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Activation of sympathoadrenomedullary system increases pulmonary
nitric oxide production in the rabbit
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Abstract

Nitric oxide (NO) is continuously produced in the lung and can be measured in exhaled gas of different species. To investigate a
possible neuro-humoral regulation of pulmonary NO production in vivo we injected veratrine, an activator of Na* channels known to
activate the sympathoadrenal system, in anaesthetized, mechanically ventilated and laparotomized rabbits. Exhaled NO concentration
increased by 38 + 3% when plasma adrenaline rose from 12.3 + 3.1 to 49.5 + 10.7 pmol ml 1 in response to veratrine (500 wg kg2,
i.v.). Pretreatment with atenolol, a B,-adrenoceptor antagonist (1 mg kg~1), or bilateral ligation of adrena blood vessels inhibited the
increase in exhaled NO in response to veratrine. Atenolol also decreased basal NO, suggesting an endogenous regulation of pulmonary
NO by adrenaline. Neither phentolamine (1 mg kg~1), atropine (1 mg kg~*) nor vagotomy inhibited the veratrine-induced pulmonary NO

production. These results suggest a role of the sympathoadrenal system in the regulation of pulmonary NO production. © 2001 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Nitric oxide (NO) is continuously produced by cells in
the respiratory system where NO has ubiquitous functions.
Nitric oxide is a vasodilator in the tracheobronchial and
pulmonary circulation (Alving et al., 1992; Higenbottam,
1995; Kuo et al., 1992; Carvaho et a., 1998; Stamler et
al., 1994; Cooper et a., 1996; Celermagjer et al., 1994) and
NO modulates pulmonary vascular resistance during condi-
tions of increased tone, e.g. during acute hypoxia (Persson
et al., 1990; Archer et al., 1989). It appears that NO is of
cardina importance in the transition of pulmonary circula-
tion at birth (Abman et a., 1990; Fineman et al., 1994). In
the airways, mucosal NO production suppresses plasma
exudation (Erjefalt et al., 1994; Bernareggi et a., 1997,
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1999) and mucus secretion (Ramnarine et al., 1996), and
promotes mucociliary clearance (Jain et d., 1993). Further-
more, NO counteracts the obstructive effects of bron-
choconstrictive mediators and allergens (Persson et d.,
1995a; Nijkamp et al., 1993; Ricciardolo et al., 1996) and
NO has been identified as a magjor bronchodilator pathway
in human airways (Belvisi et al., 1992). Nitric oxide can
also directly influence ion channel activity in different
pulmonary cells (Kamosinska et al., 1997, Guo et al.,
1998; Schobersberger et al., 1997; Jain et al., 1998). Most
likely NO plays a role in airway host defense since the
nasa cavities holds cytotoxic concentrations of NO (Lund-
berg et al., 1995) known to kill viruses, bacteria, fungi and
parasites (Lowenstein et al., 1994; Tsai et a., 1997).
Respiratory-produced NO can directly be detected in
the exhaled air (Gustafsson et al., 1991) athough the sites
of origin of exhaled NO cannot be differentiated. Thus, the
extent to which the above mentioned functions of NO are
reflected in the concentrations of exhaled NO merits fur-
ther study. Nevertheless, measurement of exhaled NO have
revealed a variety of factors important for the physio-
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logical regulation of pulmonary NO production, e.g. air-
way concentrations of the respiratory gases oxygen and
carbon dioxide (Bannenberg et al., 1997; Adding et al.,
1999b; Gustafsson et al., 1991; Stromberg et al., 1997) and
availability of L-Arginine, the substrate for nitric oxide
synthase (NOS) (Gustafsson et al., 1991; Kharitonov et a.,
1995). We have aso found that stretching the lungs of
rabbits and guinea pigs increases exhaled NO (Persson et
a., 1995b; Stromberg et a., 1997; Bannenberg and
Gustafsson, 1997; Artlich et a., 1999) an effect that
pharmacologically could be inhibited with the stretch-
activated Ca?* channel blocker gadolinium chloride but
not with the L-type Ca?* channel blocker verapamil (Ban-
nenberg and Gustafsson, 1997; Adding et a., 1998). Vera-
trine, an activator of voltage-gated Na* channels has
previously been found to stimulate slowly adapting pul-
monary stretch receptors (Matsumoto and Shimizu, 1995).
Therefore, we aimed at investigating whether veratrine
might also enhance pulmonary NO production via activa
tion of vagal pulmonary stretch receptors. The findings
reported below indicate that veratrine indeed can increase
NO production, but rather lend support to a role for
catecholamines in both endogenous and veratrine-stimu-
lated NO production.

2. Materials and methods

2.1. Surgical procedures

The local animal ethics committee approved the experi-
ments. Male New Zealand white rabbits (2-3 kg) were
anaesthetized with pentobarbital sodium (6 mg ml~%, 45
mg kg~ ! body weight) via an ear vein, were placed in the
supine position on the operating table and tracheotomized.
The animals were ventilated via a two way vave (model
2200 A; Hans Rudolph, Kansas City, MO, USA) by means
of a Harvard model 683 rodent ventilator (Harvard Appa-
ratus, South Natick, MA, USA). The ventilator was sup-
plied with NO-free air using a charcoa filter (150 X 12
cm). Ventilation rate was 40 min~* and the tidal volume
was adjusted to keep end-tidal CO, at 4.5-5.5% as deter-
mined by a ventilatory monitor (Oscar-Oxy, Datex,
Helsinki, Finland). A pressure transducer connected to a
side arm of the tracheal cannula recorded insufflation
pressure. Pressure recordings were performed by means of
Statham pressure transducers (Hato Rey, Puerto Rico). The
animals were paralyzed by injection of pancuronium bro-
mide (0.5 mg kg~ 1). Polyethylene catheters were inserted
into the right carotid artery and the left jugular vein for
recordings of arterial blood pressure, heart rate, sampling
of arterial blood for catecholamine and blood gas determi-
nation and administration of drugs. A continuous infusion
of glucose (2.75 g 100 ml 1), dextran 70 (Macrodex® 2.8
g 100 mi~1), NaHCO, (0.7 g 100 ml~*) and pentobarbital

sodium (180 mg 100 ml~*) was administered i.v. at arate
of 10 ml kg=* h™! by means of an infusion pump
(Terumo STC-521; Terumo, Tokyo, Japan). Drugs were
administered by a microinfusion pump (CMA 100,
Carnegie Medicine, Stockholm, Sweden) into the catheter
inserted in the left jugular vein. Blood samples were
analyzed on a Radiometer ABL 300 acid—base laboratory
blood gas analyzer (Radiometer, Copenhagen, Denmark).
Body temperature, measured rectally, was maintained at
37-38°C by means of a heating pad connected to a
thermostat (Heater control LB 700, PRODAB, Uppsaa,
Sweden). In 19 rabbits, a midline laparotomy was per-
formed and the intestines were exteriorized and wrapped
into plastic foil to prevent desiccation. The adrenals were
then dissected from the surrounding tissue so that only a
stalk of connective tissue, containing the adrenal vessels,
remained attached to the adrena. In five rabbits, the
adrenal vessels were crushed and tightly ligated, the re-
maining animals were used as sham controls. Hereafter,
the intestines were placed back into the abdominal cavity
and the abdomen was closed.

2.2. NO measurements in exhaled air

NO concentration was continuously measured in respi-
ratory gas with a single-breath analysis system (Aerocrine,
Danderyd, Sweden) as previously described (Adding et al.,
1999b). Briefly respiratory gas sampling (70 ml min~1)
was from the tracheal cannula and detection limit < 1.5
ppb. The NO analyzer was calibrated with dilutions of NO
in filtered air using certified NO standard gas in nitrogen
(AGA Speciagas, Lidingd, Sweden).

2.3. Plasma catecholamine determination

Arterial plasma adrenaline and noradrenaline concentra-
tions were determined with high-performance liquid chro-
matography (HPL C) as described by Hallman et al. (1978).
Briefly, 1.5 ml of arterial whole blood (mixed with 30 .l
EGTA (95 mg ml~1) and glutathione (60 mg ml 1)) was
drawn for each sample. The samples were centrifuged at
1000 x g for 15 min at 4°C and the plasma supernatant
was removed and frozen at —80°C until analysis. Cate-
cholamines were extracted from each plasma specimen in
aluminum oxide slurry, were eluted from the aluminum
oxide with 0.1 M perchloric acid and subsequently quanti-
fied using HPLC. Catecholamines were resolved on a
0.4 x 15 cm 5-um C18 reverse-phase column using an
isocratic mobile phase at 600 ml min~! consisting of 25
mM citric acid, 50 mM sodium acetic acid, 60 mM sodium
hydroxide and acetic acid 0.21%. Amperometric detection
was accomplished with a carbon electrode (Coulochem I1;
ESA, Chemsford, MA, USA) set at a potential of + 400
mV and 50 nA. Detection limits were 0.1 pmol for both
adrenaline and noradrenaline.
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Quantification was done by comparison with an internal
standard of 1 pmol dihydroxybensylaminohydrobromide
added to each sample before extraction.

2.4. Experimental protocol

Pilot experiments revealed that veratrine enhanced pul-
monary NO production only at high doses (> 300 pg
kg~1) which indicated the involvement of the sympathoad-
renal system (Pilati et al., 1992). In a recent pharmacologi-
ca study, we found that exogenous adrenaline infusions
stimulated pulmonary NO production and that preferen-
tially B,-adrenoceptors were involved in this process (Ad-
ding et a., 1999a). Bearing these observations in mind, the
following protocol was constructed.

Inthefirst set of sham-operated rabhits (controls, n = 6),
we studied the effect of veratrine on pulmonary NO pro-
duction and arterial plasma catecholamine concentrations.
For comparison, in the same animals, we administered an
infusion of adrenaline (0.3 wg kg~! min~?!, a dose that
increased pulmonary NO production but caused little
hemodynamic activity in our previous study (Adding et al.,
1999a). Thus, a two min infusion of adrenaline was first
administered and was 20 min later followed by a one min
infusion of veratrine (500 wg kg~! total dose). Arteria
blood for catecholamine and blood gas analysis was sam-
pled immediately prior to the start of and during the
respective infusion of adrenaline or veratrine, at a time
when exhaled NO reached its highest concentration.

The involvement of (,-adrenoceptors in the veratrine-
induced pulmonary NO production was investigated in

sham-operated rabbits pre-treated with the (3,-adrenoceptor
selective antagonist atenolol (1 mg kg~! n=6).
Adrenaline and veratrine were administered as described
above.

The role of the adrena glands in mediating the vera
trine-induced pulmonary nitric oxide production was stud-
ied in rabbits where the adrenal blood vessels were crushed
and ligated (n = 5). Adrenaline and veratrine were admin-
istered as described above. In two rabbits, we examined
the effect of alpha (o )-adrenoceptor inhibition with phen-
tolamine (1 mg kg™ 1) or bilateral vagotomy (including
section of the depressor nerves) and subsequent atropine (1
mg kg~!) pretreatment on the response to veratrine infu-
sion.

The NO concentration in inhaled and exhaled air was,
together with arterial blood pressure, heart rate, end-tidal
CO, and insufflation pressure continuously recorded on a
Grass model 7 Polygraph (Grass Instruments, Quincy, MA,
USA).

2.5. Satistics

Data are expressed as means + S.E.M. Repeated mea-
sures of heart rate and arterial blood pressure were ana-
lyzed by one-way analysis of variance (ANOVA) (Tukey’'s
test) or, if Kolmogorov—Smirnov test suggested a non-nor-
mality distribution of data, by Friedman ANOVA on Ranks
(Dunnett’s Method). Student’s paired t-test or Wilcoxon
signed rank test, if normality distribution test failed, evalu-
ated pairwise comparisons. First-order linear regression
were used for correlation analysis of NO and plasma
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Fig. 1. Representative recordings of the effect of veratrine infusion (500 wg kg1, horizontal lines) on exhaled nitric oxide measured breath by breath,
arterial blood pressure and heart rate in four pentobarbital anaesthetized rabbits. (A) No pre-treatment (control), (B) after bilateral vagotomy and a bolus

dose of atropine (1 mg kg~

1. vagotomy + atropine), (C) after a bolus dose of atenolol (1 mg kg™?; atenolol), and (D) after adrenal vessels were crushed

and ligated (ADX). Note the rapid increase in exhaled NO in response to veratrine infusion and how this effect was abolished in the rabbit after the adrenal

vessels were ligated.
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Fig. 2. The effect of veratrine (500 g kg1, panel A) and adrenaline infusion (Ad. 3 ng kg~ min~2, panel B) on exhaled nitric oxide in sham-operated,
control rabbits (open bars), sham-operated rabbits pretreated with atenolol (1 mg kg™*, hatched bars) and rabbits with ligated adrenal blood vessels,
crosshatched bars). ™ * Denotes significantly different (P < 0.01) from sham-operated, control rabbits. Means + SE.M. (n = 5-6).

adrenaline concentrations. A computer program (Sigma-
Stat, Jandel, San Rafael, USA) processed all satistical
analysis of data.

2.6. Drugs

Adrenaline was from NM Pharma (Stockholm, Sweden);
Atenolol (Tenormine®) from Zeneca (Goteborg, Sweden);
Phentolamine (Regitina®) from Ciba-Geigy (Basel,
Switzerland); heparin from Kabi Vitrum (Stockholm, Swe-
den); pancuronium bromide (Pavulon®) from Organon
(Oss, Holland); pentobarbital sodium from Apoteksholaget
(Stockholm, Sweden); atropine and veratrine hydrochloride
from Sigma, St Louis, MO, USA; Dextran 70 (Macrodex ®)
from Pharmacia Infusion (Uppsala, Sweden).
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3. Reaults

3.1. Effects of veratrine or adrenaline infusion in control
rabbits

Breath by breath NO concentrations in exhaled air
averaged 34+ 1 ppb under control conditions (n= 19).
Rapid increases in exhaled NO were detected in response
to infusion of veratrine (500 g kg1, Figs. 1 and 2A) or
adrenaline (0.3 g kg! min~?!, Fig. 2B) in sham-oper-
ated, control rabbits. Parallel to the maximal increase in
exhaled NO arteria plasma adrenaline concentration in-
creased significantly in response to veratrine (Fig. 3A) or
adrenaline infusion (Fig. 3B). Plasma noradrenaline in-
creased dightly in response to veratrine infusion (Fig. 3A)
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Fig. 3. The effect of veratrine (500 g kg1, panel A) or adrenaline infusion (3 ug kg~! min~?, panel B) on arterial plasma catecholamine concentration
in sham-operated rabbits. Determinations were made immediately before (open bars) and after respective infusion at a time (usually 1-2 min) exhaled

nitric oxide had attained its highest value (hatched bars). * and
(n=6).

** denote significantly different (P < 0.01 and P < 0.001) from baseline. Means + S.E.M.
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Fig. 4. Pentobarbital anaesthetized sham-operated rabbits. Exhaled nitric
oxide as a function of the logarithm of arterial plasma adrenaline concen-
tration. Data derived from baseline values and during respective infusion
with veratrine (500 wg kg™*) and adrenaline (0.3 png kg=! min~?1).
First-order linear regression calculated using the least squares method,
data from 14 determinations in three animals.

but did not change in response to adrenaline infusion (Fig.
3B). There was a positive correlation (R= 0.71; P < 0.01)
between plasma levels of adrenaline and exhaled NO
concentrations in these animals (Fig. 4). Veratrine induced
arapid and significant depression of heart rate and arteria
blood pressure (Figs. 1 and 5) but caused no change in
insufflation pressure (data not shown).

3.2. Effects of veratrine or adrenaline infusion in rabbits
pretreated with atenolol

Pretreatment with atenolol (1 mg kg™ 1) significantly
reduced baseline levels of NO, from 37+2 to 31+ 1
(P <0.01), and antagonized increments in exhaled NO
concentrations in response to both veratrine (Fig. 2A) or
adrenaline (Fig. 2B). Increments in arterial plasma cate-
cholamine concentrations, in atenolol treated rabbits, were
equivalent to control rabbits during infusion of adrenaline
or veratrine. Atenolol-treated rabbits compared to control
rabbits had a significantly lower baseline heart rate than
control rabbits, 223+ 8 and 291 + 9, respectively (P <
0.001). Baseline arterial blood pressure was also lower in
the atenolol-treated rabbits compared to control animals
96+ 5 and 110 + 5, respectively (P =0.08). Veratrine
infusion in atenolol-treated rabbits induced a significant
fall in heart rate but the marked drop in arteria blood
pressure seen in control animals was markedly reduced
(Fig. 5).

3.3. Effects of veratrine or adrenaline infusion in rabbits
with ligated adrenal vessels

In rabbits with crushed and ligated adrenal vessels, the
increment in exhaled NO in response to veratrine was
markedly inhibited (Fig. 2A), however the increase in
exhaled NO in response to adrenaline was not different
compared to control animals (Fig. 2B). In these animals
baseline arterial blood pressure was significantly lower
than control rabbits 84 + 5 and 110 + 5, respectively (P =
0.005), though baseline heart rate was not different. Vera-
trine infusion caused dight but non-significant drops in
heart rate and arterial blood pressure in rabbits with ligated
adrenal vessels (Fig. 5).

The effect of veratrine on exhaled NO concentration
could neither be altered by pretreatment with phentolamine
(1 mg kg1, data not shown) nor with bilateral vagotomy
and atropine (1 mg kg™?1), even though the drop in arterial
blood pressure and heart rate was inhibited (Fig. 1).
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Fig. 5. Time-course of the effect of veratrine (500 pg kg~1) on mean
arteriad blood pressure (upper panel) and heart rate (lower panel) in
pentobarbital, mechanically ventilated and laparotomized rabbits. Control
group (open circles), atenolol-pretreated rabbits (closed circles), rabbits
with crushed and ligated adrenal vessels (closed triangles). * Denotes
significantly different (P < 0.05) from time 0 min. Means+ S.EE.M. (n=
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Table 1

Effects of adrenaline (0.3 wg kg™ min~1) and veratrine (500 g kg~*
min~1) on pH and blood gases in three groups of pentobarbital anaes-
thetized and mechanically ventilated rabbits

pH pCO, (kPa) pO, (kPa)

Sham

Control 7.33+0.00 10.8+0.7 48+0.1
Adrenaline 7.3440.01 10.8+0.6 47+0.1
Veratrine 7.33+0.01 11.3+0.7 4.7+0.1
Atenolol

Control 7.354+0.02 11.3+0.7 50+03
Adrenaline 7.334+0.03 11.7+0.6 52+04
Veratrine 7.354+0.02 11.2+0.7 4.8+0.1
ADX

Control 7.324+0.04 10.0+1.2 4.8+0.4
Adrenaline 7.31+0.03 9.6+04 4.6+0.3
Veratrine 7.33+0.03 9.8+0.7 4.9+0.4

Sham-operated (sham), sham-operated + atenol ol -pretreated (atenolol) and
operated with ligation of adrenal vessels (ADX). Values were obtained
immediately before (control) and within 1-2 min after the start of
respective infusion (during the peak of exhaled NO). Means+ S.E.M.
(n=3-5).

Blood gases in al three groups of rabbits were compa-
rable to sham-operated rabbits during control conditions,
pH 7.33+0.01, pO, 10.8 + 0.7 and pCO, 4.8+ 0.1, at
all times, and did not significantly change in response to
neither adrenaline nor veratrine infusions (Table 1).

4, Discussion

The present study demonstrates that pulmonary NO
production is enhanced by activation of the sympathoad-
renomedullary system via stimulation of B-adrenoceptors
and that this pathway may be pharmacologically stimu-
lated by an intravenous infusion of veratrine. Furthermore,
it is likely that adrenal secretion of catecholamines, partic-
ularly adrenaline, plays a key role in the pulmonary NO
production in response to veratrine since ligation of adrenal
blood vessels inhibited the increase in exhaled NO.

Endogenous pulmonary NO is continuously produced
and is involved in the physiological regulation of airway
and pulmonary vascular function. To fully appreciate the
role of NO in pulmonary function, it is necessary to
consider the physiological regulation of pulmonary NO
production. Stretch-dependent pulmonary NO formation
may involve a vagally mediated component (Persson et al.,
1995b) and pulmonary vagal afferent neurons express the
mRNA encoding NO synthase (Lawrence et al., 1996).
Since it has been shown that veratrine stimulates slowly
adapting pulmonary stretch receptors and their vagal affer-
ents (Matsumoto and Shimizu, 1995; Matsumoto et al.,
1998) we thought that similar mechanisms were involved
in the veratrine-induced stimulation of pulmonary NO
production. However, we found that vagotomy and at-

ropine pretreatment had no effects on the veratrine-induced
pulmonary NO production, which makes the involvement
of muscarinic receptors or a vagally mediated reflex un-
likely. Nevertheless, vagotomy and atropine pretreatment
fully antagonized the veratrine-induced bradycardia and
hypotension (Bezold—Jarisch reflex, coronary chemoreflex;
Dawes and Widdicombe, 1951), which makes hemody-
namic changes as possible cause for the veratrine-induced
increases in exhaled NO unlikely. Furthermore, as men-
tioned above, we found that veratrine stimulated pul-
monary NO production only at high doses yet hemody-
namic changes occurred at lower doses (30—100 wg kg2,
data not shown).

Veratrine has been used to directly stimulate the secre-
tion of catecholamines from perfused adrenal glands (Ito
and Ohga, 1978; Kirpekar and Prat, 1979) and bovine
adrenal medullary cells in culture (Knight and Whitaker,
1978). Indeed, we found that plasma adrenaline increased
almost fourfold in response to veratrine infusion and that
the increase in exhaled NO was attenuated in the rabbits
with ligated adrenal vessels. In these rabbits the increase in
exhaled NO in response to exogenously administered
adrenaline was unaltered indicating an intact functional
receptor response. The fact that ligation of the adrenal
vessels did not totally abolish the increase in exhaled NO
in response to veratrine suggests either residual secretion
of catecholamines from extra-adrenal tissue or from pul-
monary sympathetic nerve terminals.

In arecent study, we showed that 3- but not «-adrenoc-
eptors were activated by exogenous adrenaline to stimulate
pulmonary NO production and that administration of a
[3,-adrenoceptor agonist (prenalterol) was more than 100
times more potent than a 3,-adrenoceptor agonist (terbuta-
line) in that respect (Adding et al., 1999a). In the present
study a B,-adrenoceptor antagonist (atenolol) but not an
unselective a-adrenoceptor antagonist (phentolamine) sig-
nificantly reduced the baseline levels of exhaled NO clearly
demonstrating involvement of ;-adrenoceptors in the en-
dogenous regulation of pulmonary NO production, at least
in rabbits in vivo after major surgery. Atenolol was not
able to fully antagonize the increase in NO production in
response to either veratrine or exogenously administered
adrenaline. Thus, we cannot exclude that another subtype
of B-adrenoceptor is also involved.

The origin of exhaled NO is not known and multiple
cell types in the respiratory tract express NOS and produce
NO (Kobzik et al., 1993). Furthermore, endogenously
formed S-nitrosothiols, in particular S-nitrosoglutathion,
are found in the airways (Gaston et a., 1993) and may
decompose to NO that may influence exhaled NO levels.
We cannot, from the present study, advance our under-
standing of the cellular source of exhaled NO. However,
non-enzymatic NO formation seems unlikely since previ-
ous studies have shown that NO synthase inhibitors totally
abolish exhaled NO in this rabbit model (Persson et al.,
1994; Gustafsson et al., 1991; Adding et al., 1998).
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Exhaled NO levels is not only determined by NO
production but also NO degredation, e.g. oxidation by
hemoglobin (Rimar and Gillis, 1993) and oxygen radicals
(Freeman, 1994), the latter also known to deactivate cate-
cholamines (Wolin and Belloni, 1985). Consequently, ex-
cess production of oxygen radicals in pathologic condi-
tions may be detrimental to exhaled NO, partly due to
rapid degradation of NO and possible due to suppression
of catecholamine stimulated NO formation.

The physiological role of this endogenous cate-
cholamine-stimulated pulmonary NO production is not ob-
vious. Catecholamines are crucial for the physiological
adaptation of the lungs at birth (Lagercrantz and Slotkin,
1986) where NO is a powerful vasodilator. Furthermore,
measurements of airway NO concentrations in newborn
humans reveal extremely high airway NO levels (Schedin
et a., 1995). Recently it has been shown that autoinhala-
tion of airway NO exerts vasodilator effects in the pul-
monary circulation (Settergren et al., 1998). Therefore, it is
tempting to speculate that catecholamine-induced pul-
monary NO production plays a role at birth, however
further studies are warranted.

In conclusion, we have shown that B-adrenoceptors are
involved in the endogenous production of pulmonary NO
and that veratrine can stimulate pulmonary NO production
via the release of adrenal catecholamines in rabbits. Thus,
activation of the sympathoadrenomedullary system might
have effects on pulmonary function via NO.
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