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ABSTRACT: Recurrent wheezing and asthma often develop after acute respiratory
syncytial virus (RSV) bronchiolitis, but the mechanisms of these sequelae are poorly
understood. Using a guinea-pig model of human RSV lung infection, the effects of
long-term viral persistence on three hallmarks of asthma: nonspecific airway respon-
siveness, airway inflammation and airway remodelling were examined.

Guinea-pigs were studied 100 days after intranasal instillation of either human RSV
or uninfected vehicle, using: 1) acetylcholine challenge to test for airway hyperrespon-
siveness (AHR); 2) lung histology to quantify the numbers of airway eosinophils and
metachromatic cells (mast cells/basophils); 3) airway morphometry of the areas of the
airway subepithelial connective tissue, smooth muscle and adventitia, to test for
airway remodelling; and 4) immunohistochemistry to identify lung cells containing
RSV antigens.

The RSV-inoculated group had significantly elevated AHR and airway eosinophils
compared to uninfected control animals (p<0.05). There were no significant differ-
ences between the two groups in terms of numbers of airway metachromatic cells, or
the areas of subepithelial connective tissue, smooth muscle or adventitia. Viral pro-
teins were identified by immunohistochemistry within several types of lung cells.

In conclusion, long-term persistence of respiratory syncytial virus in the guinea-pig
lung is associated with airway hyperresponsiveness and airway eosinophilia, and these
changes may be pertinent to the pathogenesis of postbronchiolitis wheezing and
asthma in children.
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Children hospitalized for acute bronchiolitis from respi-
ratory syncytial virus (RSV) infection frequently go on to
develop asthma symptoms [1, 2], but the mechanisms of
these sequelae are poorly understood. Several animal mo-
dels have been developed to study mechanisms of virus-
induced airway hyperresponsiveness (AHR) [3±6]. For
example, juvenile rats experimentally infected with para-
influenza type-1 (Sendai) virus show AHR lasting for at
least 90 days, with structural changes to the airway wall
that include increased numbers of mast cells [4] and
fibrosis [7]. In a guinea-pig model of experimental human
RSV infection, RIEDEL et al. [8] have documented the
persistence of viral antigens and AHR for at least 6 weeks
post-inoculation. The authors of this report have also
documented chronic RSV persistence within the guinea-
pig lung, by isolating replicating virus for at least 60 days
post-inoculation [9], and showing persistence of the viral
genome at 125 days [10]. Furthermore, for at least 60
days post-inoculation, the airways of' RSV-inoculated
animals have significantly increased granulocyte infil-
trates [9], while increased numbers of eosinophils are
recovered in bronchoalveolar lavage fluids [11].

Asthma is a condition characterized by nonspecific
AHR and is histologically associated with chronic airway
inflammation that has a prominent component of eosi-
nophils and lymphocytes [12]. Morphometric studies have
established that the airways of asthmatic patients show a

thickening (remodelling) of the various compartments
(subepithelial connective tissue (also called, "lamina pro-
pria" or "submucosa"), smooth muscle and adventitia) of
the airway wall [13]. It is unknown whether RSV-inoculat-
ed guinea-pigs continue to show AHR and airway inflam-
mation beyond 60 days post-inoculation, or whether
airway remodelling occurs. Therefore, it was decided to
investigate the effects of long-term RSV persistence on
possible physiological, inflammatory and morphometric
changes in the guinea-pig lung. The specific objectives of
this study were to compare RSV-inoculated and unin-
fected guinea-pigs at 100 days post-inoculation, in terms
of: 1) responses to inhalational acetylcholine (ACh) chal-
lenge for AHR; 2) numbers of airway eosinophils [12]
and metachromatic cells (mast cells/basophils) [4] as in-
dices of airway inflammation; 3) airway morphometry of
the areas of subepithelial connective tissue, smooth mus-
cle and adventitia as indices of remodelling [13]; and 4)
immunohistochemistry for the identification of RSV pro-
teins within specific lung cells.

Methods

Virus

Human Long strain, type A RSV (American Type
Culture Collection (ATCC), Rockville, MD, USA) was
propagated in HEp-2 cell monolayers at 378C and 5%
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CO2, in air. Culture medium consisted of minimal essential
medium (MEM) (Gibco BRL, Grand Island, NY, USA)
supplemented with 2% heat-inactivated foetal bovine ser-
um (Hyclone Laboratories Inc., Logan, UT, USA), 0.292
mg.mL-1 l-glutamine (Gibco BRL) and 50 mg.mL-1 genta-
micin (Gibco BRL). After 5 days, culture fluids underwent
centrifugation (10,0006g, for 10 min at 48C) to remove
cell debris. The clear, virus-containing supernatant was
concentrated by ultrafiltration through Centriprep-100 con-
centrator devices (Amicon, Oakville, ON, Canada). Viral
stocks were kept at -708C and used for inoculation of
animals within 1 week of storage. Supernatants of unin-
fected, HEp-2 cell cultures were similarly prepared for
inoculation of control animals.

Inoculation protocol

One month-old, female Cam-Hartley guinea-pigs (Char-
les River Laboratories, Montreal, QC, Canada) weighing
250±300 g were housed in filter-isolated, polycarbonate
cages and were acclimatized for 1 week before experi-
mentation. Animals were exposed to alternating 12-h light-
dark cycles, and had free access to food and water, in
accordance with the standards of the Canadian Council on
Animal Care [14]. Under light anaesthesia (3±5% halo-
thane), guinea-pigs were inoculated intranasally with 200
mL of either RSV suspension (4.56104 plaque forming
units (pfu.animal-1) or sham, uninfected medium, pre-
warmed at 378C. Infected animals were housed in a
different room from the uninfected animals.

Experimental design

Forty guinea-pigs were randomized into four equal
groups, with 20 animals (10 RSV-inoculated, 10 control
animals) used for measurement of AHR and 20 animals (10
RSV-inoculated, 10 control animals) used for lung histo-
logical, morphometric and immunohistochemical analy-
ses. Guinea-pigs were randomized in this manner because
it has recently been shown that the measurement of AHR
by ACh challenge can produce artifactual increases in the
adventitial area of guinea-pig airways [15].

Airway hyperresponsiveness measurement

The protocol for ACh challenge was identical to the
method described by DAKHAMA et al. [16] in allergically
sensitized and RSV-infected guinea-pigs. Briefly, animals
were anaesthetized with intraperitoneal ketamine (50
mg.mL-1) and xylazine (10 mg.mL-1), and anaesthesia was
maintained with 1±2% halothane. A tracheotomy was per-
ormed, a saline-filled oesophageal catheter was inserted
through the mouth, and the animal was placed in a body
plethysmograph. Guinea-pigs were paralysed with succi-
nylcholine (0.5 mg.kg body weight-1), and were venti-
lated with a small animal ventilator (Harvard Instruments
Corporation, South Natick, MA, USA) at a rate of 60
breaths.min-1 and a tidal volume of 3 mL. Pulmonary re-
sistance (RL) was calculated at baseline, following nebu-
lized saline and after each dose of ACh at 0.5, 1.5, 5, 15
and 50 mg.mL-1. ACh was administered as six tidal
breaths with a flow rate of 8 L.min-1. It was ensured that
the transpulmonary pressure had returned to baseline
prior to the administration of the next dose of ACh. RL

was calculated from the electronically differentiated vol-
ume signal, deriving flow and the transpulmonary pres-
sure according to the method of NEERGAARD and WIRZ

[17], using a software package incorporating ANADAT
(Raytech Instruments, Vancouver, BC, Canada) and ex-
pressed as absolute change cmH2O.mL-1.s.

Airway inflammation

Histological evaluation of airway inflammation con-
sisted of counting the numbers of eosinophils and meta-
chromatic cells (mast cells/basophils) in the airway wall.
Briefly, the left lung was inflated with a mixture of
optimum cutting temperature (OCT) compound (Miles
Scientific, Elkhart, IL, USA) and 4% paraformaldehyde in
phosphate-buffered saline (PBS), and longitudinal slices
were fixed for 24 h before processing in paraffin. Con-
secutive, 5-mm paraffin sections were stained with: 1)
haematoxylin and eosin for routine histological examina-
tion; 2) Masson's trichrome stain for morphometric meas-
urement of the airway's subepithelial basement membrane
perimeter (Pbm); 3) Hansel's stain for identification of
eosinophils; and 4) toluidine blue for the identification of
metachromatic cells [18]. Slides were coded such that that
observer did not know whether a given slide originated
from an RSV- or sham-inoculated animal. The numbers
of eosinophils and mast cells were expressed per unit area
of airway wall, normalized to airway size (Pbm) [ 19].

Airway morphometry

Using a laser mouse on a digitizing pad and the Bio-
quant IV software image analysis system (R&M Systems,
Nashville, TN, USA), the following airway perimeters
were traced: 1) subepithelial basement membrane (Pbm); 2)
inner border of airway smooth muscle; 3) outer border of
airway smooth muscle; and 4) serosal border. The Bio-
quant software automatically calculated the areas asso-
ciated with these perimeters, such that the areas of three
compartments of the airway wall were obtained: sub-
epithelial connective tissue (Wse), area of airway smooth
muscle (Wsm), and adventitial area (Wo). Up to 10 small
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Fig. 1. ± Results of acetylcholine (ACh) challenge (mean�SEM) for air-
way hyperresponsiveness (AHR) for respiratory syncytial virus (RSV)-
inoculated (*) versus control (s) groups of guinea-pigs. Note that the
RSV-inoculated group has significantly higher pulmonary resistance RL

(*: p<0.05) at ACh doses of 15 and 50 mg.mL-1. B: baseline (i.e. ACh
dose was zero).
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and mid-sized noncartilaginous airways were studied per
lung section from all 20 slides in designated RSV-inocu-
lated and control animals. Results were expressed as the
areas of airway wall compartment associated with each
Pbm. Previous experiments in RSV-infected guinea-pigs
established that the inter- and intra-observer variation using
the Bioquant system was less than that of the distribution
of compartmental areas for a given Pbm [5].

Respiratory syncytial virus immunohistochemical

The protocol for immunohistochemical identification of
RSV proteins in lung sections was similar to a previously

described method [20]. Paraformaldehyde-fixed, paraffin-
embedded lung sections were pretreated with 0.1% pro-
tease, type XIV, (Sigma Chemical, St. Louis, MO, USA) in
0.5 M Tris-buffered saline (TBS), pH 7.6 (378C, 10 min);
washed at room temperature in tap water and 95% etha-
nol, incubated with 0.9% H2O2 in methanol for 25 min,
and further washed in tap water and TBS. After blocking
in normal swine serum (DAKO, Carpenteria, CA, USA),
diluted 1:20 in primary antibody diluting buffer (Biome-
dia, Foster City, CA, USA) (30-min at room temperature),
sections were incubated (90 min. at room temperature)
with primary rabbit anti-RSV antibody (B344; DAKO),
diluted 1:300 in TBS/2% bovine serum albumin (BSA)

Fig. 2. ± Photomicrographs of guinea-pig airways stained with Hansel stain for eosinophils (A and B) and toluidine blue stain for metachromatic cells
(C and D) in respiratory syncytial virus-infected (A and C) and control animals (B and D). Note the prominent eosinophil infiltrate (staining cells) in the
airway of the RSV-inoculated animal in comparison to the control animal (A versus B), while only occasional metachromatic cells (arrows) are identified
in the airways of the two groups of animals (C versus D). (Internal scale bars=30 mm.)
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fraction V/1% human AB serum. A 5 min wash in TBS
was followed by incubation (45 min at room temperature)
with biotinylated swine anti-rabbit secondary antibody
(DAKO), diluted 1:300 in TBS/2% BSA/1% human AB
serum. After washing in TBS, sections were incubated
(45 min at room temperature) in peroxidase-conjugated
streptavidin (DAKO), diluted 1:600 In TBS 12% BSA/
1% human AB serum, and washed again in TBS. Sections
were developed at room temperature in 20 mL working
3-amino-9-ethylcarbazole (AEC) solution (1 drop of 3-
amino-9-ethylcarbazole) (Sigma), 1 drop 3% H2O2 in 3 mL
0.1 M sodium acetate, pH 5.2) for 15 min, rinsed in distilled
water, and counterstained with Meyer's haematoxylin.
Coverslips were mounted using aqueous mounting med-
ium. Positive controls included lung sections from cul-
ture-proven, RSV-infected guinea-pig and human lungs,
while negative controls consisted of lung sections from
uninfected, control guinea-pigs. Results were interpreted
as "positive" (brown colour observed) or "negative" (no
immunostaining observed).

Statistical analysis

Values are presented as mean�SEM. Measurements of
lung mechanics were analysed by one way repeated meas-
ures analysis of variance (ANOVA), with a Bonferroni
correction to account for multiple comparisons [21]. The
number of airway eosinophils and metachromatic cells in
the RSV-inoculated and control groups were compared by
use of a t-test for equality of means, with a p-value <0.05
considered to be significant. The airway compartmental
areas of RSV-inoculated and control guinea-pigs were
compared by use of the random effects linear regression
analysis of FELDMAN [22], in which Wse Wsm and Wo

underwent a square root transformation, and each of these
determinants was plotted against Pbm, to obtain a linear
relationship. To obtain a sensitive index of any differ-
ences in compartmental areas between the two groups of
guinea-pigs, the square root of each determinant (at each
Pbm) was subtracted between the RSV-infected and con-
trol animals. These differences (with 95% confidence
limits) were plotted, such that statistical significance was
present if the 95% confidence limits did not include zero
(i.e., a value of zero in this analysis indicates no signi-
ficant difference between the two groups).

Results

Airway hyperresponsiveness measurement

Figure 1 shows the results of AHR for RSV-inoculated
and control guinea-pigs. The two groups showed similar

Table 1. ± Airway eosinophils and metachromatic cells

Cell type Group n Number of
cells.mm-2.Pbm

-1.animal-1

Eosinophils RSV 10 1106�245*
Control 10 558�58

Metachromatic cells RSV 10 18�6
Control 10 6�3

Data are number or mean�SEM. Pbm: basement membrane peri-
meter; RSV: respiratory syncytial virus. *: p<0.05.
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Fig. 3. ± Results of airway morphometry for areas of subepithelial
connective tissue (a), airway smooth muscle (b) and airway adventitia
(c) between respiratory syncytial virus (RSV)-inoculated (±±±±) and
control (- - - -) guinea-pigs. These plots show the estimated relationship
difference, based on random effects linear regression, between RSV-
inoculated and control guinea-pigs. The regression relationship shows
the average expected difference and the outer lines indicate the 95%
confidence interval (CI) for this difference. Since all 95% CIs include
zero, there are no statistically significant differences between the two
groups of animals. Pbm: basement membrane perimeter; We: adventitial
area; Wsm: airway smooth muscle area; Wse: subepithelial connective
tissue area.
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Fig. 4. ± Immunohistochemical staining for respiratory syncytial virus
(RSV) proteins in sections of guinea-pig lung, 100 days post-RSV inocula-
tion. Note the positive immunostaining (arrows) of cells within the epithe-
lium (A) and stroma (B) cells of airways; cells within bronchus-associated
lymphoid tissue (BALT) (C) and alveolar cells with the appearance of
alveolar macrophages (D). E: negative control section from an uninfected
guinea-pig. (haematoxylin counterstain; internal scale bars=50 mm).
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values for RL at baseline and at the lower doses of ACh
challenge (up to 5 mg.mL-1). At ACh challenge doses of
15±50 mg.mL-1, the RL of the RSV-inoculated group was
significantly higher than that of the control group
(p<0.05), indicative of a significant increase in AHR in
the group of virus-inoculated animals.

Airway inflammation

Figure 2 shows photomicrographs of Hansel-stained
and toluidine-blue stained sections of airways from RSV-
inoculated and control guinea-pigs that were studied 100
days post-inoculation. The results of eosinophil and meta-
chromatic cell counts in the airways of the two groups of
animals are summarized in table 1. There were signifi-
cantly more airway eosinophils per unit area in the RSV-
inoculated guinea-pigs in comparison to controls (p<0.05).
In contrast, there were no significant differences in airway
metachromatic cells between the two groups of animals.

Airway morphometry

Figure 3 shows the results of the morphometric analy-
sis of wall areas of subepithelial connective tissue, airway
smooth muscle and adventitial layers. A total of 168 air-
ways were studied for 10 RSV-inoculated and 10 control
animals, and there were no significant differences in the
various wall areas measured between the two groups of
animals.

Respiratory syncytial virus immunostaining

Figure 4 shows results of immunohistochemical stain-
ing for RSV proteins in sections of guinea-pig lungs.
Viral proteins were identified in occasional cells in the
lungs of all RSV-inoculated animals examined. Intracy-
toplasmic RSV proteins were detected in cells within the
airway epithelium and stroma, bronchus-associated lym-
phoid tissue (BALT) and within the alveolar space (con-
sistent with alveolar macrophages). No false positive
immunostaining was observed in lung sections from
uninfected control animals.

Discussion

The purpose of this study was to examine whether long-
term persistence of RSV in the guinea-pig lung could res-
ult in physiological, histopathological and morphometric
changes observed in the airways of asthmatic patients. The
results indicate that, after 100 days of inoculating guinea-
pigs with RSV, there is significantly higher Rl at the higher
challenge doses of ACh, indicative of a persistent effect on
AHR. Therefore, these findings extend previous work in
this animal model of persistent RSV lung infection [9, 10],
by showing an association between viral persistence and
AHR at 100 days. These findings also extend the previous
observations of RIEDEL et al. [8], who demonstrated per-
sistent RSV protein and AHR in the guinea-pig lung at 6
weeks post-inoculation.

The results of lung histology indicate that RSV-in-
oculated guinea-pigs have significantly higher numbers of
eosinophils per unit area of airway, but not metachromatic
cells, at 100 days post-inoculation, in comparison to unin-
fected control animals. Increased numbers of eosinophils
are observed in asthmatic patients [ 12]. The results are

consistent with increase numbers of airway eosinophils
being involved to the pathogenesis of AHR in the RSV
group, similar to previous observations of airway eosino-
philia in ovalbumin-sensitized guinea-pigs with AHR [16].
However, caution is required to link virus-induced airway
eosinophilia to AHR, as other investigators have reported
that treatment of parainfluenza type 3 virus-infected
guinea-pigs with an antibody to interleukin (IL)-5 (an
important cytokine for eosinophil maturation) ameliorates
AHR without affecting the numbers of eosinophils within
the airways [23]. Recently, SCHWARZE et al. [24] showed
that AHR that develops during acute RSV infection of
mice requires eosinophils and IL-5. Further studies are
required to determine whether increased levels of IL-5 are
present during persistent RSV infection of the guinea-pig
lung.

In this study, there were no significant increases in the
numbers of metachromatic cells (mast cells/basophils) in
the airways of RSV-inoculated guinea-pigs, when com-
pared to control animals. These findings are in apparent
contrast with previous observations reported in Sendai
virus infected rats [4]. However, it must be noted that the
baseline number of mast cells in the current control
guinea-pigs were considerably higher than those seen in
Sendai virus-infected rats. Therefore, as there are more
mast cells at the basal level in guinea-pigs, it may be more
difficult to observe significant increases in airway meta-
chromatic cells from RSV infection in the present model.

The lack of apparent virus-associated airway remodel-
ling in this study may be related to 100 days being an
insufficient period for remodelling to develop. Alterna-
tively, these findings may indicate that airway remodelling
does not occur after acute RSV bronchiolitis. If airway
remodelling is not a sequela of acute bronchiolitis in
humans, then this may provide a clue to understanding the
mechanisms by which some children "outgrow" asthma.
To definitively test this hypothesis will require compar-
isons of airway morphometry between groups of asthmatic
and nonasthmatic children.

Only a few lung cells in each RSV-inoculated animal
showed positive immunostaining for viral proteins. This
staining pattern is typical of so-called "smouldering infec-
tions" that are characterized by low levels of viral repli-
cation in only a few cells at any given time, with minimal
cytolysis [25]. Smouldering infection may therefore be a
mechanism of RSV persistence within the lung after the
resolution of acute bronchiolitis. Interestingly, the pres-
ence of viral proteins within BALT cells suggests that the
virus might be stimulating a host immune response. The
possibility that local, virus-specific immunity may be re-
lated to the pathogenesis of increased airway eosinophils
in RSV-inoculated guinea-pigs at 100 days post-inocula-
tion is an intriguing hypothesis that needs further inves-
tigation.

In summary, using a guinea-pig model, we have shown
persistence of respiratory syncytial virus proteins in the
lung at 100 days post-inoculation, and that viral persistence
is associated with airway hyperresponsiveness to acet-
ylcholine challenge and increased eosinophilic infiltration
of the airways. These findings may be relevant to the
pathogenesis of post-bronchiolitis wheezing and asthma in
humans, and studies are now warranted to determine if
respiratory syncytial virus can similarly persist in affected
children.
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