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1 We characterized the responses of murine airways and pulmonary vessels to a variety of
endogenous mediators in the isolated perfused and ventilated mouse lung (IPL) and compared them
with those in precision-cut lung slices.

2 Airways: The EC50 (mM) for contractions of airways in IPL/slices was methacholine (Mch), 6.1/
1.54serotonin, 0.7/2.04U46619 (TP-receptor agonist), 0.1/0.064endothelin-1, 0.1/0.05. In the IPL,
maximum increase in airway resistance (RL) was 0.6, 0.4, 0.8 and 11 cmH2O s ml71, respectively.
Adenosine (41 mM), bombesin (4100 mM), histamine (410 mM), LTC4 (41 mM), PAF (0.25 mM)
and substance P (4100 mM) had only weak e�ects (55% of Mch) on RL.

3 Vessels: The EC50 (mM) for vasoconstriction in the IPL was LTC4, 0.064U46619,
0.055endothelin-1, 0.02. The maximum increase in pulmonary artery pressure (PAP) was 11, 41
and 48 cmH2O, respectively. At 250 nM, the activity of PAF was comparable to that of LTC4. At
100 mM only, substance P caused a largely variable increase in PAP. Serotonin, adenosine,
bombesin, histamine and Mch had no or only very small e�ects on PAP.

4 Hyperresponsiveness: In both the IPL and slices, U46619 in subthreshold concentrations (10 nM)
reduced the EC50 to 0.6 mM. In the IPL, U46619 raised the maximum airway response to Mch 5 fold
and the maximum PAF-induced vasoconstriction 4 fold.

5 Conclusion: Murine precision-cut lung slices maintain important characteristics of the whole
organ. The maximum reagibility of murine airways to endogenous mediators is serotonin5Mch
5U466195ET-1. The reagibility of the murine pulmonary vasculature is serotonin5LTC4&PAF
5U466195ET-1. The airway and vessel hyperreactivity induced by U46619 raises the possibility
that thromboxane contributes directly to airway hyperresponsiveness in various experimental and
clinical settings.
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artery pressure; RL, airway resistance; SP, substance P

Introduction

In the past, the limited size of mice has also limited
physiological measurements in this species. However, parallel
to the advances in molecular biology and cloning techniques as

well as in our knowledge of immune reactions, interest in
physiological measurements in mice has grown. Therefore, as a
model to study physiological lung functions, a set-up for the

isolated perfused mouse lung has recently been developed (von
Bethmann et al., 1998). This model o�ers the unique
opportunity to simultaneously assess airway and pulmonary

vascular physiology in mice. It allows to continuously monitor
pulmonary artery pressure, tidal volume, pulmonary com-
pliance and pulmonary resistance. For further investigations it
will be essential to know the responses of the mouse lung to

fundamental endogenous stimuli of the respiratory tract. Such
data are essential as a basis for further investigations in areas
such as asthma or hyperreactivity reactions and in addition

will allow to compare the sensitivity of murine lungs to those
from other species.

So far, only one study has addressed a similar problem in

mice (Martin et al., 1988). In that study, which has been
performed in vivo, the bronchoconstrictor responses to a
variety of agents were investigated. Of the agents examined,

only methacholine (Mch) and serotonin provoked broncho-

constriction. However, in this in vivo study the vascular
responses to these agents were not examined. In perfused
mouse lungs, however, it is possible to study both airway and

vascular responses. Other advantages of perfused lungs
include the possibility to study pulmonary reactions in the
absence of systemic side e�ects or interactions with other

organs.
Another possibility to study pulmonary responses in mice

is the use of precision-cut lung slices, where airway responses

can be followed under the microscope (Martin et al., 1996).
This method combines a number of advantages: (i) the
microanatomy is maintained, (ii) it requires cell culture
conditions, (iii) but still allows to study functional responses

of small and large airways, and (iv) it saves animals since
from one lung up to 30 slices can be obtained. So far,
however, this technique has not been applied to measure

airway responses in murine lungs.
In the present study, we have characterized vascular and

airway responses of isolated perfused mouse lungs and of

precision-cut mouse lung slices to the following agents:
adenosine, bombesin, endothelin-1 (ET-1), histamine, leuko-
triene C4 (LTC4), Mch, platelet activating factor (PAF),

serotonin, substance P and the TP-receptor agonist U46619.
In addition, we demonstrated that activation of the
thromboxane receptor induces pulmonary hyperresponsive-
ness (AHR) towards itself as well as towards Mch and PAF.*Author for correspondence. E-mail: suhlig@fz-borstel.de
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Methods

Materials

Female Balbc mice (20 ± 25 g) obtained from Charles River

(Sulzfeld, Germany) were used as lung donors. Pentobarbitone
sodium (Nembutal1) was purchased from the Wirtschaftsgen-
ossenschaft Deutscher TieraÈ rzte (Hannover, Germany); bovine

albumin low endotoxin grade (fraction V) from Serva
(Heidelberg, Germany); methacholine (Mch), serotonin,
substance P, platelet activating factor (PAF), bombesin and

histamine from Sigma (Deisenhofen, Germany); U46619 and
leukotriene C4 from Cayman (Ann Arbor, MI, U.S.A.);
endothelin-1 from Boehringer Mannheim (Mannheim, Ger-

many).

Isolated perfused mouse lung preparation (IPL)

The mouse lungs were prepared and perfused essentially as
described recently (von Bethmann et al., 1998). Brie¯y, lungs
were perfused in a non-recirculating fashion through the

pulmonary artery at a constant ¯ow of 1 ml min71 resulting in
a pulmonary artery pressure of 2 ± 3 cmH2O. As a perfusion
medium we used RPMI 1640 medium lacking phenol red

(378C) that contained 4% low endotoxin grade albumin. The
lungs were ventilated by negative pressure (73 to 79 cmH2O)
with 90 breaths min71 and a tidal volume of about 200 ml.
Every 5 min a hyperin¯ation (720 cmH2O) was performed.

Arti®cial thorax chamber pressure was measured with a
di�erential pressure transducer (Validyne DP 45-24), and air
¯ow velocity with a pneumotachograph tube connected to a

di�erential pressure transducer (Validyne DP 45-15). The
lungs respired humidi®ed air. The arterial pressure was
continuously monitored by means of a pressure transducer

(Isotec Healthdyne) which was connected with the cannula
ending in the pulmonary artery. All data were transmitted to a
computer and analysed by the Pulmodyn software (Hugo

Sachs Elektronik, March Hugstetten, Germany). For lung
mechanics, the data were analysed by applying the following
formula: P=V×C71 + RL×dV×dt71, where P is chamber
pressure, C pulmonary compliance, V tidal volume and RL

airway resistance. After 60 min, mean tidal volume was
0.21+0.02 ml (n=61), mean airway resistance 0.23+
0.08 cmH2O s ml71, and mean pulmonary artery pressure

2.9+1.4 cmH2O. The measured airway resistance was cor-
rected for the resistance of the pneumotachometer and the
tracheal cannula of 0.6 cmH2O s ml71.

Design of the experiments with perfused mouse lungs

After preparation, the lungs were perfused for 45 min without

any treatment in order to obtain a baseline. When cumulative
concentrations of Mch, bombesin, histamine, adenosine,
serotonin or substance P were administered, each concentra-

tion was given for 20 min followed by intermission periods of
15 min, in which lungs were perfused with bu�er only. In
another set of experiments, lungs were perfused with 10 nM

U46619 for 30 min and then, with U46169 still being infused,
Mch in increasing concentrations (cumulative) or PAF were
added. When given as bolus, Mch was injected in a volume of

10 ml directly into the catheter leading to the pulmonary artery.

Precision-cut mouse lung slices

The precision-cut lung slices were prepared and handled in a
similar fashion as recently described for rat lungs (Martin et

al., 1996). The animals were anaesthetized (60 mg kg71

pentobarbitone sodium), the trachea was cannulated and the
animals were exsanguinated by cutting the vena cava inferior.

Immediately after a small vertical cut into the diaphragm to
collapse the lungs, agarose solution (0.75%, 48 ml kg71, 378C)
was instilled into the airways. To solidify the agarose and
thereby the lungs, the whole animal was then cooled with ice

for 10 min. Afterwards the lungs and heart were removed en
bloc from the thoracic cavity. The lung lobes were prepared
and embedded in 3% agarose solution. After cooling for

5 min, the embedded lung lobes were cut with a Krumdieck
tissue slicer (Alabama Research and Development, Munford,
AL, U.S.A.) into 220-mm-thick slices. The slices were

transferred into cell culture dishes and incubated in an EBSS
salt solution, containing HEPES, amino acids and vitamins for
12 h. During the ®rst 4 h the medium was changed every

30 min.
To analyse contractions of single airways, single slices

were moved into a custom made incubation chamber. The
design of this chamber which allows to warm, incubate

and manipulate the slices under the microscope has been
detailed elsewhere (Martin et al., 1996). The airways were
imaged and digitized with a digital video camera (Visitron

1300, Visitron Systems, Munich, Germany) controlled by
the image analysis software Metamorph (Universal
Imaging Incorporation, West Chester, U.S.A.). One image

of 2.28 mm2 was represented by 128061024 pixels and
stored at a rate of at least two pictures a minute on the
hard disc of the computer. The stored images were

analysed by the image analysis program OPTIMAS 6.0
(Optimas Corporation Bothell, Washington, U.S.A.). The
luminal area was taken as the area enclosed by the
epithelial luminal border and was quanti®ed after setting

the appropriate threshold. Control airway area was de®ned
as 100%. To quantify the bronchoconstriction, the data
were expressed as per cent area of the control area.

Finally, the area under the curve (AUC) of the decrease in
luminal area over time was calculated (GraphPad Prism
2.01, San Diego, U.S.A.).

Design of the experiments with the precision-cut lung
slices

After preincubation for 10 min with 1 ml of MEM the ®rst
image was acquired. The airway area obtained from this ®rst
image served as the reference area (100%). The bu�er in the

incubation chamber (1 ml) was exchanged with bu�er that
contained the agents to be studied. The airway was imaged at
least every 30 s during the incubation time of 10, 15 or 30 min.

The following concentrations were used: U46619 1079 ±
1075

M, Mch 1078 ± 1074
M, serotonin 1078 ± 1074

M, and
ET-1 10710 ± 1076

M. Mch and serotonin were tested with

increasing concentrations in the same slice (cumulative) while
with U46619 and ET-1 we used a new slice for each
concentration.

Statistics

EC50 values were calculated in Prism 2 (GraphPad, San Diego,

CA, U.S.A.) in two di�erent ways. We used either the peak
values or, alternatively, the area under the curve (AUC;
calculated in GraphPad Prism by the polygon method) for a

20 min period of continuous perfusion with the agents. The
former parameter is indicative of the maximum smooth muscle
contraction, while the latter parameter integrates the whole
extent of airway or vascular contractions.
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Results

Isolated perfused mouse lung

At ®rst, we investigated the possibility to perform cumulative

concentration-response curves. Therefore, each compound was
perfused at an intermediary e�ective concentration twice in the
same lung (Figure 1). A comparable response during the ®rst

and second perfusion was only obtained with Mch (Figure
1A). U46619 produced a stronger increase in airway resistance
when given a second time (Figure 1C). At the second infusion,

serotonin gave similar results in airway responses (Figure 1E),
but a smaller increase in PAP (Figure 1F). Perfusion with
LTC4 resulted in a stronger PAP increase during the second

perfusion (Figure 1H). The ET-1-induced rise in airway
resistance and PAP was strong, protracted and largely
irreversible (Figure 1I and J).

Thus, only with Mch and serotonin (at least for the airways)

cumulative concentration-response curves within a single lung
as illustrated in Figure 2 were possible. All the other agents
had to be tested at one concentration in a single lung as

demonstrated for U46619 and ET-1 in Figure 3. The results of
our experiments are summarized in Figure 4 and Table 1. As
the di�erent mediators showed great di�erences in the time-

course of the pressor responses elicited, we analysed the peak
values as well as the time integral (area under the curve, AUC)
of the responses during a perfusion period of 20 min.

Methacholine (Mch) Continuous infusion of Mch always
resulted in a bi-phasic airway response (Figure 2); the ®rst
phase was characterized by a sharp peak in airway resistance,

which during the second phase plateaued at a lower level. The
EC50 value calculated for Mch was 6.1 mM when the AUC and
3.6 mM when the peak bronchoconstriction was analysed. This

response of murine lungs to continuous Mch exposure for
20 min was compared to conditions where Mch was given as a
bolus injection directly into the cannula leading to the

pulmonary artery. In the latter condition, only the peak
response occurred and the amount required to produce a half-
maximum increase in airway resistance was 8 nmol (data not
shown). The maximum response was comparable during bolus

injection and continuous perfusion of Mch (not shown).

U46619, PAF and LTC4 Of these phospholipid mediators,

U46619 was the most potent and increased both RL (EC50

0.1 mM) and PAP (EC50 0.05 mM). Perfusion with 1 mM LTC4

did induce only very small alterations in airway resistance

(55% of that induced by 1 mM Mch), but a moderate increase
in pulmonary artery pressure (EC50 0.06 mM). PAF was tested
at the concentration of 250 nM only and at this concentration
behaved similar as LTC4. Of note, if LTC4 and PAF were

o�ered in bu�er lacking albumin, both compounds at
concentrations of 1 mM and 250 nM, respectively, elicited a
small increase in airway resistance by about 0.2 cmH2O s ml71

(not shown).

Serotonin At least for the airway response (Figure 1E),

cumulative concentration-response curves with serotonin were
feasible (Figure 2C). Serotonin elicited a bi-phasic broncho-
constriction with a sharp peak during the ®rst 10 s of

perfusion, which was soon followed by a phase of fading
airway resistance (Figure 2B). Analysing the AUC and the
peak values, produced markedly di�erent results in the case of
serotonin: the calculated EC50 values were 0.7 and 11 mM,

respectively (Table 1). The peak response to serotonin was
comparable to methacholine, while the response was weaker if

expressed as AUC. Interestingly, at the highest concentration
tested, i.e. 1 mM, the response to serotonin was much weaker
compared to 0.01 or 0.1 mM, which is in line with previous

data (Martin et al., 1988). In addition to bronchoconstriction,
serotonin also increased pulmonary artery pressure. However,
this response was quite small, i.e. at a serotonin concentration
of 1 mM pulmonary artery pressure was increased by

2.2+0.9 cmH2O. The facts that at higher concentrations, no
stronger response was obtained and that giving the same
concentration of serotonin twice produced a smaller response

the second time (Figure 1F), suggests that the vascular e�ects
of serotonin are liable to desensitization.

Endothelin-1 ET-1 elicited both strong airway and vascular
responses (Figures 3c,d and 4). Perfusion with 100 nM ET-1
resulted in a slowly developing bronchoconstriction with a

maximum increase of 1.7 cmH2O s ml71 in airway resistance
after 30 min of perfusion, while smaller concentrations were
almost ine�ective. The EC50 values were 0.1 mM as calculated
from the AUC and 1 mM when peak bronchoconstriction was

analysed. For PAP, calculated EC50 values were 0.007 and
0.023 mM for peak and AUC data, respectively.

Adenosine, bombesin, histamine and substance P No or only
very small responses were observed with adenosine, bombesin
or histamine up to concentrations of 1 mM, 100 mM and

10 mM, respectively (data not shown). Substance P induced
vasoconstriction with strongly varying extent, however only at
the highest concentration tested, i.e. 100 mM (not shown).

Precision-cut lung slices

We investigated Mch, serotonin, thromboxane and endothe-

lin in a model where agents can be directly applied to murine
airways, i.e. precision-cut lung slices. Viable slices of
pulmonary tissue (about 220 mm thick) were placed under a

microscope and exposed to varying concentrations of
agonists for times from 10 ± 30 min. Digital image analysis
was used to quantify the diameter of the airway lumen. The

studies with Mch and serotonin were done in a cumulative
fashion, whereas the concentration-response curve to ET-1
and U46619 was obtained by using a new slice for each single
concentration (Figure 5). The following EC50 values were

obtained by analysing the AUC data: Mch 1.1 mM, serotonin
2 mM, ET-1 0.05 mM and U46619 0.06 mM (Table 1).
Interestingly, as seen in the perfused lung (see above), the

airway response to serotonin was weaker in the slices at
higher concentrations (5100 mM) than at lower concentra-
tions (data not shown).

Airway hyperresponsiveness (AHR)

Since we had observed that U46619 caused AHR to itself
(Figure 1C), we were interested to study whether U46619 also
caused heterologous sensitization, in this case sensitization
against Mch. Therefore, lungs were treated with a bolus of

10 nmol Mch (this dose is about the EC50, see above) 15 min
before and 15 min after perfusion with di�erent concentrations
of U46619. In this set of experiments AHR was only observed

at the highest U46616 concentration used, i.e. 1 mM (Figure 6).
In a separate set of experiments, lungs were perfused with

10 nM U46619, a concentration that had only marginal e�ects

on airway resistance itself (Figure 3A). While being perfused
with U46619, these lungs were treated with increasing
concentrations of Mch. In the presence of 10 nM U46619, the
bronchoconstriction to Mch was greatly exacerbated, i.e. the
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Figure 1 Airway resistance (left column) and mean pulmonary artery pressure (PAP, right column) in response to repetitive
perfusion with methacholine (A and B), the thromboxane receptor agonist U46619 (C and D), serotonin (E and F),
leukotriene C4 (G and H) or endothelin-1 (I and J). Methacholine (Mch, 10 mM), U46619 (0.1 mM), serotonin (5-HT, 1 mM) or
leukotriene C4 (LTC4, 10 nM) were perfused for the time indicated by the black horizontal bars, i.e. 20 min or 30 min for ET-1.
The airway resistance and the mean pulmonary artery pressure are expressed in relative terms as the change induced by the
agonist.
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EC50 value was shifted from 6 mM in the absence to 0.6 mM in
the presence of U46619 (based on AUC). In addition, the
maximum increase in airway resistance was greater (Figure 7)

and the peak value of bronchoconstriction was raised from 0.6
to 6.7 cmH2O s ml71 (Table 1). In precision-cut lung slices, the
EC50 of Mch-induced airway contraction in the presence of
1 nM (not shown) or 10 nM U46619 was 0.6 mM (Figure 5,

Table 1).

Vascular hyperresponsiveness

We also investigated whether the presence of U46619
exacerbated the response to PAF. Figure 8 shows that

perfusion of PAF in lungs pre-treated with 10 nM U46619,
caused a signi®cant increase in the vascular response to PAF.
The rise in PAP elicited by PAF as analysed by the AUC data

was elevated from 98+17 cmH2O min (n=3) in the absence to
346+25 cmH2O min (n=3) in the presence of U46619.

Discussion

This study presents basic information on murine airways and

pulmonary vessels. It shows how murine lungs respond to a
variety of endogenous mediators. Only few previous studies
have investigated airway (e.g. Martin et al., 1988; Larsen et al.,

1992; Manzini, 1992; Brusselle et al., 1995; Garssen et al., 1994;
Kips et al., 1996; Hamelmann et al., 1997) or pulmonary

Figure 2 Cumulative concentration response curves of changes in
airway resistance in lungs perfused with methacholine (A) or
serotonin (B). Methacholine (Mch) and serotonin (5-HT) were
perfused for 20 min at each concentration. The airway resistance is
expressed in relative terms as the change induced by the agonists.

Figure 3 Concentration dependent increase in airway resistance and mean pulmonary artery pressure (PAP) by U46619 (A and B)
and ET-1 (C and D). Since both mediators induced hyperresponsiveness when given repetitively to the same lung, each
concentration was tested in a separate lung. The time courses of airway resistance (A and C) and mean pulmonary artery pressure
(B and D) in response to di�erent concentrations of U46619 and ET-1 (n=3 at each concentration) are shown in this ®gure. Data
are given as means+s.e.mean.
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vascular (Steudel et al., 1997) responses in mice. Most of these
studies have only analysed AHR towards Mch. In view of the
promising prospects of genetically engineered mice, informa-

tion about physiological responses in mice will become
increasingly important.

To our knowledge, this is the ®rst study of concentration-
response relationships of murine pulmonary vessels in the

intact organ. Of the endogenous mediators examined, ET-1,
U46619, LTC4 and PAF increased pulmonary artery

pressure, even though the action of the latter two agents
was weak. Only two substances were highly active on both
airways and vessels, i.e. U46619 and ET-1. The ®nding that

the EC50 values for U46619- and ET-1-induced vasoconstric-
tion were lower than the ones for bronchoconstriction, can
probably be explained by dilution of U46619 or ET-1 on
their way from the vessels to their receptors on airway

smooth muscles. This conclusion is drawn from our studies
with precision-cut lung slices. In this model, it is possible to

Figure 4 Airway (A) and vascular (B) responses of murine lungs to various mediators. Cumulative concentration-response
experiments were carried out for methacholine (n=5) and serotonin (n=3). In these experiments, lungs were perfused for 20 min
with each concentration, with intermission periods of 15 min, in which lungs were perfused with bu�er only. For U46619 (n=3 for
each concentration), leukotriene C4 (n=3 for each concentration) and endothelin-1 (n=3 for each concentration), each
concentration was perfused for 30 min in separate lungs. Concentration-response curves were calculated from the area under the
curve (AUC), i.e. the time integral of changes in airway resistance (A) or pulmonary artery pressure (B) within 20 min. For platelet
activating factor (PAF, n=3) only one concentration, i.e. 250 nM, was tested. Data are given as means+s.e.mean.

Table 1 EC50 values and maximum responses for airway and vascular responses

Bronchoconstriction Vasoconstriction
IPL-PEAK*

[cmH2O s ml71]
IPL-AUC{

[(cmH2O s ml71) min] Slice-AUC#
IPL-PEAK{{

[cmH2O]
IPL-AUC**
[cmH2O min]

Methacholine

Serotonin

Endothelin-1

U46619

LTC4

Methacholine at
10 nM U46619

EC50

logEC50

max
EC50

logEC50

max
EC50

logEC50

max
EC50

logEC50

max
EC50

logEC50

max
EC50

logEC50

max

3.6 mM
75.45+0.04
0.60+0.01
11 mM

74.94+0.17
0.41+0.04

1 mM
75.95+0.27
10.47+6.03

0.1 mM
76.99+0.08
0.76+0.03

±

2.2 mM
75.66+0.11
6.73+0.30

6.1 mM
75.21+0.08

7.2+0.3
0.7 mM

76.15+0.09
1.7+0.1
0.1 mM

76.98+0.03
12.0+0.5
0.1 mM

77.00+0.08
11.3+0.5

±

0.6 mM
76.20+0.29
37.2+4.5

1.5 mM
75.82+0.11

2 mM
75.66+0.14

0.05 mM
77.30+0.13

0.06 mM
77.18+0.33

±

0.6 mM
76.20+0.05

±

n.c.

0.007 mM
78.19+0.35
47.7+9.2
0.05 mM

77.30+0.23
40.6+4.2
0.06 mM

77.20+0.22
10.6+1.3

±

±

n.c.

0.02 mM
77.64+0.11

763+58
0.05 mM

77.27+0.18
523+45
0.06 mM

77.22+0.14
136+11

±

EC50 values and the maximum responses (max) were calculated from the concentration-response curves of di�erent mediators for
eliciting broncho- and vasoconstriction in the isolated perfused mouse lung (IPL) and precision-cut lung slices. Data are given as
means+s.e.mean; n=3±5 for each concentration. *Maximum airway resistance within 20 min; {area under the curve of airway
resistance during 20 min of perfusion; #area under the curve of aiway diameter of precision-cut lung slices during 10 min
(methacholine, serotonin), 15 min (U46619) or 30 min (ET-1) of exposure; {{maximum PAP within 20 min; **area under the curve of
PAP during 20 min of perfusion. Control values (n=61) for airway resistance and PAP were 0.23+0.08 cmH2O s ml71 and
2.9+1.4 cmH2O, respectively (mean+s.d.) ±, no response observed; n.c., not calculated.
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study comparatively small airways (110 ± 220 mM luminal
diameter) under conditions where di�usion from the
vascular site plays no role. In the slice model, we found

that the EC50 values for the bronchoconstriction induced by
ET-1 and U46619 were close to the ones found for the
vasoconstriction in perfused mouse lungs. Thus, the

receptors on airways and vessels appear to be similarly
sensitive to both mediators.

In general, it appears as if murine airways are less reactive

than those of other species. All of the compounds tested here
have been shown to be potent smooth muscle contracting
agents in rats, rabbits or guinea-pigs. However, in murine

lungs strong airway e�ects were only observed with ET-1, Mch
serotonin and the thromboxane receptor agonist U46619. The
activity to other well-known mediators such as LTC4, PAF,
and histamine was weak or even absent as in the case of

adenosine and bombesin. Possibly, the presence of albumin in
our perfusion bu�er could have suppressed the airway
responses to LTC4 (Iacopino et al., 1984) or PAF (Lichey et

al., 1984). However, in perfused mouse lungs the response
achieved in albumin-free bu�er was still quite small. This is in
contrast to the perfused rat lung, where LTC4 and PAF are

potent bronchoconstrictors also in the presence of 2% albumin
(Uhlig & Wollin, 1994; Uhlig et al., 1994; Uhlig & Wendel,
1995). However, the weak response of murine airways to LTC4

and PAF in the absence of albumin still leaves the possibility

that murine lungs may react on in situ generated LTC4 and
PAF rather than on blood-borne mediators.

Our data con®rm and extend those presented by Martin

et al. (1988). In line with their data obtained in vivo, we
found that murine airways are responsive to Mch and to
serotonin, while they are largely resistant to LTC4, PAF,

substance P or histamine. They did not investigate throm-
boxane, ET-1, adenosine or bombesin. A limitation of both
studies was that relaxant e�ects of the agents studied would

have gone unnoticed, since pre-contracted tissue were not
investigated. For instance, it was reported that in mice
substance P may act as a bronchodilator (Manzini, 1992). In
another in vivo study, Bruselle et al. (1995) compared the

e�ect of i.v. administration of serotonin and carbachol in
Balb/c mice. Analysing the peak increase in RL they noticed
that both agents were nearly equally potent. Based on

analysis of the peak responses in the IPL or of the
contraction of lung slices, here we obtained the same result,
i.e. serotonin and Mch were equally e�ective. However, if

we analysed the bronchoconstriction in terms of the AUC,

Figure 5 Concentration-response curves of murine airways to
various mediators in precision-cut lung slices. Precision-cut lung
slices were placed under a microscope and incubated with varying
concentrations of methacholine, serotonin, U46619, ET-1 or
methacholine/1 nM U46619. For methacholine and serotonin cumu-
lative concentration-response curves were performed; for U46619 and
ET-1 for each concentration a new slice was used. A single airway
was focused and the size of this airway was followed over time. The
AUC of the airway size over time was plotted against the agonist
concentration. Data are means+s.d. from 3 ± 6 single slices.

Figure 6 U46619-induced AHR to methacholine. A bolus of 10 nmol
methacholine was given 15 min before (Mch1) and 15 min after
(Mch2) perfusion with di�erent concentrations of U46619 for 30 min
(n=3 for each concentration). The change in airway resistance in
response to Mch was recorded. The data are expressed as the ratio
Mch1/Mch2, i.e. a ratio of 1 means that the responses before and after
U46619 were similar. Data are given as means+s.e.mean.

Figure 7 U46619-induced AHR to methacholine. Cumulative
concentrations of methacholine were perfused in the absence (n=5)
or presence (n=4) of 10 nM U46619. Data are given as mean (AUC
of the airway resistance)+s.e.mean.

Figure 8 U46619-induced vascular hyperresponsiveness to PAF.
250 nM PAF were perfused in the absence (n=3) or presence (n=3)
of 10 nM U46619. Data are given as the mean of the pulmonary
artery pressure+s.e.mean.
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i.e. the duration of the response, the action of serotonin was
weaker than that of Mch. Taken together, our data show
that important properties of the native organ are maintained

in perfused lungs as well as in lung slices.
It is also of interest to compare the data from perfused lungs

and lung slices to another in vitro preparation that has been
used to study murine airways, i.e. isolated tracheal rings. In

this model, the EC50 value for Mch-induced contraction is
comparable to our data, i.e. 0.4 mM. However, the maximum
response to serotonin is only a quarter of that of Mch and the

EC50 is 5000 mM (Garssen et al., 1990). Thus at least with
respect serotonin, perfused lungs and lung slices more closely
resemble the in vivo situation than do tracheal rings.

The high sensitivity of murine lungs to thromboxane seems
a little surprising in view of the scarcity of data available on
thromboxane in mice. Recently, however, it was suggested that

thromboxane contributes to allergen-induced in¯ammation in
mice (Shi et al., 1998). Besides being a potent pressor agent,
thromboxane also caused AHR towards itself as well as
towards Mch and PAF. The AHR induced by U46619 was

characterized by an aggravated bronchoconstriction as well as
by a left shift of the concentration-response curve. The AHR
was very pronounced in the presence of U46619 (Figure 6), but

it did not appear to last very long, as suggested by the data
shown in Figure 5. This is in line with the conclusion drawn by
Sato et al. in a study with guinea-pigs (Sato et al., 1996).

Thromboxane has been implicated in the AHR caused by
antigen (Devillier & Bessard, 1997), PAF (Nagase et al., 1997),
endotoxin (Arimura et al., 1993) and interleukin-8 (Xiu et al.,

1995). The mechanism of this phenomenon is largely unknown
and some authors have speculated that in¯ammation may be
involved (Devillier & Bessard, 1997). However, our ®nding
that this process is also possible in blood-free perfused lungs

and in precision-cut lung slices suggests that the mechanism of
the thromboxane-induced AHR is unrelated to in¯ammation
and may be a property of thromboxane itself. Whether

thromboxane also contributes to asthmatic unspeci®c AHR
in humans remains to be shown, although its extent seems to
be limited (Devillier & Bessard, 1997; Kurosawa, 1995).

Recently, however, it was suggested that in a subpopulation
of asthma patients thromboxane might play a more prominent
role (Shi et al., 1998).

In addition to the induction of AHR, U46619 also primed

vessels for PAF-induced vasoconstriction. To our knowledge,
a direct priming e�ect of thromboxane on vascular contraction
has not been described before, although some previous studies

could be explained by such a mechanism. For instance, Salzer
& McCall (1990) observed that perfusion of rabbit lungs with
endotoxin caused thromboxane release that was associated

with vascular hyperreactivity towards PAF. The vascular and
airway hyperresponsiveness induced by U46619 shows that

hyperresponsiveness can in principle be induced in murine
perfused lungs and in precision-cut lung slices. One important
limitation of both methods, however, is that one may

inadvertently wash away important soluble factors. Of note,
Larsen et al. (1994) have shown that tracheas prepared from
immunized mice are hyperresponsive to electrical ®eld
stimulation, but not to Mch. Clearly, the possibility to study

hyperresponsiveness ex vivo or even in vitro requires further
study.

Finally, this study has also addressed a number of technical

issues that are of importance when investigating physiological
lung functions: (1) Cumulative dose-response curves appear to
be rarely feasible due to either sensitization or desensitization.

(2) During i.v. application or perfusion in isolated lungs, the
agonist concentration that ®nally reaches the airways is lower
than the concentration in the pulmonary artery that acts on

vascular smooth muscles. (3) Bolus injections into the
pulmonary artery result in very high local concentrations as
exempli®ed in this study with Mch. Here, a bolus of 8 nmol
corresponded to a concentration of 3.6 mM. (4) Calculation of

EC50 values can be based either on the peak responses or the
integrated time response (AUC). Since the peak response may
be very short-lived, AUC data may be better suited to estimate

the impact of agents for the organ or the organism in vivo. (5)
Precision-cut lung slices o�er a novel way to examine airway
responses in mice. The advantage of this model is that one lung

yields up to 30 slices in which important parts of the lung
anatomy are still preserved. Our study has demonstrated that
precision-cut lung slices maintain most of the properties of

perfused lungs and of the organ in vivo; even the AHR induced
by U46619 could be reproduced in the slices. In our study we
noticed only two di�erences: the response to serotonin was
stronger in the precision-cut lung slices and LTC4 failed to give

the same (weak) response on airways it did in lungs perfused
without albumin.

In summary, of many endogenous mediators studied

endothelin-1, methacholine, serotonin and thromboxane
execute the strongest pressor responses in murine lungs. On
the other hand, murine airways and pulmonary vessels do not

or only weakly respond to a variety of in¯ammatory
mediators, namely leukotriene C4, platelet activating factor,
substance P, adenosine or histamine, all of which are thought
to contribute to the pathophysiology of human asthma and

other in¯ammatory lung diseases. However, important
features of such diseases, i.e. bronchoconstriction, airway
hyperresponsiveness, pulmonary hypertension and vascular

hyperreactivity can be demonstrated in murine perfused lungs.

The present study was supported by the Deutsche Forschungsge-
meinschaft Grant DFG Uh 88/2-1.
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