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Effects of aerosolised substance P on lung resistance in
guinea-pigs: a comparison between inhibition of neutral
endopeptid4se and angiotensin-converting enzyme
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1 We have examined in guinea-pigs, in vivo, the effects of inhibition of neutral endopeptidase (NEP) and
angiotensin-converting enzyme (ACE) on the airway response to aerosolised substance P (SP). We aero-

solised captopril (4.6mM, 60 breaths; 210nmol) to inhibit ACE and acetorphan (0.3, 1 and 3mM, 60
breaths; 9nmol, 33nmol and 110nmol respectively) to inhibit NEP. We also examined the effect of the
highest dose of acetorphan (110 nmol) on the response to aerosolised acetylcholine (ACh).
2 Responsiveness to SP (or ACh) was measured as the change in lung resistance (RL) induced by nebu-
lisation of increasing concentrations of SP (or ACh) before and after treatment with the inhibitor. PC200,
defined as the provocative concentration inducing an increase in RL of 200% above baseline, was calcu-
lated for each challenge.
3 Administration of acetorphan before the second SP-challenge induced a dose-dependent decrease in
PC200 for SP amounting to 1.8 (± 0.3) log units after treatment with 11 nmol acetorphan. Treatment with
vehicle before the second SP-challenge or with 3 mM acetorphan before the second ACh-challenge had no

significant effect on PC200.
4 Treatment with captopril (21 nmol) induced only a small, nonsignificant leftward shift of PC200 to SP
(0.3 + 0.2 log units).
5 We conclude that a NEP-like enzyme, but not ACE, regulates the response to aerosolised SP. We
suggest that the same is true for SP released endogenously from sensory nerve endings in the airway
epithelial layer.

Introduction

Substance P (SP) is a potent neuropeptide present in airway
sensory nerves of several species including guinea-pigs and
man, and found in close relation to the airway smooth muscle,
beneath and within the epithelium, around ganglion cells and
around blood vessels in the airway interstitium (Lundberg et

al., 1984b). SP is a potent mediator of smooth muscle contrac-
tion, mucus secretion and microvascular leakage in airways of
several species (Lundberg et al., 1983; 1984a; Coles et al.,
1984; Lotvall et al., 1989), and has been implicated in the
pathogenesis of asthma (Barnes, 1986) and in bronchial hyper-
reactivity induced by respiratory viral infections (McDonald,
1988) or toluene diisocyanate (Sheppard & Scypinski, 1988).
Enzymes which degrade SP seem to be important regula-

tors of its actions (Schwartz et al., 1985; Borson et al., 1987;
Stimler-Gerard, 1987; Sekizawa et al., 1987; Dusser et al.,
1988; Shore et al., 1988; Sheppard & Scypinski, 1988; Umeno
et al., 1989). SP is degraded in vitro by several peptidases
including neutral endopeptidase (NEP) and, to a lesser degree,
angiotensin-converting enzyme (ACE) (Skidgel et al., 1984).
Although the lung contains both ACE and NEP activities,
they are distributed differently between airway and vascular
tissues, ACE being more active in vascular and NEP in airway
tissues (Johnson et al., 1985). By use of immunohistochemical
staining, ACE has been shown to be localized at the luminal
surface of the vascular endothelium, whereas NEP has been
localized within epithelial cells of the alveolar septa and
within tracheal smooth muscle and epithelium (Johnson et al.,
1985; Sekizawa et al., 1987). Thus, the relative ability of ACE-
inhibitors and NEP-inhibitors to facilitate the effects of exoge-
nous SP in vivo may be influenced not only by the activity of
these enzymes, but also by the route of administration for SP.
In the guinea-pig, inhibition of ACE by captopril and of NEP
by thiorphan, shifted the dose-response curve for the broncho-
constrictor effect of intravenously-administered SP to the
same extent (Shore et al., 1988) in spite of the in vitro observa-
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tion that the SP-cleaving activity of ACE is less than that of
NEP (Skidgel et al., 1984).
We reasoned that if different distribution in the lung of

ACE- and NEP-activity explained the results of Shore et al.
(1988), then NEP-inhibition should be much more efficient
than ACE-inhibition in shifting the dose-response curve to
inhaled SP, because both the higher SP-cleaving activity of
NEP and its localization in airway epithelial cells would work
in that direction. We therefore compared in guinea-pigs the
effects of NEP-inhibition and of ACE-inhibition on changes in
lung resistance (RL) induced by aerosolised SP. We adminis-
tered SP in sufficient doses to provoke bronchoconstriction
before and after inhibition of the degrading enzymes, thus
enabling us to calculate the shifts of the concentration-
response curve for SP within the same animal. We gave the
inhibitors by aerosol and used captopril to inhibit ACE and
acetorphan to inhibit NEP. Acetorphan is a prodrug becom-
ing about 1000 times more active after hydrolysation into
thiorphan (Lecomte et al., 1986).

Methods

Preparation

We studied male Dunkin-Hartley guinea-pigs weighing 350-
600 g. The animals were fed standardized guinea-pig chow and
tap water freely. On the day of study they were weighed and
anaesthetized with an initial dose of 6-8mlkg-1 of urethane
diluted to 25% w/v in 0.9% saline, injected intraperitoneally.
Additional urethane was given as required to maintain appro-
priate anaesthesia level. A tracheal cannula (9-11 mm in
length and 2.7 mm inner diameter) was inserted into the lumen
of the cervical trachea through a tracheostomy, and tied
snugly with suture material. A polyethylene catheter was
inserted into the left carotid artery to monitor blood pressure
and heart rate with a pressure transducer. The right external
jugular vein was cannulated for the administration of i.v.
drugs or fluids.
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The guinea-pigs were placed in a supine position with the
tracheal cannula connected to a constant volume mechanical
ventilator (Harvard model 50-1718, Edenbridge, U.K.). A tidal
volume of 10ml per kg and a frequency of 60 breaths per min
was used. Transpulmonary pressure was measured with a
pressure transducer (Furness, model FCO 40;
+1000 mmH2O, Glasgow), with one side attached to a cathe-
ter inserted into the right pleural cavity and the other side
attached to a catheter connected to a side port of the intratra-
cheal cannula. The ventilatory circuit had a total volume of
20 ml. Airflow was measured with a pneumotachygraph
(Mercury, model Fl, Glasgow) connected to a transducer
(Model FCO 40; + 1 cmH2O: Furness Controls Ltd, Bexhill,
Sussex). Tidal volume was obtained by electronic integration
of the flow signal. The aerosols were generated with an ultra-
sonic nebuliser (PulmoSonic, Model 2511; DeVilbiss Co, PA,
U.S.A.), and were administered to the airways through a
separate ventilatory system, that bypassed the pneumotachy-
graph. The volume of this circuit was 50 ml. The output from
this system, measured at the port of the tracheal cannula with
an airflow equivalent to the ventilation rate, was 40p1 per 60
breaths.
We used a 6 channel recorder (model MX6, Devices Ltd,

London) for flow, transpulmonary pressure and blood pres-
sure measurements. Expiratory lung resistance (RL) was calcu-
lated by the method of von Neergaard & Wirz (1927). Briefly,
the pressure to overcome resistance (Pr) was divided by the
airflow measured at a time point 0.1 s after beginning of expi-
ration for each calculated breath.

Protocols

The animals were divided into six groups in order to study the
effect of three different concentrations of acetorphan (0.3, 1 or
3 mM), captopril (4.6 mM) or vehicle on the response to SP, and
the effect of acetorphan on the response to ACh. All these
treatments were given for 60 breaths. The concentrations for
acetorphan were selected according to preliminary experi-
ments. The concentration for captopril was then chosen to
give approximately the same relation to the highest concentra-
tion of acetorphan, as the relation between the dose for
thiorphan and captopril in an earlier study using i.v. adminis-
tration of the enzyme inhibitors (Shore et al., 1988). ACh-
challenged animals were treated with the highest
concentration of acetorphan, in order to investigate the speci-
ficity of acetorphan for SP.

All animals were intially treated with propranolol
(1 mg kg- 1, i.v.), to counteract inhibitory effects on the airway
smooth muscle induced by catecholamines released by ure-
thane (Spriggs, 1965). Ten minutes later the guinea-pigs were
exposed to an airway challenge with aerosolised saline (0.9%),
given for 20 breaths and baseline RL measurements were
made. Five minutes later, a dose-response challenge to SP or
ACh was started, by increasing the concentration in the nebu-
liser at half log molar concentrations, starting at 3 yM for SP,
and at 30 JM for ACh. For each dose, the nebuliser was filled
with 3 ml of the solution. All challenge inhalations were given
for 20 breaths and at 5 min intervals. Two hyperinflations with
twice the tidal volume were performed between each chal-
lenge, by blocking the outflow of the ventilator. The dose-
response challenges were stopped when an increase of at least
200% in RL was seen. Subsequently the animals were allowed
to recover to stable RL values before a single dose of enzyme
inhibitor, or vehicle, was given by aerosol for 60 breaths from
another nebuliser.

Fifteen minutes after treatment with enzyme inhibitor, or
vehicle, a second dose-response challenge, similar to the pre-
vious one, was performed. A baseline RL value was again
obtained by exposing the animals to 20 breaths of saline
(0.9%). The second SP dose-response was started at 0.03 mm
for animals given 11 nmol of acetorphan, at 0.3 JIM when given
3.3 nmol acetorphan, and 3 gM when given 0.9 nmol. The
second ACh challenge, after acetorphan 11 nmol, was started

at the same dose of ACh as the first challenge. For animals
given captopril 21 nmol, or vehicle, the second challenges were
started at 3 pM of SP. If not significant response was seen with
SP at the maximum concentration of 1 mm, a second chal-
lenge, with the same concentration in the nebuliser, but given
for twice the number of breaths (40), was performed. This dose
was labelled 2 mm, for calculation of PC200 values.
The responses were evaluated as the maximum RL values

after each challenge, and were expressed as % increase above
the RL value obtained after aerosolised saline (0.9%). PC200
was defined as the provocative concentration for a 200%
increase of RL over baseline. PC200 was determined for each
dose-response challenge, by log-linear interpolation between
the concentrations connecting the points where RL reached
200% above baseline (Figure 1).

Drugs

We used the following drugs: propranolol (Inderal, ICI); ace-
torphan (kindly donated by Bioprojet, Paris, France); capto-
pril (Squibb); urethane diluted to 25% w/v in 0.9% saline; SP
and ACh (Sigma Chemical Company, Poole, Dorset). SP and
ACh were inhaled diluted in 0.9% saline. Acetorphan was
stored at 40C in a stock solution in 5% ethanol. Further dilu-
tion was made in saline to 3 mm, which was stored at - 20'C.
Equivalent concentrations of diluents were stored in a similar
way and were used in control experiments. Captopril was dis-
solved in the same solvent as acetorphan.

Data analysis

Data are reported as mean + s.e.mean. Statistical analyses
were done on log-transformed PC200 values. For each experi-
ment we calculated the loglo shift of PC200 between the first
and second challenge. One way analysis of variance (ANOVA)
and Dunnett's test (Zar, 1974) were used to determine signifi-
cant differences among groups for the shift in PC200 and for
changes in baseline RL. Data were analysed with a Macintosh
computer (Apple Computer Inc., Cupertino, Ca, U.S.A.) using
a standard statistical package (StatView 512, Abacus Concept,
Inc., CA, U.S.A.).

Results

Mean baseline values after aerosolised saline (20 breaths) for
the different animal groups are given in Table 1. SP aerosol
caused a dose-dependent increase in RL at concentrations of
0.1 mm and higher (Figure 1). The cut-off level for definition of
the provocative concentration, 200% increase of RL above
baseline, was found on the linear part of the concentration-
response curve. Treatment with acetorphan caused a dose-
dependent increase in airway responsiveness to aerosolised
SP. The shift in PC200 was significant compared to that after
vehicle for all three concentrations used. The highest dose of
acetorphan (11O nmol) shifted PC200 for SP by 1.8 (± 0.26) log
units to the left (Figures 2 and 3). This shift was significantly
larger than that induced by 0.9 nmol (p < 0.05) but not signifi-
cantly different from that induced by 3.3 nmol acetorphan. In
contrast, treatment with aerosolised captopril (4.6 mM;

Table 1 Baseline lung resistance values (cmH20ml -

x s 1) in the various treatment groups prior to substance P
(SP) or acetylcholine (ACh) challenge

Treatment
challenge

Vehicle + SP
Acetorphan 3 mM + ACh
Acetorphan 0.3mM + SP
Acetorphan 1 mM + SP
Acetorphan 3 mM + SP
Captopril 4.6 mM + SP

n First challenge

5 0.28 (0.03)
4 0.30 (0.04)
6 0.27 (0.01)
6 0.30 (0.02)
7 0.34 (0.03)
6 0.23 (0.01)

Second

0.41 (0.06)
0.50 (0.17)
0.49 (0.06)
0.77 (0.16)
0.79 (0.11)
0.38 (0.04)

Values are mean + s.e.mean
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Figure 1 Mean increase in lung resistance (RL), expressed as %
above baseline, with increasing concentrations of substance P aerosol
in 30 guinea-pigs (n = 30 up to 0.1mm, n = 27 for 0.3 mm, and n =11
for mm), s.e.mean shown by vertical bars. We defined airway respon-

siveness to substance P as the provocative concentration needed to

cause a 200% increase in RL above baseline, as shown by the horizon-
tal dotted line.

210 nmol) (Figure 2) or vehicle before the second SP challenge,
or with 3 mm acetorphan before the second ACh-challenge,
induced only small, nonsignificant shifts in PC200 (Figure 2).
The mean baseline RL before the second dose-response

challenge were in all groups, including the control group

treated by vehicle, higher than before the first challenge
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Figure 2 Leftward shift in PC200 (mean with s.e.mean shown by ver-

tical bars) for substance P after treatment with vehicle (filled column),
acetorphan (open columns at concentrations indicated) and 4.6mM
captopril (hatched column). The stippled column indicates the left-
ward shift in PC200 for acetylcholine after treatment with 3 mm ace-

torphan. Acetorphan induced a dose-dependent shift of PC200 for
substance P, whereas captopril or vehicle had no significant effects.
Acetorphan had no effect on the response to acetylcholine.
(*P <0.05; **P <0.01).
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Figure 3 Mean concentration-response curves for substance P
before (0) and after (0) aerosolisation of acetorphan (3 mM, 60
breaths; 110nmol); s.e.mean shown by vertical bar. Acetorphan
induced a significant leftward shift of the dose-response curve for sub-
stance P (P < 0.01).

(Table 1). However, this increase did not differ significantly
between the groups. Baseline RL did not correlate with the
shifts in PC200 for SP-induced by acetorphan (r = 0.09).

Nebulisation of vehicle, acetorphan or captopril (60
breaths) induced a temporary increase in RL in all groups.
Compared to the increase in RL induced by vehicle, only
2 nmol acetorphan induced significantly (P <0.01) larger
increases in RL. There was a slight nonsignificant increase of
the mean blood pressure in all groups 15 mm after the nebu-

lisation.

Discussion

This study shows that NEP-inhibition markedly potentiates
the effect of aerosolised SP on lung resistance in guinea-pigs,
whereas inhibition of ACE causes no significant potentiation.
This is in contrast to studies where SP and the inhibitors were
given intravenously in the same species. Inhibition of ACE
was then as effective as inhibition of NEP in enhancing bron-
choconstrictor responses (Shore et al., 1988). Furthermore, the
maximal shift of the dose-response curve for SP is clearly
larger in this study using aerosol administration (1.8 log units)
compared to the i.v. route (about 0.5 log units) (Shore et al.,
1988). The specificity of the effect of NEP-inhibition was
demonstrated by its lack of effect on the response to aero-
solised ACh.
Both NEP and ACE cleave SP (Skidgel et al., 1984). The

vascular endothelium is rich in ACE (Johnson et al., 1985;
Ryan et al., 1985) implying SP administered i.v. is likely to be
cleaved by ACE before reaching target tissues in the airways.
However, the ACE-activity in airway tissue has been shown to
be low compared to that of vascular tissue (Johnson et al.,
1985). Our data, showing no significant effect of ACE-
inhibition on the response to aerosolised SP, indicates that the
ACE-content in airway mucosa is low, which would explain
the larger effect of NEP-inhibition on aerosolised SP com-
pared to i.v. SP. Acetorphan and thiorphan also inhibit ACE
(Schwartz et al., 1981) which could contribute to the enhance-
ment of the SP response (Skidgel et al., 1984). However, this
can be excluded as ACE-inhibition, since captopril had no sig-
nificant effect. Furthermore, thiorphan is about 40 times less
potent as an inhibitor of ACE than as an inhibitor of NEP
(Schwartz et al., 1981) and it does not affect ACE-activity in
plasma when given byi.v. infusion (Spillantini et al., 1986).
The maximal shift of PC200 for aerosolised SP induced by

NEP-inhibition in our study agrees well with data from an
earlier study by Dusser et al. (1988) using phosphoramidon for
inhibition of NEP. They did not use sufficient SP-
concentrations to elicit a bronchoconstrictor response before
NEP inhibition, allowing calculation of the shift. However, if
our concentration-response curve before NEP inhibition
(Figure 1) is applied to their data, the calculated shift would
be of the same magnitude as ours.
SP aerosol has given no bronchoconstrictor response in

some earlier studies in guinea-pig (Dusser et al., 1988) and in
man (Joos et al., 1987). However, if the SP aerosol is given in
sufficiently high concentrations (about 1 mM), it induces
airway narrowing in the absence of NEP inhibition (Lotvall et
al., 1989). The present and earlier (Dusser et al., 1988) studies
indicate that the probable explanation of the need for such
high concentrations of SP is that NEP in airway epithelial
cells constitutes a metabolic barrier to inhaled SP. When
administered by the i.v. route, SP bypasses this barrier but
may be metabolised by ACE in vascular tissues (Johnson et
al., 1985) and NEP in circulating blood (Spillantini et al.,
1986).
The mean baseline RL before the second concentration-

response curve had increased in all treatment groups includ-
ing those treated with captopril and vehicle (Table 1). There
was no significant difference between the groups in this
respect, although the change in baseline RL seemed to be more
pronounced in acetorphan-treated animals, indicating a spe-
cific effect of acetorphan on RL. This is further supported by

- ' '
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the observation that aerosolisation of 3 mm acetorphan, both
in SP- and in ACh-challenged animals, induced a temporary
increase in RL that was significantly larger than that seen after
treatment with vehicle. This indicates that aerosolisation of
vehicle may induce a slight tachykinin release, the effect of
which is then potentiated by acetorphan, but there is no direct
evidence to support this hypothesis.

It should be pointed out that acetorphan is a prodrug that
is about 1000 times more active after hydrolysation into
thiorphan. Such hydrolysation has been demonstrated to take
place in mouse brain membranes (Lecomte et al., 1986) and in
plasma (Spillantini et al., 1986). Our data show that acetor-
phan also must be hydrolysed locally in the airways, presum-
ably in the airway epithelium. Hydrolysation after systemic
uptake would most probably provide too low concentrations
to have any activity.
Our study confirms earlier studies demonstrating the key

role for NEP-like enzymes in the lung for the control of the
response to exogenous SP (Borson et al., 1987; Stimler-
Gerard, 1987; Sekizawa et al., 1987; Dusser et al., 1988;
Shore et al., 1988). It has extended these observations showing
that the potentiation of the response to aerosolised SP by

inhibition of NEP is indeed large, about two log units,
whereas inhibition of ACE has no significant effect on the
response to aerosolised SP.

This study also indicates the probable importance of NEP-
like enzymes in airway epithelial damage. SP-reactive sensory
nerves are present within and underneath the airway epithe-
lium (Lundberg et al., 1984b). Many airway irritants stimulate
sensory nerves (Sellick & Widdicombe, 1971). It is then likely
that airway epithelial damage can increase the responsiveness
to various inhaled irritants via an impairment of the NEP-like
activity. Support for this reasoning is given by studies showing
that viral infections enhance the contractile responses to SP in
guinea-pig bronchi (Saban et al., 1987) and ferret trachea
(Jacoby et al., 1988). Furthermore, histories of infections in
rats have been associated with a decreased activity of NEP
and an enhanced SP-induced vascular leakage in the trachea
(Borson et al., 1989).
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