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Abstract

In bovine tracheal smooth muscle (TSM) strips, muscarinic antagonists (atropine, 4-DAMP, AFDX-116 and methoctramine) were able

to increase simultaneously and a similar fashion the intracellular levels of cyclic nucleotides, with a cAMP/cGMP ratio higher than 2.0.

These original pharmacological responses were time-and dose-dependent, exhibiting maximal values at 15 min, with a pEC50 of 7.4 � 0.2

for atropine and 4-DAMP. These effects on cAMP and cGMP levels were similar to the ones obtained with isobutyl-methylxantine

(IBMX, 10 mM), a non-selective cyclic nucleotide phosphodiesterase (PDE) inhibitor, suggesting the involvement of PDEs in these

muscarinic antagonist responses. Neither, rolipram (10 mM), a specific PDEIV inhibitor, nor zaprinast (10 mM), a PDEV inhibitor,

exhibited this ‘‘atropine-like’’ responses. Instead, atropine enhanced the increments of cAMP levels induced by rolipram and cGMP levels

by zaprinast. However, vinpocetine (20 mM), a non-calmodulin dependent PDEIC inhibitor was able to mimic these muscarinic antagonist

responses in intact smooth muscle strips. In addition, in cell free systems, muscarinic antagonists inhibited the membrane-bound PDEIC

activity whereas soluble (cytosol) PDEIC activity was not affected by these muscarinic drugs. These results indicate that muscarinic

antagonists acting possibly as inverse agonists on M2/M3mAChRs anchored to sarcolemma membranes can initiate a new signal

transducing cascade leading to the PDEIC inhibition, which produced a simultaneous rise in both cAMP and cGMP intracellular levels in

tracheal smooth muscle.
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1. Introduction

Airway smooth muscle contraction/relaxation processes

are crucial to maintain the airways caliber, which is reduced

in bronchial asthma. Both processes seem to exhibit dis-

tinctive signal transducing cascades at airway smooth mus-

cle as reviewed [1]. Some signal cascades initiated at the

smooth muscle sarcolemma generate cyclic nucleotides as

cAMP and cGMP as second messengers. Cyclic AMP has

been involved in the smooth muscle relaxation. There are

two ways to rise cAMP intracellular levels, by the stimula-

tion of the b2 adrenergic receptor-Gs protein-adenylyl

cyclase transducing machinery [2] and through the inhibi-

tion of cyclic nucleotide-dependent phosphodiesterases

(PDEs) located in tracheal smooth muscle (TSM) [3]. In

TSM, more significant cAMP augmentations have been

reported using rolipram, a selective PDEIV inhibitor [4].

The role of cGMP in the airway smooth muscle physiol-

ogy is controversial. Cyclic GMP-dependent relaxation has

been demonstrated by the activation of two distinctive

signalling cascades. Firstly, the presence of nitric oxide

(NO) activated-soluble guanylyl cyclase signalling (sGC)

cascade, which regulates a calcium- activated-Kþ channels

linked to tracheal smooth muscle relaxation [5]. The second

cascade is related to activation of membrane-bound NP-

sensitive GCs [6], involved in tracheal smooth muscle
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physiology as previously suggested by Ishii and Murad [7].

In this sense, a CNP-sensitive GC (NP-GC) has been

recently identified by Borges et al. [8] and found to parti-

cipate in muscarinic signalling cascades. However, a mus-

carinic acetylcholine receptor (mAChR) activation leading

to tracheal smooth muscle contraction with a significant

increment in cGMP tissue levels have been reported by

Katsuki and Murad [9]. Recently, Guerra de Gonzalez et al.

[10,11] have established that carbamylcholine (a muscarinic

agonist) induces contraction in bovine TSM (BTSM) trig-

gering two cGMP signal events. The first signal (20 s), is the

result of activation of soluble guanylyl cyclase (sGC) and

the second one (60 s), might be a product of membrane-

bound GC as described by Becemberg et al. [12] and

Alfonzo et al. [13]. In trying to identify the mAChR subtype

involved in these cGMP signal responses, BTSM prepara-

tions were pre-incubated during 15 min with a non-selective

muscarinic antagonist (atropine) to block agonist actions.

Surprisingly, it was found that atropine (0.1–10 mM)

increased cAMP and cGMP levels [14], suggesting that this

drug is affecting the intracellular cyclic nucleotide content.

The aim of this study was to elucidate the molecular

mechanisms associated with a simultaneous rise of the

cAMP and cGMP intracellular levels induced by the mus-

carinic antagonists in bovine tracheal smooth muscle cells.

2. Materials and methods

2.1. Materials

The following compounds were purchased from Sigma,

Atropine, 4-DAMP, methoctramine, IBMX, rolipram,

zaprinast, vinpocetine, carbachol and snake venon 50

nucleotidase. Kits for cGMP determination (TRK-500)

were obtained from Radiochemical Center, Amersham.

Cyclic [8,5-3H] GMP (25–50 Ci/mmol) and cyclic [50,8-
3H] AMP (30–60 Ci/mmol), were purchased from Amer-

sham. Kits for cAMP radioassay determination (KAPH2-

172) were obtained from Diagnostic Products Corporation

(DPC). BSA (Fraction V) was from Armour. Ion-exchange

resin (Dowex-1-X-8 chloride form) was purchased from

BIORAD. Other chemicals pro-analysis grade reagents

were obtained from E. Merck and Fisher.

2.2. Preparation and incubation of Bovine TSM

Bovine tracheas obtained from a local slaughterhouse

were placed and transported in cold Krebs ringer bicarbo-

nate (KRB) solution and processed as described previously

by Gonzalez et al. [11]. In these studies, tracheal rings

posterior to the carina were usually employed. The smooth

muscle layer was carefully separated from cartilage, ser-

osa, mucosa and connective tissues. Smooth muscle strips

(10 mm � 2 mm) were excised while immersed in ice-cold

KRB (pH 7.4), gassed with 95% O2 and 5% CO2, and used

within 3 h. Evaluation of smooth muscle contraction and

cyclic nucleotide concentration was performed by using

two procedures.

2.2.1. Procedure 1

Smooth muscle strips were placed into an organ bath

(20 ml) and equilibrated for 1 h in KRB with 95% O2 and

5% CO2 (pH 7.4) at 378, with medium replacement every

30 min. Strips were loaded with 1 g of tension, and the

contraction was expressed as an increase in tension of these

preparations, measured isometrically by using a force

displacement transducer (Grass model FT03) attached to

a polygraph (Grass model 7-B). After 1 h of incubation, the

different pharmacological agents (in less than 20 ml) were

added. This assay was routinely used to evaluate the

contractile capabilities of each tracheal smooth muscle

preparations. Later, the bath was drained rapidly in around

5 s, and the strip was frozen in liquid nitrogen.

2.2.2. Procedure 2

To evaluate the cyclic nucleotide content of several

fragments, smooth muscle strips were placed into a spe-

cially designed multi-organ chamber with a volume of

400 ml. This chamber has a system of aeration with 95%

O2 and 5% CO2, and it is able to hold simultaneously

sixteen smooth muscle strips at 378, at 1 g of tension. After

addition of drugs, individual fragments were removed from

the bath at specific times and placed into liquid nitrogen

(within less than 1 s). Samples were kept in liquid nitrogen

until cyclic nucleotide extraction was performed. There

were no differences in the cyclic nucleotide responses to

the agents tested under the two incubation conditions.

2.3. Measurement of cyclic nucleotides

Frozen samples were thawed and homogenized in 6%

TCA as previously described by Gonzalez et al. [11]. TCA

extractions were performed twice, and the insoluble mate-

rial was removed by centrifugation at 1500 � g for 10 min

at 4 8C. The insoluble material was processed for protein

determination as described later. The acid supernatants

were combined, extracted twice with ether to remove TCA,

frozen at �80 8C and lyophilized. The acid-soluble nucleo-

tide extract was dissolved in a small volume of 50 mM

Tris–HCl, 4 mM EDTA, pH 7.4, and kept frozen at �808.
In each experiment, some untreated frozen strips were used

to evaluate the cyclic nucleotide recovery following the

procedure above described. Thus, 0.4 pmol of [3H] cGMP

or [3H] cAMP were added to some samples, and the

recovery was between 95 and 98% for both nucleotides.

This recovery rate was assumed to be the same for all

samples. cGMP was determined using a radioimmunoas-

say as previously described [12] with a commercial kit

(TRK500) from Amersham. Cyclic AMP was determined

using a radioassay kit (KAPH2-172) from DPC as

described previously by Alfonzo et al. [15].
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2.4. Preparation of soluble and membranes fractions

from tracheal smooth muscle

Bovine tracheal smooth muscle strips were isolated as

previously described [11]. A cellular extract from these

smooth muscle fragments (20 g) was prepared using a

Polytron with a buffer I containing 0.3 M sucrose,

20 mM K-EGTA, 2 mM benzamidine, 0.25 mM PMSF

0.5 mM, DTT, HEPES-KOH (pH 7.0) as described [16].

This homogeneized material was filtered through eight

layers of cheesecloth and the filtrate was centrifugated

at 10,000 � g for 15 min to remove cell debris and nuclei

leading to a supernatant called celullar extract. The last

fraction was spun down at 150,000 � g for 1 h leading to a

sediment (membranes fraction) and the soluble (cytosol

fraction). The membranes fraction was dispersed into a

small volumen of Buffer I and glycerol was added to 30%

(v/v) in both cytosol and membranes fractions, frozen in

liquid nitrogen and stored for less than a week at �86 8C.

2.5. Cyclic nucleotide phosphodiesterase (PDE)

activities

The PDE activities were assayed in duplicate using

[3H]cGMP as substrate as described elsewhere [17].

Briefly, 50–100 mg of protein were incubated for 15 min

at 30 8C with appropriate concentrations (0.1 mC per assay)

8-[3H] cGMP in a buffer containing 0.3 mM of cGMP,

40 mM Tris–HCl pH 7.5, 10 mM MgCl2 and 1 unit of

snake venon 50 nucleotidase. Reactions were terminated by

the addition of 10 mM EDTA and transfer to 4 8C. Later,

samples were applied to AG-1-X8 (Chloride form, 200–

400 mesh) anion exchange columns (BIO-RAD) and the

specific hydrolyzed products ([3H] guanosine) was eluted

with 50% ethanol. The [3H] content of the eluate was

determined using a liquid scintillation counter.

2.6. Other methods

Total smooth muscle protein content was determined in

the TCA-insoluble material, which was dissolved in

200 mL of 1 N NaOH and diluted five times to determine

protein according to by Bensaudoun and Weinstein [18],

using bovine serum albumin as standard. Cyclic nucleotide

values are given as picomoles per milligram of total

protein. Statistical analysis was performed with Student’s

t test. Values of �logEC50 (pEC50) were estimated using a

computer program Prism.3. (Graph Pad1).

3. Results

3.1. Effects of atropine on cyclic nucleotide levels at

BTSM

Bovine tracheal smooth muscle cAMP and cGMP basal

levels (in pmoles/mg protein) increased in a time-depen-

dent manner in the presence of 10 mM atropine as shown in

Fig. 1. Cyclic AMP content raised from 5.0 � 0.8 to 25 �
1.3 in about 10 min (P < 0.01) Simultaneously, cGMP

basal levels were also increased from 1.0 � 0.3 to 18 � 1.2

(P < 0.01) during the same incubation period. Both bio-

logical responses exhibited similar parallel kinetic pattern.

3.2. Effects of non-selective PDE inhibitors on

cyclic nucleotide content in BTSM

These increments in cyclic nucleotide content are simi-

lar to the effect produced by the cyclic nucleotide PDE

inhibitors described in some biological preparations. In this

sense, IBMX, a non-selective inhibitor of mammalian

PDEs, was evaluated on the cyclic nucleotide levels in

BTSM preparations using the same experimental approach

as described for atropine. Thus, IBMX (10 mM) induced a

similar response as described for atropine, but the effect

was less evident than the atropine-elicited effects as

showed in Fig. 1. These data suggest that PDEs may be

involved in this atropine effect.

3.3. Effects of muscarinic antagonists on

BTSM cyclic nucleotide levels

It is important to establish the specificity of this atropine

action on cyclic nucleotide content of BTSM. Accordingly,

another muscarinic antagonist (4-DAMP) was employed.

BTSM strips were incubated during 5 min with increasing

concentrations of atropine and 4-DAMP as shown in Fig. 2.

In these experiments, atropine and 4-DAMP showed iden-

Fig. 1. Time dependence of atropine and IBMX on cAMP and cGMP

levels on TSM. Tracheal smooth muscle strips were incubated with

atropine (10 mM) and IBMX (10 mM) at different times. The cyclic

nucleotides determinations were carried out as described in Section 2.

Cyclic AMP tissue levels (dark symbols), on basal condition (~), in the

presence of atropine (&) or IBMX (*). Cyclic GMP levels (empty

symbols), on basal condition (~), in the presence of atropine (&) and

IBMX (*). Each value is the mean � S.E.M. of four different TSM

preparations, whose nucieotide determinations were performed by

triplicate.
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tical pharmacological pattern responses on the cAMP and

cGMP levels, being atropine slightly more potent than 4-

DAMP. From these data, the pEC50 values, for cAMP/

cGMP responses for both drugs were calculated. Thus, 4-

DAMP (7.88 � 0.28) and atropine (7.78 � 0.24) values

were estimated for the cAMP elevations, while for the

cGMP rise, 4-DAMP (7.32 � 0.17) and atropine (7.14 �
0.12) values were obtained.

Tracheal smooth muscle exhibits two pharmacological

muscarinic receptors subtypes (M2 and M3 AChR) and

studies were carried out to identify the mAChR subtype

involved in this cyclic nucleotide increments. Further

studies were performed with specific M2 muscarinic

antagonists such as AFDX-116 and methoctramine and

these data are shown in Fig. 3. Similar pharmacological

responses and potencies were found for AFDX-116 and 4-

DAMP on the cGMP levels, being methoctramine a less

potent drug, since methoctramine induced 50% of cGMP

increments in comparison to atropine. In these assays, the

estimated pEC50 values were 7.4 � 0.11 (4-DAMP); 7.25

� 0.12 (AFDX); 7.10 � 0.11 (methoctramine). These data

support a pharmacological profile as follows: Atropine �
4-DAMP � AFDX-116 � methoctramine.

3.4. Effects of rolipram (PDEIV) and zaprinast (PDEV)

inhibitors on cyclic nucleotides levels

The most abundant cyclic nucleotide PDE isozymes

present in BTSM are potential targets for antagonist mus-

carinic action, as mentioned above. Hence, the effect of

specific PDEIV (rolipram) and PDEV (zaprinast) inhibi-

tors were evaluated on the BTSM cyclic nucleotide levels.

As can be seen in Fig. 4, rolipram produced a significant

augmentation of cAMP levels. Moreover, the addition of

atropine plus rolipram synergistically increased the cAMP

levels. Interestingly, zaprinast did not affect the atropine

behavior on cAMP content when both drugs were com-

bined, and zaprinast alone was not able to modify the

cAMP levels as expected. The cGMP content of BTSM

strips was also determined in the same samples of the

experiments above described. It can be observed in Fig. 5

that the combination of zaprinast and atropine showed the

highest increment in cGMP tissue content being linear as a

function of time until 20 min. Also, the mixture of rolipram

and atropine showed similar cGMP responses as atropine

Fig. 2. Dose dependence effect of muscarinic antagonists on cyclic

nucieotide levels on TSM. Smooth muscles strips were incubated for 5 min

in the presence of different concentrations (1 � 10�9 to 1 � 10�5 M) of

atropine (~, ~) or 4-DAMP (&, &) as described in Section 2. Dark

symbols coincide with cAMP tissue levels and empty symbols with cGMP

levels. Each value is the mean � S.E.M. of three different TSM

preparations and nucleotide determinations were done by triplicate.

Fig. 3. Time dependence effect of muscarinic antagonists, 4-DAMP,

methoctramine and AFDX-116 on the levels of cGMP in TSM. Tracheal

smooth muscle strips were incubated as described in Section 2 with

concentrations (1 � 10�9 to 1 � 10�5 M) of 4-DAMP (&), AFDX-116

(*) and methoctramine (~). The incubation time was 5 min, after this

time, samples were processed as described in Section 2. Each value is the

mean � S.E.M. of three different preparations and cGMP content was

determined by triplicate.

Fig. 4. Time dependence of PDEIV (rolipram) and PDEV (zaprinast)

inhibitors on the cAMP levels in TSM. Tracheal smooth muscle strips were

incubated as described in Section 2 in the presence of rolipram (10 mM)

plus atropine (10 mM) (&), rolipram (10 mM) (&), zaprinast (10 mM) plus

atropine (10 mM) (*), zaprinast (10 mM) (*). Each value is the mean þ
S.E.M. of four experiments performed by triplicate.
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alone. Moreover, the cGMP levels were not changed in the

presence of rolipram, as expected. These data confirm the

presence of PDEIV and PDEV isoenzymes in our BTSM

preparations.

3.5. Effect of PDEIC inhibitor (vinpocetine) on

cyclic nucleotides amounts

Neither rolipram nor zaprinast were able to inhibit the

atropine effect on cyclic nucleotide content in BTSM.

Instead, atropine enhanced the effects of these selective

PDE inhibitors, suggesting that atropine may be affecting

other PDE that regulate simultaneously the cAMP and

cGMP levels. The PDEI subfamily members hydrolyze both

cAMP and cGMP, specially PDEIC, which seems to be the

most likely candidate, since this enzyme hydrolyzes cAMP

and cGMP with the same affinity. To test this potential target,

the effect of vinpocetine, a non-CaM-dependent PDEIc

inhibitor, was evaluated in BTSM preparations. As seen

in Fig. 6, vinpocetine (20 mM) and atropine (10 mM) dis-

played identical biological responses on cyclic nucleotide

levels, in these experiments both compounds were tested

side to side, using similar BTSM preparations. In addition,

vinpocetine was more potent than atropine in increasing the

cyclic nucleotide levels. Both drug effects were time depen-

dent, showing the maximal levels at 15 min for both nucleo-

tides. However, cGMP levels decreased faster in comparison

with cAMP, whose levels remained higher after 25 min of

incubation. If muscarinic antagonist-mediated increase of

cAMP and cGMP is due to inhibition of PDEIC, it is

expected that in the presence of the PDEIC inhibitor vinpo-

cetine, muscarinic antagonists would no longer be able to

increase cyclic nucleotides levels. As shown in Fig. 7, pre-

treatment of BTSM with vinpocetine for 15 min, (followed

by 25 min of incubation) after the addition of 10 mM

atropine, obliterated the muscarinic antagonist-mediated rise

in BTSM cGMP content. This important evidence further

supported the notion that muscarinic antagonists are able to

inhibit PDEIC activity. Moreover, these data indicate that

muscarinic antagonists, such as atropine and vinpocetine are

acting on the same molecular entity (PDEIC) in BTSM

preparations.

3.6. PDE activities in free-cell systems from BTSM

PDEIC seems to be the intracellular target of vinpoce-

tine and atropine actions as discussed above. To evaluate

Fig. 5. Effect of PDEIV (rolipram) and V (zaprinast) inhibitors on cGMP

levels in TSM in function of time. Tracheal smooth muscle were incubated

as described in Section 2 in the presence of zaprinast (10 mM) plus atropine

(10 mM) (&), zaprinast (10 mM) (&); rolipram (10 mM) plus atropine

(10 mM) (*), rolipram (10 mM) (*). Each value is the mean � S.E.M. of

four different TSM preparations and the cGMP determinations were

carried out by triplicate.

Fig. 6. Time dependence of vinpocetine and atropine on the cyclic

nucleotides levels at TSM. Tracheal smooth strips were incubated at

different time in the presence of 20 mM vinpocetine (&, *) and 10 mM

atropine (&, *) as described in Section 2. The squares symbols denote the

cAMP and the circles symbols are the cGMP tissue levels. Each value is

the mean � S.E.M. of three different TSM preparations and the cyclic

nucleotides concentrations were determined by triplicates.

Fig. 7. The effect of vinpocetine pre-treatment on the atropine effect on

the cGMP levels at BTSM. Tracheal smooth strips were pre-incubated for

15 min with 20 mM vinpocetine (*). After this time; 10 mM atropine was

added in the presence of 20 mM vinpocetine (*) as described in Section 2.

Each value is the mean � S.E.M. of three different TSM preparations and

the cyclic nucleotides concentrations were determined by triplicates.
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this hypothesis, PDEIC activity was assayed measuring the

cGMP-PDE in cell-free systems, in the presence of a

specific inhibitor of cGMP-PDEV (zaprinast) (10 mM).

Thus, a zaprinast-insensitive cGMP-PDE activities was

assayed in membranes and soluble BTSM subcellular

fractions. Table 1 summarizes the effects of selective

and non-selective PDE inhibitors on the zaprinast-insensi-

tive cGMP-PDE. Vinpocetine (20 mM) inhibited 20% of

this cGMP-PDE activity in the cytosolic fraction whereas

this drug inhibited a 50% of the membrane bound enzyme

activity suggesting that vinpocetine sensitive PDEIC is

mainly located in the membranes fraction. Muscarinic

antagonists such as atropine (10 mM) did not affect the

PDEs activities in soluble (cytosol) fraction but inhibited

about 50% of the membrane bound cGMP PDE activity. It

is important to point out that IBMX (10 mM), a non-

selective PDE inhibitor was able to inhibit about 50% of

the cGMP PDE activity in the cytosolic fraction and

inhibited more than 80% the membrane bound cGMP-

PDE activities.

4. Discussion

Muscarinic antagonists (atropine, 4-DAMP, AFDX-116

and methoctramine) are charged and bulky molecules

unable to cross biological membranes. These drugs act

on muscarinic receptors (MAChR) located at the BTSM

sarcolema eliciting the increments on cAMP and cGMP

content in BTSM described here. Definitive identification

of mAChR subtype involved in these biological effects on

cyclic nucleotides levels remains uncertain, since BTSM

exhibit two pharmacological MAChR subtypes (M2, M3)

as described elsewhere [19,20]. Nevertheless, the involve-

ment of a M2 AChR subtype is supported by the pharma-

cological profile of the pEC50 estimated in this work,

which was: Atropine � 4-DAMP � AFDX � methoctra-

mine, in agreement with the pKB profile described by

Caulfield and Birdsall [21] for the mammalian M2 AChR

has been characterized displaying this: Atropine (9.0–9.3)

� AFDX (8.2–9.0) � 4-DAMP (7.8–8.4) � methoctramine

(7.8–8.3). Moreover, these pharmacological responses are

similar to the ones reported by Me Intosh and Blazynski

[22] for some M2AChR-mediated actions. Another evi-

dence supporting the involvement of M2AchR in the above

effects is the high density or abundance (70–80%) of this

M2AChR subtype in tracheal smooth muscle [20,23].

Muscarinic receptors may be coupled to signal transdu-

cing cascades that can rise these cyclic nucleotide levels

due to the inhibition of PDE isozymes. Currently, in TSM,

five PDEs families have been identified with different

primary structure, kinetic properties, regulatory mechan-

isms and sensitivity to pharmacological inhibitors

[16,24,25]. These families are PDEI (calmodulin

[CAM]-dependent PDE), PDEII (cGMP-stimulated

PDE), PDEIII (cGMP-inhibited PDE), PDEIV (cAMP-

specific PDE) and PDEV (cGMP-specific PDE). In our

case, however the role of PDEII and PDEIII isozymes is

overlooked, in view of their biochemical properties

described by Shahid et al. [16] and Juilfs et al. [26].

The selection of specific PDE inhibitors was based on

the type of PDE isoenzymes present in BTSM, as described

above, and the pharmacological effects of the drugs

selected on airway smooth muscle. It is well known that

some PDE inhibitors can display distinctive pharmacolo-

gical responses upon different smooth muscle types. Thus,

rolipram was preferred as a selective PDEIV inhibitor,

which has been extensively used in different TSM pre-

parations [16,27,28]. Likewise, zaprinast was chosen as a

selective PDEV inhibitor in TSM based on previously

published reports [16,27–29].

Our results showed that rolipram was able to increase the

cAMP content without changing the cGMP levels, con-

firming the presence of PDEIV in BTSM [16,24]. This

rolipram-sensitive PDEIV is a molecular target for anti-

asthmatic agents [30,31] associated with airway smooth

muscle relaxation. Also, we found that zaprinast (a selec-

tive PDEV inhibitor) increased the cGMP tissue levels

without affecting the cAMP levels, demonstrating the

existence of PDEV at BTSM as described in guinea pig

TSM [32] and BTSM [16].

Atropine significantly increased, the effects of PDEIV/V

selective inhibitors, suggesting that the inhibition of other

PDE activity might be responsible for the rise in cyclic

nucleotides levels. Tracheal smooth muscle exhibits a set

of [CAM]-dependent PDEI subfamily [33,34] that hydro-

lyzes cAMP and cGMP with equal affinity (low Km ¼ 1–

3 mM), specifically PDEIC [16,24], which might be the

intracellular target of atropine action. This latter sugges-

tion is strengthened by our results using vinpocetine, a

selective non-CAM related PDEIC inhibitor in vascular

smooth muscle [35,36]. This drug was able to ‘‘mimic’’ the

atropine actions in both the increments on the cyclic

nucleotide tissue levels and the inhibition of the membrane

bound cGMP-PDE activity. An additional experiment was

Table 1

Percentage inhibition of cGMP-PDE activity in soluble and membranes

fractions from bovine tracheal smooth muscle by muscarinic antagonists

and PDEIC inhibitors

Drugs Subcellular fractions

Cytosol Membranes

Atropine (10 mM) 5 49

Vinpocetine (20 mM) 20 50

IBMX (10 mM) 49 80

PDE activity (expressed as pmoles cGMP hydrolyzed/min/mg protein) was

determined using [3H]cGMP as substrate in the presence of 10 mM

zaprinast (selective inhibitor of PDEV) as described in Section 2. Cytosol

(soluble) and membranes fractions were prepared as described in Methods.

The 100% PDE activity at cytosol was 1.094 � 50 and membranes fraction

was 971 � 40. Each value is the mean of three different subcellular

preparations assayed by duplicate. The standard error was less than 5% of

the mean.
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performed to evaluate the effect of pre-treatment of PDEIC

inhibitor (vinpocetine) on muscarinic antagonists. Under

these experimental conditions, muscarinic antagonists

were not longer able to increase the cyclic nucleotide

levels.

In order to explain these biological activities of the

MAChR in the absence of muscarinic agonists (ACh),

the MAChR may portray some unknown ‘‘endogenous

signaling cascade’’ activity modulated by these muscarinic

antagonists. Such ‘‘endogenous signaling cascade’’ activ-

ity has been described by us [13] in a plasma membrane

fraction from BTSM, where a M3AChR coupled to a

membrane-bound GC exhibited a ‘‘basal’’ activity inhib-

ited by the muscarinic antagonist 4-DAMP. This ‘‘endo-

genous muscarinic signaling cascade’’ activity may be

explained by an inverse agonist activity. Muscarinic

AChRs have been predicted to exist as a mixture of two

functional conformation entities [37] being the so-called

conformation (R), induced or stabilized by inverse ago-

nists, while the second conformation state (R*) is the

agonist dependent conformation [38]. A classic antagonist

has no biological activity. These results further support the

notion that muscarinic antagonists may act as inverse

agonists of muscarinic receptors and stimulate an unknown

signaling cascade that leads to inhibition of PDEIC. If this

is the case, this ‘‘basal’’ state of MAChR may be linked to

the PDEIC activation, therefore implying that muscarinic

antagonists, therefore decrease PDEIC activity by inhibit-

ing the ‘‘basal’’ muscarinic receptor activation.

In the basal state of TSM, PDEIC activation results in

low levels of both cAMP and cGMP, as would be expected

based on the enzymatic characteristics of PDE1C [39].

Moreover, such activation is guaranteed at low intracellular

[Ca2þ] levels since CaM-PDEs contain two high affinity

Ca2þ/calmodulin binding domains, which are required for

activation of these PDEs. Additional questions may be

risen. Do muscarinic agonists affect PDEIC? It is important

to point out that agonist actions on cyclic nucleotide

signals in TSM occur in less than 60 s [9,11] and that

these muscarinic antagonist effects are maximal at 15 min

of drug exposure.

The lack of effect of atropine on the [3H] cGMP-PDE

activities present in the soluble fraction contrasts with the

significant inhibition of the membrane-bound enzyme

activity, which argues against that atropine is acting

directly on the soluble PDE enzymes. However, PDEIC

isoforms associated with membranes and cytosol might be

structurally different. Thus, the direct inhibition of the

membrane-bound PDEIC by muscarinic antagonists is also

unlikely given the restrictive active site of membrane-

bound cGMP-PDE and the diverse chemical structures

of these drugs.

Muscarinic antagonists can affect indirectly this mem-

brane bound-PDE through an unknown signal transducing

cascade located in airway smooth muscle membranes. A

model implying a MAChR coupled to a novel heterotri-

meric G-protein and linked to PDEIC can be postulated by

analogy to the light signal transduction cascade in retina,

which is composed by Rhodpsin (seven transmembrane

receptor)-transducin (heterotrimeric G-protein)–cGMP–

PDE [40]. Airway smooth muscle relaxants have been

associated with cAMP elevations [2,4,31] and cGMP rise

in this smooth muscle type [5,8]. Our findings offer some

insight towards the understanding of muscarinic antago-

nists acting as TSM relaxing drugs since these simulta-

neous augmentations of cAMP and cGMP can activate

specific cyclic nucleotide dependent signal cascades which

could act synergistically to produce a substantial relaxa-

tion. Moreover, this work defines PDEIC as a new mole-

cular target for novel pharmacological agents able to

generate concerted increments in the cyclic nucleotide

levels and in order to alleviate the bronchoconstriction

imposed in patients suffering from bronchial asthma.
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González as a partial fulfillment of Curso de Postgrado en

Ciencias Fisiológicas, Faculty of Medicine, Universidad

Central de Venezuela (UCV). The authors thank Dr. Adolfo

Borges for the critical reading of this manuscript. This

work was supported by Consejo de Desarrollo Cientifico y

Humanı́stico, Universidad Central de Venezuela (CDCH-

UCV) by Grants 09-33.4846.01 (LGG) and 09-

33.4764.2003 (ILB), PG 09.33.4853.2001 (RGA).

References

[1] Coburn RF, Baron CB. Coupling mechanisms in airway smooth

muscle. Am J Physiol 1990;258:L119–33.

[2] Barnes PJ. Beta adrenergic receptors and their regulation. Am J Resp

Crit Care Med 1995;152:838–60.

[3] Torphy TJ. Phosphodiesterase isozymes. Molecular targets for

novel anti-asthma agents. Am J Respir Crit Care Med 1998;157:

351–70.

[4] Bernareggi MM, Belvisi MG, Patel H, Barnes PY, Giembycz

MA. Antispasmogenic activity of isoenzyme-selective phosphodies-

terase inhibitors in guinea pig trachealis. Br J Pharmacol 1999;

128:327–36.

[5] Kannan MS, Johnson DE. Modulation of nitric oxide dependent

relaxation of pig tracheal smooth muscle by inhibitors of guanylyl

cyclase and calcium activated potassium channels. Life Sci

1995;56:2229–38.

[6] Chinkers M, Garbers DL, Chang MS, Lowe DG, Chin H, Goeddel DV,

et al. A membrane form of guanylate cyclase is an atrial natriuretic

peptide receptor. Nature 1989;338:78–83.

[7] Ishii K, Murad F. ANP relaxes bovine tracheal smooth muscle and

increases cGMP. Am J Physiol 1989;256:C495–500.

[8] Borges A, Villarroel SS, Winand NJ, Becemberg IL, Alfonzo M,

Alfonzo RG. Molecular and biochemical characterization of a CNP-

sensitive guanylyl cyclase in bovine tracheal smooth muscle. Am J

Resp Cell Mol Biol 2001;25:98–103.
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