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Several studies  have shown that the most prominent fea-
ture of bronchial asthma is an inflammatory process that
affects the airway mucosa. In this connection, corticoster-
oids, which are widely used in the treatment of asthma for
their anti-inflammatory properties, have proven their effect-
iveness on airway hyperreactivity as well as providing symp-
tomatic relief [1]. However, in order to control the mucosal
inflammation of the airways, prolonged treatment with
corticosteroids is often required [2]. Long-term corticos-
teroid administration has been shown to induce various side
effects. Apart from the well-known glucocorticoid induced
myopathy [3–5], long-term corticosteroid treatment has
been shown to induce pronounced atrophy of the gut and
uterine smooth muscle [6]. Furthermore, corticosteroids
could affect connective tissue, inducing skin atrophy and
marked microvascular changes [7, 8].

Although patients with severe or unstable asthma often
receive high doses of corticosteroids, the effects of these
compounds on normal bronchial tissue and airway smooth
muscle contractility are still poorly evaluated. Further-
more, corticosteroids may also affect the function of air-
way epithelium. Since there is experimental evidence in
various preparations of tracheal smooth muscle that the
airway epithelium modulates contraction of the underly-
ing smooth muscle in respect to various stimulating agents

[9], we also evaluated  the effect of corticosteroids on the
tracheal epithelium. This was performed by comparing
epithelial and serosal application of a pharmacological ag-
ent in preparations with and without epithelium. The pur-
pose of this study was, therefore, to examine the effects of
high doses of corticosteroids on rat tracheal epithelium
and tracheal smooth muscle function. 

Materials and methods

Animals

Male Sprague-Dawley rats (body weight 290–310 g) were
studied. Rats were separated into three groups and housed
in individual cages. On day 0 steroid-treated animals
received hind limb intramuscular injections of Kenacort
(triamcinolone acetonid; Squibb Laboratories, Neuilly-sur-
Seine, France) 1.2 mg·kg-1·day-1. Since triamcinolone is
equipotential to prednisolone, this dose would correspond
to a low (small animal) anti-inflammatory dose of pred-
nisolone [10, 11]. The animals were allowed food and
water ad libitum. Pair-fed animals (PF) (the control group)
were given water ad libitum and the same amount of food
as the rats had received in the steroid-treated group. To
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ABSTRACT: Corticosteroids, efficient drugs for the treatment of severe asthma, may
have numerous side effects. We investigated the effects of 7 days of treatment with tri-
amcinolone (1.2 mg·kg-1·day-1) on the epithelial structure, tracheal smooth muscle
cross-sectional area and contractility in the rat.

The corticosteroid-injected rats were compared to pair-fed, and pair-weighed animals.
Histological studies were performed on transverse sections of glutaraldehyde-fixed
tracheal blocks embedded in plastic. In the preparations taken from corticosteroid-
injected, pair-fed and pair-weighed animals, pharmacological stimulation with single
(10-3 M) or cumulative (10-8–10-3 M) concentrations of carbachol (in corticosteroid-
injected and pair-fed animals), either inside (In) or outside (Out) of the tracheal
lumen, was performed and contractions of the tracheal smooth muscle were rec-
orded.

We found that triamcinolone administration: 1) reduced the number of epithelial
cells and the tracheal smooth muscle cross-sectional area; 2) induced a decrease in
maximal tension (Tmax (g); Out: 2.42±0.17, 1.03±0.1 in pair-fed and corticosteroid-
injected, respectively; In: 2.55±0.16, 1.1±0.16, respectively) without affecting the sen-
sitivity of the tracheal smooth muscle; and 3) reduced the time required to reach 50%
Tmax in carbachol (In) preparations.

We conclude that the observed changes resulted from atrophy of tracheal smooth
muscle induced by undernutrition and atrophy of tracheal smooth muscle and tra-
cheal epithelium induced by corticosteroid treatment.
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verify the effects of corticosteroid treatment on the epithe-
lium and maximal tension (Tmax) and the rate of tension
development (time to Tmax) a third group of animals was
introduced. Animals in this pair-weighed (PW) group rec-
eived restricted amounts of food in order to achieve, by
the seventh day, the same body weight as the steroid-
treated animals. All groups of animals received daily
intraperitoneal injections of 0.1 mL Bactrim (sulphameth-
oxasole 400 mg and trimethoprim 80 mg per 5 mL; Roche
Laboratories, Neuilly-sur-Seine, France), to prevent Pneu-
mocystis carinii infection. On the seventh day of treatment
the animals were sacrificed for the experiments.

Study design

The steroid-treated rats were compared to PF and PW
animals. Histological studies were performed on transverse
sections of glutaraldehyde-fixed, plastic-embedded trach-
eal blocks. Pharmacological stimulation with single (10-3

M) or cumulative (10-8–10-3 M) concentrations of carba-
chol (in steroid-treated and PF animals), either inside (In)
or outside (Out) the tracheal lumen, were performed in the
preparations of steroid-treated, PF and PW animals, and
contractions of the tracheal smooth muscle were recorded.

Methods

The method used to prepare tracheal smooth muscle
has been described previously [10, 11]. Briefly, tracheas
were taken from rats after they had been stunned by a
blow on the head and quickly exsanguinated. The tracheas
cut from the cricoid cartilage to the bifurcation of two
main bronchi, were immersed in Krebs solution (mM:
NaCl 137, KCl4, MgCl2 11, KH2PO4 1, NaHCO3 12, CaCl2
2, Glucose 6.5) and cleaned from all surrounding tissue.
The upper 10–12 cartilaginous rings of each trachea were
used for the study of muscle contractility. From three
entirely separate groups of animals (PF, PW, and steroid-
treated), tracheas were dissected to be used for subsequent
histological examination.

Histological examination. Tracheal segments (superior two
tracheal rings) were fixed in 2.5% glutaraldehyde (TAAB,
Aldermaston, UK) in 0.14 cacodylate buffer pH 7.3 at 4°C
for 2 h. Tissue blocks were dehydrated in an alcohol
series, cleared in propylene oxide and embedded in Epon
(Fluka Chemica-biochemica, Buchs, Switzerland). One
micrometre semithin transverse sections were cut on a
LKB ultrotome III (LKB, Broma, Sweden), stained with
toluidine blue at pH 4 and mounted. The preparations
from the three groups of animals (steroid-treated, n=8, PF
n=4, and PW n=5) that had undergone the above-des-
cribed corticosteroid or dietary protocols were examined
microscopically. Two methods were used to estimate changes
of the epithelium and smooth muscle: microscopy with
planimetry and computer-assisted image analysis.

Computer-assisted image analysis. The preparations were
examined by a light microscope (BH2; Olympus, Tokyo,
Japan; SCOP S. A. Olympus, Ringis, France) linked to
a video camera (COHU, San Diego, CA, USA; Clara Vis-
ion, Orsey, France) and to a computer equipped with an

image analysis program (Perfect image 2.01; Clara Vis-
ion, Orsey, France). Observations were performed as fol-
lows.

Epithelium. Four fields, equidistant from each other, one
overlying the middle of  the muscle region, and the other
three spaced at about 45° around the tracheal ring, were
randomly selected from each section by the examiner,
who did not know which group of preparations were being
analysed. In each field the number of epithelial cells (Nc)
was counted; epithelial cell height (Hc) and the corre-
sponding basement membrane length (Lm) were traced on
the screen and the distances computed to the lengths. The
ratio Nc/Lm was calculated for each field and one mean
value is reported for each section.

Smooth muscle surface. The limit of the total area of the
tracheal smooth muscle for the given section was drawn
from the computer screen and the smooth muscle cross-
sectional area (SM) was automatically computed. The sec-
tion of the basement membrane that corresponded to the
smooth muscle was also traced and computed to the length
(Lm). The ratio SM/Lm was calculated for each section.

Tracheal smooth muscle (TSM) contractility. Figure 1
shows a schematic representation of the experimental set-
up, which represented an improved modification of the
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Fig. 1.  –  Schematic representation of the experimental apparatus. Fluid
freely circulates with the lumen of the tracheal segment (In: epithelial
side) or around the exterior (Out: serosal side) of the tracheal segment.
These inner and outer perfusion solutions are maintained at 37°C, bub-
bled with 95% O2 and 5% CO2, and a constant flow rate of 2 mL·min-1 is
maintained.
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apparatus described previously [11]. Under microscopic
control, two stainless steel hooks were passed through the
tracheal wall around two adjacent cartilaginous rings
close to the points of muscle insertion. The tracheal seg-
ment was then longitudinally connected to steel tubes and
tightened firmly with silk thread. The lower hook was
attached below and served as a fixed point. The intubated
trachea was then put into the organ bath and the upper
hook connected to a force transducer (UC2; Gould Inc,
Cleveland, OH, USA) which could be moved with a micro-
manipulator (Prior Scientific Instruments Ltd, Herts, UK)
along a vertical axis. Changes in tension were registered
on a paper recorder (AT 550; Gould Inc.) connected to the
transducer. The organ bath used for the experiments per-
mitted independent circulation of fluid within the lumen of
the tracheal segment (In: epithelial side) or around the
exterior (Out: serosal side). The Krebs solution (37°C, pH
= 7.4, gassed with 95% O2 and 5% CO2) was perfused at  a
constant flow rate (2 mL·min-1). A peristaltic pump (Watson
Marlow 5025, Falmouth, Cornwall, UK) was used to main-
tain outer perfusion. Tracheal epithelium was removed
mechanically from one group of tracheas taken from corti-
costeroid-treated animals (-Ep group) by gently rubbing
the interior of the tracheal preparation with a moistened
cotton-wrapped metal stick, as described previously [11].
To verify successful epithelium removal at the end of the
experiment each steroid-treated -EP preparation was exam-
ined histologicaly, as described previously [11].

For tests of tracheal smooth muscle contractility, the
tracheas were mounted on the apparatus (as described ab-
ove) and, after a period of stabilisation (45–60 min), they
were transversally stretched to an optimal muscle length,
established in a preliminary set of experiments. 

Length-tension relationship. Preliminary assays were per-
formed to determine optimal stretch of the muscle. These
experiments could not be performed on the cannulated tra-
cheal segments since pulling the hooks apart would, by
increasing the distance between hooks, stretch not only
the two hooked cartilaginous rings but also the adjacent tra-
cheal rings and corresponding muscle fibres which would,
in turn, contribute to the maximal contraction registered
(fig. 2a). The contribution of the muscle fibres adjacent to
those between the two hooks  was found, in a separate set of
experiments, performed with canulated preparations with
the muscle between hooks sectioned, but the adjacent
muscle left intact (fig.  2b), to be 5–8% of the maximal
tension obtained at optimal length. To obtain contractions
of the muscle just between the two cartilaginous rings
without the contribution of adjacent muscle fibres, mount-
ed cannulated tracheal preparations were sectioned trans-
versely as close as possible to the insertions of the hooks
(fig. 2c). In a preliminary set of experiments, we found
that transverse sectioning of unstretched dog trachea (tra-
chea taken out of thorax, n=3, results not shown) did not
by itself change the distance between cartilaginous ends,
meaning that muscle resting length did not change. We
assumed that rat trachea would behave in the same man-
ner. This permitted us to perform experiments on tracheal
rings consisting of only two tracheal cartilages. Experi-
ments for determining the optimal length-tension rela-
tionship consisted of maximal induced contractions with

10-6 M carbachol at a given muscle length (i.e. given pas-
sive tension). Following the relaxation a new contraction
was elicited with the same agent, but at different muscle
lengths.

Experimental protocol. Appropriate amounts of carbachol
(Sigma Chimie S.a.r.l., St Quentin Fallavier, France) were
diluted in small volumes (100 µL) of distilled water and
added to the inner or outer Krebs solution reservoirs to
obtain the required final concentrations. In the first set
of experiments the effects of a single supramaximal con-
centration of carbachol (10-3 M) on tracheal muscle Tmax
and rate of tension development (time to Tmax) were ex-
amined. The agent was left in contact with the preparation
until the response reached a plateau. The preparation was
then perfused with Krebs solution and allowed to relax

a)

b)

c)

Hook
Intact

tracheal segment

Longitudinal section

Transverse section

Fig. 2.  –  Positions of the hooks on the tracheal wall showing distension
of the trachea when the hooks are pulled away in a) intact trachea, b)
when longitudinally sectioning the tracheal smooth muscle between the
hooks, and c) when transversally sectioning the tracheal smooth muscle
for determination of the length-tension relationship.
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completely. Alternate routes of perfusion were tested in a
randomly assigned order (in, wash, out, wash, or out, wash,
in, wash) for each preparation. In a second set of experi-
ments 10-fold increments in carbachol concentration were
used (10-8–10-3 M) in a cumulative fashion. For the latter
set of experiments, concentration-effect curves were con-
structed.

Statistical analysis

The results are presented as means±SEM and the data
expressed as percentages of the maximal response, or as
absolute values (grams and seconds). Median effective con-
centrations (EC50) values were calculated from regression
analysis of probit transformed data, and results given as
means of the log EC50 values. Data were found to be nor-
mally distributed, and statistical analysis was performed
using analysis of variance and the Student's t-test for pair-
ed or unpaired samples adjusted for repeated comparisons,
as appropriate. A probability value less than 0.05 was reg-
arded as statistically significant.

Results

When they were sacrificed, the PF rats had an average
body weight of 297.3±8.0 g, while the steroid-injected rats
weighted 215.9±4.0 g. (p<0.001). The body weight of PW
animals was 210.0±15.0 g and similar to that of steroid-
treated animals in spite of the fact that the PW animals
were consuming two times less food (6.9±0.6 g·day-1) than
the steroid-treated animals (13.0±2.0 g·day-1). Histological
examination of steroid-treated -Ep preparations showed
that 65–80% of the epithelium was removed. The underly-
ing tissue (submucosa and smooth muscle layer) did not
show any visible damage.

Histological study

Upon resection of the chest wall, the gross morphology
of the lungs was normal in rats from all groups. The tra-
cheal epithelium of each rat from the steroid-treated
group, however, appeared uniformly flattened at low mag-
nification (fig. 3). This aspect was constant and was due to

Fig. 3.  –  Histological sections of glutaradehyde-fixed and Epon embedded tracheal blocks (stained with toluidine blue). a) control preparations (PF); b)
steroid treated preparations. The tracheal epithelium of each rat from the steroid-treated group appears uniformly flattened. Internal scale bars = 5 µm.
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a change in the epithelial structure, which appeared mon-
ostratified. No cell lysis, local oedema or epithelial shed-
ding was observed and the usual cell subtypes, such as
ciliated or goblet cells, were present. The basement mem-
brane appeared normal and inflammatory cells occasion-
ally infiltrated the lamina propria to the same extent as in
PF animals. Other structures of the tracheal wall had no
peculiar features.

Computer assisted image analysis (table 1) showed that
for the comparable length of basement membrane (Lm) tra-
cheal sections from one steroid-treated group (n=8) showed
a diminution in Nc and Hc as compared to the PF group
(n=4) (Nc/Lm ratio=790.93±20.1 versus 984.05± 29.3;
p<0.001) and smaller (although nonsignificant) total sur-
face area of the tracheal SM, and a significantly smaller
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Fig. 4.  –  Length-tension relationship of the rat tracheal smooth muscle
between two cartilaginous rings taken from transversally semisectioned
tracheas in a) controls and b) corticosteroid-treated animals. ýL: length
changes achieved by pulling apart the hooks inserted close to the muscle
insertions in the cartilaginous rings; Tmax: maximal tension following
stimulation with carbachol (106 M). ❍: active tension; ●: passive ten-
sion. Values are presented as mean±SEM.

Table 1.  –  Histology of rat trachea

Epithelium Muscle
Lm Nc Hc Nc/Lm SM LM SM/LM

PF
(n=4)
PW
(n=5)
ST
(n=8)

PF/PW
PF/ST
PW/ST

0.0396
±0.00273

0.0389
±0.00533

0.0385
±0.00046

NS

NS

NS

38.87
±2.5987
36.31
±1.9189
30.53
±0.67

NS

<0.005
<0.05

0.00575
±0.00009

0.00512
±0.00033

0.00393
±0.00026

NS

<0.001
<0.05

984.05
±29.3
931.14
±27.1
790.93
±20.1

NS

<0.001
<0.005

0.1825
±0.022

0.0931
±0.022

0.054
±0.046

NS

NS

NS

0.261
±0.01385

0.201
±0.01385

0.1323
±0.00951

<0.05
<0.001
<0.005

0.69
±0.05

0.46
±0.03

0.40
±0.02

<0.01
<0.001

NS

Values are presented as mean±SEM. Tracheal cross-sections were taken from the controls (pair-fed
(PF) and pair-weighted (PW)) and steroid-treated (ST) animals. Lm: epithelium length (length of
the basement membrane); Nc: number of epithelium cells; Hc: height of the epithelium; SM:
total smooth muscle area; LM: basement membrane length in the region of the smooth muscle.
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ratio of muscle surface/length of the basement membrane
which corresponded to the muscle length (SM/LM =0.4±
0.02 versus 0.69±0.05; p<0.001). The values obtained for
the PW group (n=5) were between those of steroid-treated
and PF group.

Tracheal smooth muscle contractility

We found that the length-tension relationship did not
differ significantly between control (PF) and steroid-treat-
ed groups (fig. 4). As shown in figure 5 and in table 2,
supramaximal concentrations of carbachol (10-3 M) alter-
nately perfused In and Out, gave superimposable maximal
changes in tension for a given preparation. However, the
preparations taken from steroid-treated (n=8), steroid-treat-
ed -Ep (n=6), PW (n=8) and PW -Ep (n=5) groups of ani-
mals were found to generate considerably less Tmax on
carbachol stimulation than did the PF (n=11) and PF -Ep
(n=5) groups (p<0.005), maximal tension developed as a
consequence of the preparations of the PW and PW -Ep
groups being slightly superior to those of the steroid-treat-
ed and steroid-treated -Ep groups (p<0.05). Conversely, treat-
ment with corticosteroids did not seem to influence the
sensitivity of the preparations to cumulative carbachol stim-
ulation (second set of experiments). Indeed, mean EC50
values calculated from dose-response curves obtained in
the steroid-treated group (n=8) did not differ from those of

the PF group (n=8), PW group (n=8), or steroid-treated
-Ep group (n=6), and were not subject to significant change
upon inner or outer carbachol stimulation (table 3). Never-
theless, we found that preparations without epithelium, PF
-Ep (n=5) and PW -Ep (n=6), were more sensitive to car-
bachol stimulation (Out) as compared to the correspond-
ing control preparations with epithelium (p<0.05 and 0.001,

Table 2.  –  Maximal tension (Tmax) in rat tracheal prep-
arations

           Tmax  g
Out In

PF
PF (-Ep)
PW
PW (-Ep)
ST
ST (-Ep)

2.42±0.17
2.37±0.22
1.76±0.19
1.66±0.25
1.03±0.10
1.06±0.13

2.55±0.16
2.21±0.17
1.68±0.24
1.72±0.27
1.1±0.16
1.01±0.14

Tmax following supramaximal stimulation with carbachol (10-3

M) from the serosal (Out) or epithelial (In) side of rat trachea in
control preparations taken from pair-fed (PF) or pair-weighted
(PW) animals or from corticosteroid-treated (ST) animals, with
intact epithelium or without epithelium (-Ep). Values are pres-
ented as mean±SEM.

Table 3.  –  Log median effective concentrations (EC50) of
carbachol in pair-fed (PF) or pair-weighed (PW) control
and steroid-treated rats

Out In

PF
PF (-Ep)
PW
PW (-Ep)
Steroid-treated
Steroid-treated (-Ep)

5.89±0.07
6.15±0.11
5.91±0.03
6.12±0.05
5.77±0.06
5.80±0.08

5.65±0.17
5.89±0.2
5.73±0.07
5.92±0.09
5.43±0.19
5.78±0.02

Values are geometric means (±SEM) of log EC50 values obtained
in preparations taken from controls (PF and PW), or triamci-
nolone pretreated rats with intact epithelium or without epithe-
lium (-Ep) following stimulation from the epithelial (In) or
serosal side (Out) with cumulative concentrations of carbachol
10-8–10-3 M solution (all differences of comparable responses are
statistically nonsignificant except from Out: PF, -Ep and PW, -
Ep versus controls, p<0.05 and <0.001, respectively.
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Fig. 6.  –  The rate of tension development (time to Tmax) (mean±SEM)
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tions (panel a and b, PF and PW, +Ep versus -Ep, In versus Out,
p<0.001) but not in the preparations taken from corticosteroid treated
animals (panel c, steroid-treated and steroid-treated -Ep). Tmax: maxi-
mum tension.
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respectively). Maximal response of the steroid-treated pre-
parations (with and without epithelium) to stimulation with
cumulative concentrations of carbachol was again, as in
the first set of experiments, inferior to the maximal res-
ponse of PF and PW preparations with or without epithe-
lium (results not shown).

The time course of tension development (time to Tmax)
during carbachol (10-3 M) stimulation was different in the
steroid-treated group as compared with PF and PW ani-
mals (fig. 6). Indeed, in the PF and PW groups, the time
required to reach 50 and 80% of Tmax was clearly influ-
enced by the route of perfusion: the time to reach 50%
(and 80% in PF) of Tmax was significantly longer (p<0.001)
during inner than during outer perfusion with carbachol
(fig. 6a and b). On the other hand, in the steroid-treated
and steroid-treated -Ep group and in control preparations
PF -Ep or PW -Ep (results not shown), no difference in time
to Tmax was observed in response to inner as compared to
outer perfusion with carbachol (fig. 6c).

Discussion

The results of this study demonstrate that corticosteroid
administration reduces rat tracheal muscle cross-sectional
area, as well as the number of tracheal epithelial cells, and
decreases the maximal tension elicited by carbachol stim-
ulation of rat tracheal smooth muscle.

The steroid-treated animals lost considerable weight dur-
ing the study period. This could only partly be explained
by a reduced food intake, since PF animals did not lose
weight, and PW animals (which ate much less than the
steroid-treated group) showed the same weight loss. The
dose of triamcinolone used corresponded to an anti-inflam-
matory animal dose. Triamcinolone is equipotent to pred-
nisolone [10] and the recommended anti-inflammatory
dose of prednisolone for small animals is 1–5 mg·kg-1

[11]. However, our finding of substantial weight loss 1.2
mg·kg-1·day-1 in triamcinolone-treated animals suggests that
the dose used was probably high. The excessive weight
loss observed in steroid-treated animals could be due to
impaired food utilization and/or increased catabolism.
There is considerable evidence demonstrating that corti-
costeroid treatment produces skeletal muscle atrophy and
decreases force generated by the muscle. The fluorinated
corticosteroids (triamcinolone, betamethasone and dexa-
methasone) appear most potent in this regard [12]. Histo-
logical studies have shown an atrophy of type 2 muscle
fibres (fast glycolytic fibres) with little change in type 1
fibres (slow fibres). The atrophy was attributed primarily
to decreased protein synthesis [5, 13, 14] and/or increased
protein degradation [15, 16]. Tracheal smooth muscle
could have also been affected in a similar manner by cor-
ticosteroid treatment [6]. Recent findings that dexametha-
sone can inhibit mitogen-induced proliferation of human
cultured airway smooth muscle indicate that tracheal
smooth muscle atrophy could be expected following treat-
ment with corticosteroids [17].

Our findings strongly suggest that this was the case. In-
deed, the histological study (planimetry of tracheal cross-
sections) showed that tracheal smooth muscle mass was
diminished in the corticosteroid-treated animals. This smooth
muscle atrophy may, at least in part, be responsible for the
decrease in maximal tension developed during carbachol

stimulation in corticosteroid-treated animals, as compared
to the controls.

Nevertheless, other structures such as cartilage, mucosa
and connective tissue could also have been affected by
corticosteroids. Indeed, it has been shown that corticoster-
oid treatment decreases connective tissue synthesis [18,
19]. This latter effect accompanied by smooth muscle at-
rophy could have produced changes in the length-tension
relationship of the tracheal smooth muscle, explaining the
diminished maximal tension that we observed in corti-
costeroid-treated animals. Other investigators who used the
same experimental model to examine only the sensitivity
of the preparation to various agents did not routinely per-
form experiments to determine length-tension relationships,
probably assuming that it was relatively unimportant
when examining sensitivity [20–22]. However, if the rest-
ing pretension was determined arbitrarily, maximal tension
reported in some of those experiments [20, 21] would be
unreliable, since it is strongly influenced by the smooth
muscle length. A quite elaborate procedure of determining
the length-tension relationship was important in our ex-
periments since we examined, in addition to the sensitiv-
ity, the maximal tension developed. In these experiments
we found that tracheal smooth muscle preparations from
both PF and steroid-treated animals, had the same length-
tension relationship.

Concomitantly to tracheal smooth muscle atrophy, a
direct depressant effect of corticosteroids on tracheal mus-
cle contractility cannot be ruled out. Our finding of a
diminished smooth muscle cross-sectional area and Tmax
in PW animals indicates that undernutrition was partly
responsible for a loss of force of tracheal smooth muscle.
However, the fact that Tmax was lower in the steroid-
treated group, as compared to the PW animals implies that
corticosteroid treatment induces tracheal smooth muscle
weakness by some other additional mechanism. Indeed,
corticosteroids may have affected cell membrane excita-
bility or smooth muscle contractility. There is evidence,
for example, that in striated muscle, treatment with corti-
costeroids decreases calcium uptake by the sarcoplasmatic
reticulum [23] which, in turn, could result in decreased
force generation. We suggest, although with some reserve,
that this mechanism may explain the decrease in maxi-
mal tension observed in preparations taken from cortico-
steroid-treated animals. On the other hand it has been
repeatedly demonstrated that mechanical removal of the
epithelium renders bronchial smooth muscle more sensi-
tive to various agents. An epithelium-derived inhibitory
factor (EpDRF) has been proposed to explain these effects.
In steroid-treated -Ep preparations we did not observe any
change in the sensitivity to carbachol stimulation. How-
ever, if corticosteroid treatment were to depress produc-
tion of EpDRF, treated preparations (steroid-treated or
steroid-treated -Ep) would have been more sensitive to the
carbachol stimulation and EC50 would have increased, but
this was not the case. Questions that remain open are:
whether inhibitory effects of putative EpDRF are too weak
and masked by overly strong corticosteroid depression
of tracheal smooth muscle contractility; is the experiment-
al model used sufficiently sensitive; and, finally, whether
existence of such an inhibitory agent is a valuable hypo-
thesis.

Using the same experimental model, we have previous-
ly shown that the time to reach peak tension (the rate of
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tension development) of tracheal smooth muscle during
interior stimulation with carbachol was longer when the
epithelium was intact than in epithelium-denuded prepara-
tions [11]. This phenomenon was abolished in corticoster-
oid-treated animals. The reduced time to peak tension
observed during inside stimulation in the corticosteroid
group with intact epithelium indicates a dysfunction of the
tracheal epithelium, suggesting that its properties as a dif-
fusion barrier were greatly reduced. This is supported by
the results of histological examination of whole tracheal
cross sections. Indeed, the decrease in the number of the
tracheal epithelial cells observed may be considered as a
corticosteroid-induced atrophy. These structural changes
may have been accompanied by important functional im-
pairment of the tracheal epithelium in corticosteroid-
treated animals. Observed changes in the rate of tension
development in corticosteroid-treated animals which was,
as also shown previously [11], similar to the one obtained
in preparations of PF and PW denuded of epithelium,
strongly supports this hypothesis.

In conclusion, we have demonstrated that corticosteroid
treatment in rats produces significant decrease in the res-
ponsiveness of tracheal smooth muscle to carbachol stim-
ulation, which could be explained, at least partially, by
an atrophy of tracheal smooth muscle. Furthermore, we
observed pronounced atrophy of the tracheal epithelium,
which was accompanied by its significant dysfunction. These
findings may be important for better understanding of the
mechanism of action, as well as the possible side effects,
of corticosteroids in patients with asthma.
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