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Hyperosmolarity reduces the relaxing potency of nitric oxide

donors in guinea-pig trachea
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1 Non-responders to inhaled nitric oxide treatment have been observed in various patient groups.
The bronchodilatory effect of inhaled nitric oxide was attenuated when the airway lumen was
rendered hyperosmolar in an in vivo study on rabbits. We used a guinea-pig tracheal perfusion
model to investigate the effects of increased osmolarity (450 mOsm, NaCl added) on the relaxing
potency of the nitric oxide donors sodium nitroprusside (SNP) and (+)-S-nitroso-N-acetylpeni-
cillamine (SNAP).

2 Under iso-osmolar conditions SNP relaxed the carbachol (CCh, 1 uM) contracted trachea by
83+3%. After pretreatment with intraluminal hyperosmolarity SNP relaxed the CCh-contracted
trachea by only 31+7% (P<0.05). When the trachea was contracted to the same extent under
untreated and hyperosmolar conditions, the untreated trachea was completely relaxed by SNP but,
after hyperosmolar pretreatment, SNP could no longer relax the trachea.

3 SNAP relaxed the CCh contracted trachea by 27+5%. After pretreatment with intraluminal
hyperosmolarity, SNAP relaxed the trachea by 11+4%, which was less than in the iso-osmolar
control (P<0.05).

4 Extraluminal hyperosmolarity did not affect carbachol elicited contraction, and SNP
administered externally during extraluminal hyperosmolarity was able to relax the trachea (P <0.05).
5 The cell permeable guanosine 3'5'-cyclic monophosphate analogue 8-Br-cGMP relaxed the CCh
contracted trachea in both iso-osmolar (P <0.05) and hyperosmolar conditions (P <0.05).

6 The relaxant effect of nitric oxide donors on tracheal smooth muscle is markedly reduced when
the airway epithelium is exposed to hyperosmolar solution.
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Introduction

For over 60 years, nitrates have been known to induce
bronchial relaxation (Goodman & Gilman, 1941). This effect is
thought to be mediated by the release of nitric oxide (NO)
which activates the soluble guanylate cyclase, leading in turn to
formation of the second messenger guanosine 3":5'-cyclic
monophosphate (cyclic GMP) (Ignarro & Kadowitz, 1985) in
the smooth muscle of the airway (Katsuki & Murad, 1977;
Buga et al., 1989; Ward et al., 1995). Inhalation of exogenous
nitric oxide is known to attenuate the response to
bronchoconstricting agents in both laboratory animals and
humans (Dupuy ez al., 1992; Hégman et al., 1993a,b).

Considerable variations were seen in the effect when nitric
oxide was inhaled by bronchial asthma patients (Hogman et
al., 1993b). In some of these patients, nitric oxide relaxed the
airways just as much as a f,-agonist did, the effect being
additive to that of the f,-agonist, whereas other patients
showed no improvement at all. The cause of the non-responder
phenomenon is not yet known.

Patients with asthma have varying degrees of airway wall
oedema (Jeffery, 1998). Could the oedema be one explanation
for the variations in the effect of nitric oxide seen in asthmatics?
In a study on mechanically ventilated rabbits we found that
increasing the osmolarity of the surface liquid of the rabbit
airways leads to a transient airway wall oedema (Hogman et
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al., 1997a,b). We have also shown that the prophylactic effect
of nitric oxide on methacholine-induced bronchoconstriction
was inhibited when the osmolarity on the luminal surface of the
airways was increased (Hégman et al., 1998). This suggests that
increased osmolarity of the surface lining fluid could be one
event inhibiting the effect of nitric oxide.

The present study was conducted to elucidate the effects of
hyperosmolarity on the ability of nitric oxide to relax airway
smooth muscle in the guinea-pig trachea. We have used an in
vitro tracheal perfusion technique to evaluate the effect of
luminal sodium chloride hyperosmolarity on the dilating effect
of the nitric oxide donors sodium nitroprusside (SNP) and
(£)-S-nitroso-N-acetylpenicillamine (SNAP).

Methods

Perfused trachea preparation

Male Dunkin Hartley guinea-pigs weighing 650-850 g,
checked for respiratory infections, were used. The experimental
protocol was approved by the regional ethics committee on
animal experiments. The guinea-pigs were given an overdose of
pentobarbital (0.1 mg kg=' body weight intraperitoneally).
The tracheas were rapidly dissected free of connective tissue,
fat and blood vessels removed and mounted on a stainless steel
perfusion holder. The perfusion system used was an improved
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version of Fedan & Frazer’s system (Fedan & Frazer, 1992),
described earlier by Munakata (Munakata et al., 1988). After
centrally fixed side-hole catheters were inserted into the lumen
of the trachea from each end, the trachea was stretched to its in
situ length and placed vertically in a 25 ml extraluminal organ
bath containing Krebs-Henseleit buffer. The catheter at the
inlet of the trachea, the proximal end, was connected to one side
of a differential pressure transducer (P300D, Validyne
Engineering Cooperation, CA, U.S.A.) and the outlet catheter
at the distal end of the trachea was connected to the other side
of the transducer. The inside of the trachea was perfused with
Krebs-Henseleit buffer from the 25 ml intraluminal bath at
26 ml min~' in a recirculating loop. The Krebs-Henseleit
buffer in both the extra- and intraluminal baths was kept at
37°C and bubbled with a gas mixture of 95% O, and 5% CO, .
The transmural pressure was adjusted to correspond to zero at
baseline. Responses of the trachea were recorded by a computer
(LabView 3.0 software, National Instruments Austin, TX,
U.S.A)) using a specially designed program (kindly donated by
Astra Draco, Lund, Sweden) adapted to our system. Responses
are expressed as the difference in pressure between proximal
and distal recording sites (AP, cmH,0).

Solutions and reagents

The isotonic Krebs-Henseleit buffer had an osmolarity of
290 mOsm, and was composed of (in mMm): NaCl, 117,
NaHCO;, 25; KH,PO,, 1.2; MgS0,, 1.2; KCl, 4.7, CaCl,, 2.5
and glucose, 1.03 (pH 7.4, 37°C). The hyperosmolar buffer was
formed by increasing the NaCl concentration to 203 mM,
which increased the osmolarity to 450 mOsm. Carbachol
(Sigma Chemical Co, MO, U.S.A.) was dissolved in saline.
The nitric oxide donors sodium nitroprusside (SNP, Sigma),
(+)-S-nitroso-N-acetylpenicillamine (SNAP, Calbiochem-No-
vabiochem Corporation, CA, U.S.A.), and the cyclic GMP
analogue 8-bromo-guanosine 3',5-cyclic monophosphate (8-
Br-cGMP, Sigma) were dissolved in Krebs-Henseleit buffer
and protected from light until use. 1H-[1,2,4]oxadiazolo[4,3-
a]quinoxalin-1-one (ODQ, Calbiochem) was dissolved in
DMSO (dimethylsulphoxide).

Experimental protocol

All protocols started with an equilibration period of 60—
75 min and a wash every 15 min when both intraluminal and
extraluminal solutions were replaced for fresh buffer. There-
after the tracheas were subjected to one of the following
protocols.

Effect of carbachol  Reproducibility, (n=6) The trachea was
contracted to 50% maximum contraction (as determined
previously with carbachol dose-response curves, data not
shown) with 1 uM extraluminally applied carbachol, followed
by a 60 min washout. A second contraction with 1 uM
carbachol was made after the washout.

Effect of intraluminal hyperosmolar buffer on carbachol
contraction, (n=6) The trachea was contracted with
carbachol, and after the washout period the intraluminal
buffer was replaced for 450 mOsm hyperosmolar buffer 10 min
before a second contraction with 1 uM carbachol.

Effect of intraluminal sodium nitroprusside (SNP) Repro-
ducibility, (n=6) The trachea was contracted with 1 uMm
extraluminally applied carbachol followed by 3 mM of the
nitric oxide donor SNP added to the intraluminal bath.

After a 60 min washout period the procedure was
repeated.

Effect of intraluminal NaCl, constant carbachol dose,
(n=6) The protocol was as above except that the

intraluminal buffer was replaced by hyperosmolar buffer
10 min before the second carbachol contraction.

Effect of intraluminal NaCl, constant contraction, (n=6) As
we found that the contraction by carbachol was reduced after
pretreatment with hyperosmolar buffer, the effect of intralum-
inal SNP was tested on tracheas contracted to the same extent
with or without pretreatment with intraluminal hypertonicity.
The trachea was first contracted with a low dose of carbachol
(0.1 uM) which was shown to cause the same contraction as
0.1 mM carbachol did after pretreating the trachea with
hyperosmolarity. The effect of 3 mM SNP was assessed. After
60 min washout, the trachea was pretreated with hypertonic
buffer for 10 min and then contracted with 0.1 mM carbachol,
thereafter 3 mmM SNP was applied.

Effect of blocking guanylate cyclase, (n=7) To investigate if
SNP was mediating its relaxing effect through the release of
nitric oxide and activation of soluble guanylate cyclase, we
studied the relaxing effect of SNP on CCh contraction before
and after pretreating the trachea with the soluble guanylate
cyclase inhibitor ODQ (3 uM) given on the extraluminal side
30 min prior to the second CCh contraction.

Effect of intraluminal SNAP and intraluminal hyperosmolarity
To ascertain whether the effect of SNP was mediated by nitric
oxide, we also tested the nitric oxide donor SNAP (n=06),
which is a direct donor of nitric oxide. Protocol (as for Effect
of intraluminal NaCl, constant carbachol dose) was repeated
with SNAP (1 mM) as the nitric oxide donor instead of SNP.

Effect of extraluminal SNP and intraluminal hyperosmolarity
By administering SNP extraluminally (n = 6) we tested whether
the lack of effect of SNP in hyperosmolar airways could be due
to a diffusion barrier, or to inactivation of the nitric oxide
molecule somewhere between the airway lumen and the
smooth muscle. The effect of SNP was tested according to
protocol (as for Effect of intraluminal NaCL, constant
carbachol dose), with the exception that 3 mM SNP was given
extraluminally.

Effect of extraluminal SNP and extraluminal hyperosmolarity
To establish whether contact with the epithelium was a
prerequisite for the effect of hyperosmolarity on relaxation by
SNP, hyperosmolar buffer was added to the extraluminal bath
10 min before the second challenge with CCh and SNP (n=6).
The first challenge was performed according to protocol (as for
Effect of extraluminal SNP and intraluminal hyperosmolarity).

Effect of 8-Br-cGMP and intraluminal hyperosmolarity To
study if the chain of action of SNP was broken before or after
the production of cyclic GMP, the cell membrane permeable
cyclic GMP analogue 8-Br-cGMP (2.2 mM) was given to the
carbachol contracted trachea on the intraluminal side, (n=7).

Statistics

Statistical analysis was performed with Statistica software
(version 5.0, StatSoft. Inc., Tulsa, OK, U.S.A.). The results
were analysed with Wilcoxon non-parametric matched pairs
test. For analysis within groups, Friedman ANOVA was used.
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Results are presented as mean values +s.e.mean. A statistical
result with P<0.05 was considered to be statistically
significant.

Results
Effect of carbachol

The contractile effect of carbachol was reproducible, with no
difference between the first (1.46+0.20 cm H,O) and second
(1.55+0.22 cm H,O) carbachol contraction. Pretreatment
with hyperosmolar buffer relaxed the tissue slightly from
baseline (—0.14+0.02 cm H,O, P<0.05). After pretreatment
with intraluminal hyperosmolar buffer, the carbachol contrac-
tion was reduced to 47+5% of the contraction of the
untreated  trachea  (1.92+0.35cm H,O  before and
0.844+0.14 cm H,O after, P<0.05).

Effect of intraluminal SNP

SNP relaxed the carbachol-contracted trachea (P <0.05). This
was a transient relaxation that was maximal after 2 min and
levelled off at a higher pressure after 15 min (see Figure 1). The
second carbachol contraction was no different from the first
(1.4940.30 cm H,O and 1.55+40.44 cm H,O, respectively ns),
and the relaxation with SNP at the second stimulation was no
different from the first challenge (0.68+0.11 cm H,O and
0.4240.10 cm H,O respectively, ns). Thus, relaxation pro-
duced by SNP was reproducible.

In the experiments where a constant carbachol dose was
given (protocol as for effect of intraluminal NaCl, constant
carbachol dose), SNP relaxed the carbachol contracted trachea
by 83+3% (P<0.05). After hyperosmolar pretreatment,
carbachol contracted the trachea to 47 +4% of the contraction
in the iso-osmolar control (P<0.05). The effect of SNP was
markedly attenuated after hyperosmolar pretreatment, with a
relaxation of the carbachol contracted trachea by only
31+7%. SNP could not relax the trachea to the same level
as in the iso-osmolar control (P <0.05, see Figure 2A).

In experiments where the effect of SNP on a constant
carbachol contraction was studied (protocol as for effect of
intraluminal NaCl, constant contraction), 0.1 uM carbachol
contracted the untreated trachea to the same extent as did
0.1 mM carbachol following hyperosmolar pretreatment.
Under isotonic conditions, the carbachol-contracted trachea

was relaxed (P <0.05), whereas after hyperosmolar treatment,
SNP could no longer relax the trachea, (see Figure 2B).

Pretreatment with ODQ increased the baseline pressure by
0.234+0.07 cm H,O (P<0.05), but the carbachol contraction
was not different before and after pretreatment with ODQ.
SNP relaxed the carbachol contracted trachea from
3.30+0.84 cm H,O to 0.39+0.11 cm H,O (P<0.05). After
pretreatment with ODQ, SNP relaxed the trachea from
3.124+0.75 cm H,O to 2.594+0.57 cm H,O (P<0.05), which
was no more than 1540.1% of the relaxation in the control
situation (P<0.05).

Effect of intraluminal SNAP and intraluminal
hyperosmolarity

SNAP relaxed the carbachol-contracted trachea (P <0.05).
Pretreatment with hyperosmolar buffer reduced the carbachol
contraction (P <0.05). SNAP relaxed the pretreated trachea by
11+4%, which was significantly less than relaxation of the
untreated trachea (27 +5%, P<0.05, see Figure 3A).

Effect of extraluminal SNP and intraluminal
hyperosmolarity

Extraluminally applied SNP relaxed the carbachol-contracted
trachea (P<0.05). After hyperosmolar treatment, carbachol
produced a smaller contraction (P<0.05) but, unlike
intraluminal SNP, extraluminally applied SNP was able to
dilate the trachea (P <0.05), and this to the same level as SNP
under isotonic conditions (ns, see Figure 3B).

Effect of extraluminal SNP and extraluminal
hyperosmolarity

Extraluminal SNP relaxed the carbachol-contracted trachea
(P<0.05). Extraluminal hyperosmolarity did not significantly
affect the carbachol contraction. SNP applied externally
during extraluminal hyperosmolarity was able to relax the
trachea (P <0.05, see Figure 3C).

Effect of 8-Br-cGMP and intraluminal hyperosmolarity

8-Br-cGMP relaxed the carbachol contracted trachea both in
the iso-osmolar control situation (37+0.1%, P<0.05), and in
the trachea pretreated with hyperosmolar buffer (25+0.1%,
P<0.05, see Figure 3D).
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Figure 1 Original tracing from experiment in guinea-pig trachea in vitro, performed according to protocol (as for Effect of
intraluminal NaCl, constant contraction). Sodium nitroprusside (SNP) relaxes the carbachol (CCh) contracted trachea in a biphasic
manner. After washing and recovery to baseline, the buffer at the intraluminal side is replaced by hyperosmolar buffer (HB). After
hyperosmolar prereatment the carbachol contraction is lower and the relaxation to SNP is markedly reduced.
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Figure 2 (A) The relaxant effect of sodium nitroprusside (SNP) on contraction induced by carbachol (CCh, 1 um) is markedly
attenuated after applying a hyperosmolar buffer (HB) to the luminal side of guinea-pig trachea (CChl and SNPI indicates iso-
osmolar control, and CCh2 and SNP2 hyperosmolar condition). (B) The relaxant effect of SNP was abolished when the trachea was
contracted to the same level in iso-osmolar (CChl, 0.1 um) and hyperosmolar (CCh2, 0.1 mm) conditions. (¥*P <0.05 vs CChl and

CCh2 respectively).
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Figure 3 (A) The effect of the nitric oxide donor SNAP on CCh contraction (1 umM) was attenuated after intraluminal
hyperosmolarity (HB). (B) When SNP was applied to the extraluminal side it was able to relax the CCh-contracted trachea, even
after intraluminal hyperosmolar pretreatment. (C) SNP given to the extraluminal side relaxed the trachea also after applying
hyperosmolarity to the extraluminal side. The CCh contraction was not reduced when hyperosmolarity was given on the
extraluminal side, which was the case with intraluminal hyperosmolarity (see Figures 1 and 2A, B and D). (D) The cell permeable
cyclic GMP analogue 8-Br-cGMP relaxed the trachea in both iso-osmolar and hyperosmolar conditions. (1 and 2 denotes first and
second challenge with respective substance; CCh, carbachol; HB, hyperosmolar buffer; cGMP, 8-Br-cGMP; SNP, sodium

nitroprusside; SNAP, (+)-S-nitroso-N-acetylpenicillamine). (*P<0.05 vs CChl and CCh2 respectively).

Discussion

In this study we found that a hyperosmolar airway lumen
prevents nitric oxide from relaxing the airway smooth muscle.
This is probably because nitric oxide has been prevented from
reaching the smooth muscle in an active form or by binding of
the molecule.

There are several possible ways that the nitric oxide
molecule can be trapped or inactivated on its way from the

lumen to the smooth muscle in a hyperosmolar airway. The
first hindrance could be a reduced viscosity or a thicker layer of
mucus on the airway surface. Dry air hyperventilation leads to
evaporation of water from the airways (Hogman ez al., 1997b),
and thereby a reduced viscosity of the mucus. It is not known if
the viscosity of the mucus layer is reduced after perfusing the
trachea with hypertonic buffer, and it is uncertain if this could
impede the diffusion of nitric oxide. However, since nitric
oxide is a small and highly diffusible molecule (Borland &
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Higenbottam, 1989), it is unlikely that mucus would impede
the diffusion. Another possible explanation for the lack of
effect is that nitric oxide may be inactivated by the
hyperosmolarity. However, we found that when both
hyperosmolar sodium chloride and SNP were given extra-
luminally SNP could still relax the tissue. This suggests that the
nitric oxide molecule, or SNP, is not directly inactivated by
hyperosmolarity. A more likely hindrance preventing the nitric
oxide from reaching the smooth muscle is binding of the
molecule to cellular or chemical constituents, thereby
inactivating the molecule. Nitric oxide can for example react
with oxygen radicals to form peroxynitrite (OONO ™) (Cross et
al., 1984; Gaston et al., 1994b), which may be stabilized by
hydrogen bonding with water, or undergo reactions generating
complexes which can have biological effects different from
nitric oxide (Royall et al., 1997).

We have found that a prerequisite for hyperosmolarity to
inhibit the relaxation to nitric oxide is that sodium chloride is
supplied to the intraluminal side. This points to an important
role for the epithelium in modulating responses to nitric oxide
in a hyperosmolar airway, perhaps by release of certain factors.
In our preparation we were able to separate the intraluminal
side with the epithelium from the extraluminal side. When only
the mucosal side was challenged with increased osmolarity, we
obtained a model similar to the in vivo rabbit experiments
(Hogman et al., 1998). The airway epithelium acts as an
osmotic sensor which transduces information about the
osmolarity on the surface to the underlying tissues (Willumsen
et al., 1994). Since the apical membrane of the epithelium is
more permeable to water than is the basolateral side, the
epithelial cells shrink in response to raised luminal (but not
serosal) osmolarity (Willumsen et al., 1994). Shrinkage of the
epithelial cell leads to release of substances that in vivo affect the
bronchial circulation by increasing the blood flow (Prazma et
al., 1994; Baile et al., 1987; Deffebach et al., 1989) and vascular
permeability (Umeno et al., 1990), which in turn supplies water
to the lumen. Water is drawn by osmotic forces to the shrunken
epithelium and to the airway surface in order to counteract the
increased osmolarity. Factors released from the shrunken
epithelial cells can also affect the smooth muscle of the airways,
thereby regulating airway tone (Boucher, 1994; Morrison et al.,
1990; Rocha et al., 1995). A possible mechanism behind the
lack of relaxation to nitric oxide could be that hyperosmolarity
induces the release of substances that inactivate or bind the
molecule, or act on the smooth muscle directly, making the cell
resistant to the relaxing stimuli from the nitric oxide. We found
that extraluminal SNP could relax the trachea when it was
provoked by intraluminal hyperosmolarity. This suggests that
the lack of effect of intraluminal nitric oxide donors is probably
not due to an inability of the smooth muscle to relax, but rather
due to prevention of the nitric oxide from reaching the muscle.
This is supported by our finding that the cell membrane
permeable cyclic GMP analogue 8-Br-cGMP given to the
intraluminal side was able to relax the carbachol contracted
trachea even after pretreatment with hyperosmolar buffer.

Nitric oxide donors are generally thought to mediate their
relaxant effect by releasing nitric oxide which activates soluble
guanylate cyclase and elevates cyclic GMP (Katsuki & Murad,
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