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Abstract

We investigated, in 36 healthy volunteers, the effects of pred-
nisone and ketotifen on recovery of lymphocyte 3,-adrenoceptor
density (determined by (—)-'*iodocyanopindolol binding) and
responsiveness (assessed by lymphocyte cyclic AMP [cAMP]
responses to 10 pM (—)-isoprenaline) after desensitization by
the 8;-agonist terbutaline. Terbutaline (3 X 5 mg/d) decreased
lymphocyte B3,-adrenoceptor density by ~40-50%; concomi-
tantly, lymphocyte cAMP responses to 10 uM (—)-isoprenaline
were significantly reduced. After withdrawal of terbutaline 8,-
adrenoceptor, density and responsiveness gradually increased,
reaching predrug levels after 4 d.

Prednisone (1 X 100 mg orally) accelerated S5,-adrenoceptor
recovery; only 8-10 h after administration of the steroid 3,-ad-
renoceptor density and cAMP responses to (—)-isoprenaline had
reached values not significantly different from pretreatment lev-
els. Similar effects were obtained with ketotifen (2 mg; thereafter
2 X 1 mg/d for 4 d): 24 h after application of the drug 8,-ad-
renoceptor density and cAMP responses to (—)-isoprenaline had
reached pretreatment levels. Furthermore, ketotifen simulta-
neously applied with terbutaline completely prevented terbuta-
line-induced decrease in lymphocyte §,-adrenoceptor density and
responsiveness. Prednisone (1 X 100 mg orally) or ketotifen (2
mg; thereafter 2 X 1 mg/d for 2 d) had no significant influence
on lymphocyte 8,-adrenoceptor density in healthy volunteers not
pretreated with terbutaline, but shifted the ratio high-to-low af-
finity state of the lymphocyte §,-adrenoceptor toward high af-
finity state.

We conclude that glucocorticoids as well as ketotifen can
accelerate recovery of density and responsiveness of lymphocyte
B,-adrenoceptors desensitized by long-term treatment with 8,-
agonists. Such an effect may have clinical implications for pre-
venting tachyphylaxis of asthmatic patients against therapy with
B-agonists.

Introduction

A general mechanism of cellular adaptation is a decrease of re-
sponsiveness to pharmacological or hormonal stimulation with
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time. This phenomenon is referred to as desensitization, tachy-
phylaxis, or refractoriness. In vitro as well as in vivo studies have
shown that in a variety of tissues, including human lymphocytes,
long-term exposure to $-adrenergic agonists resulted in an im-
paired S-adrenergic function. This reduced responsiveness of -
adrenoceptors was consistently found to be due to a decreased
density of receptors and/or to a diminished activity of the ade-
nylate cyclase (for review see 1, 2).

Agonists acting at S-adrenergic receptors are used to treat
asthma and other pulmonary dysfunctions. Human lymphocytes
containing a homogeneous population of 3,-adrenoceptors cou-
pled to the adenylate cyclase are suitable tissues to study alter-
ations of B8-adrenoceptor function in man (3; for references see
4). An agonist-induced decrease in $-adrenoceptor number in
lymphocytes from healthy as well as asthmatic subjects has been
observed after prolonged treatment with S-adrenergic agonists
(5-15). The resulting tachyphylaxis may markedly limit the
therapeutic efficacy of B-adrenergic bronchodilator therapy in
asthma (16-19).

Glucocorticoids seem to be involved in modulation of 3-
adrenoceptor density and responsiveness (for review see 20). It
has been shown that glucocorticoids can increase $-adrenergic
responsiveness as indicated by enhanced inotropic responses in
heart muscle (21), enhanced vascular responses (22, 23), and
enhanced hepatic glucose production (24) after catecholamine
stimulation. In addition, it has been shown in vitro as well as
in vivo that agonist-induced desensitization of the 8-adrenocep-
tor/adenylate cyclase system can be attenuated (25) or rapidly
reversed by glucocorticoids (26, 27). Recently Bretz et al. (28)
presented evidence that in rats, ketotifen (Zaditen; Sandoz Ltd.,
Basel, Switzerland), an antianaphylactic drug, can also prevent
agonist-induced desensitization of the 8-adrenoceptors. In the
present study, therefore, we compared in healthy volunteers the
effects of prednisone and ketotifen on recovery of lymphocyte
B-adrenoceptor density (determined by (—)-'?*iodocyanopin-
dolol [ICYP]' binding) and responsiveness (assessed by lym-
phocyte cyclic AMP (cAMP) responses to 10 uM (—)-isopren-
aline) after desensitization by the (8,-agonist terbutaline.

Methods

36 healthy volunteers (26 males and 10 females), mean age 24.2+0.8
(20-32) yr, participated in the study after having given informed written
consent. All were drug-free and had undergone physical examination to
exclude asthma, chronic pulmonary disease, diabetes mellitus, hyper-
tension, cardiac disease, and symptoms referable to the cardiovascular
system. The experimental protocol is given in Fig. 1. On two successive
days before drug treatment, 30 ml heparin blood (500 I.U. heparin/10
ml blood) for determination of lymphocyte 8,-adrenoceptor density and
CcAMP responses to isoprenaline were withdrawn, with the subjects in

1. Abbreviations used in this paper: By,,, maximal number of binding
sites; CAMP, cyclic AMP; ICYP, (—)-'*iodocyanopindolol.
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sitting position. Thereafter, terbutaline (3 X 5 mg/d) was administered
orallyat 7a.m., 3 p.m., and 9 p.m. for 9 d. After the last dose of terbutaline
(7 a.m.) the subjects were divided into three age-matched and sex-matched
groups. In the first group (n = 12), prednisone (1 X 100 mg per os at 9
a.m.) was administered; in the second group (n = 12), ketotifen (2 mg
at 9 a.m., thereafter 2 X | mg/d at 7 a.m. and 7 p.m. for 4 d) was
administered, while the third group (n = 12) did not receive any further
treatment. Blood samples were collected at certain time intervals (indi-
cated by the arrows in Fig. 1) during treatment with terbutaline and on
four successive days after withdrawal of terbutaline. Lymphocytes were
isolated from heparinized blood by the method of Boyum (29), three
times washed with phosphate-buffered saline (PBS), and finally resus-
pended in 12 mM Tris HC, 154 mM NaCl buffer, pH 7.2, containing
30 uM phentolamine and 0.55 mM ascorbic acid. For determination of
Br-adrenoceptor density, lymphocytes (0.5-0.8 X 10° cells/tube) were
incubated with 6-8 concentrations of ICYP ranging from 10 to 200 pM
at 37°C for 60 min in a total volume of 250 ul. Incubation was terminated
by diluting the entire reaction mixture with 10 ml of 10 mM Tris HCI,
154 mM NaCl buffer, pH 7.4 (37°C) followed by rapid filtration over
Whatman GF/C filters (Whatman, Inc., Clifton, NJ). Each filter was
washed with an additional 10 ml of buffer. The radioactivity of the wet
filters was determined in a gamma counter (Gamma 4000; Beckman
Instruments, Inc., Fullerton, CA) at an efficiency of ~75%. Nonspecific
binding of ICYP was defined as radioactivity bound which is not displaced
by a high concentration of (£)-CGP 12177 (1 uM). Specific binding of
ICYP was defined as total binding minus nonspecific binding; it usually
amounted to 70% at 20 pM of ICYP.

For determination of the cAMP content, lymphocytes were resus-
pended in PBS containing 0.25% bovine serum albumin and 100 gM
theophylline. Lymphocytes (~1-2 X 10 cells/assay) were incubated
either with PBS or with 10 uM (—)-isoprenaline for 15 min at 37°C in
a final volume of 330 nl. Incubation was terminated by immersing the
incubation tubes in boiling water for 5 min. After cooling, samples were
centrifuged with 12,000 g for 10 min and the CAMP content was deter-
mined in 100-u1 aliquots of the supernatant by the protein binding assay
of Gilman (30) as modified by Schwabe and Ebert (31). Details of the
procedures have been described elsewhere (32).

Statistical evaluations. The experimental data given in the text, figures,
and the table are means+SEM of n experiments. The maximal number
of binding sites (Bmay) and the equilibrium dissociation constant (Kp)
for ICYP were calculated from plots according to Scatchard (33). The
significance of differences was estimated by ¢ test. A P value < 0.05 was
considered significant.

Results

The mean number of B,-adrenoceptors in lymphocytes of the
36 volunteers included in this study amounted to 797+66 ICYP
binding sites/cell; the Kp, value for ICYP was 19.7+1.6 pM. Ter-
butaling (3 X 5 mg/d) led to a decrease in 8,-adrenoceptor den-
sity; only 2 d after application of the 8,-agonist the 8,-adreno-
ceptor density was decreased by ~40% (Fig. 2) and remained

Terbutaline (3x5 mg/d)

at 7am, 3pm, and 9p.m. a)no further drug
b) Prednisone (1x100 mg po,
first dose at 9a.m.)
at Tam. last dose | | € Ketotifen (2mg at 9aum,
at 7a.m. 2x1mg/d at 7am.and 7Tpm)

2 9 10
1 f ? 1

Figure 1. Experimental protocol. Blood samples (30 ml heparinized
blood for 8,-adrenoceptor number and cAMP response) were taken at

8-10 a.m. after 30 min of rest in sitting position. Heart rate was mea-
sured daily at 8 a.m. and 8 p.m. after 30 min rest in sitting position.
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Figure 2. Effects of terbutaline (3 X 5 mg/d) and prednisone (1 X 100
mg orally) on lymphocyte B,-adrenoceptor density, 10 uM (—)-iso-
prenaline-induced increases in lymphocyte cAMP content, and heart
rate in 24 healthy volunteers. Terbutaline was administered for 9 d;
thereafter, volunteers were divided into two groups: one group

(n = 12) received no further treatment (0); the other (n = 12) received
1 X 100 mg prednisone (w). For details see Methods. Ordinate: top, .-
adrenoceptor density in lymphocytes—determined by Scatchard anal-
ysis (33) of ICYP binding—in ICYP binding sites/cell; middle, 10 uM
(—)-isoprenaline-induced increases in lymphocyte cAMP content in
picomoles cCAMP/10° cells; and bottom, heart rate in beats/min. 4b-
scissa: day of study. Given are means+SEM. Horizontal lines and
broken lines: means+SEM of predrug levels. #+, P < 0.01; *, P < 0.05
vs. predrug levels.

on this reduced level throughout the treatment period. Con-
comitantly, (—)-isoprenaline- (10 uM) evoked cAMP increases
in lymphocytes were decreased to a similar extent. After with-
drawal of terbutaline 8,-adrenoceptor, density and (—)-isopren-
aline-evoked cCAMP increases recovered slowly, reaching predrug
values after ~4 d (Fig. 2). The Kp values for ICYP, however,
did not change significantly during treatment or after withdrawal
of terbutaline.

Prednisone (1 X 100 mg orally) accelerated recovery of ter-
butaline-desensitized 8,-adrenoceptor density and responsive-
ness; within 8-10 h after the administration of the glucocorticoid
B»-adrenoceptor density and isoprenaline-induced cAMP in-
creases had reached values that were not significantly different
from predrug levels (Fig. 2).

Terbutaline (3 X 5 mg/d) caused a rapid increase in heart
rate by ~20 beats/min after |1 d. During treatment heart rate
declined slowly and reached predrug levels 4 d after cessation
of the terbutaline treatment (Fig. 2). Note that immediately after
prednisone application heart rate increased slightly, but signifi-
cantly, before declining to predrug levels (Fig. 2).

Ketotifen (2 mg; thereafter, 2 X 1 mg/d) produced similar
effects as prednisone. Administration of the drug after withdrawal
of terbutaline led also to an acceleration of the recovery of g-
adrenoceptor density and responsiveness (Fig. 3). 3-Adrenocep-
tor density reached values not significantly different from predrug
values 24 h after the first dose of ketotifen. The same held true
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Figure 3. Effects of terbutaline (3 X 5 mg/d) and ketotifen (2 mg;
thereafter, 2 X 1 mg/d) on lymphocyte 8,-adrenoceptor density, 10
uM (—)-isoprenaline-induced increases in lymphocyte CAMP content,
and heart rate in 12 healthy volunteers. Terbutaline was administered
for 9 d; after the last dose, ketotifen (2 mg at 9 a.m.; thereafter, 2 X 1
mg at 7 p.m. and 7 a.m.) was administered for 4 d. For details see
Methods. Ordinate: top, B,-adrenoceptor density in lymphocytes—de-
termined by Scatchard analysis (33) of ICYP binding—in ICYP bind-
ing sites/cell; middle, 10 uM (—)-isoprenaline-induced increases in
lymphocyte cAMP content in picomoles cAMP/10° cells; and bottom,
heart rate in beats/min. Abscissa: Day of study. Given are
means+SEM. Horizontal lines and broken lines: means+SEM of
predrug levels. **, P < 0.01; *, P < 0.05 vs. predrug levels.

for cAMP responses to stimulation with 10 uM isoprenaline
(Fig. 3).

In a further series of experiments we studied the effects of
the simultaneous application of ketotifen (2 mg; thereafter, 2
X 1 mg/d) and terbutaline (3 X 5 mg/d) on (,-adrenoceptor
density and responsiveness in lymphocytes. As shown in Fig. 4,
ketotifen completely prevented the terbutaline-induced decrease
in lymphocyte B,-adrenoceptor density and 10 uM isoprenaline-
evoked increase in CAMP.

Finally we studied the effects of prednisone (1 X 100 mg
orally) or ketotifen (2 mg; thereafter, 2 X 1 mg/d for 2 d) on
lymphocyte 3,-adrenoceptors in healthy subjects not pretreated
with terbutaline. Both drugs had no significant influence on the
density of B,-adrenoceptors (Table I). However, both drugs
markedly affected inhibition of ICYP binding to lymphocyte
membranes by the S-agonist (—)-isoprenaline (Figs. 5 and 6). In
control membranes (—)-isoprenaline inhibited ICYP binding
with shallow displacement curves; nonlinear regression analysis
of these curves (34) revealed that isoprenaline binds to two af-
finity states of the lymphocyte (,-adrenoceptor, a high and a
low affinity state. The dissociation constants for high affinity
(Ky) and low affinity state (Kp) were: Ky = 36.8+2.8 nM (n
= 10) and K; = 1,215%+133 nM (n = 10); the percentage of -
adrenoceptors in high affinity state amounted to 56.3+3.5% (n
= 10). 16 h after prednisone the isoprenaline displacement curves
were shifted to the left to lower concentrations (Fig. 5); Ky was
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Figure 4. Effects of simultaneous application of terbutaline and ketoti-
fen on lymphocyte 8,-adrenoceptor density, 10 uM (—)-isoprenaline-
induced inreases in lymphocyte CAMP content, and heart rate in eight
healthy volunteers. Terbutaline (3 X 5 mg/d at 7 a.m., 3 p.m., and 9
p.m.) and ketotifen (2 mg at 7 a.m.; thereafter, 2 X 1 mg/d at 7 p.m.
and 7 a.m.) were administered for 9 d. For comparison the effects of
terbutaline alone from Fig. 2 are given in broken lines. Ordinate: top,
B2-adrenoceptor density in lymphocytes—determined by Scatchard
analysis (33) of ICYP binding—in ICYP binding sites/cell; middle, 10
M (—)-isoprenaline-induced increases in lymphocyte cCAMP content
in picomoles cCAMP/10° cells; and bottom, heart rate in beats/min. Ab-
scissa: Day of study. Given are means+SEM. Horizontal lines and
broken lines: means+SEM of predrug levels.

significantly decreased to 19.6+2.8 nM (n = 5; P < 0.01), while
K, was slightly increased to 1,377+133 nM (n = 5); the per-
centage of receptors in high affinity state rose significantly from
56.3 to 72.0+7.8% (n = 5; P < 0.05).

Similar effects were obtained with ketotifen (Fig. 6). 40 h
after the first application of the drug, Ky was decreased to
24.8+2.9 nM (n = 5; P < 0.01), while K; was slightly increased
to 1,298+141 nM (n = 5); in addition, the percentage of 8-

Table I. Effects of Prednisone or Ketotifen on Lymphocyte
B-Adrenoceptor Density in Five Healthy Volunteers

ICYP binding sites/cell
Time after first dose Prednisone Ketotifen
h
— (Control) 806132 942+173
16 778+164 1,034+175
40 9481206 985+236
64 — 970+148

Prednisone (1 X 100 mg) was administered orally at 7 p.m.; ketotifen
(2 mg) was administered at 7 p. m., thereafter 2 X |1 mg/d at 7 a.m.
and 7 p.m. for 2 d. Lymphocytes were isolated and §8,-adrenoceptor
density was determined as described in Methods. Each value is the
mean+SEM of five experiments.
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Figure 5. Effects of prednisone
(1 X 100 mg orally at 7 p.m.)

2 on inhibition of ICYP binding
to lymphocyte membranes by
401 (—)-isoprenaline in five healthy
kS volunteers. Lymphocyte mem-
14;5 €0 branes were prepared as previ-
s ously described (3); membranes
X & were incubated with ICYP

(40,000-60,000 cpm; 40-60
pM) in the presence or absence
of 12 concentrations of (—)-iso-
prenaline, and specific binding
was determined as described in
the method section. “100%” inhibition refers to inhibition of specific
binding by 1 uM (+)-CGP 12177. e, control; o, 16 h after prednisone;
4, 40 h after prednisone. Means+SEM; n = 5.
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adrenoceptors in the high affinity state (69.5+5.9%; n = 5) was
significantly higher than before ketotifen (P < 0.05).

Discussion

In this study, application of the 8,-agonist terbutaline B3BXS5
mg/d) to healthy volunteers led to a decrease in lymphocyte §,-
adrenoceptor density, which after only 2 d amounted to ~40-
50%. Concomitantly, isoprenaline-evoked increases in the in-
tracellular level of cCAMP (an index for functional responsiveness
of lymphocyte B,-adrenoceptors) were decreased to a similar
extent. After withdrawal of terbutaline 8,-adrenoceptor, density
and responsiveness recovered slowly, reaching predrug levels after
4 d. The time course of this desensitization and recovery of
lymphocyte (,-adrenoceptors is in good agreement with previ-
ously reported data from Galant et al. (8), Sano et al. (14), and
Hui et al. (26), who found that the time required for complete
recovery of lymphocyte 8,-adrenoceptors after terbutaline may
be as long as 1 wk.

Prednisone (1 X 100 mg orally) markedly accelerated the
recovery of $,-adrenoceptor density and responsiveness: only
8-10 h after administration of the glucocorticoid, both param-
eters had reached pretreatment levels. Similar effects of a rapid
restoration of terbutaline-desensitized 8,-adrenoceptors in lym-
phocytes from healthy as well as asthmatic subjects also have
been described recently, after intravenous administration of

Figure 6. Effects of ketotifen (2
mg at 7 p.m.; thereafter, 2 X 1
mg/d at 7 a.m. and 7 p.m. for
2 d) on inhibition of ICYP
binding to lymphocyte mem-
branes by (—)-isoprenaline in
five healthy volunteers. Lym-
phocyte membranes were pre-
pared as previously described
(3); membranes were incubated
with ICYP (40,000-60,000
cpm; 40-60 pM) in the pres-
ence or absence of 12 concentrations of (—)-isoprenaline, and specific
binding was determined as described in Methods. *100%” inhibition
refers to inhibition of specific binding by 1 uM (£)-CGP 12177. e,
control; 0, 16 h ketotifen; o, 40 h ketotifen; a, 64 h ketotifen.
Means+SEM; n = 5.
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methylprednisolone (12, 26). In addition to glucocorticoids, ke-
totifen, an antianaphylactic drug, was also able to accelerate
recovery of desensitized 8,-adrenoceptors in lymphocytes. 24 h
after addition of ketotifen B2-adrenoceptor, density and iso-
prenaline-evoked cAMP increases had reached predrug levels
(cf. Fig. 3). Ketotifen, however, not only accelerated recovery
of desensitized lymphocyte fB2-adrenoceptors, but also prevented
B>-adrenoceptor down-regulation; in the presence of ketotifen,
terbutaline failed to alter significantly lymphocyte B,-adreno-
ceptor density and responsiveness (Fig. 4). This in vivo obser-
vation obtained in the human being is in good agreement with
recently reported data in rats, where ketotifen completely abol-
ished isoprenaline-induced desensitization of B2-adrenocep-
tors (28).

The mechanism of this rapid restoration of desensitization
of B-adrenoceptors by prednisone and ketotifen is not known at
present. The possibility that this restoration might be caused by
a percentage increase in B-lymphocytes, which may contain a
higher 8,-adrenoceptor density than T cells (35, 36), can be ex-
cluded, since prednisone and ketotifen did not affect B,-adreno-
ceptor density in lymphocytes that had not been pretreated with
terbutaline (cf. Table I). However, it has been shown that in
various cells including human lymphocytes (for references see
1, 2), there is a reduction in -adrenoceptor density in the plasma
membranes, when the cells are exposed for a period of time to
B-adrenoceptor agonists. Recent studies suggest that the down-
regulated S-adrenoceptors are internalized by an endocytotic
process (37-39) and are sequestered within the cells in a still
unknown compartment. After removal of agonist the 8-adreno-
ceptors reappear at the cell surface. Hence, the accelerating effects
of prednisone and ketotifen on recovery of desensitized lym-
phocyte B,-adrenoceptors described in the present study could be
due to a reversal or inhibition of internalization of B-adreno-
ceptors; another possibility could be an effect on the de novo
synthesis of receptors. As discussed above (cf. Table I), both
prednisone and ketotifen did not change lymphocyte 8,-adreno-
ceptor density in subjects not pretreated with terbutaline; i.e.,
2-adrenoceptors in a nondesensitized state. An increase in 3,-
adrenoceptor density should be expected, however, if prednisone
and ketotifen would affect de novo synthesis of receptors. The
lacking effect of both drugs on B2-adrenoceptor density in the
nondesensitized state, which is in good agreement with recently
reported data from Hui et al. (26) and Davies and Lefkowitz
(40), hence argues against an effect on de novo synthesis. On the
other hand, the fact that prednisone and ketotifen rapidly re-
stored desensitized B,-adrenoceptor density, favors the idea that
prednisone and ketotifen may exert their accelerating effects on
recovery of desensitized 8,-adrenoceptors in lymphocytes by an
interaction with the internalization of receptors. Both drugs
might reverse internalization; another possibility could be that
they inhibit internalization. During terbutaline-induced down-
regulation of B-adrenoceptors receptor synthesis might be un-
impaired, but newly formed receptors are rapidly internalized.
If prednisone and ketotifen inhibit this process, newly formed
receptors can remain in the membranes.

While prednisone and ketotifen had no effects on lymphocyte
B>-adrenoceptor density in the nondesensitized state, they
markedly affected binding characteristics of the B-adrenoceptor
agonist isoprenaline. 16 h after prednisone and 40 h after ke-
totifen the ratio high-to-low affinity state of the lymphocyte g,-
adrenoceptor had shifted toward high affinity state (cf. Figs. 5
and 6). Formation of the high affinity state of the S-adrenoceptor
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seems to be essential for coupling receptor occupancy to the
adenylate cyclase (41). Davies and Lefkowitz (42) have recently
shown in human neutrophils that exposure to glucocorticoids
resulted in enhanced stabilization of the high affinity state of the
B-adrenoceptor as reflected in an enhanced adenylate cyclase
activity. Our results confirm and extend these observations. They
show that not only glucocorticoids, but also ketotifen, increase
B-adrenoceptor responsiveness by promoting the formation of
the high affinity state of the 8-adrenoceptor and hence receptor-
adenylate cyclase coupling.

Our observations of a rapid restoration of down-regulated
fB-adrenoceptor responsiveness by glucocorticoids are very con-
sistent with clinical observations of the effects of glucocorticoids
in asthma. Asthmatic patients are frequently treated with S,-
adrenoceptor agonists, which might account for the decreased
{8-agonist stimulated bronchodilation reported in subjects during
treatment with S-adrenergic drugs (16-19, 43). Glucocorticoids
have been shown to restore responsiveness to adrenergic bron-
chodilators in tolerant patients (18, 44) and animals (45). In
addition, hydrocortisone can accelerate recovery from the de-
sensitized state in isolated human airway smooth muscle (46).
According to our results, ketotifen exerts effects very similar to
those of glucocorticoids. Thus, ketotifen may substitute gluco-
corticoids in asthmatic patients, where steroids are added when
B-agonist therapy is insufficient. In fact, a beneficial effect of
ketotifen in the treatment of asthmatic patients has been de-
scribed, since ketotifen administration leads to a reduction in
the maintenance dose of oral steroids required by steroid-de-
pendent asthmatics (47, 48) as well as to a reduction of the
amount of bronchodilators (49).

Acknowledgments

The skillful technical assistance of Mr. M. Kriiger, Mr. R. Lieske, and
Miss M. Reher is gratefully acknowledged.

This work was supported by the Sandoz-Stiftung fiir Therapeutische
Forschung and the Landesamt fiir Forschung Nordrhein-Westfalen.

References

1. Stiles, G. L., M. G. Caron, and R. J. Lefkowitz. 1984. 8-Adrenergic
receptors: biochemical mechanisms of physiological regulation. Physiol.
Rev. 64:661-743.

2. Harden, T. K. 1983. Agonist induced desensitization of the beta-
adrenergic receptor linked adenylate cyclase. Pharmacol. Rev. 35:5-41.

3. Brodde, O.-E., G. Engel, D. Hoyer, K. D. Bock, and F. Weber.
1981. The g-adrenergic receptor in human lymphocytes: subclassification
by the use of a new radio-ligand, (+)-'**iodocyanopindolol. Life Sci. 29:
2189-2198.

4. Motulsky, H. J., and P. A. Insel. 1982. Adrenergic receptors in
man: direct identification, physiologic regulation and clinical alterations.
N. Engl. J. Med. 307:18-28.

5. Conolly, M. E., and J. K. Greenacre. 1976. The lymphocyte beta-
adrenoceptor in normal subjects and patients with bronchial asthma.
The effect of different forms of treatment on receptor function. J. Clin.
Invest. 58:1307-1316.

6. Morris, H. G., S. A. Rusnake, J. C. Selner, K. Barzens, and J.
Barnes. 1977. Adrenergic desensitization in leukocytes of normal and
asthmatic subjects. J. Cyclic Nucleotide Res. 3:439-446.

7. Greenacre, J. K., P. Schofield, and M. E. Conolly. 1978. Desen-
sitization of the S-adrenoceptor of lymphocytes from normal subjects
and asthmatic patients. Br. J. Clin. Pharmacol. 5:199-206.

8. Galant, S. P., L. Duriseti, S. Underwood, and P. A. Insel. 1978.
Decreased beta-adrenergic receptors on polymorphonuclear leukocytes
after adrenergic therapy. N. Engl. J. Med. 299:933-936.

1100

9. Lee, T. P. 1978. Regulation of beta-adrenergic response in human
lymphocytes: agonist induced subsensitivity. Res. Commun. Chem. Pa-
thol. Pharmacol. 22:233-242.

10. Galant, S. P., L. Duriseti, S. Underwood, S. Allred, and P. A.
Insel. 1980. Beta adrenergic receptors of polymorphonuclear particulates
in bronchial asthma. J. Clin. Invest. 65:577-585.

11. Scarpace, P. J., M. R. Littner, D. P. Tashkin, and 1. B. Abrass.
1982. Lymphocyte beta-adrenergic refractoriness induced by theophylline
or metaproterenol in healthy and asthmatic subjects. Life. Sci. 31:1567-
1573.

12. Tashkin, D. P., M. E. Conolly, R. 1. Deutsch, K. P. P. Hui, M.
Littner, P. Scarpace, and I. Abrass. 1982. Subsensitization of beta-ad-
renoceptors in airways and lymphocytes of healthy and asthmatic subjects.
Am. Rev. Respir. Dis. 125:185-193.

13. Van den Berg, W., J. G. Leferink, J. K. Fokkens, J. Kreukniet,
R. A. A. Maes, and P. L. B. Bruynzeel. 1982. Clinical implications of
drug-induced desensitization of the beta-receptor after continuous oral
use of terbutaline. J. Allergy Clin. Immunol. 69:410-417.

14. Sano, Y., G. Watt, and R. G. Townley. 1983. Decreased mono-
nuclear cell beta-adrenergic receptors in bronchial asthma: parallel studies
of lymphocyte and granulocyte desensitization. J. Allergy Clin. Immunol.
72:495-503.

15. Aarons, R. D., A. S. Nies, J. G. Gerber, and P. B. Molinoff. 1983.
Decreased beta adrenergic receptor density on human lymphocytes after
chronic treatment with agonists. J. Pharmacol. Exp. Ther. 244:1-6.

16. Conolly, M. E., D. S. Davies, C. T. Dollery, and C. F. George.
1971. Resistance to S-adrenoceptor stimulants (a possible explanation
for the rise in asthma deaths). Br. J. Pharmacol. 43:389-402.

17. Jenne, J. W., T. W. Chick, R. D. Strickland, and F. J. Wall.
1977. Subsensitivity of beta responses during therapy with a long-acting
beta,-preparation. J. Allergy Clin. Immunol. 59:383-390.

18. Holgate, S. T., C. J. Baldwin, and A. E. Tattersfield. 1977. Beta-
adrenergic agonist resistance in normal human airways. Lancet. II: 375-
377.

19. Weber, R. W., J. A. Smith, and H. S. Nelson. 1982. Aerolized
terbutaline in asthmatics: development of subsensitivity with long-term
administration. J. Allergy Clin. Immunol. 70:417-422.

20. Davies, A. O., and R. J. Lefkowitz. 1984. Regulation of beta-
adrenergic receptors by steroid hormones. Annu. Rev. Physiol. 46:119-
130.

21. Kaumann, A. J. 1972. Potentiation of the effects of isoprenaline
and noradrenaline by hydrocortisone in cat heart muscle. Naunyn-
Schmiedeberg’s Arch. Pharmacol. 273:134-153.

22. Besse, J. C., and A. D. Bass. 1966. Potentiation by hydrocortisone
of responses to catecholamines in vascular smooth muscle. J. Pharmacol.
Exp. Ther. 154:224-238.

23. Kalsner, S. 1969. Steroid potentiation of responses to sympatho-
mimetic amines in aortic strips. Br. J. Pharmacol. 36:582-593.

24. Exton, J. H., N. Friedmann, E. H.-A. Wong, J. P. Brineaux,
J. D. Corbin, and C. R. Park. 1972. Interaction of glucocorticoids with
glucagon and epinephrine in the control of gluconeogenesis and glycolysis
in liver and of lipolysis in adipose tissue. J. Biol. Chem. 247:3579-3588.

25. Davies, A. O., and R. J. Lefkowitz. 1983. In vitro desensitization
of beta-adrenergic receptors in human neutrophils: attenuation by cor-
ticosteroids. J. Clin. Invest. 71:565-571.

26. Hui, K. P. P., M. E. Conolly, and D. P. Tashkin. 1982. Reversal
of human lymphocyte g-adrenoceptor desensitization by glucocorticoids.
Clin. Pharmacol. Ther. 32:566-571.

27. Samuelson, W. M., and A. O. Davies. 1984. Hydrocortisone-
induced reversal of beta-adrenergic receptor uncoupling. Am. Rev. Respir.
Dis. 130:1023-1026.

28. Bretz, U., U. Martin, L. Mazzoni, and U. M. Ney. 1983. g-
Adrenergic tachyphylaxis in the rat and its reversal and prevention by
ketotifen. Eur. J. Pharmacol. 86:321-328.

29. Boyum, A. 1968. Isolation of mononuclear cells and granulocytes
from human blood. Scand. J. Clin. Lab. Invest. 21(Suppl. 97):77-89.

30. Gilman, A. G. 1970. A protein binding assay for adenosine 3',5'"-
cyclic monophosphate. Proc. Natl. Acad. Sci. USA. 67:305-312.

O.-E. Brodde, M. Brinkmann, R. Schemuth, N. O’Hara, and A. Daul



31. Schwabe, U., and R. Ebert. 1972. Different effects of lipolytic
hormones and phosphodiesterase inhibitors on cyclic 3',5-AMP levels
in isolated fat cells. Naunyn-Schmiedeberg’s Arch. Pharmacol. 274:287-
298.

32. Brodde, O.-E., A. Daul, and N. O’Hara. 1984. 8-Adrenoceptor
changes in human lymphocytes, induced by dynamic exercise. Naunyn-
Schmiedeberg’s Arch. Pharmacol. 325:190-192.

33. Scatchard, G. 1949. The attraction of proteins for small molecules
and ions. Ann. NY Acad. Sci. 51:660-672.

34. Engel, G., D. Hoyer, R. Berthold, and H. Wagner. 1981. ()
125]odocyanopindolol, a new ligand for S-adrenoceptors: identification
and quantitation of subclasses of 8-adrenoceptors in guinea-pig. Naunyn-
Schmiedeberg’s Arch. Pharmacol. 317:277-285.

35. Landmann, R. M. A, E. Biirgisser, M. Wesp, and F. R. Biihler.
1984. Beta-adrenergic receptors are different in subpopulations of human
circulating lymphocytes. J. Recept. Res. 4:37-50.

36. Paietta, E., and J. D. Schwarzmeier. 1983. Differences in beta-
adrenergic receptor density and adenylate cyclase activity between normal
and leukaemic leukocytes. Eur. J. Clin. Invest. 13:339-346.

37. Chuang, D., and E. Costa. 1979. Evidence for internalization of
the recognition site of 8-adrenergic receptors during receptor subsensitivity
induced by (—)-isoproterenol. Proc. Natl. Acad. Sci. USA. 76:3024-3028.

38.Su, Y.-F.,, T. K. Harden, and J. P. Perkins. 1980. Catecholamine-
specific desensitization of adenylate cyclase: evidence for a multistep
process. J. Biol. Chem. 255:7410-7419.

39. Stadel, J. M., B. Strulovici, P. Nambi, T. N. Lavin, M. M. Briggs,
M. G. Caron, and R. J. Lefkowitz. 1983. Desensitization of the beta-
adrenergic receptor of frog erythrocytes: recovery and characterization
of the down regulated receptors in sequestered vesicles. J. Biol. Chem.
258:3032-3038.

40. Davies, A. O., and R. J. Lefkowitz. 1980. Corticosteroid-induced
differential regulation of B-adrenergic receptors in circulating human
polymorphonuclear leukocytes and mononuclear leukocytes. J. Clin.
Endocrinol. Metab. 51:599-605.

41. Lefkowitz, R. J., M. G. Caron, T. Michel, and J. M. Stadel. 1982.
Mechanism of hormone receptor-effector coupling: the S-adrenergic re-
ceptor and adenylate cyclase. Fed. Proc. 41:2664-2670.

42. Davies, A. O., and R. J. Lefkowitz. 1981. Agonist promoted high
affinity state of the beta-adrenergic receptor in human neutrophils: mod-
ulation by corticosteroids. J. Clin. Endocrinol. Metab. 53:703-708.

43. Nelson, H. S., D. Raine, Jr., and H. C. Donor. 1977. Subsensitivity
of the bronchodilator action of albuterol produced by chronic admin-
istration. Am. Rev. Respir. Dis. 116:871-878.

44, Ellul-Micallef, R., and F. F. Fenech. 1975. Effect of intravenous
prednisolone in asthmatics with diminished responsiveness. Lancet. II:
1269-1270.

45. Stephan, W. C., T. W. Chick, B. P. Avner, and J. W. Jenne.
1980. Tachyphylaxis to inhaled isoproterenol and the effect of methyl-
prednisolone in dogs. J. Allergy Clin. Immunol. 65:105-109.

46. Davis, C., and M. E. Conolly. 1980. Tachyphylaxis of beta ad-
renoceptor agonists in human bronchial smooth muscle: studies in vitro.
Br. J. Clin. Pharmacol. 10:417-423.

47. Lane, D. J. 1980. A steroid sparing effect of ketotifen in steroid-
dependent asthmatics. Clin. Allergy. 10:519-525.

48. Lebeau, B., B. Gence, M. Bourdain, and Y. Loria. 1982. Le
ketotifene dans le traitement preventif de ’asthme. Poumon Coeur. 38:
125-129.

49. Kumagai, A., H. Tomioka, T. Shida, T. Takahashi, and M. Mur-
anaka. 1980. Clinical evaluation of a new orally active anti-anaphylactic
compound: ketotifen (HC 20-511) in Japanese adult asthmatics. Schweiz.
Med. Wochenschr. 110:197-203.

Prednisone, Ketotifen, and ByAdrenoceptor Desensitization

1101



