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1 The spasmolytic and anti-spasmogenic activity of b-adrenoceptor agonists on airways smooth
muscle is thought to involve activation of the cyclic AMP/cyclic AMP-dependent protein kinase
(PKA) cascade. Here we have tested the hypothesis that PKA mediates the anti-spasmogenic activity
of isoprenaline and other cyclic AMP-elevating agents in guinea-pig isolated trachea by utilizing a
number of cell permeant cyclic AMP analogues that act as competitive `antagonists' of PKA.

2 Anion-exchange chromatography of guinea-pig tracheae resolved two peaks of PKA activity that
corresponded to the type I (*5%) and type II (*93%) isoenzymes.

3 Pre-treatment of tracheae with zardaverine (30 mM), vasoactive intestinal peptide (VIP) (1 mM)
and the non-selective activator of PKA, Sp-8-CPT-cAMPS (10 mM), produced a non-parallel
rightwards shift in the concentration-response curves that described acetylcholine (ACh)-induced
tension generation. The type II-selective PKA inhibitor, Rp-8-CPT-cAMPS (300 mM), abolished this
e�ect.

4 Pre-treatment of tracheae with Sp-8-Br-PET-cGMPS (30 mM) produced a non-parallel rightwards
shift of the concentration-response curves that described ACh-induced tension generation. The
selective cyclic GMP-dependent protein kinase (PKG) inhibitor, Rp-8-pCPT-cGMPS (300 mM),
abolished this e�ect.

5 Pre-treatment of tracheae with isoprenaline (1 mM) produced a 10 fold shift to the right of the
ACh concentration-response curve by a mechanism that was una�ected by Rp-8-Br-cAMPS
(300 mM, selective inhibitor of type I PKA), Rp-8-CPT-cAMPS (300 mM) and Rp-8-pCPT-cGMPS
(300 mM).

6 We conclude that the anti-spasmogenic activity of Sp-8-CPT-cAMPS, zardaverine and VIP in
guinea-pig trachea is attributable to activation of the cyclic AMP/PKA cascade whereas isoprenaline
suppresses ACh-induced contractions by a mechanism(s) that is independent of PKA and PKG.
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Abbreviations: ASM, airways smooth muscle; BKCa, large conductance Ca2+-activated K+ channel; ERK, extracellular signal-
regulated kinase; KH, Krebs-Henseleit; PDE, phosphodiesterase; PKA, cyclic AMP-dependent protein kinase;
PKG, cyclic GMP-dependent protein kinase; Rp-8-CPT-cAMPS, 8-(4-chlorophenylthio) adenosine-3',5'-cyclic
monophosphorothioate ±Rp diastereoisomer; Rp-8-Br-cAMPS; 8-bromoadenosine-3',5'-cyclic monophosphor-
othioate ±Rp diastereoisomer; Rp-8-pCPT-cGMPS, Rp-8-(4-chlorophenylthio) guanosine-3',5'-cyclic monopho-
sphorothioate ±Rp diastereoisomer; Sp-8-CPT-cAMPS, 8-(4-chlorophenylthio) adenosine-3',5'-cyclic
monophosphorothioate ±Sp diastereoisomer; Sp-8-Br-PET-cGMPS, b-phenyl-1-N2-etheno-8-bromoguanosine-
3',5'-cyclic monophosphorothioate ±Sp diastereoisomer; VIP, vasoactive intestinal peptide

Introduction

b2-Adrenoceptor agonists are the most e�ective and safest

sympathomimetic bronchodilators currently available for the
treatment of asthma (Dennis et al., 2000) and act as
functional antagonists as they relax airways smooth muscle
(ASM) and prevent contraction regardless of the constrictor

stimulus. Nevertheless, an increased understanding of the
molecular and biochemical basis underlying these bene®cial

e�ects could lead to the development of improved therapies.

According to the classical view, b2-adrenoceptor agonists
reduce ASM tone by increasing adenylyl cyclase activity,
cyclic AMP mass and, subsequently, the activation state of
cyclic AMP-dependent protein kinase (PKA). PKA, in turn,

phosphorylates several target proteins that regulate the
contractile machinery, changing its function such that
relaxation or an anti-spasmogenic in¯uence is e�ected (for

reviews see Giembycz & Raeburn, 1991; Torphy, 1994).
However, several investigations have also led to the view that
b2-adrenoceptor agonists relax ASM via a cyclic AMP-
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independent mechanism. Thus, salbutamol has been shown to
directly activate high conductance Ca2+-activated K+-
channels (BKCa) via the a-subunit of the stimulatory G-

protein, Gs (Kume et al., 1994). Further complexity is
provided by the ®nding that cyclic AMP can cross-activate
cyclic GMP-dependent protein kinase (PKG) in smooth
muscle (Jiang et al., 1992a, b; Murthy & Makhlouf, 1995;

Ruiz-Velasco et al., 1998; White et al., 2000), which raises the
possibility that b-adrenoceptor agonists could also a�ect
ASM tone via the activation of PKG.

In the present study we investigated the role of PKA in the
anti-spasmogenic activity of isoprenaline on guinea-pig
isolated trachea and have made a comparison with other

agents that are also believed to act via a cyclic AMP/PKA-
dependent mechanism. To this end a pharmacological
approach was adopted using diastereoisomers of cyclic

AMP and cyclic GMP analogues that selectively inhibit
PKA and PKG. These compounds speci®cally compete with
the endogenously synthesized cyclic nucleotide and so block
the activation of their respective protein kinase. Moreover,

their high cell permeance and resistance to cyclic nucleotide
phosphodiesterases (PDE), renders these tools particularly
suitable for use in intact cells and tissues (Dostmann et al.,

1990).

Methods

Preparation of guinea-pig tracheae

Male Dunkin-Hartley guinea-pigs (Harlan-Olac Ltd, Bicester,
Oxfordshire, U.K.), ranging in weight from 300 to 500 g,
were killed by cervical dislocation. The lungs, with trachea

and bronchi attached, were rapidly removed and placed in
oxygenated Krebs-Henseleit (KH) solution (composition in
mM): NaCl 118, KCl 5.9, MgSO4 1.2, CaCl2 2.5, NaH2PO4

1.2, NaHCO3 25.5, glucose 5.6, at room temperature and
trimmed free of adherent fat and connective tissue.
Indomethacin (10 mM) was present in the KH solution

throughout the experiment to prevent the formation of
bioactive prostanoids. The trachea was dissected away from
the lungs and main bronchi, and opened longitudinally by
cutting through the cartilage. After removing the epithelium

by gentle rubbing of the mucosal surface with a cotton wool-
coated probe, eight transverse segments of trachea were
prepared and each suspended by steel hooks in 5 ml tissue

baths containing KH solution at 378C. Tissues were placed
under a resting tension of 1 g, which is optimal for measuring
changes in contractile force in this species, and allowed to

equilibrate for at least 60 min before commencing the
experiment. Changes in force were measured isometrically
with force-displacement transducers (model FT-03c, Grass

Instrument, Quincy, MA, U.S.A.) and recorded on a Grass
7D Polygraph. In some experiments, epithelium-denuded
tracheae were frozen in liquid nitrogen and used subsequently
for determining the amount of type I and type II PKA in this

tissue.

Protocol for contractile studies

After the equilibration period, cumulative concentration-
response curves were constructed to ACh (10 nM± 10 mM)

according to the method of Van Rossum (1963). The basal
tone of each tissue was then re-established, by thorough
washing of the tissues over a period of at least 30 min, and

preparations were then studied in pairs. One tissue was pre-
treated for 30 min with a PKA and/or PKG inhibitor, as
indicated, and the other tissue received the relevant vehicle.
Isoprenaline, vasoactive intestinal peptide (VIP), zardaverine,

Sp-8-CPT-cAMPS, Sp-8-Br-PET-cGMPS or their respective
vehicle was added to each tissue for the times indicated in the
text, and cumulative concentration-response curves were

reconstructed to ACh.

Quantification of PKA Isoenzymes

The type I and type II isoenzymes of PKA in guinea-pig
trachea were separated by anion-exchange chromatography

as described previously (Giembycz & Diamond, 1990) using
Q-Sepharose as the exchange matrix in 10 mM MOPS
(pH 7.2). PKA activity was determined by measuring the
cyclic AMP-dependent phosphorylation of Kemptide (Giem-

bycz & Diamond, 1990).

Drugs, chemicals and analytical reagents

The following reagents were obtained from the Sigma
Chemical Company (Poole, Dorset, U.K.): indomethacin,

acetylcholine chloride, isoprenaline, L-ascorbic acid and VIP.
Sp-8-CPT-cAMPS, Rp-8-CPT-cAMPS, Rp-8-Br-cAMPS, Sp-
8-Br-PET-cGMPS and Rp-8-pCPT-cGMPS were purchased

from Biolog Life Science Institute (Bremen, Germany) and
the PKA inhibitor peptide, TYADFIASGRTGRRNAI-NH2,
was from Calbiochem (Nottingham). Zardaverine was kindly
provided by Byk-Gulden (Konstanz, Germany).

Indomethacin was made up as a 1 mg ml71 solution in
phosphate bu�er (in mM): KH2PO4 20, Na2HPO4 120
(pH 7.8); isoprenaline was dissolved KH solution containing

10 mg ml71 ascorbic acid and zardaverine and Sp-8-Br-PET-
cGMPS were made up in 100% DMSO. All other drugs were
dissolved in distilled water.

Statistical analysis

Data are expressed as mean+standard error of the mean

(s.e.mean) of n independent observations. Concentration-
response curves were analysed by non-linear iterative
regression with the `PRISM' curve-®tting program (Graph-

Pad software, San Diego, CA, U.S.A.) from which pD2

values were subsequently derived from curves of best-®t.
Statistical evaluation was carried out by a Student's t-test for

paired data. The null hypothesis was rejected when P50.05.

Results

PKA isoenzymes in guinea-pig trachea

At least two generic isoforms of PKA co-exist in many cells
and tissues that are arbitrarily denoted type I and type II
based on the order from which they are eluted from anion-

exchange columns. Two peaks of PKA activity were routinely
resolved from homogenates of guinea-pig trachea by Q-
Sepharose anion-exchange chromatography eluting at 110
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and 305 mM NaCl. Neither of these activities was seen in the
absence of exogenous cyclic AMP suggesting that the ®rst
and second peak of activity correspond to the type I and type

II PKA isoforms respectively (Figure 1). Moreover, the
peptide TYADFIASGRTGRRNAI-NH2, which corresponds
to the active sequence in PKIa (Glass et al., 1989), abolished
the cyclic AMP-dependent phosphorylation of Kemptide

(data not shown). In four independent experiments, type I
and type II PKA accounted for 4.9+3.2 and 93.1+2.3% of
the total phosphotransferase activity recovered from the

column respectively (Figure 1).

Effect of a selective inhibitor of type II PKA on the
anti-spasmogenic activity of Sp-8-CPT-cAMPS,
zardaverine and VIP

Exposure of guinea-pig trachealis to Sp-8-CPT-cAMPS
(10 mM; 30 min), a cell permeant and PDE-resistant activator
of type I and type II PKA (Dostmann et al., 1990), produced
a non-parallel, rightwards shift (approximately 16 fold at the

EC50) of the mean concentration-response curve that
described ACh-induced force development, and reduced the
maximum response by 40% (Figure 2a). In contrast, Sp-8-

CPT-cAMPS failed to exert an anti-spasmogenic e�ect in
tissues that were pre-treated (300 mM; 30 min) with the
selective inhibitor of type II PKA, Rp-8-CPT-cAMPS

(Dostmann et al., 1990), under identical experimental
conditions (Table 1; Figure 2). Rp-8-CPT-cAMPS (300 mM;
30 min) itself exerted no signi®cant e�ect on the ACh

concentration-response relationship (data not shown).
Treatment of guinea-pig trachealis with the dual PDE3/

PDE4 inhibitor, zardaverine (30 mM; 30 min; Schudt et al.,
1991) and VIP (1 mM; 15 min), which has been shown

previously to relax ASM in many species (Said, 1995)
through activation of receptors coupled positively to adenylyl
cyclase (Lazarus et al., 1986; Luis & Said, 1990), also

produced a non-competitive inhibition of ACh-induced force
development (Figures 3a and 4a; Table 1). Thus, the mean
ACh concentration-response curves were displaced 3 and 7

fold to the right for zardaverine and VIP respectively and

their maxima were suppressed 10 ± 30% (Table 1). However,
neither zardaverine nor VIP antagonized ACh-induced
tension generation in tracheal smooth muscle that was pre-

treated with Rp-8-CPT-cAMPS (300 mM; 30 min) (Table 1;
Figures 3b and 4b).

Effect of Rp-8-CPT-cAMPS on the anti-spasmogenic
activity of isoprenaline

Pre-treatment of guinea-pig trachealis with isoprenaline (0.1

and 1 mM; 15 min) produced non-parallel rightwards shifts of
the mean concentration-response curve that described ACh-
induced force development and reduced the maximum

responses by approximately 20% (Figure 5a,c). In contrast
to the results obtained with Sp-8-CPT-cAMPS, zardaverine
and VIP described above, the type II PKA inhibitor, Rp-8-

CPT-cAMPS (300 mM; 30 min), did not antagonize the anti-
spasmogenic activity of isoprenaline (Table 1; Figure 5b,d).
Similarly, Rp-8-Br-cAMPS (300 mM; 30 min), a competitive
`antagonist' of PKA with a preference for the type I

isoenzyme (Gjertsen et al., 1995), alone and in combination
with Rp-8-CPT-cAMPS, also failed to prevent isoprenaline
from antagonizing ACh-induced contractions (Figure 6;

Table 2).

Role of PKG in the anti-spasmogenic activity of
isoprenaline

Exposure of guinea-pig trachealis to Sp-8-Br-PET-cGMPS

(30 mM; 30 min), a cell permeant and PDE-resistant activator
of the type Ia and Ib PKG isoenzymes (Butt et al., 1995),
produced a non-parallel, rightwards shift (approximately 7
fold at the EC50) of the mean concentration-response curve

that described ACh-induced force development, and reduced
the maximum response by 13% (Table 3; Figure 7a).
However, Sp-8-Br-PET-cGMPS failed to exert an anti-

spasmogenic e�ect in tissues that were pre-treated (300 mM;
30 min) with Rp-8-pCPT-cGMPS (Butt et al., 1994), an
inhibitor of type Ia, Ib and II PKG isoenzymes under

identical experimental conditions (Table 3; Figure 7b). In
contrast, the anti-spasmogenic activity of isoprenaline (1 mM;
15 min) in guinea-pig trachealis was una�ected by Rp-8-
pCPT-cGMPS in terms of both the potency of ACh and the

maximum response attained (Figure 8). The combination of
Rp-8-pCPT-cGMPS and Rp-8-CPT-cAMPS also failed to
reverse the anti-spasmogenic isoprenaline (Figure 9; Table 4).

Rp-8-pCPT-cGMPS, and Rp-8-pCPT-cGMPS and Rp-8-
CPT-cAMPS in combination exerted no signi®cant e�ect on
the ACh concentration-response relationship (data not

shown).

Discussion

A substantial body of data support the hypothesis that cyclic
AMP can relax ASM and protect against contraction through

the activation of PKA (see Giembycz & Raeburn, 1991).
However, whether PKA is responsible for these same
functional responses elicited by b2-adrenoceptor agonists is

still equivocal (see Introduction for details). Thus, the present
study was conducted to gain further information on the role
of PKA in the anti-spasmogenic activity of isoprenaline and a

Figure 1 Resolution of PKA isoenzymes from guinea-pig trachea
by anion-exchange chromatography. Epithelium-denuded tracheae
were homogenized, centrifuged (31,0006g, 48C) and the resulting
supernatant applied to a Q-Sepharose anion-exchange column.
Protein was eluted with a linear salt gradient running from 70 to
420 mM NaCl and PKA activity in each fraction was assayed for
PKA activity in the absence and presence of cyclic AMP (10 mM) as
described in Giembycz & Diamond (1990). The pro®le is
representative of four independent observations.
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Figure 2 Anti-spasmogenic activity of Sp-8-CPT-cAMPS on ACh-induced tension development and the e�ect of the selective type
II PKA inhibitor Rp-8-CPT-cAMPS. Cumulative concentration-response curves were constructed to ACh in the absence and
presence of Sp-8-CPT-cAMPS (10 mM; panel a). In matched paired tissues concentration-response curves were also constructed to
ACh in the absence and presence of Sp-8-CPT-cAMPS (10 mM) and Rp-8-CPT-cAMPS (300 mM; panel b) in combination. See text
and the Methods section for further details. Data point represents the mean+s.e.mean of four independent determinations.

��
��
��

��

��

Table 1 Anti-spasmogenic activity of Sp-8-CPT-cAMPS and cyclic AMP-elevating drugs on ACh-induced tension development and
the e�ect of the selective type II PKA inhibitor Rp-8-CPT-cAMPS

Fold rightwards shift Maximum response
pD2 at EC50 (% ACh control)

ACh 5.51+0.1 ±
ACh+isoprenaline (0.1 mM) 5.13+0.2* 2.3 79+6
ACh 5.34+0.1 ±
ACh+isoprenaline (0.1 mM) 4.71+0.3* 4.4 80+5
+Rp-8-CPT-cAMPS (300 mM)

ACh 5.39+0.1 ±
ACh+isoprenaline (1 mM) 4.51+0.2* 7.6 84+4
ACh 5.17+0.2 ±
ACh+isoprenaline (1 mM) 4.32+0.2* 7.1 70+7
+Rp-8-CPT-cAMPS (300 mM)

ACh 5.42+0.10 ±
ACh+zardaverine (10 mM) 4.86+0.10* 2.8 71+5
ACh 5.50+0.03 ±
ACh+zardaverine (10 mM) 5.35+0.09 1.4 107+7
+Rp-8-Br-cAMPS (300 mM)

ACh 5.02+0.1 ±
ACh+VIP (1 mM) 4.18+0.3* 7.0 89+5
ACh 4.64+0.2 ±
ACh+VIP (1 mM) 4.55+0.1 1.3 102+5
+Rp-8-CPT-cAMPS (300 mM)

ACh 5.95+0.2 ±
ACh+Sp-8-CPT-cAMPS (10 mM) 4.74+0.3* 16.3 60+7
ACh 5.64+0.1 ±
ACh+Sp-8-CPT-cAMPS (10 mM) 5.59+0.2 1.1 105+9
+Rp-8-CPT-cAMPS (300 mM)

Cumulative concentration-response curves were constructed to ACh in the absence and presence of a ®xed concentration of
isoprenaline, zardaverine, VIP and Sp-8-CPT-cAMPS as indicated. In matched-paired tissues (]) identical experiments were performed
in the presence of Rp-8-CPT-cAMPS (300 mM). pD2 values for ACh before and after inhibitors were derived together with changes in
the maximum ACh-induced response. See text and the Methods section for further details. Data point represents the mean+s.e.mean of
four independent determinations. *P50.05, signi®cant reduction in ACh pD2.
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number of other cyclic AMP-elevating drugs in guinea-pig
isolated trachea.
A pharmacological approach was adopted by making use

of cell permeant, PDE-resistant cyclic AMP analogues that
act as selective inhibitors of the type I and type II isoenzymes
of PKA. Our initial studies concentrated on type II PKA as it
accounted for greater than 93% of the total activity in

guinea-pig trachea. According to one criterion outlined by
Sutherland and co-workers (Robinson et al., 1971) and Krebs
(1973), a biological response evoked by a drug or receptor

agonist should be mimicked by the suspected cyclic
nucleotide or analogue thereof. Consistent with this criterion
the e�ect of zardaverine and VIP, which evoked a rightward
shift of the ACh concentration-response curve and depressed

Figure 3 Anti-spasmogenic activity of zardaverine on ACh-induced tension development and the e�ect of the selective type II
PKA inhibitor Rp-8-CPT-cAMPS. Cumulative concentration-response curves were constructed to ACh in the absence and presence
of zardaverine (30 mM; panel a). In matched paired tissues concentration-response curves were also constructed to ACh in the
absence and presence of zardaverine (30 mM) and Rp-8-CPT-cAMPS (300 mM; panel b) in combination. See text and the Methods
section for further details. Data point represents the mean+s.e.mean of four independent determinations.

Figure 4 Anti-spasmogenic activity of VIP on ACh-induced tension development and the e�ect of the selective type II PKA
inhibitor Rp-8-CPT-cAMPS. Cumulative concentration-response curves were constructed to ACh in the absence and presence of
VIP (1 mM; panel a). In matched paired tissues concentration-response curves were also constructed to ACh in the absence and
presence of VIP (1 mM) and Rp-8-CPT-cAMPS (300 mM; panel b) in combination. See text and the Methods section for further
details. Data point represents the mean+s.e.mean of four independent determinations.
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the maximum response, was mimicked by Sp-8-CPT-cAMPS,
a cell permeant, PDE-resistant activator of type II PKA
(Dostmann et al., 1990). Moreover, the type II PKA

inhibitor, Rp-8-CPT-cAMPS, abolished the anti-spasmogenic
e�ect of these drugs indicating that a common mechanism,
involving PKA, accounted for this e�ect. A similar role for
PKA in mediating the e�ects of VIP and PDE inhibitors in

other tissues has been reported including relaxation of gastric
smooth muscle cells (Gu et al., 1992) and suppression of the
respiratory burst in human alveolar macrophages (Dent et

al., 1994).
Isoprenaline also evoked a non-parallel rightwards shift

of the ACh concentration-response curve but this e�ect

was not prevented by Rp-8-CPT-cAMPS at a concentra-
tion that blocked the anti-spasmogenic e�ect of Sp-8-CPT-
cAMPS, zardaverine and VIP. As guinea-pig tracheae

express both isoforms of PKA, the cyclic AMP generated
by isoprenaline might selectively activate type I PKA,
which prompted an evaluation of a type I inhibitor (Rp-
Br-cAMPS) alone, and in combination with Rp-8-CPT-

cAMPS. However, the anti-spasmogenic activity of iso-
prenaline was preserved in Rp-Br-cAMPS-, and Rp-Br-
cAMPS and Rp-8-CPT-cAMPS-treated tissues providing

persuasive evidence that the inhibition of ACh-induced
tension generation occurred by a PKA-independent
mechanism. Insensitivity of b-adrenoceptor-mediated re-

Figure 5 Anti-spasmogenic activity of isoprenaline on ACh-induced tension development and the e�ect of the selective type II
PKA inhibitor Rp-8-CPT-cAMPS. Cumulative concentration-response curves were constructed to ACh in the absence and presence
of isoprenaline (0.1 and 1 mM; panels a and c respectively). In matched paired tissues concentration-response curves were also
constructed to ACh in the absence and presence of isoprenaline (0.1 and 1 mM) and Rp-8-CPT-cAMPS (300 mM; panels b and d
respectively) in combination. See text and the Methods section for further details. Data point represents the mean+s.e.mean of four
independent determinations.
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sponses to PKA antagonists has been reported in several
other smooth muscle preparations including porcine
coronary artery (White et al., 2000) and rabbit portal
vein (Ruiz-Velasco et al., 1998). In contrast, the ability of

isoprenaline to evoke a positive inotropic e�ect in guinea-
pig and rat isolated cardiac ventricular myocytes (Bell &
McDermott, 1994; Money-Kyrle et al., 1998) and to

facilitate the release of glutamate from rat cerebrocortical
membranes (Herrero & Sanchez-Prieto, 1996) is markedly
attenuated by Rp-cAMPS analogue inhibitors of PKA.
One explanation of this discrepancy is that the signal

transduction pathway recruited by a b-adrenoceptor
agonist may be tissue-dependent and/or related to the
functional response that is elicited.

Figure 6 Anti-spasmogenic activity of isoprenaline on ACh-induced tension development and the e�ect of the selective type I PKA
inhibitor Rp-8-Br-cAMPS. Cumulative concentration-response curves were constructed to ACh in the absence and presence of
isoprenaline (1 mM; panel a). In matched paired tissues concentration-response curves were also constructed to ACh in the absence
and presence of isoprenaline (1 mM) and Rp-8-CPT-cAMPS (300 mM; panel b) in combination. See text and the Methods section for
further details. Data point represents the mean+s.e.mean of four independent determinations.

��

��

��
Table 2 E�ect of an inhibitor of type I and type II PKA on the anti-spasmogenic activity of isoprenaline

Fold rightwards shift Maximum response
pD2 at EC50 (% ACh control)

ACh 5.41+0.1 ± ±
ACh+isoprenaline (1 mM) 4.52+0.2* 7.8 83+9
ACh 5.41+0.1 ± ±
ACh+isoprenaline (1 mM) 4.69+0.05* 5.3 82+7
+Rp-8-CPT-cAMPS (300 mM)

ACh 5.36+0.1 ± ±
ACh+isoprenaline (1 mM) 4.39+0.2* 9.3 86+7
ACh 5.55+0.2 ± ±
ACh+isoprenaline (1 mM) 4.67+0.1* 7.6 88+4
+Rp-8-Br-cAMPS (300 mM)

ACh 5.77+0.1 ± ±
ACh+isoprenaline (1 mM) 4.84+0.1* 8.5 85+6
ACh 5.68+0.1 ± ±
ACh+isoprenaline (1 mM) 4.86+0.1* 6.6 81+6
+Rp-8-CPT-cAMPS (300 mM)
+Rp-8-Br-cAMPS (300 mM)

Cumulative concentration-response curves were constructed to ACh in the absence and presence of isoprenaline (1 mM). In paired
tissues (]), identical experiments were performed in the presence of Rp-8-Br-cAMPS (300 mM; selective type I PKA inhibitor), Rp-8-
CPT-cAMPS (300 mM; selective type II PKA inhibitor) and a combination of both analogues. pD2 values for ACh before and after
inhibitors were derived together with changes in the maximum ACh-induced response. See text and the Methods section for further
details. Data point represents the mean+s.e.mean of four independent determinations. *P50.05, signi®cant reduction in ACh pD2.
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An alternative pathway that could explain the mechanical

e�ects of b-adrenoceptor agonists on ASM is through cross-
activation of PKG by cyclic AMP. This phenomenon was
®rst described in isoprenaline-stimulated pig coronary artery

(Jiang et al., 1992a) and has since been found in other
smooth muscle preparations (Ruiz-Velasco et al., 1998;
Murthy & Makhlouf, 1995; White et al., 2000). In canine

trachealis, cyclic AMP activates PKG with a potency that is
only slightly lower than for the activation of PKA (Torphy et
al., 1982) implying that a similar mechanism could also
operate in intact ASM. Indeed, Francis et al. (1988) have

showed that the potency of a range of cyclic nucleotide
analogues to relax guinea-pig trachea was strongly correlated
with their ability to activate PKG but not PKA. Moreover,

this relationship held regardless of whether the compounds

were analogues of cyclic AMP or cyclic GMP. In the present

study the selective PKG inhibitor, Rp-8-pCPT-cGMPS, failed
to antagonize the protective e�ect of isoprenaline under
conditions where the anti-spasmogenic e�ect of the cyclic

GMP analogue, Sp-Br-cGMPS, was abolished suggesting that
PKG does not mediate the anti-spasmogenic e�ect of
isoprenaline in guinea-pig trachea. The hypothesis that both

PKA and PKG need to be activated for the full anti-
spasmogenic e�ect of b2-adrenoceptor agonists to be elicited
in this tissue was also rejected on the basis that Rp-8-pCPT-
cGMPS in combination with Rp-8-CPT-cAMPS also failed to

reverse the e�ect of isoprenaline.
Changes in ASM tone evoked by b-adrenoceptor agonists

may be dependent on the opening of BKCa (Jones et al., 1990;

Miura et al., 1992). Indeed, PKA and PKG, in the presence of

��

��

Table 3 E�ect of an inhibitor of PKG on the anti-spasmogenic activity of isoprenaline and Sp-8-Br-PET-cGMPS

Fold rightwards shift Maximum response
pD2 at EC50 (% ACh control)

ACh 5.19+0.1 ± ±
ACh+isoprenaline (1 mM) 4.17+0.2* 10.5 84+4
ACh 5.26+0.3 ± ±
ACh+isoprenaline (1 mM) 4.33+0.4* 8.5 72+7
+Rp-8-pCPT-cGMPS (300 mM)

ACh 5.36+0.1 ± ±
ACh+Sp-8-Br-PET-cGMPS (30 mM) 4.54+0.2* 6.6 87+3
ACh 5.29+0.2 ± ±
ACh+Sp-8-Br-PET-cGMPS (10 mM) 5.11+0.2 1.5 108+5
+Rp-8-pCPT-cGMPS (300 mM)

Cumulative concentration-response curves were constructed to ACh in the absence and presence of isoprenaline (1 mM) and Sp-8-Br-
PET-cGMPS (30 mM). In paired tissues ( ] ), identical experiments were performed in the presence of Rp-8-pCPT-cGMPS (300 mM;
selective inhibitor of PKG). pD2 values for ACh before and after inhibitors were derived together with changes in the maximum ACh-
induced response. See text and the Methods section for further details. Data point represents the mean+s.e.mean of four independent
determinations. *P50.05, signi®cant reduction in ACh pD2.

Figure 7 Anti-spasmogenic activity of Sp-8-Br-PET-cGMPS on ACh-induced tension development and the e�ect of the PKG
inhibitor Rp-8-pCPT-Br-cGMPS. Cumulative concentration-response curves were constructed to ACh in the absence and presence
of Sp-8-Br-PET-cGMPS (30 mM; panel a). In matched paired tissues concentration-response curves were also constructed to ACh in
the absence and presence of Sp-8-Br-PET-cGMPS (30 mM) and Rp-8-pCPT-Br-cGMPS (300 mM; panel b) in combination. See text
and the Methods section for further details. Data point represents the mean+s.e.mean of four independent determinations.
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ATP, increase the open state probability of BKCa in excised
patches isolated from single tracheal myocytes (Kume et al.,
1989, 1994; Alioua et al., 1995). However, activation of these

channels by cyclic nucleotide-dependent phosphorylation
cannot explain the results of the present study as Rp-Br-

cAMPS, Rp-8-CPT-cAMPS and Rp-8-pCPT-cGMPS did not
antagonize the anti-spasmogenic e�ect of isoprenaline.
To strengthen the hypothesis that PKA is not involved in

the anti-spasmogenic activity of isoprenaline we reasoned
that additional studies with PKA inhibitors that act at the

Figure 8 Anti-spasmogenic activity of isoprenaline on ACh-induced tension development and the e�ect of the PKG inhibitor Rp-
8-pCPT-Br-cGMPS. Cumulative concentration-response curves were constructed to ACh in the absence and presence of isoprenaline
(0.1 mM; panel a). In matched paired tissues concentration-response curves were also constructed to ACh in the absence and
presence of isoprenaline (0.1 mM) and Rp-8-pCPT-Br-cGMPS (300 mM; panel b) in combination. See text and the Methods section
for further details. Data point represents the mean+s.e.mean of four independent determinations.

Figure 9 Anti-spasmogenic activity of isoprenaline on ACh-induced tension development and the e�ect of a PKA and PKG
inhibitor in combination. Cumulative concentration-response curves were constructed to ACh in the absence and presence of
isoprenaline (0.1 mM; panel a). In matched paired tissues (panel b) concentration-response curves were also constructed to ACh in
the absence and presence of isoprenaline (0.1 mM), Rp-8-pCPT-Br-cGMPS (300 mM) and Rp-8-CPT-cAMPS (300 mM) in
combination. See text and the Methods section for further details. Data point represents the mean+s.e.mean of four independent
determinations.
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ATP-binding site (e.g. H-89, KT 5720) could be instructive. It
is now recognized that b2-adrenoceptors can signal through

intracellular receptors other than PKA as well as by cyclic
AMP-independent pathways (see below). However, of the
limited pharmacological tools currently available none were

suitable in this experimental setting. Thus, H-89 (Chijiwa et
al., 1990) is a b-adrenoceptor antagonist at concentrations
equivalent to those required to inhibit PKA (Penn et al.,
1999) and clearly can not be used to probe the mechanism of

action of isoprenaline. To circumvent this problem we tested
the selective indolocarbazole PKA inhibitor, KT 5720 (Kase
et al., 1987) but, unexpectedly, this compound potentiated the

contractile activity of ACh (authors' unpublished observa-
tions). The explanation for this e�ect is unclear, although it
was recently demonstrated that indolocarbazoles can bind to

an allosteric site within certain of the muscarinic receptor
subtypes and interact in a positive co-operative fashion with
ACh (Lazareno et al., 2000). Caution should, therefore, be
exercised in studies using KT 5720 and muscarinic agonists.

If PKA does not mediate the anti-spasmogenic activity of
isoprenaline then what are the alternatives? One possibility is
that isoprenaline gated BKCa independently of PKA, possibly

through the direct binding of Gsa (Kume et al., 1992, 1994).
Unfortunately, this mechanism could not be rigorously tested
as charybdotoxin and iberiotoxin, which block BKCa,

contracted guinea-pig trachealis (authors' unpublished ob-
servations), which is consistent with previously published
data (Patel et al., 1998). It should be noted that isoprenaline

can relax guinea-pig trachealis in the absence of membrane
hyperpolarization (Cook et al., 1993), which suggests that
activation of BKCa may play, at most, a supportive rather
than central role.

Although not formally studied in the present investigation it
has been demonstrated that cyclic AMP can bind and activate a

family of small guanine nucleotide-exchange factors (GEFs),
which include exchange factor activated by cyclic AMP (Epac

also called cyclic AMPGEF) (De Rooij et al., 1998; 2000;
Kawasaki et al., 1998). In the cyclic AMP-bound form, Epac
directly activates the small Ras-like GTPase, Rap1, which in

some cells leads to the phosphorylation of extracellular signal-
regulated kinase (ERK) (Bos, 1998). In other tissues b2-
adrenoceptors can couple to src-Ras-Raf-MKK-ERK signal-
ling cascades via cyclic AMP-independent, Gbg-, Gia or Gsa-
mediated mechanisms (Ma et al., 2000; Wenzel-Seifert &
Seifert, 2000). We have previously found that procaterol, a
potent and highly selective b2-adrenoceptor agonist, depho-

sphorylates basal and histamine-stimulated pERK in intact
ASM (Koch et al., 2000), which indicates that neither of the
aforementioned processes account for the protective e�ect of

isoprenaline on guinea-pig trachealis. The mechanism of action
of isoprenaline, therefore, remains unclear.

In conclusion, the results of the current investigation
support the dogma that PKA-dependent processes account

for the anti-spasmogenic activity of VIP, Sp-8-CPT-cAMPS
and zardaverine in guinea-pig trachealis whereas neither PKA
nor PKG, alone or together, mediate the protective e�ect of

isoprenaline under identical experimental conditions. Given
the implication of these ®ndings and the absence of
con®rmatory data with other pharmacological tools, further

studies clearly are required to probe the role of PKA in b2-
adrenoceptor signalling in ASM. To this end we are currently
developing techniques to infect ASM cells with the

endogenous inhibitors of PKA (Zheng et al., 2000 and
references therein), by protein-mediated transduction, in the
form of TAT fusions (Schwarze et al., 2000), and adenovirus
expression vectors (Lum et al., 1999).

The authors thank GlaxoSmithKline for ®nancial support.
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