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Anti-spasmogenic activity of isoenzyme-selective phosphodiesterase

inhibitors in guinea-pig trachealis
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1 The anti-spasmogenic potential of SK&F 94120 (PDE3-selective), rolipram (PDE4-selective),
zaprinast (PDES5-selective), zardaverine (dual PDE3/4 inhibitor) and theophylline (non-selective) was
evaluated in guinea-pig trachealis.

2 SK&F 94120 or rolipram (10 and 100 uM) antagonized histamine-induced tension generation in a
concentration-dependent and non-competitive manner whereas ACh-induced contractions were
unaffected. Similarly, SK&F 94120 and rolipram in combination were anti-spasmogenic with respect
to both contractile agonists to an extent that was greater than the effect of either drug alone.
Identical results were obtained with zardaverine (1, 10 and 100 uM) and theophylline (100 uM and
1 mMm).

3 Zaprinast protected guinea-pig trachealis against histamine-, but not ACh-induced contractile
responses in a manner that was indistinguishable from the results obtained with SK&F 94120.
However, in contrast to the interaction between SK&F 94120 and rolipram, no further antagonism
was seen when zaprinast and rolipram were used in combination.

4 Pre-treatment of tissues with SNP (10 and 100 uM) antagonized histamine-induced tension
generation in a concentration-dependent and non-competitive manner. However, no further
antagonism was produced when SNP and rolipram were used concurrently. Likewise, the protection
afforded by a combination SNP and SK&F 94120 was no greater than that produced by SNP alone.
5 These results demonstrate that an inhibitor of PDE3 enhances the anti-spasmogenic activity of
rolipram but not drugs that elevate cyclic GMP mass. Moreover, the ability of SNP and zaprinast to
protect guinea-pig trachealis against histamine-induced contractions apparently is not due to the

inhibition of PDE3.
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Introduction

Cyclic nucleotide phosphodiesterases (PDEs) represent an
expanding group of proteins whose sole function is to
hydrolyse, and thereby inactive, the second messenger purine
nucleotides, cyclic AMP and cyclic GMP (Beavo, 1987; 1995).
Ten families, denoted PDEI1 to 10, comprising a multitude of
immunologically distinct proteins have been described thus far,
which are categorized according to specific criteria including
substrate specificity, inhibitor sensitivity and primary amino
acid sequence (Beavo et al., 1994; Conti et al., 1995; Fisher et
al., 1998a,b; Giembycz & Kelly, 1994; Loughney & Ferguson,
1994; 1996; Soderling et al., 1998; 1999; Fujishige et al., 1999;
Loughney et al., 1999).

From a therapeutic perspective, the last decade has seen a
renaissance in PDE inhibitors as novel therapeutic agents. In
particular, drugs that suppress selectively the cyclic AMP-
specific, or PDE4, isoenzyme family, whose primary function is
to degrade cyclic AMP, are currently undergoing clinical trials
for a number of inflammatory disorders such as asthma (Dent
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& Giembycz, 1995; Giembycz, 1992; Giembycz & Souness,
1996; Torphy, 1998; Torphy & Undem, 1991; Torphy, et al.,
1994), chronic obstructive pulmonary disease (Barnes, 1998;
Rogers & Giembycz, 1998), arthritis (Souness & Foster, 1998)
and atopic dermatitis (Hanifin et al., 1996). Small molecule
inhibitors that block both PDE4 and PDE3, another cyclic
AMP PDE that is inhibited by cyclic GMP, similarly have been
investigated since they may be effective at concentrations lower
than selective PDE4 inhibitors and might possess fewer or less
severe side-effects (Hatzelmann et al., 1996).

The rationale for developing isoenzyme-selective PDE
inhibitors has stemmed from the realization that the
distribution of PDE proteins is differentially expressed between
tissues (Nicholson et al., 1991). Indeed, in essentially all pro-
inflammatory and immune cells implicated in asthma
pathogenesis, PDE4 is the principal enzyme responsible for
degrading cyclic AMP. PDE3 also is present in certain cells
including T-lymphocytes, alveolar macrophages, basophils and
platelets (Giembycz, 1992; Giembycz et al., 1997; Torphy,
1998; Torphy & Undem, 1991) which has lead to the view that
the development of compounds which selectively inhibit
PDE4, or PDE3 and PDE4 might be associated with reduced
side-effect profiles when compared to non-selective drugs such
as theophylline.
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Although PDE4 and hybrid PDE3/4 inhibitors are being
developed primarily as a new class of steroid-sparing anti-
inflammatory agents, they also have the potential to relax
airways smooth muscle. In the trachealis of many species
including the guinea-pig, at least one representative of the
PDEl, 2, 3, 4 and 5 isoenzyme family is expressed
(Miyamoto et al., 1994) implying that the regulation of
cyclic nucleotide homeostasis in this tissue is highly co-
ordinated and more complex than in pro-inflammatory and
immunocompetent cells (Giembycz et al., 1997). However,
while the spasmolytic activity of these drugs has been
studied in some detail (see Souness & Giembycz, 1994),
those data may be considered academic since if PDE4
inhibitors are ultimately shown to be active clinically in
asthma, they will be administered prophylactically. It is
clear, therefore, that under those conditions any additional
beneficial effects would be to protect the airways against
mediators that elicit bronchoconstriction.

Relatively little is known of the anti-spasmogenic activity
of PDE inhibitors when compared to their ability to
promote bronchodilatation. Moreover, the limited investiga-
tions thus far conducted have provided inconsistent findings
that may relate to differences in species, airway level and/or
the nature of spasmogen examined. For example, in bovine
trachealis benafentrine, a mixed inhibitor of the PDE3 and
PDE4 isoenzyme families, protects against methacholine-
induced tension generation when low concentrations of the
cholinomimetic are used (Giembycz & Barnes, 1991).
Conversely, selective inhibitors of both PDE3 (siguazodan)
and PDE4 (rolipram) fail to antagonize histamine and
leukotriene Dg-induced tension generation in guinea-pig
trachea (Underwood et al., 1994). Given the paucity of
information on the anti-spasmogenic activity of PDE
inhibitors, we have performed a systematic study designed
to assess the potential anti-spasmogenic activity of selective
PDE inhibitors in guinea-pig tracheal smooth muscle with
emphasis on those agents that target the PDE3 and/or
PDE4 isoenzyme families.

Methods
Preparation of guinea-pig trachea

Male Dunkin-Hartley guinea-pigs (Harlan-Olac Ltd, Bicester,
Oxfordshire), ranging in weight from 300-500 g, were killed
by cervical dislocation. The tracheae were rapidly excised,
placed in oxygenated (95% O,, 5% CO,) Krebs-Henseleit
(KH) solution (composition in mM: NaCl 118, KCI 5.9,
NaHCO; 25.5, MgS0, 1.2, CaCl, 2.5, NaH,PO, 1.2 and
glucose 5.6) at room temperature and trimmed free of adherent
fat and connective tissue. Indomethacin (10 uM) was present in
the KH solution to prevent the formation of broncho-active
prostanoids. Each trachea was cut into eight rings containing
three to four adjacent cartilage plates and denuded of
epithelium by gentle rubbing the mucosal surface with a
cotton wool-coated probe. The rings were suspended by steel
hooks in 5 ml organ baths containing KH solution at 37°C and
connected via silk threads to Grass FT-03 force-displacement
transducers (Quincy, MA, U.S.A.) to detect changes in
isometric tension which were recorded on a Grass 7D
polygraph. The tissues were placed under a resting force of
10 mN (optimal for determining changes in tension) and
allowed to equilibrate for 60 min during which time tissues
were washed frequently.

Protocol

Tracheal rings were challenged with a maximally effective
concentration of acetylcholine (ACh; 10 mMm). When the
contractions had reached a plateau, the tissues were washed
extensively until resting tone was re-established. After
equilibration of tissues for a further 30 min, PDE inhibitors,
sodium nitroprusside (SNP) or their respective vehicles were
added to the baths and cumulative concentrations-response
curves were constructed for histamine and ACh 20 min later
according to the method of Van Rossum (1963). One
concentration-response curve was generated per tissue.
Agonist-induced changes in force are expressed as a percentage
of the maximum contraction elicited by ACh (10 mMm).

Drugs and analytical reagents

Indomethacin, histamine diphosphate, ACh chloride, SNP,
EHNA (erythro-9-(2-hydroxy-3-nonyl) adenine hydrochlor-
ide), vinpocetine and theophylline were purchased from the
Sigma Chemical Company (Poole, Dorset). SK&F 94120,
rolipram, zaprinast and zardaverine were kindly donated by
SmithKline-Beecham (Welwyn, Hertfordshire), Schering AG
(Berlin, Germany), Rhone-Poulenc Rorer (Dagenham, Essex)
and Byk Gulden (Konstanz, Germany) respectively.

Stock solutions of drugs were made at a concentration of
10 mM in ethanol (rolipram), DMSO (zardaverine, vinpoce-
tine), 0.1 M NaOH (zaprinast, SK&F 94120, theophylline) or
distilled water (histamine, ACh, SNP, ENHA) and subse-
quently diluted to the desired working concentration in KH
solution. Indomethacin was prepared in alkaline phosphate
buffer (KH,PO, 20 mMm, Na,HPO, 120 mm; pH 7.8) at
I mgml~"

Analysis of data

Data are expressed as mean+s.e.mean of n independent
observations. Concentration-response curves were analysed by
least squares, non-linear iterative regression with the ‘PRISM’
curve-fitting program (GraphPad software, San Diego, CA,
U.S.A.) and pD, values were subsequently interpolated from
curves of best fit. Statistical analysis was conducted by Mann
Whitney’s two-sample test. The null hypothesis was rejected
when P<0.05.

Results

Influence of a PDE3 and a PDE4 inhibitor on
histamine- and ACh-induced tension development

Histamine and ACh produced a concentration-dependent
contraction of guinea-pig tracheal rings with pD, values of
5.884+0.02 (n=136) and 5.48+0.04 (n=21) respectively; both
agonists  generated approximately the same force
(18.94+8 mN, n=136; 20.6+9 mN, n=21 respectively) at their
maximally effective concentrations. To examine whether
PDE3 and PDE4 can regulate the spasmogenic activity of
the aforementioned agonists, SK&F 94120 and rolipram were
employed, which are selective inhibitors of these isoenzyme
families respectively. Previous studies, in cell-free systems,
have established that SK&F 94120 and rolipram retain
isoenzyme selectivity at concentrations up to 30 uM and
display only weak cross-reactivity (ICso> >100 uM at 1 uMm
cyclic AMP) at 100 uM (Torphy & Cieslinski, 1990; Murray
et al., 1992).
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Pre-treatment (20 min) of tracheal rings with SK&F 94120
(10 and 100 uMm), had a negligible effect on baseline tone, but
antagonized histamine-induced tension generation in a
concentration-dependent manner. The nature of the antagon-
ism resembled classical non-competitive behaviour; there was a
parallel shift of the concentration-response curve to the right
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and an associated reduction in the maximal force generated
(Figure 1la; Table 1). In contrast, SK&F 94120 did not
significantly affect ACh-induced contractions at either con-
centration examined (Figure la, Tables 1 and 2).

A different pattern of activity was seen in tissues pre-treated
(20 min) with the selective PDE4 inhibitor, rolipram (10 and
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Figure 1 Effect of the PDE3 inhibitor, SK&F 94120, on histamine- and ACh-induced contractile responses in guinea-pig trachea.
Rings of tracheal smooth muscle were pre-treated for 20 min with 10 or 100 um SK&F 94120, or its vehicle. Cumulative
concentration-response curves were then constructed to histamine (a) and ACh (b) and ECs, values and the maximum tension
generated relative to that effected by 10 mm ACh were then interpolated from curves of best fit. Data represent the mean +s.e.mean

of 6—8 determinations. See Methods for further details.

Table 1 Effect of isoenzyme-selective PDE inhibitors and SNP on the contractile potency of histamine in guinea-pig tracheal rings

PDE inhibitor (concentration)

Vinpocetine (10 pum)

Vinpocetine (100 uM)

EHNA (10 um)

EHNA (100 um)

SK&F 94120 (10 um)

SK&F 94120 (100 um)

Rolipram (10 um)

Rolipram (100 pum)

Zaprinast (10 um)

Zaprinast (100 pum)

Zardaverine (1 um)

Zardaverine (10 um)

Zardaverine (100 pm)

Theophylline (100 um)

Theophylline (I mm)

SK&F 94120 (10 um) + Rolipram (10 um)
SK&F 94120 (30 um) + Rolipram (10 um)
SK&F 94120 (100 um) + Rolipram (100 pm)
Rolipram (10 pM)+ Zaprinast (10 pm)
Rolipram (100 uMm) + Zaprinast (100 um)
SNP (10 um)

SNP (100 um)

aSNP (100 um) + SK&F 94120 (100 um)
SNP (100 um)+ Rolipram (10 um)

SNP (100 um)+ Rolipram (100 um)

SNP (100 um)+ Rolipram (10 um)+ SK&F 94120 (10 um)

Histamine pD, Force
Control Treated (% control max)
5.74£0.09 (6) 5.8+0.12 (6) 101.3+6.9
5.740.09 (6) 5.7+0.15 (6) 105.9+6.3
5.540.08 (6) 5.8+0.11 (6) 93.7+8.8
5.540.08 (6) 5.4+0.12 (6) 99.6+8.7
6.0+0.11 (8) 5.8+0.14 (8) 77.8+4.4
6.0+0.11 (8) 5.4+40.17 (8)* 67.3+8.7
5.740.07 (8) 5.7+0.73 (8) 103.1+9.2
5.740.07 (8) 5.4+40.10 (8)* 95.8+7.9
6.0+0.11 (6) 5.540.13 (6)* 87.6+8.8
6.01+0.11 (6) 5.3+0.09 (6)* 78.3+6.9
5.540.04 (7) 4.7+0.15 (7)* 81.3+11.3
5.540.04 (7) 4.9+40.12 ()* 63.3+7.1
5.540.04 (7) 4.540.02 (7)* 319+1.8
5.440.09 (7) 5.540.10 (7) 87.0+7.6
5.440.09 (7) 4.84+0.11 (7)* 449+4.1
5.9+40.09 (7) 5.240.10 (7)* 63.3+7.1
5.740.09 (4) 4.5+0.07 (4)* 57.84+7.5
5.940.09 (7) 4.440.11 (7)* 40.1+10.0
5.9+0.09 (10) 5.440.05 (10)* 90.0+1.7
5.940.09 (10) 5.240.04 (10)* 73.94+6.5
5.940.08 (6) 5.4+0.07 (6)* 729428
5.9+40.08 (6) 5.1+0.05 (6)* 75.6+4.4
5.84+0.05 (8) 4.8+0.08 (8)* 72.5+14.1
5.74+0.10 (4) 5.3+0.08 (4)* 542+114
5.9+40.06 (8) 5.1+0.08 (8)* 66.2+4.7
5.740.10 (4) 5.340.07 (4)* 66.2+8.7

Rings of tracheal smooth muscle were pre-treated for 20 min with the PDE inhibitor(s) indicated or their respective vehicle. Cumulative
concentration-response curves were then constructed to histamine and ECs, values were interpolated from curves of best fit. Results the
mean+s.e.mean of log transformed data. See Methods for further details. Values in parentheses indicate number of independent
determinations. *P <0.05 with respect to ‘control’ pD, value; ND, not determined.
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100 pm). Thus, at the low concentration, rolipram failed to
effect baseline tone or the concentration-response curves that
described histamine-induced tension generation. However,
increasing the concentration of rolipram to 100 uM produced
a parallel, rightwards displacement of the histamine concen-
tration-response curves without reducing the maximum
response (Figure 2a and Table 1). This effect of rolipram was
modest (~2 fold shift at the ECs,) but, nevertheless, achieved
statistical significance (P <0.05). ACh-induced responses were
unaffected by rolipram at either concentration examined
(Figure 2b and Table 2).

Influence of a PDE3 and a PDE4 inhibitor in
combination, a mixed PDE3/PDE4 inhibitor and a
non-selective PDE inhibitor on histamine- and
ACh-induced tension development

In many cells and tissues PDE3 and PDE4 inhibitors interact
synergistically both at the biochemical and functional level
(e.g. Turner et al., 1994; Giembycz et al., 1996; Palmer et al.,
1998). To establish if this phenomenon also applied to their
anti-spasmogenic effect in guinea-pig trachealis, SK&F 94120
and rolipram were used in combination and compared with the

Table 2 Effect of isoenzyme-selective PDE inhibitors and SNP on the contractile potency of ACh in guinea-pig tracheal rings

PDE Inhibitor (concentration)

Vinpocetine (10 uMm)

Vinpocetine (100 pm)

EHNA (10 um)

EHNA (100 um)

SK&F 94120 (10 um)

SK&F 94120 (100 um)

Rolipram (10 um)

Rolipram (100 pm)

Zaprinast (10 pum)

Zaprinast (100 um)

Zardaverine (1 uMm)

Zardaverine (10 um)

Zardaverine (100 pm)

Theophylline (100 um)

Theophylline (1 mm)

SK&F 94120 (10 um)+ Rolipram (10 pum)
SK&F 94120 (100 um) + Rolipram (100 pm)
Rolipram (10 uMm) + Zaprinast (10 um)
Rolipram (100 uMm)+ Zaprinast (100 um)

ACh pD, Force
Control Treated (% control max)

534024 (7) 5.340.15 (7) 99.5+2.9
5.740.10 (7) 5.440.09 (7)* 101.6+4.4
5.4+0.18 (7) 5.4+0.08 (7) 102.6+4.6
5.4+40.18 (7) 5.540.10 (7) 95.4+9.3
5.5+0.15 (7) 5.540.10 (7) 108.0+7.3
5.5+0.15 (7) 5.5+0.08 (7) 99.6+4.3
5.140.13 (7) 5.240.13 (7) 103.14+9.2
5.140.13 (7) 4.940.16 (7) 82.5+2.0
5.540.15 (7) 5.340.18 (7) 79.9+0.1
5.54+0.15 (7) 5.6+0.11 (7) 99.24+9.6
5.5+0.14 (7) 4.540.11 (7) 100.0+6.1
5.540.14 (7) 4.840.16 (7)* 103.0+6.1
5.5+0.14 (7) 4.6+0.03 (7)* 77.9+3.3
5.4+0.24 (7) 5.3+0.30 (7) 93.1+5.2
544024 (7) 5.240.07 (7) 83.6+4.3
5.3+0.19 (7) 5.0+0.07 (7)* 112.349.2
5.340.19 (7) i i
544042 (7) 5.140.20 (7) 103.3+29.4
544042 (7) 4.8+0.36 (7) 95.0+20.9

Rings of tracheal smooth muscle were pre-treated for 20 min with the PDE inhibitor(s) indicated or their respective vehicle. Cumulative
concentration-response curves were then constructed to ACh and ECsy values were interpolated from curves of best fit. Results the
mean +s.e.mean of log transformed data. See Methods for further details. Values in parentheses indicate number of independent
determinations. *P<0.05 with respect to ‘control’ pD, value; ND, not determined. tParameter could not be determined.
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Figure 2 Effect of the PDE4 inhibitor, rolipram, on contractile responses evoked by histamine (a) and ACh (b) in guinea-pig
trachea. Data represent the mean+s.e.mean of 6—8 determinations. See legend to Figure 1 and Methods for further details.
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mixed PDE3/PDE4 inhibitor, zardaverine (Schudt et al.,
1991), and theophylline, which indiscriminately suppresses the
activity of all PDE isoenzymes that have been studied.
Pre-treatment (20 min) of tracheal rings with SK&F 94120
and rolipram antagonized histamine-induced tension genera-
tion in a concentration-dependent manner. Again, the
antagonism was non-competitive and of greater magnitude
than that produced by either drug alone (Figure 3a and Table
1). In the presence of a concentration of SK&F 94120 (100 um)
known to abolish PDE3 activity in various cells and tissues,
100 uM rolipram effected greater antagonism of histamine-
induced tension generation than when a lower, isoenzyme-
selective concentration (10 uM), was employed (Figure 3a and
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Table 1). Thus, in intact guinea-pig tracheal strips a high
concentration of rolipram apparently is required to fully
inhibit PDE4.

Rolipram (10 uM) and SK&F 94120 (10 um) similarly
displaced ACh concentration-response curves to the right
(~2 fold at the ECs,) without reducing the maximum response
(Figure 3b). A much greater antagonism was seen when
100 uM of each inhibitor was examined although in this case, it
was not possible to ascertain whether this was associated with
a suppression of the asymptote as maximal responses were not
attained (Figure 3b and Table 2). Identical results were found
with tracheal smooth muscle rings pre-treated (20 min) with
zardaverine (1, 10 and 100 gM) and theophylline (100 uM and
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Figure 3 Effect of the PDES inhibitor, zaprinast, on contractile responses evoked by histamine (a) and ACh (b) in guinea-pig
trachea. Data represent the mean+s.e.mean of 6—8 determinations. See legend to Figure 1 and Methods for further details.
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Figure 4 Effect of the zardaverine, an inhibitor of PDE3 and PDE4, on contractile responses evoked by histamine (a) and ACh (b)
in guinea-pig trachea. Data represent the mean +s.e.mean of 6—8 determinations. See legend to Figure 1 and Methods for further

details.
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1 mM). Thus, contractions evoked by histamine and ACh were
inhibited in a concentration-dependent and non-competitive
manner with histamine-induced tone being more sensitive to
the PDE inhibitors (Figures 4 and 5 and Tables 1 and 2).

Influence of a PDES inhibitor, alone and in combination
with rolipram, on histamine- and ACh-induced tension
development

One characteristic of PDE3 is that cyclic GMP binds to the
catalytic site with high affinity but is hydrolysed with a V.
that is only approximately 10% of that achieved when cyclic
AMP is substrate (see Degerman et al., 1997 for review). As
such, cyclic GMP behaves as a competitive antagonist and can
increase cyclic AMP mass in intact cells and tissues (Degerman
et al., 1997). The ability of SK&F 94120 to protect the airways
against the contractile effect of histamine and to act
synergistically with rolipram in that respect, suggests that
drugs which elevate cyclic GMP could behave similarly
through the inhibition of PDE3. To test this hypothesis, the
effect of the PDES inhibitor, zaprinast (10 and 100 uM), alone
and in the presence of rolipram (10 and 100 uM), on histamine-
and ACh-induced tension development was examined. As
illustrated in Figure 6a,b, zaprinast protected airways smooth
muscle against histamine-, but not ACh-induced tone in a
manner that was indistinguishable from the results obtained
with SK&F 94120 (c.f. Figure 1 and Tables 1 and 2). However,
in contrast to the ability of the PDE3 and PDE4 inhibitor to
act synergistically, no further antagonism of histamine-
induced tone was seen when zaprinast and rolipram were used
in combination (Figure 6¢c and Table 1). Similarly, there was
no statistical difference between the pD, of ACh in vehicle- and
zaprinast/rolipram-treated tissues (Figure 6d and Table 2).

Influence of SNP, alone and in combination with
rolipram or SK&F 94120, on histamine-induced tension
development

To explore further the relationship between cyclic GMP-

elevating drugs and PDE3 in regulating guinea-pig tracheal
smooth muscle tone, the potential anti-spasmogenic effect of
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SNP, an activator of soluble guanylyl cyclase, was examined
on histamine-induced contractile responses alone and in
combination with rolipram and SK&F 94120. Concordant
with the results obtained with zaprinast and the PDE3
inhibitor, SK&F 94120, pre-treatment of tracheal rings with
SNP (10 and 100 uM), antagonized histamine-induced tension
generation in a concentration-dependent and non-competitive
manner (Figure 7a and Table 1). No further antagonism was
afforded when SNP and rolipram (10 and 100 uM respectively)
were used in combination (Figure 7b,c and Table 1). Likewise,
the protection afforded by a combination of SNP (100 um) and
SK&F 94120 (10 um), and SNP (100 um), SK&F 94120
(10 um) and rolipram (10 (M) was not statistically greater
than that produced by SNP alone (Figure 7d,e and Figure 1).

Lack of effect of vinpocetine and ENHA on histamine-
induced tension development

Pre-treatment (20 min) of tracheal rings with 10 and 100 uM of
the putative PDE1 and PDE2 inhibitors vinpocetine (Hagi-
wara et al., 1984) and EHNA (Podzuweit et al., 1995)
respectively, did not antagonize histamine- or ACh-induced
tension generation (Tables 1 and 2).

Discussion

There is considerable optimism that PDE4 and/or hybrid
PDE3/4 inhibitors ultimately may constitute a new generation
of steroid-sparing, anti-inflammatory agents with therapeutic
utility in the treatment of a number of diseases including
asthma (Dent & Giembycz, 1995; Giembycz, 1992; Giembycz
et al., 1997; Torphy, 1998; Torphy et al., 1994; Torphy &
Undem, 1991) and chronic obstructive pulmonary disease
(Barnes, 1998; Rogers & Giembycz, 1998). Although PDE
inhibitors are designed to exert their beneficial effects by
suppressing the activity of pro-inflammatory and immune
cells, an additional anti-spasmogenic action at the level of
airways smooth muscle might also be predicted given that they
will be administered prophylactically. Surprisingly, however,
while there is a wealth of literature describing the ability of
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Figure 5 Effect of theophylline on contractile responses evoked by histamine (a) and ACh (b) in guinea-pig trachea. Data represent
the mean+s.e.mean of 6—8 determinations. See legend to Figure 1 and Methods for further details.
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selective PDE inhibitors to promote relaxation of airways
smooth muscle in a number of species including the dog,
guinea-pig, cow and humans (see Souness & Giembycz, 1994),
few reports have formally determined if these drugs can also
protect the airways against stimuli that elicit contraction.
Thus, in the present study we have assessed if representative
inhibitors of the PDE], 2, 3, 4 and 5 isoenzyme families protect
guinea-pig tracheal smooth muscle against contractions
evoked by two mediators, ACh and histamine. These
spasmogens were selected since they are recognized mediators
of bronchoconstriction in subjects with nocturnal asthma and
contribute to the acute bronchoconstriction that develops in
asthmatic individuals in response to allergen provocation
respectively.

Pre-treatment of guinea-pig trachea with vinpocetine and
EHNA, drugs purported to selectively inhibit PDE1 (Hagi-
wara et al., 1994) and PDE2 (Podzuweit et al., 1995)
respectively, failed to affect the histamine concentration-
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response relationship. These data are entirely consistent with
the proposal that these isoenzyme families have no role in
regulating airways contractility despite the presence of
appreciable PDE1 and PDE2 activity in airways smooth
muscle from all species studied (Giembycz & Barnes, 1991;
Miyamoto et al., 1994; Souness & Giembycz, 1994; Torphy et
al., 1991; 1993). In contrast, pre-treatment of guinea-pig
tracheal smooth muscle with SK&F 94120, a selective inhibitor
of PDE3, antagonized the ability of histamine to evoke
contraction. In contrast, the PDE4 inhibitor, rolipram, was
weakly active under identical experimental conditions. In fact,
given that guinea-pig airways smooth muscle contains,
principally, a conformer of PDE4 for which rolipram has
nanomolar affinity (Harris ez al., 1989; see Torphy, 1998), these
data suggest that PDE4 does not exert a major anti-
spasmogenic effect in this species. Taken together, these results
are reminiscent of the spasmolytic action of PDE inhibitors
(Torphy et al., 1991; 1993) and are equally difficult to interpret
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Figure 6 Effect of zaprinast, and zaprinast and rolipram in combination on contractile responses evoked by histamine (a) and (c)
and ACh (b) and (d) in guinea-pig trachea. Data represent the mean +s.e.mean of 6—8 determinations. See legend to Figure 1 and

Methods for further details.
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Figure 7 Effect of SNP in the absence (a) and presence of rolipram (10 um) (b), SK&F 94120 (100 um) (c), rolipram (100 um) (d)
and SK&F 94120 (10 um) and rolipram (10 uM in combination (e) on contractile responses evoked by histamine in guinea-pig
trachea. Data represent the mean+s.e.mean of 5—8 determinations. See legend to Figure 1 and Methods for further details.

given that tracheal smooth muscle from many species expresses
PDE3 and PDE4 (Giembycz & Barnes, 1991; Miyamoto et al.,
1994; see Souness & Giembycz, 1994; Torphy & Cieslinski,
1991; Torphy et al., 1993). One possibility is that PDE3 is,
functionally, the most important cyclic AMP-metabolising
enzyme in these tissues and that PDE4 plays, at most, a
supportive role. Support for this contention was the finding
that at isoenzyme-selective concentrations rolipram enhanced
the anti-spasmogenic activity of SK&F 94120 in guinea-pig
trachea in a manner that was similar to the protection afforded
by the dual PDE3/4 inhibitor, zardaverine, and the non-
selective PDE inhibitor, theophylline. Consistent with these
results, Turner et al. (1994) reported synergy between rolipram
and the PDE3 inhibitor, siguazodan, in elevating the cyclic
AMP content in guinea-pig trachea although it is inappropri-
ate to ascribe the elevation in cyclic AMP solely to airway
smooth muscle cells due to the heterogeneity of the
preparation. Thus, the data described in the present study
confirm and extend the results reported by others (Turner et
al., 1994) and indicate an important functional role for PDE3
and possibly PDE4 in regulating airways smooth muscle
contractility in the guinea-pig.

The archetypal PDES inhibitor, zaprinast, which selectively
hydrolyses cyclic GMP, and SNP, an activator of soluble
guanylyl cyclase, also protected guinea-pig tracheal smooth
muscle against the contractile action of histamine. Classically,
activation of the cyclic GMP/cyclic GMP-dependent protein
kinase cascade is believed to mediate the effects of agents such
as nitrovasodilators, and evidence that this mechanism
operates in airways smooth muscle is available (Zhou &
Torphy, 1991; Turner et al., 1994). Equally, however, the
increase in cyclic GMP effected by zaprinast and SNP

subsequently could lead to the activation of cyclic AMP-
dependent protein kinase through the inhibition PDE3
(Maurice & Haslam, 1990; Turner er al., 1994). It was
reasoned that if the latter hypothesis is correct then rolipram
should potentiate the anti-spasmogenic effect of zaprinast,
SNP and SK&F 94120 to the same or a similar extent. Indeed,
high concentrations of SNP have been shown to increase cyclic
AMP levels in canine trachealis (Torphy ez al., 1985), and
Maurice & Haslam (1990) reported that SNP enhanced
isoprenaline-induced cyclic AMP accumulation in vascular
smooth muscle at concentrations that elevated cyclic GMP
mass. However, in the present study neither the pD, of
histamine nor the maximum tension generated in zaprinast- or
SNP-treated tissues was significantly affected by rolipram
whereas the anti-spasmogenic activity of SK&F 94120 was
significantly potentiated. Thus, based on these data, it is logical
to conclude that PDE3 does not play a major role in the anti-
spasmogenic action of the cyclic GMP-clevating agents
studied. However, SK&F 94120 at a concentration (100 uM)
that should abolish PDE3 (and possibly suppress PDE4 to a
modest extent) in intact tracheal rings failed to enhance the
antagonistic activity of SNP. This lack of effect is contrary to
what would be predicted if a cyclic AMP-independent
mechanism mediates the effect of SNP. The possibility that
SNP exerted the maximum anti-spasmogenic effect attainable
in the tissue was excluded on the basis that a greater inhibitory
effect was produced when rolipram and SK&F 94120 were
used in combination. An alternative explanation is that SNP
(100 uMm), by increasing cyclic GMP, abolished PDE3 activity
such that SK&F 94120 was unable to exert any further
inhibition of the functional response. Again, this interpretation
is inconsistent with the data since if this is correct then SNP/
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rolipram should have antagonized histamine-induced tension
generation to the same extent as SK&F 94120/rolipram. Thus,
at the present time it is unclear why SK&F 94120 and SNP do
not act additively.

The apparent PDE3-independent mechanism of action of
SNP and zaprinast is contrary to what is established for the
relaxant action of cyclic GMP-elevating drugs in guinea-pig
trachea where a marked synergy is seen between SNP and
rolipram (Turner et al., 1994). The reason(s) for this
discrepancy is currently unclear. One possibility is that the
maximum rate of cyclic GMP hydrolysis by PDE3 in airways
smooth muscle is uncharacteristically high (Torphy et al.,
1993) which prevents it acting as a competitive inhibitor of
cyclic AMP degradation. However, this explanation cannot be
reconciled with the data reported by Turner and colleagues
(1994) who provided good evidence that cyclic GMP does,
indeed, block PDE3 in guinea-pig trachealis. A more likely
explanation of this paradox derives from the knowledge that
the mechanisms which govern tension generation differ from
those which maintain force and that cyclic nucleotides
differentially affect these processes (see Giembycz & Raeburn,
1991). Thus, in its most simplistic form the spatial distribution
of soluble guanylyl cyclases and the various PDE isoforms
within a guinea-pig tracheal smooth muscle cell might dictate
whether nitric oxide donors and isoenzyme-selective PDE
inhibitors can exert a spasmolytic and/or an anti-spasmogenic
effect (see Houslay & Milligan, 1997).

A consistent finding in this study was that SNP and the
PDE inhibitors were considerably less able to prevent ACh-
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