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ABSTRACT. The effects of the Bz-adrenoceptor agonist formoterol (50 nM) on the angiotensin II (20 nM)- 

induced Ca” response and changes in the cell volume and microviscosity of the plasma membrane of vascular 

smooth muscle cells were studied. Applied as a model substance for the stimulation of the phosphoinositide- 

phospholipase C pathway, angiotensin II has been used to simulate the bronchospasm of smooth muscle in 

asthma. Our results demonstrated that angiotensin II-induced smooth muscle contraction primarily involves an 

InsP,-mediated release of Ca” from intracellular stores and, to a minor extent, an enhanced influx of Ca” 

through the plasma membrane. Both the Ca” response and the contractile reaction were strongly antagonized 

by pretreatment of the cells with 50 nM formoterol. The protective effect of formoterol on smooth muscle 

contractions is proposed to be mainly related to a direct stimulation of P,-adrenoceptor-coupled CAMP gen- 

eration. Moreover, it is predicted that the interaction between the P,-adrenoceptor glycoprotein and adenylate 

cyclase will be enhanced following a formoterol-associated decrease in the microviscosity of the plasma mem- 

brane. BIOCHEM PHARMACOL 52;1:49-63, 1996., 1996. 
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Contraction of airway smooth muscle is largely responsible 
for the bronchospasm that is one of the characteristic fea- 
tures of an asthmatic attack [l]. Neural bronchoconstrictor 
activity is mediated through the cholinergic section of the 
autonomic nervous system. Vagal sensory endings in airway 
epithelium initiate the afferent limb of a reflex arc, which 
stimulates smooth muscle contraction at the efferent end 
[2]. The condition of asthma may be acute or chronic and 
the attacks may vary widely in frequency and severity. A 
decreased number of Bz-adrenergic receptors (downregula- 
tion) on airway smooth muscle and inflammatory cells in 
asthmatic patients frequently leads to a reduced sensitivity 
of bronchial smooth muscle to endogenous or exogenous 
&-stimulatory catecholamines [2]. Shedding of the epithe- 
lium (desquamation) may cause a complete detachment of 
the mucosal and mucus-secreting cells, leaving only the 
lowest cell layer of the basement membrane intact [3]. Ep- 
ithelial shedding is associated with an increase in intracel- 
lular space, and has been correlated with bronchial hyper- 
reactivity because the loss of the bronchial epithelium de- 
nudes nerves and mast cells [3]. It is, therefore, not 

* Corresponding author: Martin Ochsner, %Ciba-Geigy Ltd., Department 
of Physics, Im Kugelfang 40, CH-4102 Binningen, Switzerland. 

Received 8 June 1995; accepted 23 January 1996. 

astonishing that airway smooth muscle cells of asthmatic 
patients are mostly hyperresponsive to a wide variety of 
provoking stimuli [4]. The pathological processes underly- 
ing asthmatic disease are inflammatory in nature, with a 
concurrent involvement of various mediators such as his- 
tamine, prostaglandins, hydroxyeicosatetraenoic acid, and 
the sulfido-peptide leukotrienes (LTC,, LTD,, and LTE,) 
[S]. Inflammatory reactions are characterized by mucosal 
and bronchial wall edema, lymphocyte and eosinophil fil- 
tration, and the occurrence of mucus plugs within the air- 
way lumen [4]. Due to the inflammatory character of the 
disease, the current approach in asthma therapy has, there- 
fore, shifted away from bronchodilatory drugs [6-81. Inter- 
national guidelines recommend inhaled corticosteroids or 
nonsteroidal anti-inflammatory drugs, such as cromolyn so- 
dium and nedocromil sodium, as first-line therapy for the 
management of asthma [9, lo]. Nevertheless, there are still 
sufficient unanswered questions concerning long-term 
therapy with inhaled steroids that such treatment should be 
reserved for adults or children with severe asthma [I 11. The 
prescription of bronchodilatory Bz-adrenoceptor agonists 
has been the main therapeutic approach for many years, 
especially for handling acute asthmatic attacks. Agents se- 
lective for Bz-adrenoceptors are preferentially delivered by 
inhalation and provide rapid and effective reversal of acute 
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airway obstructions, without causing severe cardiovascular 
side effects [4, 61. 

Two new long-acting selective l&adrenoceptor agonists, 
formoterol and salmeterol, have recently become available 
for the treatment of airflow obstruction in asthma [12, 131. 
Important differences have been observed in vitro: formot- 
erol has a higher intrinsic efficacy and a faster onset of 
relaxation (l-3 minutes) than salmeterol [12, 131. Follow- 
ing an inhalation of formoterol 12 pg [14] or salmeterol 50 
pg [15], bronchodilatation is maintained for a minimum of 
12 hr and protection afforded by both drugs against hista- 
mine and methacholine challenge is provided for up to 24 
hr. Based on the estimates of Anderson et al., a single 
inhalation of formoterol or salmeterol instantaneously leads 
to topical concentrations of at least 1 FM in the main 
bronchi [12, 131. This represents a substantial bulk concen- 
tration that moves efficiently across the epithelium towards 
airway smooth muscle. Sufficient drug should, therefore, be 
available to allow an immediate interaction with the active 
site of the &-adrenoceptor glycoprotein. The model ex- 
plains the rapid bronchodilatation observed after inhala- 
tion of formoterol, which has a threshold concentration for 
relaxation of human airway smooth muscle of less than 0.10 
nM [12]. In contrast, bronchodilatation is delayed with sal- 
meterol, the maximal therapeutic response being achieved 
up to 11 hr after administration of the drug [12, 131. This 
slow onset of action is still a matter of scientific discussion 
and may be related to the higher lipophilicity of salmeterol 
[12, 131. 

Recently, several research articles have been published 
suggesting a causal relationship between death from asthma 
and inhalation therapy with long-acting &-adrenoceptor 
agonists [16]. However, many experts reject the view that 
the use of &-receptor agonists, one of the cornerstones of 
asthma treatment, is potentially dangerous [17]. They argue 
that these drugs have preferentially been used for patients 
with a poor prognosis, thereby making it difficult to draw 
significant conclusions [ 181. 

For the management of asthma, selective Bz-adre- 
noceptor agonists, such as salbutamol, formoterol, and sal- 
meterol, are still widely used therapeutic agents. In this 
paper, the effects of formoterol (50 nM) on the angiotensin 
II (20 nM)-induced Ca2+ response and changes in the cell 
volume and microviscosity of the plasma membrane of vas- 
cular smooth muscle cells have been studied. 

To establish a direct correlation between cytosolic Ca’+ 
concentration and the cell volume [19, 201 and microvis- 
cosity of the plasma membrane, an apparatus capable of 
measuring all 3 biological parameters simultaneously has 
been developed. Due to the discontinuous measurement 
techniques used, it has until now been impossible to gain an 
insight into the sequence and dynamic nature of the pro- 
cesses involved. 

MATERIALS AND METHODS 
Chemicals 

Formoterol, an exact I:1 mixture of the (R;R) and (S;S) 
enantiomers of (k)-(R*;R*)-(N-[2-hydroxy-5-[l-hydroxy- 

2-[[2-(p-methoxyphenyl)-2-propyl]amino]ethyl]phenyl] 
formamide formulated as fumarate dihydrate salt, was syn- 
thesized at Ciba-Geigy Ltd. (Basle, Switzerland). Trypsin 
buffer solution (0.25%) and tissue culture flasks were ob- 
tained from Gibco BRL (Basle, Switzerland); RPM1 1640 
medium, penicillin, and streptomycin sulfate from Boeh- 
ringer Mannheim (FRG); angiotensin II and ionomycin 
from Calbiochem (Lucerne, Switzerland); 1,6-diphenyl- 
1,3,5-hexatriene (DPH), fluo-3:AM, and 3,3’sdiethyl- 
thiacarbocyanine iodide (DiSC,(3)) from Molecular Probes 
(Eugene, OR, U.S.A.). All other chemical were from Fluka 
(Buchs, Switzerland). 

Cell Culture 

Primary cultures of vascular smooth muscle cells isolated 
from rat aorta were kindly provided by Prof. J. Pfeilschifter 
(Biocentre, University of Basle, Switzerland). Grown in an 
RPM1 1640 medium supplemented with 10% fetal calf se- 
rum, penicillin (100 U/mL), streptomycin sulfate (100 p,g/ 
mL), and bovine insulin (0.66 U/mL), vascular smooth 
muscle cells were cultivated in 75 cm2 tissue culture flasks 
at 37°C in air/CO, (19:l) essentially as described previ- 
ously [21, 221. The cells were subcultured every 5-6 days 
and the culture media renewed every 2-3 days. Prior to 
starting the measurements, the cells (3 - 105/cm2) were har- 
vested using the trypsin (0.25%) buffer solution, centri- 
fuged (70 g; 5 min; 25°C) and suspended in RPM1 1640 
medium at a density of lo7 cells/ml. Viability was assessed 
thereafter by the Trypan Blue exclusion method, which 
indicated a survival rate of 96 (*I)%. Because vascular 
smooth muscle cells lose their ability to isotonically con- 
tract after multiple passages in culture, only early cell pas- 
sages (No. 7-9) were used throughout the study. Finally, 
each cell line was extensively characterized using the fol- 
lowing criteria: morphological analysis by phase-contrast 
light microscopy; positive staining for the characteristic cy- 
toskeletal filaments of myogenic cells (i.e., actin, myosin, 
desmin and vimentin) [23, 241; negative staining for factor 
VIII-related antigen and cytokeratin, excluding endothelial 
and epithelial contaminations [24], respectively; and con- 
traction in response to angiotensin II (20 nM). 

Measurement of Cc?+ Transients 

To investigate changes in cytosolic [Ca”], on a subsecond 
time-scale, a whole family of Ca2+ sensitive fluorescence 
indicators has been synthesized. Compared to the first and 
widely used representative quin-2, newly reIeased indicators 
(indo-1, fura-2, and flu03) possess improved selectivity for 
Ca” and better spectroscopic qualities (i.e., brighter fluo- 
rescence and higher photostability) [25-271. All our fluo- 
rescence assays were based on the spectroscopic determina- 
tion of free and Ca”-bound fluo-3 concentration. Upon 
complexation of Ca’+, the fluorescence intensity of fluo-3 
increases by a factor of ca. 80 without major spectral shifts 
[28]. The introduction of a membrane permeant, esterase- 
hydrolyzable, pentaacetoxymethylester derivative, fluo- 
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3:AM, has provided a sound basis for extensive measure- 
ments in cytosolic [Ca2’], [27, 281. 

Measurement of Changes in Cell Volume 

The light scattered by a biological object is related to its 
size, volume, and refractive index relative to that of the 
surrounding medium. The criterion as to which scattering 
theory applies mainly depends on the particle size factor 
x = 2~ - r/X (ratio between particle radius r and excitation 
wavelength h) and on the phase shift factor p = 2 * x * (m - 

1 ), where m = ncell/ no is the ratio of the refractive indices 
of the cells (rice.,,, and their environment (no) [29]. 

In suspension, smooth muscle cells are spherical with a 
typical diameter of =30 pm and a refractive index of 1.37 
[20, 301. Microscopic measurements using ionomycin (10 
PM) to equilibrate the extra- and intracellular Ca” levels 
indicated that cell contractions caused no deviation from 
spherical symmetry. Following the recommendation of van 
de Hulst [29], the scattering pattern of smooth muscle cells 
can appropriately be characterized by anomalous diffraction 
theory (x z== 1 and (m - I ) 4 1) . Throughout the study, low 
particle concentrations (s106/mL) were used to minimize 
multiple scattering events and to prevent the model from 
being invalidated. 

Neglecting any absorption of light by the cells at the 
He/Ne laser frequency, the extinction of the cell suspension 
is related to the decadic scattering extinction coefficient 
e,(t) by Beer’s Law: 

E(t) = -log,,[T(t)] = e,(t) -co-d (1) 

where E(t) and T(t) correspond to the extinction and trans- 
mission data measured as a function of time. co gives the 
concentration of cells and d the thickness of the sample 
cuvette. 

The relationship between the scattering coefficient e,(t) 
of a spherical particle and cell volume is obtained by inte- 
grating the angular scattering intensities over the surface of 
a sphere [29]: 

E,(t) m (ncell(t)/nwater - 1J2 * Wt)4’3/AZ (2) 

where nwacer and ncell(t) specify the refractive indices of 
water and of the cells. V(t) gives the cell volume as a 
function of time and X corresponds to the wavelength of 
the Heme laser in water (X = 632.8 rim/n ,,,,,). 

Measurement of Steady-State Anisotropy 

Several fluorescent probes have been proposed for the 
evaluation of the microviscosity of lipid bilayers. Based on 
measurements of fluorescence polarization retained after 
polarized excitation, preference should be given to indica- 
tors with collinear absorption and emission dipoles. An 
excitation with polarized light photoselects those fluoro- 
phores whose transition moments happen to be parallel to 
the electric field of the incident electromagnetic wave. 
Subsequent to excitation, the depolarization of fluores- 

cence emission is measured and attributed to rotational 
diffusions of probe molecules during the lifetime of the 
excited state. The rate and extent of these diffusive motions 
(i.e., the amount of polarization preserved) depend on the 
viscosity of the membrane and allow the detection of 
changes therein. The microviscosity of the membrane is 
expressed in terms of its steady-state anisotropy (r), which is 
defined by equation (3): 

6-1 = 
I,-G.I,, 

I,+2.G.I,, 

After excitation with a vertically polarized laser beam, 1, 
and 1 VH give the components of vertically (I,) and hori- 
zontally (I& polarized emission intensities. The gain fac- 
tor, G [=IHv/IHH], represents the ratio of the orthogonally 
polarized fluorescence intensities (I,, and I,,) measured 
by the detection system at an angle of 90” with respect to 
a horizontally aligned excitation laser [31]. 

Steady-state anisotropy, (r), defines the degree of fluores- 
cence polarization, and can be related to the microviscosity 
of the plasma membrane using models such as the Perrin 
(4) and Stokes-Einstein equations (5) (Ref. 31, p. 135): 

r0 
Perrin equation: (r) = 1 + (7J+) (4) 

Here r. refers to the anisotropy of the fluorophore measured 
in a rigid environment, 7F to its fluorescence lifetime and + 
to the rotational correlation time of the fluorophore, which 
depends on the microviscosity (-q), temperature (T) and 
rotational volume of the indicator molecule (V,): 

Stokes-Einstein equation: 4 = q - V,/(R - T) (5) 

The measured anisotropy may, thus, be expressed in vis- 
cosity units after determination of the rotational volume, 
V,., of the fluorophore at a specific temperature and in an 
isotropic solvent of known viscosity. As related to measure- 
ments in cell suspensions, high anisotropy values, (r), rep- 
resent a high viscosity (q) of the plasma membrane, 
whereas low (T) values refer to a high membrane fluidity 

(WI). 
Throughout the study, DPHt was used to monitor 

changes in the microviscosity of the cell membrane. From 
a physiological point of view, preference should be given to 
the trimethylammonium derivative of DPH (TMA-DPH) 

t Abbreviation.: AC, adenylate cyclase; DAG, diacylglycerol; DPH, all- 
tram 1,6-diphenyl-1,3,5-hexatriene; G,, inhibitory G protein; G,, stimu- 
latory G protein; InsP,, inositol-1,4,5&sphosphate; MLC, myosin light 
chain; MLCK, myosin light chain kinase; PI, phosphatidylinositol; PIP, 
phosphatidylinositol-4-monophosphate; PIP,, phosphatidylinositol-4,5- 
bisphosphate; PLC, phospholipase C; PKA, protein kinase A; PKC, pro- 
tein kinase C; TMA-DPH, 1-[4-(trimethyl-ammonium)phenyl]-&phenyl- 
1,3,5-hexatriene. 
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to reflect uniquely plasma membrane properties, because it 
is known that this indicator remains localized in the plas- 
malemma [32]. However, because TMA-TPA is virtually 
nonfluorescent in water and the amount of probe bound to 
the lipid bilayer varies in proportion to the available mem- 
brane surface, the fluorescence signal follows biochemical 
events resulting from membrane swelling, fusion, or con- 
traction. The manufacturer of TMA-DPH (Molecular 
Probes), therefore, recommends not using this indicator for 
microviscosity measurements if contractions occur simulta- 
neously. DPH rapidly partitions into the acyl side-chain 
region of lipid bilayers and has a broad absorption band 
with a maximum near 355 nm and a high extinction coef- 
ficient of ca. 80,000 M-’ * cm -l. Between 320 and 380 nm, 
the limiting anisotropy, re, does not depend on the excita- 
tion wavelength, and the excitation and emission dipole 
moments happen to be almost parallel to each other (01 = 
6.6”) (i.e., r0 = 0.392) [33]. 

For randomly distributed sample molecules, anisotropy, 
(r), may, thus, vary between 0.0 and 0.392. Due to the 
random orientation of the sample molecules and the pho- 
toselection of excitation, the r0 value is considerably 
smaller than that possible for scattered light, r0 = 1.0 [31]. 
In most lipid bilayers, DPH behaves like an unhindered 
isotropic rotator at a temperature of 37°C. However, vari- 
ous studies indicate that the rotational motion of DPH may 
be hindered if the phase transition temperature of the mem- 
brane is significantly higher than 25°C [33]. Because this 
would invalidate the Perrin and Stokes-Einstein equations, 
the measured (T) values throughout the paper are expressed 
in anisotropy units, not transformed into standard viscosity 
units (cP). 

EXPERIMENTAL 
incubation with the 2+ Ca 
Indicator Flue-3, DPH, and Formoterol 

Approximately lo7 cells/ml were incubated with 10 FM 
fluo-3:AM and 5 p.M DPH in the presence of 1.3 mM Ca” 
(40 min; 37°C). After the incubation period, the cells were 
centrifuged (70 g; 5 min; 25°C) and resuspended at a con- 
centration of lo6 cells/ml in a buffer solution that con- 
tained the following ingredients in physiological concen- 
trations: 1.3 mM CaCl,, 135 mM NaCl, 5 mM KCl, 1 mM 
Na,HPO+ 1 mM MgCl, and 5 mM D-glucose, buffered to 
a pH of 7.4 with 10 mM HEPES/HCl [34, 351. Thereafter, 
the cell suspension was subdivided into 2 parts. To give the 
intracellular esterases sufficient time to cleave the incorpo- 
rated pentaacetoxymethylester derivatives of fluo-3, both 
cell fractions were postincubated (40 min; 37°C) in the 
absence (control cell group) or presence of 50 nM formot- 
erol. Finally, the cells were centrifuged and resuspended at 
a density of lo6 cells/ml in the saline buffer solution con- 
taining the appropriate formoterol concentration (0 or 50 
nM) to prevent a partitioning of formoterol into the buffer 
medium and, thereby, maintain steady-state conditions dur- 
ing the experiment. 

Noticeably, radioligand studies clearly indicated that the 
densities of surface receptors for angiotensin II and the 
B,-adrenoceptor agonist formoterol were identical in both 
cell batches [36]. 

Apparatus for the Simultaneous Measurements of 
Changes in the Cytosolic Ca” Concentration, Cell 

Volume, and Microwiscosity of the Plasma Membrane 

The experimental layout of the apparatus is schematically 
displayed in Fig. 1, As shown, 3 different laser systems were 
used simultaneously. The output of each laser was focused 
on a distinct optical fiber that was highly transparent for its 
specific wavelength. Finally, the 3 fiber optic bundles were 
coherently [37] bound together using epoxy, and conducted 
the laser light to the sample chamber that contained a 
thermostatted (37°C) and magnetically stirred l-cm sample 
cuvette. Remarkably, the optical fiber totally destroyed the 
polarization of the laser beams so that its output was com- 

IF . 536 nm IF. 442 nm 

ih I I Sh I 

RS 232 
RS 232 

FIG. 1. Schematic experimental setup for the simultaneous 
measurement of angiotensin ILinduced Ca” transients and 
changes in the cell volume and microviscosity of the plasma 
membrane. The diverse optical elements employed to focus 
the laser beams and to collect the fluorescence photons are 
not shown in the Fig. The abbreviations have the following 
meanings: ADC, analog-to-digital converter; EP, excitation 
polarizer; IF, interference filter; PM, photomultiplier; I’S, 
polarizing beam splitter cube; RPD, reference photodiode; 
Sh, shutter; TPD, transmission photodiode. 
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pletely unpolarized. Consequently, an electronically posi- 
tioned (Kuhnke; Dietlikon, Switzerland; D59-BOR-F-DS- 
9420) excitation polarizer (Wild & Leitz; Zurich, Switzer- 
land; 0337 12) was used to polarize the lasers at the entrance 
of the sample chamber to enable the anisotropy measure- 
ments to be carried out. The fiber optical system and the 
optics (various lenses) employed to focus the diverse lasers 
into the sample chamber are not shown in Fig. 1. 

Prior to starting the experiment, the excitation polarizer 
and the polarizing beam splitter cube were precisely posi- 
tioned in the vertical and horizontal orientations to allow 
accurate measurements of the fluorescence anisotropy. In 
addition, the determination of the gain factor, G, was re- 
quired to calculate the steady-state anisotropy from the 
spectroscopic data obtained, (as in Eqn (3)). 

Alignment of the Excitation/Emission Polarizers 

The positions of the excitation polarizer and the polarizing 
beam splitter cube were carefully aligned using a solution of 
glycogen in water ((r) = 1.0) and 9-cyanoanthracene in 
pure ethanol ((r) = 0.0). Details concerning the alignment 
procedure are found in Ref. 3 1, p. 13 1. 

Determination of the @in Factor G 

After excitation with a horizontally polarized and power- 
locked argon-ion laser (Spectra Physics, SP 2045-15S, mid 
UV range: 351.1-363.8 nm, beam diameter = 6 mm), the 
vertically (I,,) and horizontally (I,,) polarized fluores- 
cence intensities (Corion, IF-filter, A = 442 nm, FWHM = 
10 nm) from the DPH-pretreated cell suspensions were reg- 
istered (method: see below) within a time interval of 5 set 
and the autofluorescence-corrected G factors calculated 
from the equation G = I,&,. 

The Measurement Cycle 

Subsequent to the alignment of the excitation/emission po- 
larizers and the determination of the gain factor, G, the 
experiment was begun. Notably, the Ca” transient and 
changes in the cell volume and microviscosity of the plasma 
membrane were measured simultaneously. 

Measurement of the Cd Transient 

The 514.5-nm line of an argon-ion laser (Spectra Physics, 
SP 165-09) was selected to excite fluo-3 near its excitation 
maximum and to record angiotensin II (20 nM)-induced 
changes in cytosolic Ca2+ concentration. The light photons 
emitted from the Ca” indicator fluo-3 (Corion, IF-filter, X 
= 535 nm, FWHM = 10 nm) were collected at an angle of 
90”, detected by two photomultiplier tubes operating in the 
single-photon-counting mode (Hamamatsu, R 928) and 
monitored by a two-channel single-photon-counting unit 
(Stanford Research System, SR 400). A disadvantage of the 
photon-counting method is its limited range of intensity 

over which count rates are linear. Nevertheless, the signal- 
to-noise ratio increases with the square root of the number 
of photons observed. To retain the advantages of the single- 
photon-counting vs the analog detection mode, without 
reducing emission intensity (using neutral density filters), 
the fluorescence emitted from free and Ca”-complexed 
fluo-3 was divided by a beam splitter cube (Laser compo- 
nents, PCBDlO) and registered by two separate photomul- 
tipliers. To further improve the signal-to-noise ratio, the 
photon counter was equipped with adjustable discrimina- 
tors that distinguished between real pulses and background 
noise. Typically, the incoming pulses were accumulated 
within a time interval (=gate) of 0.5 sec. At the end of each 
measurement cycle, the count rates (photons/set) were 
transferred uia an IEEE interface to an IBM-AT computer 
and averaged over the two detection channels used. 

As shown in Fig. 1, fluctuations in the power of the 
argon-ion laser were continuously monitored by a dedicated 
photodiode (EG & G, UV-250-BQ) used to subsequently 
normalize the fluorescence signals obtained. The photodi- 
ode signal was processed by a low-noise current-to-voltage 
converter (UDC, lOlC), digitized by a variable gain ana- 
log-to-digital I/O interface (Metrabyte, DAS-8 PGA) and 
stored on the IBM-AT computer, which also controlled the 
single photon counter. 

At the end of each individual scan, the fluorescence 
signals were calibrated by addition of ionomycin (10 FM), 
Ca” (1 mM) and Mn 2+ (4 mM) [25, 28,381. Typically, the 
cells remained active vs an angiotensin II (20 nM) stimulus 
for a maximum of 6 hr. 

Measurement of Changes in Cell Volume 

Simultaneously with the registration of the Ca2+ transient, 
the angiotensin II (20 nM)-induced cell volume time- 
course was recorded. Light transmission measurements were 
performed at 632.8 nm, where the cells scatter but do not 
absorb light, using a vertically polarized, frequency- 
stabilized He/Ne laser (Spectra Physics, SP 106-l). The 
laser beam was expanded to a Gaussian (l/e) diameter of 6 
mm to increase the number of cells under observation and 
crossed, unfocused, the sample cuvette. All transmission 
measurements were carried out in the ratio mode (trans- 
mission: T = I(t)&(t), where I,(t) gives the incident and 
I(t) the transmitted intensity as a function of time). 
To isolate the He/Ne wavelength, two interference filters 
(Corion, IF-filters, A = 632.8 nm, FWHM = 1 nm) were 
used in front of reference and transmitted light detectors 
(EG & G, UV-444B photodiodes). A small (3 mm diam- 
eter) iris placed in front of the transmission detector was 
used to prevent forward-scattered light from the cells from 
reaching the detector. Because both the reference and the 
transmission photodiodes only measured a fraction of the 
light intensities lo(t) and I(t), the signals were amplified to 
obtain reasonable values (error 6 0.2%) for the transmis- 
sion data. 

The addition of the Ca2+ ionophore ionomycin (10 FM) 



54 M. Ochsner 

equilibrated the extra- and intracellular Ca” levels [20] 
and caused a sustained contraction of the cells. To test the 
mathematical model used, aliquots of the cell suspension 
were analyzed on a high-precision microscope (Reichert- 
Jung Polyvar MET) by measuring the diameter of 100 cells 
before and after addition of ionomycin at various Ca” con- 
centrations, ranging from 100 nM to 1.3 mM. 

Measurement of Changes in Microwiscosity 

A vertically polarized and power-locked argon-ion laser 
beam (Spectra Physics, SP 2045-l%, mid UV range: 
351.1-363.8 nm, diameter = 6 mm) was used to excite the 
DPH molecules located in the cell membranes. Thereafter, 
the vertically (I,) and horizontally (IVH) polarized emis- 
sion intensities were measured using an interference filter 
(Corion, IF-filter, h = 442 nm, FWHM = 10 nm) to select 
the wavelength and a polarizing beam splitter cube (New- 
port, lOFC16.PB3) to separate the orthogonally polarized 
fluorescence components. Detected by 2 separate photo- 
multipliers operating in the single-photon-counting mode 
(Hamamatsu, R 928), the photoelectrons released from the 
individual detection tubes were registered by a two-channel 
single-photon-counting unit (Stanford Research System, 
SR 400). At the end of each measurement cycle, the count 
rates (photons/set) were transferred to the IBM-AT com- 
puter that controlled the entire experiment. 

To obtain reasonable values for the anisotropy param- 
eter, (r), the autofluorescences (I,,, I,,, I, and I,,) of 
unlabeled cells (stemming mainly from NADP’ and 
NADPH) and of cells pretreated with 50 nM formoterol 
were determined in a preliminary experiment and sub- 
tracted from the data set obtained. Because DPH and for- 
moterol partition into similar regions of the plasma mem- 
brane, it was also necessary to show that the pZ- 
adrenoceptor agonist did not quench the fluorescence 
emission of DPH. In addition, changes in autofluorescence, 
which could be triggered by the injection of angiotensin II 
into the cell suspension through the generation of fluores- 
cent or fluorescence-quenching reaction products, had to 
be monitored. 

RESULTS 
Changes in Angiotensin II-Induced Ca’+ Transients 

through the plasma membrane, respectively. The onset of 
Ca2+ release is specified by to (set). T,, (set) characterizes 
the Ca2’-half-life elimination constant associated with the 
transient phase of the Ca” signal and Tag,, 7in2 (set) the 
half-life rise times of the individual Ca2+ pathways. Finally, 
C, (nM) corresponds to the basal Ca” concentration prior 
to stimulation with angiotensin II. 

The fitting function is based on the idea that two differ- 
ent processes dominate the release and reuptake of Ca2’. 
The first mechanism (first bracket) characterizes the InsP,- 
induced intracellular liberation and sequestration of Ca”. 
The second bracket corresponds to the rise in cytosolic 
Ca 2+ concentration caused by a stimulus-induced increase 
in the permeability of Ca” channels located in the plasma 
membrane. 

The basal cytosolic Ca” concentration (C,) of control 
cells, 160 nM (*4 nM), was in excellent agreement with 
earlier data measured in suspension [22], but significantly 
lower for those cells pretreated with formoterol (50 nM). 
To obtain reliable Ca2+ measurements, antifluorescein IgG 
antibodies were used to quench extracellular fluorescence, 
because a leakage of fluo-3 through the cell membrane and/ 
or disintegration of the cells increases fluorescence inten- 
sity and falsifies the results (Table 1). 

As shown in Figs. 2 and 3 (upper panel), the angiotensin 
II-induced Ca” response was much higher in control cells 
and clearly suppressed in the presence of 50 nM formoterol. 
Formoterol-pretreated cells showed a reduced response, 
both of the first and second Ca2+ pathways. Cytosolic Ca” 
concentration in smooth muscle cells remained elevated 
over a long time period after stimulation with angiotensin 
II. Contrasting these results, the net influx of Ca” from the 
extracellular space was lowered in a dose-dependent man- 
ner in formoterol-pretreated cells (data not shown) and 
became negligible at a formoterol concentration of 50 nM. 
As shown in Table 1, the time constants T,,,~ (set) tended 
to be somewhat smaller for formoterol-pretreated cells and 

TABLE 1. Effect of formoterol(50 nM) on angiotensin II(20 
nM)-induced Ca” transients of vascular smooth muscle 
cells 

Constant Cells Samples Mean SD 

Max. response* formoterol 19 59.5 nM 2.9 nM 
(mainly C 1 ) control 20 134.0 nM 4.0 nM 

A modified Bateman function was used to fit the experi- 
mental data and obtain physiologically meaningful con- 
stants that characterize the angiotensin II-induced Ca2’ 
transient, as in Eqn (6). The model takes exponential be- 
havior into account as follows: 

[Ca2+], (&) = C, . [2-(f-b)h.l _ 2-(‘-fob]+ 
C, . [ 1 - p-0 L’] + c,; t 2 to (6) 

c, ._ formoterol 19 0.4 nM 0.1 nM 
control 20 14.5 nM 0.8 nM 

T,l formoterol 19 9.6 set 0.7 set 
control 20 14.5 set 0.8 set 

C, formoterol 19 136.1 nM 4.1 nM 
control 20 160.2 nM 3.9 nM 

T,,l formoterol 19 3.0 set 0.3 set 
control 20 4.1 set 0.3 set 

7m2 formoterol 19 27.2 set 3.2 set 
control 20 8.2 set 1.8 set 

The parameters C, and C2 (nM) correspond to the maxi- 
ma1 increase in cytosolic Ca2+ concentration induced by an 
intracellular release of Ca” and by an enhanced influx 

The function used to fit the experimental data 1s given in rhe text, Eqn (6). 

* C, corresponds CO the maxnnal increase in cyrosok Ca’+ Induced by a release 

of InsP, m the absence of any ehmlnatmn processes. If T,,, 4 TV, and T,,, 4 T,,~, C, 

is equal to the maximal response. 
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FIG. 2. Ca*+ response and volume contraction of control 
cells. The angiotensin II (20 nM)-induced Ca2+ response 
(upper trace) is presented simultaneously with the variation 
in its cell volume (lower trace). The x-axis corresponds to 
the time-scale in both figures. The y-axis of the upper panel 
gives the cytosolic Ca” concentration, the y-axis of the 
lower panel the apparent cell volume. Dotted points corre- 
spond to the experimentally observed data, the line to the 
theoretically predicted transients using the model functions, 
Eqn (6) and (9), given in the text. One can clearly recognize 
that, in the control cell group, there is a timelag of approxi- 
mately 4.7 set between the onset of Ca2+ release and the 
initiation of cell contraction. 

the rate of Ca” mflux ( l/rinZ) through the plasma mem- 
brane was clearly faster in the control cell group. In the 
presence of 50 nM formoterol, the elimination of Ca” 
(l/~,~) from the cytoplasm was enhanced and cytosolic 
Ca 2+ concentration decreased almost to the starting value. 
In both cell groups, the covariance matrix implied strong 
correlations between the various fitting constants in Eqn 
(6) and, especially, between the two Ca” pathways in- 
volved. 

Changes in 
Angiotensin II-Induced Cell Volume Transients 

As outlined above, cell volume was obtained by measuring 
light transmission at a wavelength not absorbed by cellular 
components, and by relating the calculated extinction to 
the theoretical scattering coefficient [e,(t)]. 

Based on the assumption that the refractive index of 
smooth muscle cells [n,,,,(t)] does not change considerably 
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FIG. 3. Ca” response and volume contraction of formoterol 
(50 nM)-pretreated cells. In analogy to Fig. 2, the angioten- 
sin II (20 &Q-induced Ca” response (upper trace) of the 
cells is presented simultaneously with the variation in its cell 
volume (lower trace). 

during the process of contraction [as in Eqn (1) and (2)], 

the scattering coefficient e,(t) depends on the 4/3 power of 
the cell volume and extinction data may be used to calcu- 
late the cell volume time-course from Eqn (7): 

E(t) = h(n,,ur co, A) -V(t)4’3 (7) 

The constant k, (ncell, co, A) in Eqn (7) was determined 
by taking into account the initial extinction [E(t = 0)] and 
the microscopically measured cell volume (V,) prior to 
stimulation with angiotensin II (Eqn (8) and Table 2): 

kl(nce,,, co, A) = E(t = 0)/v;‘3 (8) 

Subsequently, all extinction data [E(t)] were numerically 
fitted to Eqn (7) and the apparent cell volume, together 
with its derivative (i.e., speed of contraction), calculated as 
a function of time (Figs. 2 and 3, lower panels). 

As mentioned above, ionomycin was added at the end of 
each experiment to equilibrate the extra- and intracellular 
Ca 2+ concentrations and to induce a sustained contraction 
of the cells [20]. Because the theoretically predicted and 
microscopically measured cell volumes of both native and 
ionomycin-pretreated cells were identical within an experi- 
mental error of approximately 3%, we concluded that the 
chosen mathematical approach gives reasonable estimates 
of actual cell volume. 
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TABLE 2. Effect of formoterol(50 nM) on angiotensin II (20 nM)-induced 
changes in the cell volume of smooth muscle cells* 

Constant 

V0 

TO 

V ,n,n 

r m,n 

W’ldL, 

W4,,,, 

V final 

rflnnl 

Cells 

formoterol 
control 
formoterol 
control 
formoterol 
control 
formoterol 
control 
formoterol 
control 
formoterol 
control 
formoterol 
control 
formoterol 
control 

Samples Mean SD 

100 14910 pm3 110 pm3 
100 13630 pm3 105 pm3 
100 15.27 pm 0.04 pm 
100 14.82 p+rn 0.04 p.m 

19 12430 pm3 95 pm3 
20 8070 pm3 100 km3 

19 14.37 pm 0.04 km 
20 12.44 pm 0.05 pm 
19 - 1240 pm3/sec 75 km3/sec 
20 - 1660 pm3/sec 85 pm3/sec 

19 -0.44 km/set 0.03 km/set 
20 -0.63 pm/set 0.03 pm/set 
19 14780 pm3 105 pm3 
20 11340 pm3 95 pm’ 

19 15.22 pm 0.04 pm 
20 13.94 pm 0.04 pm 

The funcnon used to fit the cell volume trans~nts 1s given in the text, Eqn (9). 

* The standard devwlons (SD) give the precision of the measurements relative to the microscopically 

determined cell volumes of control and formoterol (50 nM)-pretreated cells; the absolute accuracy (but 

not the diffetences in cell volume) may be lower by a factor of approximately three. The symbols V, and 

y0 refer to the initial cell volume and radius of the cells determmed by microscopy measurements [20]. VI 

corresponds to the maximal decrease m cell volume induced by a release of Ca” from intracellular stores 

in the absence of any relaxation processes. If 7,, 4 7,,, and T,, G T,~, V, IS equal to -[V, - V,,,] and V, 

matches -[V, - V,,,,,]. 

Following the idea of Murray [39], two different processes 
control the contraction of smooth muscle cells. Conse- 
quently, the cell volume transients were fitted to Eqn (9): 

V(t) = V, . [2-“-c’h _ 2-“-t’“‘d] 

+ v, * [l - 2-‘f-““‘c’] + v,; t 3 t, (9) 

The parameters V1 and V, (km3) correspond to the maxi- 
mal decrease in cell volume caused by a transient and sus- 
tained contraction of the cells, respectively. t1 (set) gives 
the time point at which the cells start to contract. T,,~ (set) 
specifies the time-constant leading to a relaxation of the 
contracted cells and T,~, T,~ (set) characterize the time 
progression of the transient and sustained phases of con- 
traction. Finally, V, (p,m3) designates initial cell volume 
prior to stimulation with angiotensin II. 

As outlined below, the first mechanism (first bracket) 
characterizes the contraction induced by a release of Ca2’ 
from intracellular sources, whereas the second term de- 
scribes the tonic phase of contraction associated with a 
Ca ‘+ influx through receptor-operated (ROCC) Ca2’ 
channels located in the plasma membrane. The subdivision 
of the contraction process into two distinct mathematical 
functions does not mean that the mechanisms act indepen- 
dently of each other. On the contrary, the covariance ma- 
trix implies strong correlations between the two phases of 
contraction. 

The variation in cell volumes of formoterol (50 nM)- 
pretreated and control cells are displayed in Figs. 2 and 3 
(lower panels). The associated fitting parameters character- 
izing these transients are summarized in Tables 2 and 3. 

Significant differences were observed between the two cell 
fractions. In agreement with the observation that basal cy- 
tosolic Ca2+ concentration was lower in formoterol- 
pretreated cells prior to stimulation with angiotensin II, 
their initial cell volume was slightly larger than that of 
control cells. In addition, formoterol-pretreated cells con- 
tracted slower ([dV/dt],,,; -25 * 5%) and to a minor extent 
([V, - Vmin]; -55 f 3%). As displayed in Figs. 2 and 3, 
control cells remained in a contracted state and relaxed 
only partially within the time-frame of the experiment 
(V, - Vf,,,,]/[V, - V,,,] = 41 + 3%). In contrast, formot- 
erol-pretreated cells almost completely relaxed to their ini- 
tial cell volume. The time constants T,,~, which characterize 
the relaxation of the transient phase of contraction, were in 
both cell fractions somewhat larger (+=lO%) than the 
decay times 7,1 assigned to the transient Ca2+ signal. The 
parameters T,~, defining the time progression of the sus- 

TABLE 3. Effect of formoterol (50 nM) on the various time 
constants, in Eqn (9), and on the time delay between Ca” 
release and cell contraction 

Constant Cells Samples Mean SD 

7 xl formoterol 19 10.9 set 0.9 set 
control 20 16.2 set 1.0 set 

TCl formoterol 19 5.2 set 0.4 set 
control 20 4.2 set 0.4 set 

7 CZ formoterol 19 24.6 set 3.0 set 

control 20 8.5 set 2.4 set 
Time delay formoterol 19 3.0 set 0.4 set 

(t1 - to) control 20 4.7 set 0.3 set 
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tained phase, closely matched the time constants 7inZ rep- 
resenting the Ca’+ influx from the extracellular space. As 
shown in Table 3, pretreatment with formoterol had a con- 
siderable effect on the time delay between the onset of Ca” 
release and the induction of the contractile response. For- 
moterol, obviously, contributes to a faster transduction of 
the angiotensin II-mediated signal to the contractile ele- 
ments of the cell. Contrasting these results, the speed of 
contraction (characterized by the variables [dV/dt],,, and 
l/~,~) tended to be somewhat slower after pretreatment 
with 50 nM formoterol. 

Results jbm the Anisotropy Measurements 

Measurements using paraffin oil as reference solvent dems 
onstrated that formoterol, in concentrations up to 50 FM, 
did not quench the fluorescence emission of DPH. In ad- 
dition, no change in the autofluorescences of the cell sus- 
pensions was observed after stimulation with angiotensin II 
concentrations up to 100 nM. 

As mentioned above, the autofluorescences (I,,, I,,, 
I, and I,,) of unlabeled and of formoterol (50 nM)e 
pretreated cells were determined in a preliminary experi, 
ment and subtracted from the data set obtained to procure 
reasonable estimates for the anisotropy values, (r). Finally, 
steady-state anisotropy, (r), was calculated as a function of 
time for those cells pretreated with formoterol(50 nM) and 
for those representing the control cell group. 

An injection of angiotensin II (20 nM) into the cell 
suspension caused no detectable changes in the microvis- 
cosity of the plasma membrane in either cell fraction. Ob- 
viously, the quantity of lipids transformed by the break- 
down of phosphoinositides was too small to significantly 
alter the microviscosity of the cell membrane. This result 
is in reasonable harmony with the fact that the overall 
phosphoinositide content of the plasma membrane only 
varies between 2% and 8% [40, 411. In addition, angioten- 
sin II-induced activation of phospholipase C specifically 
catalyzes the breakdown of phosphatidylinositol-4,5- 
bisphosphate (PIP,) and, to a minor extent, of phosphati- 
dylinositol-4-monophosphate (PIP) and of phosphatidyli- 
nositol (PI) [41]. 

Even though no transient variations in membrane mi- 
croviscosities could be detected after stimulation with an- 
giotensin II, the steady-state anisotropy (-18 f 1%) and, 
therefore, the microviscosity of the plasma membrane were 
significantly lower after pretreatment with 50 nM formot- 
erol (Table 4). 

Recently, the membrane/water partition constant of for- 
moterol has been measured using dioleoyl-phospha- 
tidylserine and l-palmitoyl-2-oleoyl-phosphatidylcholine 
(1:9) as artificial membrane lipid components reconstituted 
as uni- and/or multilamellar liposomes (loglo(Kp,,,) = 
2.74 ? 0.04; pH = 7.0; 20°C) [42]. As expected from the 
microviscosity measurements, formoterol strongly accumu- 
lates in lipid bilayers. 

TABLE 4. Effect of formoterol (50 nM) on the steady-state 
anisotropy, (r), of smooth muscle cells 

Constant Cells Samples Mean SD 

formoterol 19 0.210 0.003 
control 20 0.255 0.002 

The injection of angiotensm II (20 nM) xxo the cell suspension caused no detectable 

changes m membrane mlcroviscosity III either cell fraction. The quantity of lipids 

transformed by the breakdown of the phosphoinositides was obvmusly too small to 

significantly alter the fluidity of the plasma membrane. 

DISCUSSION 

Several inflammatory mediators, such as histamine, prosta- 
glandins, hydroxyeicosatetraenoic acid, and the sulfido- 
peptide leukotrienes (LTC,, LTD,, and LTE,), have been 
implicated in the pathogenesis of asthma. Most of these 
endogenous mediators, which play a dominant role in the 
initiation of the asthmatic reactions, are potent broncho- 
constrictors mainly through an enhanced breakdown of 
phosphatidylinositol-4,5-bisphosphate (PIP,) and the sub- 
sequent intracellular release of inositol-1,4,5_trisphosphate 
(InsP3) and diacylglycerol (DAG). InsP3 mobilizes Ca” 
from internal stores and DAG activates protein kinase C 
(PKC) [43]. The interplay of these intracellular messengers 
mediates a wide variety of cellular responses. Angiotensin II 
causes an immediate activation of phospholipase C (PLC) 
uia a specific, stimulatory guanine nucleotide binding pro- 
tein (G,) [41, 441 and instantaneously triggers the hydro- 
lysis of phosphatidylinositol-4,5_bisphosphate (PIPJ. Ap- 
plied as model substance for the stimulation of the phos- 
phoinositide*PLC pathway, angiotensin II has been utilized 
to simulate the bronchospasm in smooth muscle cells [20]. 
Apart from its action on the phosphoinositide-PLC path- 
way, angiotensin II is known to mildly activate the inhibi- 
tory G protein (Gi) that is coupled to adenylate cyclase and 
downregulates its activity [41, 451. 

It is well accepted today that P2-adrenoceptor agonists 
reverse airway obstructions in asthmatics, primarily by re- 
laxing airway smooth muscle [46]. Agonist-bound &- 
adrenoceptors strongly activate adenylate cyclase through a 
stimulatory guanyl nucleotide binding protein (G,) and 
overcome the inhibitory effect of angiotensin II on adenyl- 
ate cyclase in a dose-dependent manner [6, 471. 

In the resting state, the G, protein consists of three sub- 
units, (Y, * GDP (45 kDa), p (35 kDa), and y (7 kDa), 
which form the stable protein complex (Y, * GDP - Py [48, 
491. The attachment of formoterol to the &-receptor (64 
kDa) leads to a conformational change in the three- 
dimensional structure of the P2*adrenoceptor glycoprotein, 
which subsequently activates the G, protein. This interac- 
tion promotes the release of GDP from the OL, subunit with 
a successive binding of GTP and dissociation of the 
CX, * GTP $7 complex into a stimulatory (Y, * GTP compo- 
nent and a Pr heterodimer. cx, - GTP migrates along the 
lipid bilayer to the active site of adenylate cyclase and 
catalyzes the formation of CAMP. Notably, the (Y, * GTP 
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subunit has an intrinsic GTPase activity (7 = 10 set), which 
hydrolyzes bound GTP to GDP and impairs the catalytic 
activity of (Y, * GTP. Th e cycle is completed by reassocia- 
tion of the IX, - GTP with the P+y component. The increased 
fluidity of the plasma membrane in formoterol (50 nM)- 
pretreated cells supposedly accelerates the lateral motion of 
the stimulatory (Y, - GTP unit to the binding site(s) of ad- 
enylate cyclase before the (Y, * GTP complex becomes in- 
activated by its intrinsic GTPase activity. In addition, the 
internal motions of the groups and peptide chains of ade- 
nylate cyclase, which are connected to its biochemical 
function, are clearly enhanced in an environment of higher 
fluidity [40, 501. 

The stimulation of &-adrenergic receptors, thus, in- 
creases the generation of CAMP and subsequently activates 
the CAMP-dependent protein kinase A (PKA) that phos- 
phorylates myosin light-chain kinase (MLCK) [47]. Com- 
pared to native MLCK, the phosphorylated product exhib- 
its a lower affinity for the calmodulin-Ca42’ complex, caus- 
ing a decrease in the phosphorylation of 20 kDa myosin 

light chains and a reduction in actin-myosin coupling [5 11. 
Phosphorylation of the myosin light chain results in an 
activation of actin-dependent Mg2’ ATPase, which ulti- 
mately leads to tension development [52]. A rise in CAMP 
also acts to decrease Ca” influx through the plasma mem- 
brane [6, 531, to catalyze the sequestration of Ca2’ into 
intracellular storage sites, and to stimulate extrusion uia 
Ca2+ ATPase into the extracellular space [54]. In addition, 
CAMP has been shown to inhibit phospholipase C- 
mediated phosphoinositide hydrolysis so that the angioten- 
sin II-induced formation of InsP-, and DAG is suppressed 
and the mobilization of Ca2’ from internal stores, conse- 
quently, lowered [55]. Analogous to its function in mesan- 
gial cells, Ca 2+ is assumed to occupy a central role in ex- 
citation-contraction coupling in smooth muscle cells by 
initiating the Ca’+-calmodulin-dependent processes [6, 201 

(Fig. 4). 
The administration of analogs of CAMP and the effect of 

forskolin, a direct stimulator of adenylate cyclase, demon- 
strate that an increase in intracellular CAMP amplifies the 
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FIG. 4. Cellular processes responsible for the &dadrenoceptor-mediated relaxation of smooth muscle cells after a 
challenge with angiotensin II (20 nM). A detailed discussion of the biochemical processes and all abbreviations are 
given in the text. For reasons of simplicity, the stimulating effect of CAMP on nitric oxide synthesis and the 
subsequent generation of relaxant cGMP is not shown in the Fig. 



Formoterol Effects on Ca”, Cell Volume, and Microviscosity 59 

transcription and expression of the inducible nitric oxide 
synthase gene in smooth muscle cells and, consequently, 
the synthesis of nitric oxide through the L-arginine/L- 
citrulline pathway [56]. Nitric oxide is a potent activator of 
the soluble guanylate cyclase and substantially elevates the 
intracellular level of cGMP. CAMP and cGMP contribute 
synergistically to the relaxation of smooth muscle by phos- 
phorylation of MLCK and stimulation of the Ca” ATPase 
responsible for the extrusion of Ca” [57]. Even though the 
inducible nitric oxide synthase of smooth muscle cells pos- 
sesses calmodulin recognition sites, the enzyme is, surpris- 
ingly, neither stimulated by Ca” nor blocked by calmod- 
ulin antagonists [58]. 

It is well known that &-stimulating agents lead to a 
hyperpolarization of the resting membrane potential in 
smooth muscle cells mainly through an activation of ATP- 
sensitive K’ channels [59] and a stimulation of high- 
conductance, Ca” -activated K’ channels [60]. Both effects 
are mediated either by phosphorylations of channel pro- 
teins uia CAMP-dependent PKA or by activation of ion 
channels through the (Y, - GTP subunit of the stimulatory G 
protein (G,). Notably, the increased fluidity of the plasma 
membrane in formoterol-pretreated cells supposedly en- 
hances the coupling between the (Y, - GTP component and 
the associated ion channels. Moreover, the B,-adrenergic 
increase in the permeability of K’ channels is tightly 
coupled with a PKA-activated stimulation of Na’/K’- 
ATPase [61, 621. Measurements using the membrane sen- 
sitive dye 3,3’-diethylthiacarbocyanine iodide indicated 
that the resting membrane potential of the smooth muscle 
cells was -53.2 * 1.2 mV (n = 15) in the control cell group. 
A formoterol (50 nM)-induced hyperpolarization was ap- 
parent in all cell batches and averaged 12.1 + 1.5 mV (n = 
12) [63]. Details on the measurement technique used have 
been published previously [64]. 

Our experimental data are in excellent agreement with 
the given theoretical background information. The CAMP- 
related inhibition of Ca2+ influx and the faster intracellular 
sequestration and catalyzed extrusion of Ca” via the Ca2+ 
ATPase consistently explain the lower basal Ca” level in 
formoterol (50 nM)-pretreated cells. Moreover, the formot- 
erol-associated hyperpolarization reduced Ca” influx 
through voltage-operated Ca2’ channels [65] and the Na’/ 
Ca” exchanger probably enhanced the extrusion of Ca2+ 
into the extracellular space to compensate for the higher 
Na’ gradient caused by an increased activity of Na’/K’- 
ATPase [61, 621. Resulting from the decrease in cytosolic 
Ca” and the reduced phosphorylation of the myosin light 
chain, the initial cell volume of formoterol-pretreated cells 
(prior to stimulation with angiotensin II) was slightly larger 
than that of control cells. As expected from theoretical 
considerations, the angiotensin II-induced Ca2+ response 
was much higher in smooth muscle cells and clearly sup- 
pressed in the presence of formoterol (Figs. 2 and 3). Mea- 
surements of Ca2+ time-courses in buffer media containing 
either 1.3 mM CaCl, or 1 mM EGTA demonstrated that 

both the intracellular release of Ca” and the overall influx 
through the plasma membrane were strongly antagonized 
by pretreatment of the cells with 50 nM formoterol. The 
hormone-induced rapid rise in cytosolic Ca2’ was primarily 
of transient nature in all cell fractions. Sequestration of 
Ca2+ back to intracellular storage sites and Ca2+ efflux via 
the membrane-bound Ca” ATPase and the Na+/Ca’+ ex- 
changer are certainly the key elements responsible for the 
transient character of the angiotensin II-induced Ca” sig- 
nal [66]. Strikingly, the elimination of Ca” (l/7,.) from the 
cytoplasm was clearly accelerated by pretreatment of the 
cells with formoterol and cytosolic Ca2+ concentration de- 
creased almost to the starting value at a formoterol con- 
centration of 50 nM (Table 1). Most likely, the activities of 
Ca” ATPase and the Na+/Ca’+ exchanger were enhanced 
in formoterol-pretreated cells. Nevertheless, the exact 
mechanism by which formoterol catalyzed the elimination 
of Ca” from the cytoplasm still remains to be elucidated. 
Assuming a linear relationship between Ca2+ release and 
the decrease in cell diameter (d = 2 * T-), the excitation- 
contraction coupling was calculated to be more efficient in 
control cells by almost 20%. An increase in cytosolic Ca2’ 
of 134.0 nM caused a length contraction of 4.76 pm (gra- 
dient = 3.6 (k 0.1) 10m2 pm/nM) in the control cell group, 
whereas a Ca 2+ increase of 59.5 nM diminished the diam- 
eter in formoterol-pretreated cells by only 1.80 km (gradi- 
ent = 3.0 (+ 0.2) - 10m2 km/nM). The cell radius of the 
formoterol cells at 160 nM (i.e., at the basal Ca” level of 
the control cells) was 14.91 p,m. The slightly larger cell 
radius at 160 nM (rcontrol = 14.82 rJ,m) after pretreatment 
with formoterol, as well as the weaker excitation- 
contraction coupling, may be attributed to an enhanced 
phosphorylation of myosin light-chain kinase and to a 
CAMP-related generation of relaxant cGMP. In both cell 
groups, the covariance matrix indicated strong correlations 
between the various fitting constants in Eqn (6) and, in 
particular, between the two Ca*’ pathways. This observa- 
tion is in excellent harmony with the view that InsPs and 
its phosphorylated product, Ins( 1,3,4,5)P,, act synergisti- 
cally in enhancing the permeability of the plasma mem- 
brane towards Ca” [67]. 

In the continuous presence of a receptor agonist such as 
angiotensin II, myosin light-chain phosphorylation is tran- 
sient, although a constant level of isometric force is main- 
tained. Recent results suggest that CAMP impairs the ac- 
tivity of kinases, which are related to the protein kinase C 
branch of the Ca” messenger system and activate a phos- 
phoprotein phosphatase that catalyzes the dephosphoryla- 
tion of a number of the late-phase proteins involved in 
sustaining the contractile reaction [55]. However, further 
Ca”Hdependent regulatory events have been associated 
with the tonic phase of contraction. Rasmussen et al. [68] 
proposed that PKC-mediated phosphorylation of structural 
and regulatory components of the filamin-actin-desmin fi- 
brillar domain may be responsible for sustained smooth 
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muscle contraction. In agreement with these results, Troyer 
et al. reported [69] that phorbol esters cause a slow and 
persistent contraction of mesangial cells, a specialized type 
of vascular smooth muscle cell [43, 441. Much to our sur- 
prise, the contractile response of mesangial cells to a chal- 
lenge with angiotensin II was potentiated in PKC-depleted 
cells as compared to control cells [20], suggesting that Ca’+ 
is the major determinant of angiotensin II-induced cell 
contraction. The contribution of PKC is an inhibitory one, 
leading to a rapid desensitization of hormone-stimulated 
signaling events. Recently, it has been reported that a hor- 
mone-stimulated K’ depolarization of smooth muscle 
causes myosin light-chain phosphorylation at a specific po- 
sition within the molecule, one sufficient for contraction 
[70, 711. Because no phosphorylations at PKC sites were 
observed, these results strongly suggest that PKC plays no 
physiological role in maintaining tonic force by regulating 
the level of myosin light-chain phosphorylation. 

The results of Murray implicate the release of Ca2+ from 
intracellular stores in the initiation of contraction, whereas 
the tonic (sustained) phase of contraction is associated with 
a Ca2+ influx through receptor-operated (ROCC) Ca” 
channels [39]. As far as smooth muscles are concerned, 
there is ample, convincing evidence that voltage-operated 
(VOCC) and receptor-operated (ROCC) Ca” channels 
are present [65]. Interestingly, drugs that block calcium en- 
try through VOCC, such as nifedipine, verapamil, and dil- 
tiazem, have not proved effective in asthma [72], a result 
suggesting that Ca” entry uia VOCC is of minor impor- 
tance in human airway smooth muscle contractions. 

Measurements in the presence and absence of 1.3 mM 
CaCl, in the buffer solution (data not shown) revealed that 
the transient component of angiotensin II-induced smooth 
muscle contraction could be attributed in both cell frac- 
tions to a release of Ca” from intracellular sources. How- 
ever, whereas the control cells remained in a contracted 
state and relaxed only partially following a challenge with 
angiotensin II, the contractile response of formoterol- 
pretreated cells was transient in character. Noticeably, the 
cytosolic Ca2+ 1 eve persistently stabilized on a higher pla- 1 
teau in the control cell group (Cz/response = 11%) after 
simulation with angiotensin II, and cytosolic Ca2+ concen- 
tration decreased almost to the starting value in formoterol- 
pretreated cells (Table 1). Nevertheless, the cytosolic Ca” 
level in smooth muscle cells only remained elevated over a 
long time period (>30 mm) if the buffer medium contained 
Ca’+. Upon complexation of Ca2+ with EGTA, the angio- 
tensin II-induced Ca2+ signal was purely transient even in 
control cells, and their cell volume relaxed to the initial 
value. Obviously, the calcium ions leading to a sustained 
elevation in cytosolic Ca2+ come from the extracellular 
fluid rather than from internal reservoirs. All these results 
strongly support Murray’s hypothesis that the tonic phase of 
contraction is maintained by an influx of Ca” through 
ROCCs. Moreover, the amount (C,) and the rate (l/~~~~) 
of Ca” influx, as well as the strength of the sustained 

contraction, were decreased continuously by incubating the 
cells with increasing formoterol concentrations. After pre- 
treatment with 50 nM formoterol, the net influx of Ca2+ 
was almost completely abolished and the tonic phase of 
contraction was essentially missing. Murray’s model is fur- 
ther supported by the observation that the time-constants 
~,,r, which characterize the relaxation of the transient 
phase of contraction, closely match the decay times T,, 
attributed to the transient Ca2+ signal. Furthermore, the 
parameters 7,2 (defining the time progression of the sus- 
tained contraction) were within the experimental error 
identical to the Ca” influx time constants rin2. 

Nevertheless, the limitation of Murray’s model should be 
clearly recognized. As has been demonstrated by Ochsner et 
al. [20], a long-term pretreatment of mesangial cells with 
human interleukin-1 B (1 nM, 24 hr) increased the angio- 
tensin II-induced mobilization of Ca” from intra- and ex- 
tracellular sources, but simultaneously reduced the contrac- 
tile responses of the transient and tonic phases. The data 
could be satisfactorily explained by an IL- 1 B-dependent rise 
in intracellular nitric oxide concentration that activated 
soluble guanylate cyclase and led to an increase in cGMP, 
a species known to induce an immediate relaxation of con- 
tracted cells [43, 441. Consequently, the stimulation of 
smooth muscle cells with a substrate that acts synergisti- 
cally with CAMP to enhance the generation of cGMP may 
invalidate Murray’s model by strongly counteracting Ca”- 
induced contraction. 

Altogether, the &adrenergic receptor is linked to the 
ultimate cellular response (i.e., muscle relaxation) by a 
transduction mechanism that consists of a stimulatory G 
protein (G,) and the catalytic subunit of adenylate cyclase. 
The interaction has been termed ‘collision coupling’ and 
has been found to be enhanced when the microviscosity of 
the cell membrane is lowered [40, 50, 731. As demonstrated 
by Stubbs and Smith [73], a decrease in microviscosity 
mostly leads to substantial changes in the local organization 
within the plasmalemma (e.g., lateral phase separations) 
and potentiates the generation of CAMP by a higher mo- 
bility and activity of adenylate cyclase. The ring of lipids 
immediately surrounding adenylate cyclase acts to solvate 
the membrane protein into the lipid bilayer. The physical 
properties of the cell membrane, in particular its fluidity or 
rigidity, not only influence the lateral migration of the 
activating (Y, - GTP component, but also the internal mo- 
tions of groups and peptide chains connected to the func- 
tion of adenylate cyclase [50]. This explains the high sen- 
sitivity of the enzyme activity to minor changes in its en- 
vironment. 

For lipophilic drugs such as formoterol, the partition 
equilibrium is very much in favor of the plasmalemma lipid 
bilayer. The intercalation of formoterol into cell mem- 
branes lowers their microviscosity and, consequently, leads 
to a stronger coupling between the B2-adrenoceptor glyco- 
protein and adenylate cyclase [40]. The activities of phos- 
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pholipase C, PKA, and myosin light-chain kinase are also 
expected to be enhanced due to the higher fluidity of the 
hydrophobic environment in muscle fibers. As shown in 
Table 3, the initiation of the contractile response subse- 
quent to the intracellular release of Ca’+ was delayed in the 
control cell group compared to cells pretreated with for- 
moterol. The &-adrenoceptor agonist formoterol obviously 
causes a faster transduction of the angiotensin II-mediated 
signal to the contractile elements of the cell. Consistent 
with the idea of an accelerated transmission of angiotensin 
II-dependent processes, the rate ( l/rinl) representing InsP3- 
induced Ca” release from internal stores also tended to be 
somewhat larger in formoterol-pretreated cells. In contrast 
to this, the speed of contraction (characterized by the vari- 
ables [dV/dt],,, and l/~,~) was slower after a pretreatment 
with formoterol, probably through the antagonizing effect 
of CAMP-mediated processes or through the inhibitory in- 
fluence of formoterol-associated hyperpolarization on con- 
tractile response. 

The results obtained are in excellent agreement with 
those of Anderson et al. [12]. The lipid bilayer of air- 
way smooth muscle acts as a depot for formoterol and ex- 
plains its long-acting antiasthmatic effect. As compared to 
the more lipophilic Pz-adrenoceptor agonist salmeterol 

(loglO(Kpmem ) = 4.22 f 0.01; pH = 7.0; 20°C) [42], there 
are, however, sufficient formoterol molecules available in 
the aqueous biophase to permit an immediate interaction 
with the active site of the P,-adrenergic receptor. The low 
microviscosity of the plasma membrane enables a rapid lat- 
eral diffusion of formoterol to the active site of the p2e 
adrenoceptor, which is composed of seven transmembrane 
spanning protein sequences arranged in a-helices [74, 751. 
Remarkably, the presence of lipophilic substituents at the 
benzene rings leads to a higher P&-selectivity; thus, mini- 
mizing cardiovascular side effects (tachycardias, arrhyth- 
mias, and extrasystoles, etc.) [76]. As shown by El Tayar et 
al., &-selectivity increases linearly with the logarithm of 
the n-octanol/water partition coefficient [log,,(P,,)] mea- 
sured at pH = 7.4 [76]. I n addition, the binding of a &- 
agonist to its correspondent receptor in lung tissue is highly 
stereoselective [76]. Notably, Ciba-Geigy’s formoterol con- 
sists of an exact 1:l mixture of the (R;R) and (S;S) enan- 
tiomers, where the potency of the (R;R) form has been 
shown to be higher by a factor of ca. 1000 [77]. 

Even though radioligand studies indicated [36] that the 
density of P,-adrenoceptors was identical in both cell frac- 
tions, the persistent use of &-stimulating agents often leads 
to tachyphylaxis. Studies performed on cellular models 
have shown that the observed effects are initiated by phos- 
phorylations of Pz-adrenoceptor glycoproteins through 
CAMP-dependent and -independent protein kinases [78]. 
These modifications of the &receptor ultimately lead to a 
decrease in the density of &-adrenoceptors (downregula- 
tion) on airway smooth muscle and on inflammatory cells 
by incorporation of phosphorylated &-adrenoceptor glyco- 
proteins into cytoplasmic vesicles [78]. 

CONCLUSIONS 

From the results obtained, we conclude that the protective 
effect of formoterol on bronchospasm is primarily mediated 
by an enhanced generation of CAMP. Like all &- 
adrenoceptor agonists, formoterol strongly activates adenyl- 
ate cyclase through a stimulatory guanyl nucleotide binding 
protein (G,). However, because the drug rapidly partitions 
into the acyl side chain region of the lipid bilayers and 
increases the fluidity of the plasma membrane, coupling 
between the Pz-adrenoceptor glycoprotein and the associ- 
ated adenylate cyclase is intensified and the production of 
CAMP drastically enhanced. The elevated CAMP level in 
formoterol-pretreated cells ultimately leads to a reduced 
phosphorylation of myosin and, consequently, to a de- 
creased coupling between the actin and myosin compo- 
nents. Moreover, CAMP suppresses angiotensin II-induced 
cell contraction by restraining phosphoinositide breakdown 
and impairing excitation-contraction coupling, possibly 
through an activation of the protein kinase C pathway. In 
addition, pretreatment with formoterol leads to a hyperpo- 
larization of the resting membrane potential, considered 
the dominant electrophysiological effect of &adrenergic 
drugs. The formoterol-associated hyperpolarization of the 
plasma membrane additionally contributes to counteract 
the increase in cytosolic Ca2+ and to attenuate the con- 
tractile response of smooth muscle cells. 

Despite the widespread distribution of P,-adrenoceptors 
in lung tissue, P,-agonists reverse airway obstruction pri- 
marily by relaxing airway smooth muscle. As outlined 
above, various inflammatory mediators have been impli- 
cated in the pathogenesis of asthma [5]. All these sub- 
stances are synthesized and released by mast cells and poly- 
morphonuclear leukocytes after challenge with their spe- 
cific antigen. When inhaled prior to allergen challenge, 
P,-adrenoceptor agonists are powerful mast cell stabilizing 
drugs, both in vitro and in vivo [79]. The adenylate cyclase- 
related increase in CAMP concentration inhibits a rapid 
release of inflammatory mediators and protects lung smooth 
muscle from acute bronchoconstrictions [80]. However, 
long-acting P,-adrenergic agonists, such as formoterol or 
salmeterol, are significantly more powerful in suppressing 
late asthmatic bronchoconstriction that reaches its maxi- 
mum 6-8 hr after challenge and lasts for up to 24 hr [81]. 
Whereas classic p2-adrenoceptor agonists appear to be in- 
effective in controlling airway inflammation and mucus 
production in asthmatics, it is, at the time of the writing of 
this paper, not yet clear whether or not the attenuation of 
late-phase reactions by long-acting P,-adrenoceptor ago- 
nists can be attributed to an anti-inflammatory action of 
these drugs. 

Notwithstanding, the powerful action of bronchodilators 
may mask the onset and/or exacerbation of airway inflam- 
mation in asthma patients, resulting in the underutilization 
of effective inflammatory agents. The primary therapy 
should, therefore, focus on treatment of the inflammation. 
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An adequate use of long-acting P,-adrenoceptor agonists, 

such as formoterol or salmeterol, is certainly beneficial by 

producing bronchodilatation and, possibly, curative by sup- 

pressing the inflammatory process. 

Thanks are due to Prof. .J. Pfeilschifter and G . Walker for the culti- 

vation of smooth muscle cells and to G. P. Anderson for helpful dis- 
cussions. The publication of this manuscript was supported by a grant 
from the “Schweizerische Krebsliga.” 
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