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Acute exposure to a high level of an irritant substance
can induce reactive airways dysfunction syndrome (RADS);
an asthma-like illness with nonallergenic hyperresponsive-
ness (NAHR). Symptoms that mimic asthma (cough, dys-
pnoea, wheezing) develop within minutes or hours of a
single exposure in a previously healthy individual and can
persist in association with bronchial hyperresponsiveness
for Š1 yrs after the exposure [1]. The diagnosis of RADS
is made retrospectively and the subjects are rarely investi-
gated before and serially after irritant exposure. The physio-
pathological mechanism of RADS is, thus, still speculative
and is usually attributed to neurogenic inflammation caus-
ed by release of airway tachykinins [2].

Chlorine gas is one of the main causal agents of irritant-
induced asthma but has received little attention compared
to other lung irritant products, considered as environmen-
tal air pollutants such as oxides of sulphur or nitrogen and
acid aerosols [3]. Residual pulmonary effects of acute
high chlorine exposure have been inconsistently observed
in early studies [4–6], but recent data have shown that air-
flow limitation, NAHR, a mucosal inflammatory infiltrate
(mostly lymphocytes), and a thickening of the epithelial
basement membrane may persist in some cases [7–12].
However, the interpretation of the findings from human
studies are limited because of the paucity of histopatho-

logical material, the difficulty of performing serial evalua-
tion of lung injury, and the potential role of the other risk
factors on the long-term sequelae of chlorine gas expo-
sure.

The precise pattern of airway injury and repair follow-
ing exposure to high level of irritant products known to
cause RADS are poorly understood. Therefore, we felt
that using an animal model of this condition [13] had sub-
stantial potential to further our understanding of RADS, as
the serial assessment of pathological and functional ab-
normalities cannot easily be done in humans. Thus, the
purpose of the present study was to document the time-
course of functional and pathological changes and the re-
lationship between these findings in Sprague-Dawley rats
exposed once to a high concentration of chlorine.

Materials and methods

Animals

Sprague-Dawley male rats (225–250 g) were purchased
from Charles River (St-Constant, Quebec, Canada) and
housed in a conventional animal care facility at the Uni-
versity of Montreal before experimentation. The animals
consisted of a control group (n=8) and 56 exposed rats
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ABSTRACT: Reactive airways dysfunction syndrome (RADS) is an asthma-like con-
dition that follows exposure to very high concentrations of an irritant material. We
assessed the time-course of pathophysiological alterations in a model of RADS.

Sprague-Dawley rats were exposed to 1,500 parts per million (ppm) of chlorine for
5 min. Lung resistance (RL), responsiveness to inhaled methacholine (MCh), the air-
way epithelium and bronchoalveolar lavage (BAL) were assessed over a 3 month
period after exposure.

RL increased significantly up to 3 days after exposure, reaching a maximal change
of 110±16% from baseline. There was a significant decrease in the concentration of
MCh required to increase RL by 0.20 cmH2O·mL-1·s from days 1–7 after exposure. In
some rats, MCh hyperresponsiveness and RL changes persisted after exposure for as
long as 1 and 3 months, respectively. Histological evaluation with morphometric eval-
uation revealed epithelial flattening, necrosis, increase in smooth muscle mass and
evidence of epithelial regeneration. BAL showed an increased number of neutrophils.
The timing of maximal abnormality in the appearance of the epithelium (days 1–3)
corresponded to that of the maximal functional changes.

Acute high chlorine exposure results in functional and pathological abnormalities
that resolve in the majority of animals after a variable period; however, these changes
can persist in some animals. Functional abnormalities in the initial stages may be
related to airway epithelial damage.
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divided into seven groups according to the timing of histo-
logical evaluation, were studied. An additional group of
exposed rats (n=16) was used for analysis of bronchoal-
veolar lavage (BAL). The control rats were placed in the
chamber for a similar duration but they breathed only
compressed air and were sacrificed as untreated controls
for histological examination. BAL analysis was perfor-
med before exposure and at each time-interval over a 3
month period (at each time point, two animals were lav-
aged). The protocol was approved by the Animal Ethics
Committee at the University of Montreal.

Chlorine exposure

The rats were exposed in a flow-past chamber with
nose-only exposure [14]. The chamber has six ports and
as such a maximum of six rats could be simultaneously
exposed. Approximately 7 s are required to reach the full
chlorine concentration at a flow of 2 L·min-1. After each
exposure, the flow is increased to achieve clearance in app-
roximately 2 s and the extracted airflow is passed through
a sodium bicarbonate solution to neutralize chlorine. Chlo-
rine was obtained from a gas cylinder containing 1,500
parts per million (ppm) chlorine in a mixture of 80% N2
and 20% O2 (Aldrich Chemical Company Inc., Milwau-
kee, WI, USA). The average coefficient of variation of the
level of chlorine exposure was <10. This was determined
from 10 repeated chlorine exposures to different concen-
trations obtained from a gas cylinder containing 99.5%
chlorine (Aldrich Chemical Company Inc.) and diluted with
air to achieve the chlorine concentration required (20–200
ppm) which was measured continuously using a chlorine
monitor (PortSens Gas Detector, Analytical Technology
Inc., Conshohochen, PA, USA).

Experimental design

In the flow-past chamber rats were exposed to 1,500
ppm of chlorine gas for 5 min. Chlorine exposure to 1,500
ppm for 5 min has been previously found to induce airway
mucosal abnormalities with minimal mortality [13]. In
exposed rats, physiological evaluation was performed 2
days prior to exposure and at 1, 2, 3, 7, 14, 30 and 90 days
after exposure. Following physiological assessment, eight
rats were sacrificed at each time-interval for histological
evaluation with morphometric measurements (see below).
BAL analysis was performed before exposure and at each
time interval after exposure.

Measurement of lung resistance (RL)

RL was measured during spontaneous breathing as pre-
viously described [15]. The rats were placed in the left lat-
eral decubitus position with the end of the endotracheal
tube inside a small plexiglass box (volume 265 mL). A
Fleisch No. 0 pneumotachograph (Bionetics Limited, Que-
bec, Canada) coupled to a differential transducer (MP -45
± 2 cmH2O; Validyne Corp., Northridge, CA, USA) was
attached to the box to measure airflow. Changes in oe-
sophageal pressure were measured using a saline-filled
catheter and a differential pressure transducer (Sanborn
267 BC; Hewlett-Packard, Waltham, MA, USA). The
other port of the transducer was connected to the box. The

oesophageal catheter consisted of a 20 cm length of PE-
240 polyethylene tubing attached to a 6 cm length of PE-
100 tubing that was advanced into the oesophagus of the
rat until a clear cardiac artifact was discernible. Transpul-
monary pressure (Ptp) was computed as the difference be-
tween oesophageal and box pressures. Airway responses
were evaluated from RL which was determined by multi-
ple linear regression, fitting the equation:

Ptp = ELV + RLV ' + K to 10 s segments of data

where V ' is flow, V is volume, EL is elastance of the lung,
and K is a constant value using a commercial software
package (RHT INFODAT Inc., Montreal, Quebec, Can-
ada). RL measurements were made without subtraction of
the resistance of the endotracheal tube.

Airway responsiveness to methacholine (MCh)

Rats were anaesthetized i.p. with pentobarbital sodi-
um (30 mg·kg-1) and xylazine (7 mg·kg-1) and treated as
described for the measurement of RL. Supplemental injec-
tions of pentobarbital (5 mg·kg-1, i.p.) were administered
when it was necessary to prolong anaesthesia. After initial
measurement of RL during spontaneous breathing, the rats
were given aerosols of phosphate-buffered saline (PBS)
and progressively doubling concentrations ranging 0.063–
16 mg·mL-1 of aerosolized MCh until a doubling in RL
was obtained. In order to correct for changes in airway
calibre after each concentration, responsiveness to MCh is
expressed as the effective concentration of MCh required
to induce increase in RL of 0.20 cmH2O·mL-1·s from post-
saline inhalation value (EC∆RL), this being obtained from
the dose-response curve drawn on a semilogarithmic
graph and expressed as log EC∆RL. The peak value of RL
was measured before and after inhalation of saline and
after each concentration of MCh [16]. An interval of 3
min elapsed between the administrations of the MCh con-
centrations. Aerosols were generated from 3 mL of sol-
ution using a Hudson nebulizer (Model 1400; Hudson,
Temecula, CA, USA) with an airflow of 10 L·min-1; each
administration lasted for 30 s.

Histological examination

At the time of sacrifice, animals were anaesthetized
with pentobarbital sodium (30 mg·kg-1 i.p.) and xylazine
(7 mg·kg-1 i.p.) and the chest wall was opened. The trachea
was tied off and the lungs removed en bloc and fixed by
intratracheal injection using a syringe until full inflation
was reached (2–4 mL). This was followed by immersion
in 10% formalin for 24–48 h. Slices from each lung were
taken in the parasagittal plane, embedded in paraffin and
processed routinely with haematoxylin-eosin stain, perio-
dic acid-Schiff (PAS) and haematoxylin-phloxine-saffron
(HPS) stains for microscopic examination and morpho-
metric measurements. The presence of airway epithelial
damage (necrosis, detachment from the basement memb-
rane) and regeneration (stratification with nuclear enlarge-
ment, and mucous cell hyperplasia) and morphometric
measurements were determined by one observer in a blind
fashion. In order to quantify the effects of chlorine on air-
way structure, microscopic images were traced using a
drawing tube attachment to the microscope (Leitz Wetzlar,
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Wetzlar, Germany); images were then digitized using
commercial software (Sigma Scan; Jandel Scientific, corte
Madera, CA, USA). The length of airway epithelium that
was flattened, necrotic or detached from the basement
membrane or that showed nuclear stratification (multilay-
ering) was measured and expressed as a percentage of the
total basement membrane length of the airways.  PAS pos-
itive mucus secreting cells were counted directly. The fol-
lowing morphometric measurements were made on the
airways from HPS stained slides in a control group and at
3, 14 and 90 days after exposure according to recently
proposed nomenclature [17]: basement membrane peri-
meter (Pbm), the luminal area defined by the basement
membrane (Abm), the internal perimeter (luminal border
of epithelium), and the outer perimeter (outer border of
adventitia). The area circumscribed by the internal surface
of the airway epithelium (Ai) and by the external border
of the airway wall (Ae) was also measured. The areas of
the airway epithelium (EA) and the airway wall (WA)
were calculated as the difference between Abm and the Ai
and between Ae and Abm, respectively. We normalized
EA and WA to the relaxed area (Ar) to adjust for differ-
ences in airway size. The ideal area of the lumen of the
relaxed airway was calculated as:

Ar = (Pbm)2/4π
The quantity of airway smooth muscle was calculated

as the areas of the airway wall occupied by smooth muscle
divided by (Pbm)2 in order to standardize for airway size.
To assess whether airways were cut in cross section, we
measured the maximal diameter of the airway (D1) and
the diameter at the widest point perpendicular to this axis
(D2). We analysed airways with a ratio of D2/D1 >0.33.
The size of the airways that were measured was mean
(range) 1.30 mm (0.36–2.81). Five airways were examin-
ed for each rat.

Intra-observer variance of the basement membrane
length was examined by repeated measurements of ran-
domly chosen airways that were made on separate days by
the same observer. Inter-observer variance was tested by
comparing the measurements of two observers on six ran-
domly chosen airways. The intra-observer coefficient of
variation was <5%; the largest observed difference was
0.01 mm, the mean being 0.005 mm and the SD 0.17 mm.
The inter-observer correlation coefficient was >0.98 (p<
0.001) and the mean difference between observers was
<3% of the measured mean value. The largest observed
difference was 0.03 mm, the mean being 0.001 mm and
the SD 0.005 mm.

BAL

BAL was performed in anaesthetized and intubated rats
before exposure and at 1, 2, 3, 7, 14, 30, and 90 days after
exposure in two separate animals on each occasion. The
lungs were lavaged through the endotracheal tube by five
instillations of 5 mL of saline at room temperature. After
the five repeated instillations of 5 mL of saline at each
time, the animals were sacrificed. After filtration, the fluid
was cytocentrifuged at 2,000 revolutions per minute (rpm)
for 10 min, decanted and suspended in 5 mL of PBS. The
total cell count was determined on a fresh specimen of
lavage fluid using a haemacytometer. Trypan blue exclu-

sion for viability was performed. The cell differentials
were obtained by counting at least 300 cells on a glass
cover preparation stained with Diff-Quik (Baxter Health-
care Corp., Scientific Div., Miami, FL, USA).

Data analysis

In the physiological study, we used Dunnett's test of
multiple treatments versus a common control, testing the
difference between each time point value and the common
baseline, i.e., each rat was referred to its own control value
at baseline. In the pathological study,  an analysis of vari-
ance followed by the Dunnett's test of multiple compari-
sons (times) versus the common control condition (before
exposure) was used, since all the rats were different. All
results are expressed as mean±SEM. Differences were con-
sidered to be statistically significant when p-values were
<0.05.

Results

Physiological assessment

Acute exposure to a high concentration of chlorine gas
caused an increase in RL up to 72 h after exposure (fig. 1a)
and enhanced responsiveness to MCh up to 7 days after
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Fig. 1.  –  a) Time-course of lung resistance (RL) changes after acute
chlorine exposure; b) time-course of the effective concentration of met-
hacholine required to induce an increase in RL of 0.20 cmH2O·mL-1·s
from post-saline inhalation value (EC∆RL). Data are expressed as
mean±SEM. The total number of animals and the number of animals with
abnormal findings in parenthesis are given at each time interval. *,**:
p<0.05, p<0.01, comparing measured values versus baseline values.
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exposure as evidenced by a decrease in the MCh concen-
tration required to induce an increase in lung resistance
(∆RL) from the baseline value of 0.20 cmH2O·mL-1·s (fig.
1b). Our data also indicate that some rats remained abnor-
mal up to 30 and 90 days after exposure. Abnormal rats
were defined as those animals whose RL or responsiveness
to MCh was greater than their baseline values plus 2SD; the
latter was determined during the testing of reproducibility
in the beginning of the study and consisted of five
repeated measurements of RL and MCh challenge tests
performed weekly in four air-exposed rats (200–250 g, 6
weeks old). Hyperresponsiveness persisted up to 30 days
in 2 of 16 rats (fig. 1b) and increased RL persisted up to 90
days after chlorine exposure in 2 of 8 rats (fig. 1a). Table 1
shows that the RL and bronchial responsiveness values
were highly reproducible in these eight animals after the
initial increase.

Pathological assessment

Histological examination from samples obtained 24 h
after exposure showed severe injury to the bronchial epi-
thelium, as evidenced by flattening, detachment from the
basement membrane and necrosis (fig. 2). Evidence of
epithelial regeneration (stratification) was present one day
after exposure, reached a maximum 3 days after exposure
and remained significantly elevated 7 days after exposure
(fig. 3). The number of mucus-secreting cells rose 7 days
after exposure, reached a maximum at 14 days and was
still significantly increased 30 days after exposure (fig. 4).
The proportion of bronchial epithelium length without any
specific alterations (i.e., epithelial flattening, necrosis, and
stratification) was 0% on days 1–3, 40% on day 7, 72% on
day 14, 92% on day 30 and 96% on day 90.

Morphometric measurements showed that the mean
quantity of SM was approximatively three times greater in
the exposed group as compared to the control group on
day 3 after exposure (table 2).

Table 1.  –  Functional data obtained before exposure and over a 3 month period after a single exposure to chlorine in
eight rats

Interval after exposure  days

Animal
No.

Functional
data

Before
exposure

1 2 3 7 14 30 90

1

2*

3*+

4

5+

6

7

8

RL
EC∆RL
RL
EC∆RL
RL
EC∆RL
RL
EC∆RL
RL
EC∆RL
RL
EC∆RL
RL
EC∆RL
RL
EC∆RL

0.209
8.40
0.098
7.67
0.105
6.10
0.250
2.75
0.114
5.60
0.290
1.41
0.224
2.66
0.235
4.35

0.170
saline
0.225
0.66
0.239
saline
0.306
saline
0.327
saline
0.365
saline
0.415
1.95
0.302
saline

0.230
0.25
0.188
1.79
0.321
0.80
0.300
0.90
0.259
saline
0.280
0.19
0.278
2.32
0.693
saline

0.321
1.41
0.140
2.58
0.330
1.90
0.320
2.02
0.269
saline
0.573
0.57
0.236
5.52
0.441
saline

0.163
1.61
0.175
3.92
0.177
2.58
0.213
2.10
0.184
4.79
0.479
2.75
0.319
4.96
0.249
0.93

0.162
8.0
0.168
3.14
0.172
2.50
0.278
5.58
0.177
5.28
0.300
4.69
0.319
2.62
0.253
5.27

0.195
7.01
0.195
3.84
0.229
2.58
0.268
2.53
0.215
7.41
0.170
5.06
0.268
4.31
0.204
3.45

0.155
9.84
0.182
9.86
0.206
5.19
0.172
2.31
0.184
7.57
0.231
2.44
0.214
7.16
0.252
6.10

RL: lung resistance (cmH2O·mL-1·s); EC∆RL, effective concentration of methacholine (MCh) required to induce an increase in RL of
0.20 cmH2O·mL-1·s above post-saline inhalation value (mg·mL-1); saline: RL values doubled from baseline under saline inhalation. *:
increased responsiveness to MCh at each time interval over 1 month after exposure; +: RL remained elevated at each time interval over
the 3 month period.

Fig. 2.  –  Airway wall 24 h after exposure, showing epithelial necrosis.
Internal scale bar=75 µm.

Fig. 3.  –  Airway wall 3 days after exposure, showing evidence of
regeneration manifested by epithelial stratification. Internal scale bar=
25 µm.



926 R. DEMNATI ET AL.

BAL was analysed for total cell count, total cells per
millilitre of fluid and percentage distribution of each type
of cell. Cell viability was greater than 84% in all rats as
assessed by trypan blue exclusion. Although the number
of rats studied at each time (n=2) was not large enough
for reliable statistical comparison, it appears that chlorine
exposure was associated with an increase in the total num-
ber of cells soon after exposure. This increase was the
result of an increase in neutrophils (table 3).

Correlations between functional and pathological chan-
ges

To compute the correlations between functional and
pathological measurements, since they were performed on
different animals (two for BAL and a variable number for
the functional value (56 at time 1 to eight at time 8)), we

took the mean value at each time as the measurement at
that time point. Thus, correlations were computed with 7
pairs of functional BAL values.

The period during which the maximal changes were
observed in bronchial epithelium (days 1–3) corresponded
to the timing of maximal changes in functional indices.
However, there was no significant correlation between any
specific epithelial alteration (e.g., epithelial flattening, ne-
crosis or stratification) and either RL or responsiveness to
MCh. There was a significant correlation (p=0.0001) be-
tween mean RL and mean BAL neutrophilia all time (r=
0.98).

Discussion

The present study demonstrates that acute exposure to
high concentrations of chlorine gas induces pathological
and functional changes in the lungs of Sprague-Dawley
rats. Histological changes consisted of epithelial necrosis
and detachment, increase in the area of smooth muscle,
epithelial regeneration and mucous cell hyperplasia. Most
of these abnormalities resolved after a mean interval of 90
days. Functional changes (increased RL and/or bronchial
responsiveness to inhaled MCh) lasted for mean intervals
of 3 and 7 days after exposure, but persisted up to 30 and
90 days, respectively, in some animals. The functional
changes were related to the overall abnormal airway epi-
thelial damage and there was a significant correlation
between RL and BAL neutrophilia.

Although evidence of lung damage after chlorine expo-
sure was first suspected clinically in World War I soldiers
[18] and confirmed by pathological examination of exper-
imental animals in 1920 [19], pathological descriptions
from human material following acute exposure to a high
level of an irritant material are rare. Most of these studies

Fig. 4.  –  Airway wall 14 days after exposure, showing mucous cell
hyperplasia. Internal scale bar=20 µm.

Table 2.  –  Morphometric results in rat lung exposed to 1,500 parts per million (ppm) of chlorine for 5 min

Interval after exposure  days

Control
rats

3 14 90

Rats  n
Airways  n
SM 10-4

EA/Ar
WA/Ar

8
40

6.25±0.91
0.125±0.012
0.446±0.049

8
40

16.77±9.80
0.131±0.011
0.459±0.042

8
40

6.39±0.40
0.154±0.014
0.425±0.035

8
40

6.07±0.68
0.119±0.007
0.448±0.026

Values are presented as mean±SEM of rats' mean (mean of five airways for each rat). Control rats were exposed to compressed air. SM:
quantity of smooth muscle; EA: area of airway epithelium; Ar: ideally relaxed area; WA: airway wall area.

Table 3.  –  Cell counts in bronchoalveolar lavage obtained before and after a single exposure to chlorine

Interval after exposure  days

Cell type Before
exposure

1 2 3 7 14 30 90

Total cells ×106

Neutrophils  %

Macrophages  %

Lymphocytes  %

4.0
2.9

0
0

100
98
0
2

3.8
6.6
26
46
67
49
6
2

6.6
15.0
20
55
75
40
5
5

6.4
8.2
43
47
51
47
6
6

2.5
1.3
10
0

74
88
16
12

2.2
2.4

0
1

99
98
1
1

4.5
2.8

1
1

95
93
4
6

2.6
3.5

3
1

95
97
2
2

Total cell number and differential cell counts. At each time point two animals were investigated i.e., 16 animals in the entire experi-
ment.
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are retrospective and data originate from biopsies per-
formed 1–6 yrs after single or repeated exposure. BROOKS et
al. [1] first described RADS and reported the presence of
bronchial wall inflammation (mostly lymphocytes and
plasma cells with no eosinophils), desquamation of respi-
ratory epithelium in one biopsy and goblet cell hyperpla-
sia in another. DESCHAMPS et al. [9, 20] performed biopsies
several months after exposure to sodium hypochlorite and
hydrochloric acid. They reported similar findings: epithe-
lial destruction associated with a mild inflammatory reac-
tion (predominantly lymphocytes with no eosinophils)
and subepithelial fibrosis without thickening of the base-
ment membrane. Histological evaluation over a 5 month
period after acute and massive exposure has recently been
reported by LEMIÈRE and co-workers [10–12] in three sub-
jects exposed to chlorine gas, isocyanates, and urea fumes,
respectively. They found epithelial desquamation and an
inflammatory infiltrate (mostly T-lymphocytes) followed
by subepithelial fibrosis and epithelial regeneration. The
patients were given inhaled steroids at day 3 after expo-
sure in the first case and at 46 and 60 days, respectively, in
the two other cases.

We have previously reported that inhalation of a single
high dose of chlorine results in extensive histological
changes in rat lungs, including airspace oedema, epithelial
sloughing and necrosis, a mild inflammatory mucosal
reaction (polymorphonuclear leukocytes) and evidence of
epithelial regeneration, as assessed at 1, 3, 6, 12, 24 and
72 h after exposure [13]. Our present data extend these
observations to 90 days after exposure. To our knowledge,
this is the first study that has examined functional and his-
tological changes with morphometric measurements and
bronchoalveolar analysis after a single and massive chlo-
rine exposure. The lung parenchyma in our rats was not
significantly affected. In contrast to the experiment by
MEULENBELT et al. [21], in which the animals experienced a
high incidence of alveolar oedema, an increase in the
number of alveolar macrophages and neutrophilic leuko-
cytes, and interstitial thickening of the centriacinar septa,
one day after a 10 min exposure to NO2 at 175 ppm. More
recently, TOYA et al. [22] showed epithelial desquama-tion,
goblet cell hyperplasia, perivascular inflammatory cells
and alveolar space oedema followed by the development
of fibrosis in the alveolar duct. In contrast to the ex-peri-
ments of TOYA et al. [22], in which rats were exposed to
nickel fumes at a single dose of 14.3 mg·kg-1, which
caused 4% mortality and the development of fibrosis in
alveolar ducts, the lungs of our rats were not significantly
affected and the exposure did not induce mortality. Our
intention was to evoke airway  changes, while preserving
peripheral lung structures, in order to replicate the events
leading to RADS in humans. Moreover, although we have
evaluated only a small number of airways in each rat at 3,
14 and 90 days after exposure, the SM quantity seemed to
be affected by chlorine exposure.

The present study also provides information on the
time-course of airway responsiveness and RL. Although
we have studied only a small number of rats (eight rats)
over a 3 month period, there is evidence that increased RL
persisted in two out of eight animals, at all times studied
over the 3 months following the initial exposure. Nor-
mally lung volumes and airflows increase over time dur-
ing the growth of rats. The decrease in airflow associated
with ageing is only found after 8–12 months in Sprague-

Dawley rats that initially weighed 400–510 g [23]. In the
present study, rats weighing 200–250 g, were used and
studied over a 3 month period. Thus, in view of the repro-
ducibility of repeated measures of RL and airway respon-
siveness found in normal animals, the changes in RL that
we observed are likely to be related to chlorine exposure.
Similar reproducibility has been reported by BELLOFIORE and
MARTIN [24] despite repeated anaesthesias and intubation
procedures. It is not entirely clear whether these func-
tional abnormalities are directly due to chlorine exposure
or whether they resulted from other causes, such as infec-
tion, especially if we consider that increased susceptibility
to infection is a well known phenomenon in chlorine ex-
posed animals [3]. We have no explanation for the fact
that the two rats with increased RL did not show increased
bronchial hyperresponsiveness at the 3 month assessment.
We previously described one human subject with RADS,
abnormal forced expiratory volume in one second (FEV1)
but normal bronchial responsiveness [25]. This functional
limitation is similar to those described in some humans, in
whom airflow obstruction and/or nonspecific bronchial
hyperresponsiveness have been reported to persist months
to years following massive toxic gas exposure [1, 7, 26–
28]. Epithelial damage consisting in epithelial detachment
and necrosis was maximal during the first 24 h after expo-
sure, at the same time as the maximal hyperresponsiveness.
Epithelial shedding is correlated to bronchial responsive-
ness [29] and the degree of bronchial hyperresponsiveness
is proportional to the extent of denudation of the basement
membrane [30]. RL reached its maximum increase at the
same time as peak of neutrophilia in BAL. Recent human
data collected over a 1–7 yr period from victims of mas-
sive exposure to methyl isocyanates in Bhopal showed
that the neutrophil count in BAL was negatively correla-
ted with the obstructive ventilatory defect [31]. Increased
RL persisted up to 90 days after exposure in two out of
eight animals sacrificed. At this time, the epithelium, the
airway wall area, and the quantity of smooth muscle were
almost normal suggesting that the persisting obstruction
could not be attributed to structural changes but rather to
the presence of inflammatory mediators within airway tis-
sue.

This study demonstrates that following a single chlo-
rine exposure the Sprague-Dawley rat develops changes in
the airways compatible with the lesions anticipated in
reactive airways dysfunction syndrome. While acute func-
tional changes are related to airway structural changes,
this does not seem to be the case for persistent increase in
lung resistance, because this occurred in selected animals
only. Further investigation of epithelial and smooth mus-
cle structure may help elucidate the mechanism of the per-
sistent altered pulmonary mechanics.
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