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ABSTRACT: In normal subjects in vivo the dose-response curve to inhaled non
sensitizing stimuli reaches a plateau at mild degrees of airway narrowing. We 
investigated whether the limitation of the response is due to non-optimal smooth 
muscle activation, by administering high doses of histamine and methacholine 
together. In fifteen normal subjects a complete dose-response curve to 
methacholine was recorded by a tidal breathing method on three randomized 
days. On a separate day a complete histamine inhalation test was carried out. 
Each methacholine test was directly followed by double blind inhalation of the 
highest dose of either histamine or methacholine, or a dose of saline. The 
response was measured by flows from partial How-volume curves (V 40p), and 
was expressed in % fall from baseline. Twelve subjects reached a maximal 
response plateau to methacholine which was reproducible. The add.ition of saline 
or extra methacholine did not change the response from its methacholine 
plateau value. Histamine caused a smaU increase in the response on top of the 
methacholine plateau ( + 9.0% fall; p < 0.001). However, the response to the 
combined histamine and methacholine was not significantly larger than the 
maximal response to histamine alone. We conclude that there is no interaction 
between histamine and methacholine on the maximal degree of airway 
narrowing. This suggests that the plateau of the dose-response curve in normal 
subjects in vivo is due to other factors than limited smooth muscle activation. 
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Patients with asthma and non-asthmatic subjects 
differ in airway responsiveness to nonsensitizing 
chemical or physical stimuli [14). Airway responsive
ness is currently measured by inhalation challenge 
tests, using e.g. histamine or methacholine and various 
indices of airway narrowing in a dose-response way 
[14]. Normal subjects almost invariably reach a 
reproducible maximal response plateau at relatively 
mild degrees of airway narrowing, whereas asthmatics 
usually do not [21, 32, 37]. Asthma is characterized by 
a leftward shift of the dose-response curve [14] and a 
continuously rising response with increasing dose, 
whereby a plateau often cannot be demonstrated [21 , 
32, 37]. The relatively low response plateau in normal 
humans and animals [16] does not fit in with predictions 
based on the considerable contractability of airway 
smooth muscle in vitro, and suggests that severe airway 
narrowing in vivo is normally prevented by a mechanism 
that might be impaired by asthma [20]. 

In theory, the determinants of the maximal degree of 
airway narrowing in vivo are smooth muscle strength, 
the elastic load of the surrounding tissue, local 
structural characteristics of the airway wall, and the 
amount of secretions in the airway lumen [24]. 
Regarding the smooth muscle, limited strength could 

be due to limited activation. So far, there is no 
experimental evidence that bronchial smooth muscle 
activation is attenuated by inhibitory mechanisms in 
normal humans in vivo. The maximal response plateau 
is unlikely to be due to: 1) the bronchodilation 
following a deep inspiration [32]; 2) progressive airway 
narrowing itself or tachyphylaxis induced by cumula
tive doses of the agonist [32]; 3) neural or humoral 
inhibitory factors [31); 4) drug-antagonism or receptor 
regulation [33]. An alternative explanation of limited 
airway smooth muscle activation could be the condi
tion that optimal concentrations of the agonists have 
not been reached at the receptor sites. In the present 
study, we further investigated the role of smooth 
muscle activation by testing the hypothesis that the 
maximal response to one agonist is associated with 
maximal smooth muscle activation, and cannot be 
overcome by adding another. 

It has been shown that low doses of histamine and 
muscarinic agonists interact supra-additively on in vivo 
airway narrowing in humans [23) and guinea pigs [34). 
We reasoned that if inhalation of high doses of these 
agonists does not result in optimal concentrations at 
the receptor sites, there would also be potentiating 
interaction between the two. Therefore we investigated 
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the airway narrowing effect of a high dose of hista
mine on top of the response plateau to methacholine 
in normal subjects. 

Methods 
Subjects 

Fifteen non-asthmatic adults (9 men, 6 women; 
mean age 28 ,7 yr, ra nge 19- 45) volun teered to 
pa rtici pate in the s tudy (table 1). They had no current 
or past history of respi ratory disease (35], and their 
forced expiratory volume iJ1 one second (FEY t) was 
greater thai RO% of that predicted [27]. Five subjects 
were atopic as indica ted by one or more wheal 
(> 2 mm) and flare responses to prick skin tests wilh 
thirteen common allergen extracts (ALK-Soluprick, 
Copenhagen, Denmark). All subjects were non
smokers or ex-smokers (stopped for at least four 
weeks). None of the subjects had symptoms of 

Table I.- Subject characteristics and lung function data 

Subject Sex 
number 

1 M 

2 F 

3 M 

4 M 

5 M 

6 F 

7 F 

8 M 

9 M 

10 M 

11 M 

12 F 

13 F 

14 F 

15 M 

Age 
yr 

19 

29 

28 

25 

34 

22 

24 

44 

27 

25 

21 

20 

45 

43 

24 

Height 
em 

188 

162 

195 

183 

176 

172 

164 

177 

182 

182 

186 

165 

172 

170 

188 

97 

110 

111 

109 

86 

102 

100 

136 

107 

126 

87 

112 

81 

93 

97 

v4q,• 

l·s·• 

4.29 

2.75 ~ 

3.49 

5.69 

2.10 

3.39 

3.17 

4.24 

3.83 

4.39 

2.79 

3.76 

1.13 

2.85 

4.41 

respiratory infection for two weeks prior to the study, 
and none had been exposed to a relevant allergen for 
six weeks except for house dust. None of the subjects 
used medications except for oral contraceptives. All 
subjects gave informed consent and the project 
obtained approval from the Ethics Committee of the 
University Hospital, Leiden. 

Study design 

The subjects attended the lung function laboratory 
on four study days within two weeks a t the same time 
of the day. On a control day a complete histamine 
inhalation test was performed in order to document the 
response plateau to this agonist. On three randomized 
days a complete methacholine inhalation lest was 
carried out, d irectly followed by double blind inhala
tion of the highest dose of either histamine, or metha
choline, or a dose of saline (serving as a placebo). 

PD40 V4q, • 

flmol 

MY • 
40p 

%fall 

methacholine 

113.0 

34.0 

18.2 

17.7 

17.0 

15.7 

14.8 

14.2 

10.7 

9.5 

5.9 

5.1 

4.8 

2.4 

1.3 

44.3§ 

84.8§ 

51.8 

46.5 

59.4 

63.5 

62.9 

62.7 

73.3 

60.1 

79.3§ 

76.2 

88.1 

80.1 

93.9 

PD V ** 4040p 
j.UnOl 

MV4q,** 

%fall 

histamine 

22.9 

24.4 

9.5 

17.3 

6.5 

8.5 

1.5 

10.8 

6.8 

13.3 

3.3 

3.0 

1.3 

1.9 

1.0 

65.9§ 

78.1§ 

58.8 

47.2 

64.2 

80.0 

88.2 

48.9 

80.0 

71.0 

81.7 

73.9 

78.9 

85.4 

>100.0§ 

M:male; F: female; ~EV1 : forced expira10ry volume in 1 s.; V 40p:. flow at. 40% of control forced vi~ capacity on the partial flow
volume curve; PD40 V4q,: provocative dose to cause~ 40% fall in V 40p; MV4q,: maitimal response by V 40p on plateau; •Expressed as 
the average of the 3 days (geometric mean for PD

40 
V ~·**Control day. §Largest response without a plateau. 
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Inhalation tests 

Methacholine and histamine (Eur. Pharm. Analyti
cal Grade) were administered and inhaled by a 
standardized tidal breathing method [14]. Complete 
dose-response curves were obtained from inhaling 
doubling concentrations of acetyl-beta-methylcholine 
chloride (0.03- 256 mg · ml - 1 in normal saline) or 
histamine-acid-phosphate (0.03- 64 mg ·ml - 1 in nor
mal phosphate-buffered saline) prepared by the 
University Hospital Pharmacy. The aerosols were 
generated by a DeVilbiss 646 nebulizer (DeVilbiss 
Co., Somerset, PA) with closed vent, 3 ml filling and 
0.13 ml· min - 1 output. The nebulizer was connected 
to the central chamber of an inspiratory-expiratory 
valve box with an expiratory aerosol filter (Pall 
Ultipor BB50), and was placed straight opposite the 
mouthpiece. The aerosols were inhaled by tidal 
breathing for 2 min at 5 min intervals while the nose 
was clipped. The dose of the drugs was expressed in 
micromoles delivered to the mouth during tidal 
breathing, which was calculated by mult iplying salt 
concentration by nebulizer output according to recent 
recommendations [14). Even though methacholine 
produces a small cumulative effect [17], the tidal 
breathing methods are currently expressed in noncu
mulative units [14]. The noncumulative nebulized 
dose of histamine and methacholine therefore ranged 
from 0.025- 54 J..lmol and 0.04-340 j.tmol, respectively. 

On the three methacholine days, the extra dose of 
histamine, methacholine or saline was inhaled 5 min 
after the maximal dose from the methacholine 
inhalation test. The extra histamine dose consisted of 
54 JliDOI in all subjects, except for subject 15 in whom 
we used 13.6 J.!mOI because of complaints of discom
fort. The extra methacholine dose was a repetition of 
the maximal dose of 340 J.!mo1 in all subjects. 
Methacholine and histamine solutions were stored in 
ampules of 3 ml at 4° C, were nebulized at room 
temperature, and were renewed every four months. 

The response was measured by partial expiratory 
flow-volume (PEFV) curves that were standardized 
for volume history [38]. The PEFV-curve is one of the 
most sensitive tests for pharmacologically induced 
airway narrowing and has been validated in the 
documentation of the plateau on dose-response 
curves [32, 38]. The PEFV-curves (three sets for 
baseline values and one set following each dose) were 
performed using a dry rolling-seal spirometer 
(Mijnhardt Volugraph 2000) and a XY-recorder 
(Gould Bryans 50.000 S). The subject was connected 
to the spirometer, and a maximal inhalation to total 
lung capacity (TLC) was carried out 45 s after each 
dose. Without taking off the mouthpiece, this was 
followed by another 45 s tidal breathing at lung 
volumes below 60% of the (largest) control forced 
vital capacity (FVC), which was marked off from 
TLC. This 45 s interval is required to restore airway 
tone to pre-inflation levels after the bronchodilation 
following the deep breath [25, 38]. Then the PEFV
curve was initiated from the 60% control FVC mark. 

The flow on the PEFV -curve at 40% of the control 
FVC (again marked off from TLC) was measured 
(V 40P) . The use of TLC as the reference volume was 
justified in a recent study, showing no change in TLC 
following maximal methacholine-stimulated airway 
narrowing [I 9]. Baseline FEY 1 was measured accord
ing to standardization recommendations [27]. 
Measurements are reported in body temperatu.re and 
pressure, saturated with water vapour (BTPS). 

Data analysis 

The response of V 40P was expressed as the 
percentage fall from mean baseline value, and was 
plotted against log nebulized noncumulative dose (in 
J.!mol) [14]. The dose-response curves were character
ized by their position and maximal response. The 
position was expressed as the provocative dose that 
caused a 40% fall in V 4 op (PD 40 V 40P). This was 
calculated by Jog linear interpolation between the two 
adjacent data points. The natural logarithm of the 
PD40 V 40P was used in' the analyses. A maximal 
response plateau was considered if two or more data 
points of the highest doses fell within a 5% response 
range. The maximal response was calculated by 
averaging the points on the plateau for V 40P (MV 40p), 
and was expressed in % fall from baseline value. This 
way of characterizing the plateau has been validated 
in a previous study [32]. If a dose-response curve did 
not reach a plateau the maximal response was not 
calculated and was left out of the analysis. The 
response of V 40P to the extra doses of histamine, 
methacholine or saline, that were given on top of the 
methacholine platea u, was repo rted as M'V 4 op· ln the 
only subject in whom M'V 4 op fell to zero /.s- 1 

(Subject 15) M'V MJp was analysed as being a 100% 
fa ll. The differences in variables within a nd between 
the study days were examined by two-way analysis of 
variance and the two-tailed paired t-test [1]. P-values 
less than 0.05 were considered statistically significant. 

Results 

Mean values of baseline function data and indices 
of the inhalation tests are listed in table I. There was 
no difference between the four days in baseline FEV 1 , 

or V 40P (p > 0.50). Neither was there a difference 
between the three randomized days in methacholine 
PD4 0 V 40P (p > 0.50). Twelve subjects reache~ a 
maxima l response platea u to methacholine by V 40P 

o n three days. They showed no difference between the 
days in MV40P (p > O.SO). Amo ng these twelve 
subjects, only one did not reach a plateau to 
histamine on the control day (table 1). 

The extra effect of saline, methacholine or histam
ine on top of the methacholine plateau was examined 
by within-day comparison of M'V 40P with MV 40P in 
the twelve subjects who reached a plateau on all three 
methacholine days (fig. I, table II). An example of the 
recordings in one subject is illustrated in figure 2. As 
could be anticipated, saline did not cause a difference 
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Fig. I. The max.imal responses by V 400 in the 12 subjects who 
reached a plateau to methacholine on 3 days. The response on the 
plateau (closed triangles) is compared with response after an extra 
dose of saline (open c.ircles). 340 Jlmol methacholine (open 
triangle.~). or 54 JlmOI histamine (crosses) on top of the methacho
line. In one subject (number IS) the response to extra histamine 
reached I 00% faiJ (arrow). 

Table II.- Extra airway narrowing after a dose of saline, 
methacholine, or histamine on top of the methacholine 
plateau. 

number of M'V 40p - MY 40p 

subjects mean±SD 
%fall 

Saline 12 -4.1±8.2 

Methacholine 12 0.6±7.1 

Histamine 12 9.0±6.6* 

MV 40p: the maximal response on the methacholine plateau for the 
flow at 40% of the co~trol forced vital capacity on the partial 
flow-volume curve. M'V 40p: the response following an extra dose 
of saline, methacholine or histamine on top of the methacholine 
plateau, for the same index. SD: standard deviation. • Signifi
cantly different from zero (p<O.OOl) and effect by histamine 
significantly different from that by methacholine and saline 
(p<0.005). 

between M'V40P and MV40P (p>O. JO). Neither d id 
the extra higbest dose of methacholine (p > 0.50). 
However, the addition ofhistamiue resulted in a smaU 
but significant increase in the degree of airway 
narrowing on top of Lhc meLhacholine plateau, the 
mean difference between M'V 40P aud MV 40P being 
9.0% fall, standa rd deviation (so) 6.6 (p < 0.001 ; 
table II). 

By between-day comparison, the additional effecr 
induced by histamine ap peared to be la rger than tha~ 
by methachoUne or saline (p < 0.005; table II). 
However, the response to methacholine plus histam
ine was not sign.ificanlly larger than the response t.o 
the same dose of histamine alone, as derived from the 
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Fig. 2. Example of the methacholllle dose-response curves by 
V400 (closed triangles) in subject 5 on 3 study days. An extra dose 
of solinc (continuous line, open circle), 340 J.unol methacholine 
(dashed line, open triallgle), or 54 )JJUOI h.istamine (dolled line. 
cross) wa~ administered on top of the methacholine plateau. 
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Fig. 3. The maximal responses by V 4 Q, obtained niter the 
addition of 54 Jlmol histamine on top of the methacholine plateau 
(crosses) compared with those to 54 !iffiOI histamine alone derived 
from the histamine challenge lest on the control day (circles) in II 
subjects. 

histamine challenge test on the control day (mean 
difference 4.0% fall, so 9.5; p>0.20; fig. 3). 

Discussion 

T he results demonsLrate that the maximum attain
able degree of ai rway narrowing in vivo obtained by 
methacholine can only be increased to a smaU extent 
by add ing a high dose of histamine. T here does not 
seem to be an in teraction between rhese two agonists 
on the maximal degree of airway narrowing, because 
the maximal response to the combined histamine and 
methacholine was not significantly la rger than that to 
the histamine alone. These findings suggest that the 
plateau on the dose-response curve in nom1al humans 
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in vivo cannot be explained by limited airway smooth 
muscle activation. 

This study confirms that the plateau is a reproduci
ble feature of the dose-response curve to inhaled 
histamine or methacholine in normal subjects [21, 32, 
37}. We designed three methacholine inhalation tests 
for the following reasons. The saline day allowed us 
to investigate the stability of methacholine induced 
maximal airway narrowing with time. The unchanged 
response after saline inhalation at 5 min following the 
highest methacholine dose confirmed that the action 
of methacholine was sutliciently prolonged [6] to 
interpret any interaction with histamine. lly repeating 
the highest dose of methacholine on another day, we 
examined the effect of an extra dose of the same 
agonist on the degree of maximal airway narrowing. 
As expected the extra methacholine did not alter the 
response from its plateau value. 

T he effect of administering two combined agonists 
on the maximal degree of airway narrowing was 
assessed from the experiments where histamine was 
given on top of the plateau to methacholine. There 
was a small, far less than additive effect of extra 
histamine on maximal degree of methacholine-in
duced airway narrowing. However, the response to 
the combined stimuli was not different from that to 
the same dose of histamine alone. This would imply 
that histamine is a slightly stronger stimulus than 
methacholine at maximal degrees of airway narrow
ing, without interaction between both drugs. These 
findings are seemingly in contrast with our previous 
observations that the plateau to histamine is not 
higher than that to methacholine [33). In our opinion, 
there are two reasons for this discrepancy. Firstly, 
there was an increasing trend in the maximal 
attainable response going from methacholine alone, 
to histamine alone, to methacholine plus histamine, in 
which only the difference between the first and the 
latter reaches statistical significance. Secondly, in the 
comparison between the maximal responses to his
tamine and methacholine, we previously [33] and 
presently observed some exceptions with a higher 
plateau to histamine (e.g. subjects 6 and 7, table I). It 
therefore appears that at least in some individuals 
histamine can be a slightly stronger stimulus than 
methacholine. In this respect histamine resembles 
leukotriene D 4 , a mediator that has recently been 
shown to induce a higher maximal response of 
airway narrowing than methacholine in normal 
subjects in vivo [4]. These differences in maximal 
response are of interest regarding the mode of action 
of the drugs. 

Clearly, there are differences in pharmacodynamic 
properties between histamine and methacholine. 
Histamine acts through H 1 and possibly H 2 receptors 
on smooth muscle [13, 36], plus, primarily at low 
doses, a vagovagal reflex componen t [9, 29] that seems 
to be of minor importance in inhalation challenge 
tests in man [26]. In addition, there is evidence for a 
local, neurally mediated action of histamine in the 
airways [29]. Methacholine stimulates muscarinic 

receptors on smooth muscle and possibly on auto
nomic ganglia [13, 22]. rn theory, the small additive 
effect of histamine on top of maximal airway 
narrowing to methacholine can be explained by 
partially non-overlapping sites of action of both 
drugs, or by greater effects of histamine on processes 
other than muscle contraction, such as swelling of the 
airway wall [36]. Both possibilities might be involved 
in vivo, since histamine leads prcferenlially to periph
eral airway narrowing [7] and induces more mucosal 
oedema [3] as compared to muscarinic agonists. It 
cannot be excluded thatlhcse mechanisms would also 
lead to a greater sensit ivity in vivo (leftward shift of 
the dose-response curve) to histamine as compared to 
methacholine [24]. A It hough it has been shown that 
the sensitivity to both agonists is equal [17], even 
when comparing equimolar doses [33]. a relatively 
greater sensitivity to histamine was reported in a 
population of smokers [l 1]. The PD40 V ~op values in 
the .vresent study are also indicative of :1 relatively 
grea ter sensitivity to histamine as compared to 
methacholine (table f). However. o ur study design 
does not allow statistical analysis of these data. 
because it concerns repeated methacholine tests and a 
single histamine experiment. 

What arc the implications of the present find ings 
for our understanding of the mechanisms which limit 
maximal airway narrowing to a mild degree in normal 
subjects? By combining two pharmacodynamically 
different agonists, each in a dose that produces a 
maximal effect on its own. we were not able to induce 
a substantial increase in the response beyond the 
plateau obtained by histamine alone. It can be argued 
that the plateau is caused by relatively low agonist 
concentrations at tbe recepwr sites due to limited 
accessibility of the agonists ro the airway wall. Tbis 
could occur e.g. by mucus hypersecretion at high 
doses which has been shown Lo blunt the response to 
aerosolized stimuli in dogs [18]. I f only relatively low 
concentrations of histamine and methacholine can be 
reached locally, one would expect potentiating inter
action between the two drugs based o n the supra
additive effects of submaximal doses of histamine and 
muscarinic agonists on in vivo ai rway narrowing [23, 
34]. This potentiation may arise from geometrical 
interaction by the phy ' ical relationship between 
airway calibre and resista11ce [5, 34], or may be due to 
direct phannacological interaction at the level of the 
cholinergic nerve terminals and smooth muscle [30). 
The present observation of a lack of interaclion 
between both drugs at maximal degrees of airway 
narrowing is supported by in vitro experiments [34], 
and supplies indirect evidence that maximal doses 
indeed ha ve been achieved at the receptor sites. 

What are the alternative hypotheses in order to 
explain that normals. in contrast to asthmatics. are 
being protected against severe airways obstruction? 
There are at leas t three possibi lities. Firstly. postjunc
Lional subsensitivity at the level of the smooth muscle 
may play a role [12). lJlitia l studies. showing no 
correlation between the characteristics of in vitro and 
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in vivo dose-response curves [2], did no t support this 
hypothesis. M oreover. it has recently been shown that 
the maximal contractility of small airway smooth 
muscle in vitro is unrelated to the maximal degree of 
airway narrowing In vivo in non-asthmatics [8). 
However, the few in vitro data of patients with asthma 
do seem to indicate that postjunctional sensitivity 
changes can be involved [28]. Secondly, normals may 
be protected by their relatively small amount of 
smooth muscle. However, it is not clear yet whether 
or not airway smooth muscle hyperplasia [15] is a 
requirement for high maximum responses;, vil'o. And 
thirdly, there is experimental evidence that the viscous 
and clastic loads on muscle shortening by airway 
cartilage [24) and lung elastic recoil pressure [ I 0] are 
of importance in preventing severe airway narrowing 
in normals. Loss of structural support by local 
oedema or hyperaemia in and around the airways 
may the11 be responsible for the high maximal 
response in asthma [24]. By using the results of the 
present study we cannot differentiate between these 
alternative explanations of limited airway narrowing 
in vivo. T he potentially protective mechanisms need 
further investigation, because any abnormalities may 
be relevant in the cause of asthma. 

In conclusion, we have not been able to demon
strate interaction between two pharmacody namically 
different stimuli on the maximal degree of airway 
narrowing in normal human subjects. This favours 
the hypothesis that the plateau on the dose-response 
curve in vivo is due Lo oLher factors than limited 
smooth muscle activation. 
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RESUME: Chez Je sujet normal in vivo Ia courbe dose-n!ponse a 
!'inhalation de stimuli non sensibilisants atteint un plateau a un 
degre modere de retrecissement des voies aeriennes. Nous nous 

sommes demandes si cette limitation pouvait etre !a conseq uence 
d'une activation suboptimale du muscle li.ss'e, en administrant 
ensemble des doses e!evees d 'histamim: et de methacholine. Chez 
quinze sujets normaux de$ courbes dosc-reponse a la methach.oline 
ont etc enregistrees a trois jours reprises . Une courbe utilisant Ia 
methode en re~pira.tion courante dose-rcponsc a !'histamine ctait de 
meme enregistree un jour different. Chaque test a Ia methacholine 
eta.it suivi, en double issu, par !'inhalation oii de solution 
physiologique soit de Ia dose Ia plus elevee de methacholine ou 
d'hista.mine. La ri:ponse etait evaluee en mcsurant sur des courbes 
debit-volume parlielles v 40p et etait exprimce en % de chute par 
rapport a Ia valeur initiale. Chez dow.e sujets le plateau pour Ia 
methacholine l:tait atteint de fac,:on reproductible. L'addition de 
solution physiologique ou de methacholine n'a pas modifier le 
platea~ !'histamine par contre a entrame une faible rcponse 
complementaire + 9% de chute, p <0.00 1). Cependant Ia reponsc 
a !'administration combinee d'histamine et de methacholine n'est 
pas superieure a Ia reponse maximale observee avec !' histamine 
seule. Nous concluons que !'histamine ella mi:rhacholine n'interag
issent pas pour fixer le degre maximum de retrecissemenl des voies 
aeriennes. Ceci suggi:re que le plateau ob erve ;, l•ivo chez le sujet 
normal est dii a des facteurs autrcs qu'une limitation de !'ac tivation 
du muscle lisse. 




