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Role of carbon monoxide in electrically induced
non-adrenergic, non-cholinergic relaxations
in the guinea-pig isolated whole trachea
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Background and purpose: Nitric oxide (NO) and vasoactive intestinal peptide (VIP) are considered transmitters of non-
adrenergic, non-cholinergic (NANC) relaxations in guinea-pig trachea, whereas the role of carbon monoxide (CO) is unknown.
This study was designed to assess the participation of CO, and to investigate the localization of haem oxygenase-2 (HO-2), the
CO-producing enzyme, in tracheal neurons.
Experimental approach: NANC responses to electrical field stimulation (EFS) at 3 and 10 Hz were evaluated in epithelium-free
whole tracheal segments as intraluminal pressure changes. Drugs used were: L-nitroarginine methyl ester (L-NAME, 100 mM) to
inhibit NO synthase (NOS), a-chymotrypsin (2 U ml�1) to inactivate VIP, zinc protoporphyrin-IX (ZnPP-IX, 10 mM) to inhibit
HO-2, and 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, 10 mM), a soluble guanylyl cyclase inhibitor. For immunohis-
tochemistry, tissues were exposed to antibodies to PGP 9.5, a general neuronal marker, HO-2 and NOS, and processed with an
indirect immunofluorescence method.
Key results: a-Chymotrypsin did not affect NANC relaxations. ODQ inhibited NANC responses by about 60%, a value similar
to that obtained by combining L-NAME and ZnPP-IX. The combination of ODQ, L-NAME and ZnPP-IX reduced the responses
by 90%. Subpopulations of HO-2 positive neurons containing NOS were detected in tracheal sections.
Conclusions and Implications: In the guinea-pig trachea, NANC inhibitory responses at 3 and 10 Hz use NO and CO as main
transmitters. Their participation is revealed following inhibition of NOS, HO-2 and soluble guanylyl cyclase. The involvement of
CO as a relaxing transmitter paves the way for novel therapeutic approaches in the treatment of airway obstruction.
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Introduction

The intrinsic non-adrenergic, non-cholinergic (NANC) in-

hibitory innervation has been characterized in the airways of

different species, including the guinea-pig (Coburn and

Tomita, 1973; Chesrown et al., 1980; Yip et al., 1981; Moffatt

et al., 1999). Experimental findings indicate a leading role for

nitric oxide (NO) (Tucker et al., 1990; Li and Rand, 1991;

Venugopalan et al., 1998) with a variable participation of

vasoactive intestinal peptide (VIP) (Ellis and Farmer,

1989a, b) as transmitters of electrically induced NANC

relaxation in the guinea-pig trachea. Conversely, ATP does

not participate as an inhibitory transmitter in this prepara-
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degli Studi di Pavia, Via Maugeri, 10, Pavia 27100, Italy.

E-mail: antonio.dellabianca@unipv.it

British Journal of Pharmacology (2007) 150, 220–226
& 2007 Nature Publishing Group All rights reserved 0007–1188/07 $30.00

www.brjpharmacol.org



tion, as indicated by the ineffectiveness of apamin (Zacour

et al., 1987) and reactive blue 2 (Ellis and Farmer, 1989b). The

evidence that in most studies nitric oxide synthase (NOS)

inhibitors and a-chymotrypsin (a-CT)(or VIP antisera) re-

duced, but did not abolish NANC relaxations in guinea-pig

tracheal strips, suggests that transmitters other than NO and

VIP are involved in this response.

In both the central (Glaum and Miller, 1993; Shinomura

et al., 1994) and the peripheral (Rattan and Chakder, 1993;

Alcon et al., 2001) nervous systems, carbon monoxide (CO)

produced by constitutive haem oxygenase-2 (HO-2) has been

found to act as a transmitter by enhancing cGMP production

via guanylyl cyclase stimulation (Barañano et al., 2001;

Morse et al., 2002; Gibbons and Farrugia, 2004). In the

periphery, a role for CO as a NANC inhibitory transmitter has

been proposed in the opossum internal anal sphincter

(Rattan and Chakder, 1993) and the canine gallbladder

(Alcon et al., 2001). In the airways, HO-2 was found to

colocalize with choline-acetyltransferase (ChAT) in the

parasympathetic ganglia of human and guinea-pig trachea

and bronchi, but was not observed in nerve fibres innervat-

ing the smooth muscle, lamina propria and epithelium

(Canning and Fischer, 1998). From a functional point of

view, zinc protoporphyrin-IX (ZnPP-IX), an inhibitor of HO-

2, when administered alone in the guinea-pig trachea did

not affect NANC relaxations to electrical field stimulation

(EFS) (Undem et al., 1996).

The aims of the present study were: (i) to characterize the

role of NO, VIP and CO by quantifying their participation in

the NANC relaxations to EFS in guinea-pig isolated whole

tracheal segments, according to the method described by

Tanihata and Uchiyama (1996) and (ii) to investigate the

localization of HO-2 immunoreactivity in the tracheal

neuronal pathways and its relationship with the immuno-

reactivity to NOS, a marker of intrinsic inhibitory innerva-

tion. Our findings suggest that, under our experimental

conditions, CO participates together with NO in tracheal

NANC relaxations evoked by low frequency of stimulation,

whereas VIP does not. The involvement of CO as a relaxing

transmitter paves the way for novel therapeutic approaches

in the treatment of airway obstruction, provided that CO

participates as a NANC inhibitory transmitter in human

airways.

Methods

Animals

Male albino guinea-pigs weighing 500–600 g (Bettinardi,

Momo, Italy) were used for functional studies, whereas

animals weighing 200–300 g (Simonsen Labs, San Diego, CA,

USA) were used for immunohistochemistry. Guinea-pigs

were housed in standard animal facilities, providing con-

stant temperature (21711C), relative humidity (50–55%),

and alternating 12 h light and dark cycles. Animals were

provided with food and water ad libitum. Care and handling

of the animals were in accordance with the European Union

Directive 86/609 and National Institutes of Health recom-

mendations for the humane use of animals. All experimental

procedures were reviewed and approved by the appropriate

Animal Use Committee of the Institutions (University of

Pavia, Italy, and UCLA, Los Angeles, CA, USA) where the

experiments were performed. The number of animals used

was kept to the minimum necessary for a meaningful

interpretation of the data and animal discomfort was kept

to a minimum. For functional studies, animals were killed by

cervical dislocation and rapid exsanguination. For immuno-

histochemistry, animals were killed by an intraperitoneal

(i.p.) injection of sodium pentobarbitone (Nembutal:

100 mg kg�1).

Functional studies

The trachea was excised and transferred to a Petri dish

containing oxygenated (95% O2 and 5% CO2) standard

Tyrode solution. A 3-cm-long tracheal tube was prepared by

gently removing the mucosa (D’Agostino et al., 1990), to

avoid the electrical stimulation of epithelial cells, which may

release substantial amounts of prostanoids, ATP and NO that

may distort the nerve-mediated response to EFS. As this

technique allows an histologically proved total mucosa

ablation, the use of prostanoid synthesis inhibitors (e.g.

indomethacin) is no longer needed. Then, the tracheal tube

was cannulated at each extremity using two polyvinyl

chloride (PVC) tubes (outer diameter, 2.0 mm; inner dia-

meter, 1.35 mm), and was set up horizontally in a 10 ml

organ bath containing standard Tyrode solution, maintained

at 371C and bubbled with a mixture of 95% O2 and 5% CO2.

The preparation was flushed intraluminally with a peristaltic

pump delivering Tyrode solution at 0.4 ml min�1 for 30 min.

Then, one end of the preparation was occluded and the other

one was connected to a pressure transducer for intraluminal

pressure recording. Signals were recorded using a PowerLab

data acquisition system (ADInstruments Ltd, Crowborough,

UK), and analysed using PowerLab Chart v4.1.1 software.

After 1 h of equilibration, the tracheal tube was stimulated

via two platinum electrodes placed in parallel, 1 cm apart,

and connected to an electrical stimulator (MARB ST 87).

Trains of rectangular pulses (0.5 ms duration, 3–10 Hz

frequency at 60 V) were delivered for 5 s at 10 min intervals.

EFS-induced NANC relaxations were measured as a reduction

in the intratracheal pressure. They consisted of an initial fast

response (peak response) followed by a late slow recovery of

the tone up to the basal value. The amplitude of the peak

response was calculated as pressure variation from baseline

(Pascal: Pa), whereas to evaluate the overall inhibitory

response (i.e. both the peak and duration of the relaxant

response), the area under the curve (AUC) was calculated as

the integral from baseline for each response (Pa s). All the

experiments were carried out in the presence of hyoscine

(1mM) to block muscarinic acetylcholine receptors, and

piperoxan (1mM) and propranolol (1mM) to block a- and

b-adrenoceptors. NANC relaxations to EFS were elicited

before (control) and 45–60 min after the administration of

the following drugs, administered as single agents: the NOS

inhibitor, L-nitroarginine methyl ester (L-NAME) (100 mM);

the endogenous peptide digesting enzyme, a-CT (2 U ml�1);

the HO-2 inhibitor, ZnPP-IX (10 mM); and the soluble

guanylyl cyclase inhibitor, 1H[1,2,4]oxadiazolo[4,3-a]qui-

noxalin-1-one (ODQ) (10 mM). Other experiments were
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conducted by giving L-NAME and ZnPP-IX or L-NAME, ZnPP-

IX and ODQ to inhibit NO- and CO-producing enzymes and

to prevent the formation of cGMP, the second messenger

common to both NO and CO systems, involved in smooth

muscle relaxation. As ZnPP-IX is photosensitive, all experi-

ments using this substance were performed in complete

darkness (Zygmunt et al., 1994). Tetrodotoxin (TTX) (1 mM)

was given in a subset of experiments to ensure that EFS-

evoked inhibitory responses were neurogenic.

Immunohistochemistry

The trachea was quickly dissected and fixed in 4% para-

formaldehyde in 0.1 M, phosphate buffer (Fisher Scientific,

Fair Lawn, NJ, USA), pH 7.4 (PB) for 2 h at room temperature

and then stored in 25% sucrose/PB for cryoprotection at 41C

for at least 12 h. Specimens were imbedded in Tissue-Tek

OCT Compound (Sakura, Torrance, CA, USA), frozen with

dry ice and cut into 12 mM thick sections using a cryostat.

Sections were then processed for indirect immunofluores-

cence as described previously. Briefly, sections were washed

in PB, incubated in 10% normal donkey serum for 1 h at

room temperature and then incubated overnight at 41C in a

mixture of rabbit HO-2 antiserum (1:1500; Stressgen Biotech.

Corp., Victoria, Canada) and one of the following: mouse

monoclonal antibody to protein gene product 9.5 (PGP 9.5)

(1:500 Neuromics Antibodies, Northfield, MN, USA), as a

general neuronal marker, mouse monoclonal antibody to

NOS (N31020; 1:50; Transduction Laboratories, Lexington,

KY, USA), the enzyme that synthesizes NO, a main inhibitory

transmitter. Following washing, sections were incubated for

2 h at room temperature with a mixture of affinity-purified

donkey anti-rabbit IgG coupled with Alexa 488 (1:1000;

Molecular Probes, Eugene, OR, USA) and donkey anti-mouse

IgG conjugated with Rhodamine Red-X (1:300; Jackson

Immunolabs, West Grove, PA, USA), washed again and

attached to coverslips with Acqua Poly/Mount (Polysciences

Inc., Warrington, PA, USA). Fluorescent images were

acquired with a Zeiss Laser Scanning Microscope 510 META

(Zeiss, Thornwood, NY, USA) equipped with a Plan Apoc-

hromat �63 (1.4 NA) oil objective. A 488 nm argon laser line

and a 543 nm He-Ne laser line were used for excitation. The

images were acquired as 12-bit signals. All post-image

processing was performed using Adobe Photoshop 7.0

(Adobe Systems, Mountain View, CA, USA).

Statistical analysis

Data are given as raw data or as the mean7s.e.m. of the

percent residual response after pharmacological treatment

compared to control response (100%). Statistical analysis was

performed by means of Student’s t-test for paired or unpaired

data or by means of analysis of variance followed by

Bonferroni’s test for multiple comparisons. A P-value

o0.05 was considered statistically significant.

Drugs

a-CT, hyoscine, isoprenaline, L-NAME, propranolol, TTX (all

purchased from Sigma–Aldrich, St Louis, MO, USA) and

piperoxan (Rhône-Poulenc, France) were dissolved in dis-

tilled water. ZnPP-IX (Sigma–Aldrich) was prepared (and

maintained) in the dark by first dissolving it in 0.2 N sodium

hydroxide solution and then diluting in distilled water. The

pH of the solution was adjusted to 7.4 with 0.2 N HCl. ODQ

(Sigma–Aldrich) was prepared by first dissolving it in

dimethylsulphoxide (DMSO) and then diluting in distilled

water. Sodium pentobarbitone (Nembutal) was from Abbott

Laboratories (Chicago, IL, USA).

Results

Functional studies

Under NANC conditions, EFS at 3 and 10 Hz induced

biphasic relaxant responses, consisting of an initial fast

response followed by a late slow response up to the recovery

of the basal tone, which were reproducible over a 7 h time

interval and were abolished by 1 mM TTX (n¼4) (Figure 1).

EFS-induced relaxations were frequency-dependent and

submaximal compared with the response evoked by 10 mM

isoprenaline (45 and 67%, respectively, n¼4). Conversely,

when assessed as AUC the two types of response were

indistinguishable (Figure 2).

Treatment with a-CT (2 U ml�1) did not affect NANC

relaxations at 3 and 10 Hz, whereas L-NAME (100 mM)

reduced NANC relaxations at both frequencies (Figure 3)

regarding either the amplitude of responses or the AUC. As

an individual treatment, ZnPP-IX (10 mM) failed to affect

NANC relaxations (Figure 3). However, when ZnPP-IX was

added after L-NAME to the bath, a reduction of NANC

relaxations greater than that caused by L-NAME alone was

observed, with the exception of the amplitude of relaxations

elicited at 3 Hz (Figure 4). The extent of the reduction caused

by ZnPP-IX and L-NAME was similar to that produced by

Figure 1 Representative tracing showing EFS-induced NANC
relaxations evoked by frequencies of 3 and 10 Hz in the guinea-pig
isolated whole trachea in the absence (a) and in the presence (b) of
TTX.
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10 mM ODQ (Figure 4). Another series of experiments was

carried out to assess the effect caused by the inhibition of

NO- and CO-producing enzymes, and soluble guanylyl

cyclase to prevent the formation of cGMP, the second

messenger common to both NO and CO systems. In the

presence of L-NAME, ZnPP-IX and ODQ, NANC relaxations

to 3 and 10 Hz were inhibited by approximately 90%, a value

similar to that evoked by 1 mM TTX (Figure 4).

Immunohistochemistry

Clusters of cells containing HO-2 immunoreactivity were

observed within the tracheal wall. Double labelling immuno-

histochemistry showed that all HO-2 immunoreactive cells

contained immunoreactivity for PGP 9.5, a general neuronal

marker, indicating that HO-2 was expressed by neurons.

Furthermore, a subpopulation of HO-2-positive neurons

contained NOS, indicating that CO- and NO-producing

enzymes can be present in the same cell (Figure 5).

Discussion and conclusions

The present study provides evidence that, besides the well-

documented participation of NO, another gaseous transmit-

ter, CO, is involved in the NANC relaxations to EFS at low

frequencies of stimulation (3 or 10 Hz) in an isolated whole

preparation of guinea-pig trachea. Under our experimental

conditions, a peptidergic component of the NANC response

mediated by VIP, or related peptides, was not apparent. Based

on our findings, the role of NO seems to be less prominent

than that previously described in isolated tracheal prepara-

tions from the same animal species. In particular, in our

experiments L-NAME inhibited NANC relaxations in the

range of 21–53%, whereas other studies conducted with

precontracted tracheal strips revealed that the participation

of NO ranged from 50 to 100% at frequencies up to 10 Hz

(Tucker et al., 1990; Li and Rand, 1991; Moffatt et al., 1999).

Our findings are also at variance with those of Tanihata and

Uchiyama (1996), who found that the responses up to 10 Hz

were abolished by L-NAME in an experimental model similar

to ours. In another study carried out in vivo by measuring

intratracheal pressure, Venugopalan et al. (1998) observed

a reduction by 35% of the NANC relaxations due to vagal

nerve stimulation following treatment with L-NAME.

Early studies with precontracted guinea-pig tracheal strips

(Ellis and Farmer, 1989a, b; Tucker et al., 1990; Li and Rand,

1991) suggested that a proportion of the NANC inhibitory

response, ranging from 28 to 40%, was attributable to VIP

or related peptides, although findings inconsistent with VIP

being a transmitter have also been reported (Undem et al.,

1996). More recently, a-CT was found to inhibit by 60% the

non-NO-related component of the NANC relaxation evoked

by long trains at low frequency or short trains at high

frequency of stimulation (Moffatt et al., 1999). In contrast,

using a-CT, we were unable to demonstrate a peptidergic

component of NANC relaxations evoked by short (5 s) trains

Figure 2 EFS-induced NANC relaxations evoked by frequencies of
3 and 10 Hz in the guinea-pig isolated whole trachea were evaluated
either as amplitude of the fast initial response (a) or as AUC (b) of the
overall inhibitory response, including both the fast and the slow
component. Note that the amplitude of the responses evoked by
10 Hz was significantly higher than that evoked by 3 Hz, whereas
in terms of AUC the two responses were superimposable. Data
represent mean and vertical lines show s.e.m. of 43 experiments.
**Po0.01.

Figure 3 Effect of a-CT, ZnPP-IX and L-NAME on EFS-induced
NANC relaxations evoked by frequencies of 3 and 10 Hz in the
guinea-pig isolated whole trachea. a-CT (2 U ml�1) and ZnPP-IX
(10 mM) were ineffective, whereas L-NAME (100mM) significantly
reduced both the amplitude (a) and the AUC (b) of the inhibitory
responses. Data represent mean and vertical lines show s.e.m. of 5–8
experiments. *Po0.05, **Po0.01.
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at low frequency (3 and 10 Hz), an observation compatible

with that of Tanihata and Uchiyama (1996), who reported

the involvement of VIP only at frequencies higher than

10 Hz. Differences in experimental findings may depend

on the preparation used, the presence or the absence of the

mucosa, the characteristics of electrical stimulation and

the presence of pharmacological manipulation of muscular

tone.

As previously found in the guinea-pig airways (Undem

et al., 1996), the HO-2 inhibitor ZnPP-IX failed to affect

EFS-induced relaxations when given alone, suggesting that

CO does not participate in the NANC inhibitory response.

However, when ZnPP-IX was used in combination with

L-NAME NANC responses were reduced by 43–80%, as

compared with 21–53% inhibition caused by L-NAME alone.

This finding leads us to propose that the participation of CO

in the NANC relaxation is not apparent in a preparation with

an intact (active) nitrergic innervation, but the contribution

of CO can be unmasked after inhibition of the nitrergic

pathways. How can this finding be explained? Our immuno-

histochemical findings revealed that HO-2 is colocalized

with NOS in the cytoplasm of neuronal cell bodies in

tracheal ganglion cells. This supports the involvement of the

HO-2 pathway in neuronal signalling (Verma et al., 1993),

and the concept that, as in the central nervous system (CNS)

(Snyder et al., 1998) and in the gastrointestinal tract (Donat

et al., 1999; Xue et al., 2000), NO and CO may act as co-

transmitters in the tracheal innervation. Both compounds

are known to mediate most of their effects, including

smooth muscle relaxation, by stimulating soluble guanylyl

cyclase in the effector cells. However, the stimulation of

soluble guanylyl cyclase activity by CO is relatively weaker

(by a factor of about 30–100) than that of NO, the classical

regulator of soluble guanylyl cyclase (Furchgott and Jothia-

nandan, 1991; Stone and Marletta, 1994). This means that

when both NO and CO are co-released upon electrical

stimulation, CO in the presence of NO has little or no chance

of stimulating guanylyl cyclase activity and contributing to

NANC relaxation. Our findings are in agreement with those

of Zakhary et al. (1996), who found that tin protoporphyrin-

IX, a metalloporphyrin similar to ZnPP-IX inhibited

endothelium-dependent and acetylcholine-dependent vaso-

dilatation in porcine isolated aortic rings only after chemical

inhibition of NOS activity. This has led to the hypothesis

that CO may act as a regulator of soluble guanylyl cyclase

under conditions where NO is low or absent (Ryter et al.,

2004). The cross-relationship between NO and CO signalling

has been exhaustively discussed elsewhere (Ryter et al.,

2004). Interestingly, in the guinea-pig isolated tracheal rings

CO has been shown to participate in the relaxing response

due to chemical stimulation by pituitary adenylate cyclase-

activating peptide 38 (PACAP 38) via a mechanism sensitive

to ZnPP-IX and Rp-8Br-cyclicGMPS, an inhibitor of cGMP

(Kinhult et al., 2001).

We are aware that the use of metalloporphyrins in CO

research is not devoid of criticism owing to the effects of

metalloporphyrins distinct from the inhibition of haem

oxygenase. Two of these effects, namely inhibition of NOS

and soluble guanylyl cyclase, usually obtained at concentra-

tions higher than 10 mM (Grundemar and Ny, 1997), are not

compatible with our results. The fact that ZnPP-IX was also

found to inhibit relaxations to applied VIP in rat aorta (Ny

et al., 1995), cat lower oesophageal sphincter (Ny et al., 1996)

and guinea-pig trachea (Undem et al., 1996) deserves some

comment. In the first two sets of experiments, ZnPP-IX was

used at 100mM, a concentration 10-fold higher than that

used in our study. Conversely, in the guinea-pig trachea

ZnPP-IX was able to reduce relaxations produced by

exogenous VIP even at 10 mM, but failed to modify elec-

trically evoked NANC relaxations in the range of 1–16 Hz

(Undem et al., 1996), allowing the authors to question the

participation of VIP in the NANC response (see above).

A series of experiments was performed to assess the

inhibition of NO- and CO-producing enzymes together with

the inhibition of soluble guanylyl cyclase. In the presence of

L-NAME, ZnPP-IX and ODQ, the relaxations evoked by

both 3 and 10 Hz were reduced by approximately 90%, a

value similar to that obtained with TTX. This implies that

a near-complete suppression of NANC responses is achieved

when the production of NO and CO is blocked together with

Figure 4 Effects of various pharmacological treatments with single
drugs (ODQ and TTX), or with a combination of drugs (L-
NAMEþZnPP-IX or L-NAMEþZnPP-IXþODQ) on EFS-induced
NANC relaxations evoked by frequencies of 3 and 10 Hz in the
guinea-pig isolated whole trachea. For comparison purposes, the
effect of L-NAME (as already presented in Figure 2) on both
the amplitude (a) and the AUC (b) of the inhibitory responses has
also been included. L-NAMEþZnPP-IX significantly reduced both
the amplitude and the AUC of NANC responses either vs control
relaxations or vs L-NAME alone (with the exception of the amplitude
of relaxations elicited at 3 Hz). The effect of ODQ alone was similar to
that of L-NAMEþZnPP-IX. The combination of L-NAMEþZnPP-
IXþODQ inhibited the responses in terms of amplitude and AUC to
an extent similar to that of TTX (1mM). Data represent mean and
vertical lines show s.e.m. of 4–10 experiments. *Po0.05, **Po0.01.
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that of cGMP, the second messenger common to both

transmitters.

In human airways, HO-2 immunoreactivity was detected

in ganglion nerve cell bodies supplying the trachea and

bronchi (Canning and Fischer, 1998). With regard to the

NANC inhibitory innervation of the human airways, NO is

considered to be the main transmitter (Belvisi et al., 1992),

whereas a role for CO has not yet been established. Never-

theless, CO might play a role in pathophysiological condi-

tions, as suggested by the involvement of CO in hypoxic

bronchodilatation in vivo (Cardell et al., 1998a) and by the

relaxing effect of exogenous CO observed in animal studies

(Cardell et al., 1998b).

In conclusion, the NANC inhibitory system activated by

low frequencies of stimulation in the guinea-pig trachea

consists of two main components, identified by their

L-NAME, ZnPP-IX and ODQ sensitivity, having NO and CO

as transmitters and cGMP as a second messenger. The

colocalization of NO and CO in the intrinsic tracheal

inhibitory innervation is a novel finding about the neuro-

chemical content of these neurons. The participation of CO

in the NANC relaxation is unmasked after inhibition of

nitrergic transmission, and this should be taken into

consideration when assessing the role of CO as a potential

component of NANC inhibitory transmission.
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