mast-cell mediator release.
This is supported by our recent skin-chamber
experiments in which anti-IgE-induced histamine
release into skin-chamber fluid was significantly
reduced by terbutaline, but not by salmeterol
(drugs given locally 30 min before and together
with anti-IgE) (29). In contrast, a preincubation
period of 20-30 min with salmeterol has been
reported to inhibit antigen-induced mediator

release from passively sensitized human lung frag-
ments (1, 13).



We also noted that the B,-agonists, which are
generally considered to have vasodilatory proper-
ties, slightly but significantly reduced the hista-
mine-induced flare response. While this is in line
with previous findings with (,-agonists in human
skin (23), we can presently not explain the mode
of action by salmeterol and terbutaline in this
regard. However, in view of the suggestion that 3,-
agonists directly inhibit release of transmitters
from both cholinergic and nonadrenergic nonchol-
inergic nerves (30, 31), it is tempting to speculate
that salmeterol and terbutaline may have attenu-
ated the well-established neurogenic component of
the histamine-induced flare response.

Previous experiments with formoterol, a
lipophilic drug with high affinity and efficacy at B-
adrenoceptors (7), showed that formoterol (2-min
pretreatment) was 25-70 times more potent than
terbutaline in inhibition of anti-IgE-induced wheal
and flare (28). In parallel with salmeterol, the
duration of inhibition of WFRs produced by for-
moterol was 24 h. Formoterol (107-10 M) given
2 min before anti-IgE reduced the WFR by 25—
40% and the following 1-24-h LCR up to 50%,
formoterol being clearly superior to terbutaline in
this respect. Moreover, when formoterol was
injected in single dose into the wheal 30 min after
challenge, the anti-igE-induced LCR was reduced
by 50% (20). While these findings suggest that
formoterol may be somewhat more effective than
salmeterol in inhibiting later stages of IgE-
mediated inflammation in human skin, it is impor-
tant to emphasize that potential differences bet-
ween the two drugs must be confirmed by direct
comparison in the same study.

B,-Agonists, particularly long-acting ones, reduce
leukocyte accumulation in various animal models
(3-6). Thus, since IgE-mediated LCRs in human
skin are characterized by local infiltration of inflam-
matory cells (22, 32), it is tempting to speculate that
the observed anti-LCR effects by salmeterol and
formoterol may be related to inhibition of leuko-
cyte recruitment. However, such an effect by the
long-acting B,-agonists remains to be documented
in man. Indeed, we recently failed to detect inhibi-
tion by salmeterol of anti-IgE-induced leukocyte
accumulation in skin chambers (29). Moreover,
bronchoalveolar-lavage or sputum-sampling studies
provide no evidence that salmeterol or formoterol
inhibits recruitment of inflammatory cells in asth-
matics (12, 14-16), in whom both salmeterol and
formoterol are more efficacious in reducing late
airway responses to antigen inhalation than shorter-
acting B-agonists (9, 10, 12, 33). However, the
number of studies in man is too limited to exclude
the possibility that long-acting B,-agonists exert”
clinically significant anti-inflammatory actions.

-Agonists and anti-IgE skin reactions
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