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Human respiratory syncytial virus (HRSV), an enveloped, neg-
ative-strand, nonsegmented RNA virus of the family Paramyxo-
viridae, is the single greatest causative agent of acute respiratory 
tract infections in infants and children worldwide.23 Although 
HRSV infection generally is limited to the upper respiratory tract 
(URT), in the United States, primary HRSV infection is associated 
with a 0.5% hospitalization rate for those children who develop 
severe bronchiolitis or pneumonia.9 One of the most interesting 
aspects of HRSV is its ubiquity: there are annual winter–spring 
outbreaks in temperate climates,5 and approximately 90% of all 
children have experienced infection by their second birthday.9 
Although immunity to HRSV is sufficient to prevent reinfection 
of the lower airway in most human patients, this response is in-
complete, resulting in reinfection of the upper airway throughout 
life.9 Although URT infection by HRSV alone does not constitute 
a serious problem for healthy adults, its association with the de-
velopment of bacterial otitis media in children11-13,17-19,21,25,28,29,34 and 
exacerbation of asthma in all age groups16 make it an important 
health concern.

Despite the ubiquity of the virus, the epidemiology of HRSV is 
not well understood. There is no known animal reservoir, and al-
though new strains emerge over time, many remain in circulation 
over several seasons or reappear many years after they were first 
detected.27,33 Therefore, although antigenic variation driven by de-
velopment of HRSV immunity in a given population is possible, 
this hypothesis has not yet been proven. In fact, in one study,10 
human subjects could be infected repeatedly with the same HRSV 
strain, and the presence of virus-specific antibody provided only 
short-lived and incomplete protection. Therefore, HRSV may cir-
culate among seropositive persons, and it has been suggested 
that persistently infected persons may harbor the virus between 
seasonal outbreaks.30,32 Therefore, in addition to the important 
clinical issues surrounding the prevention of HRSV disease, basic 
scientific questions regarding HRSV circulation and mechanisms 
of viral immunoevasion remain unanswered.

A key hurdle in the study of HRSV pathogenesis has been the 
lack of a suitable animal model. Most published studies have 
used BALB/c mice, which have the advantage of many reagents 
available for the study of immune responses but the disadvantage 
of relative resistance to HRSV infection.22 Although pulmonary 
infection is easily detected in HRSV-infected mice, primary infec-
tion of the upper airway in this species is minimal6,7 and second-
ary infection of the URT does not occur. More susceptible rodent 
species include the cotton rat (Sigmidon hispidus)26 and chinchilla 
(Chinchilla lanigera),6 which are both relatively permissive for 
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sopharyngeal lavage fluids were determined by plaque assay 
performed as previously described.6

Confocal microscopy. At euthanasia, the skull was sectioned in 
a sagittal plane after removal of extraneous tissues. Whole sagittal 
sections of the chinchilla head included the nasopharynx, naso- 
and ethmoid turbinates, and olfactory bulb. The Eustachian tube 
was dissected carefully away from the inferior bulla and then 
sectioned longitudinally. The middle ear was not examined in 
this study. The sagittal head and longitudinal Eustachian tube 
sections underwent confocal microscopy (LSM510 Meta laser 
module attached to an Axiovert 200M inverted microscope, Carl 
Zeiss, Thornwood, NJ). Thresholds were set by using uninfect-
ed chinchilla tissue and then were maintained for evaluation of 
rrHRSV-infected tissues to significantly reduce or eliminate the 
contribution of background fluorescence.

Immunohistochemistry. After confocal microscopic analysis, tis-
sues were fixed in neutral buffered formalin and decalcified with 
0.35 M EDTA in 0.1 M Tris (pH 6.95) until no calcium could be 
detected via chemical endpoint assay.31 Decalcified tissues were 
paraffin-embedded, sectioned at 5 µm, and stained with hematox-
ylin and eosin or, for α-RSV immunohistochemistry, were incu-
bated with goat polyclonal RSV antiserum (Biodesign, Saco, ME) 
diluted 1:500 in buffer followed by incubation with biotinylated 
rabbit antigoat antibody (ScyTek, Logan, UT). Virus detection was 
accomplished by means of a a streptavidin-horse radish peroxi-
dase complex and aminoethyl carbazole as a chromagen (Scytek).

HRSV infection of the upper airway. Given the paucity of URT 
specimens encountered in general pathology practice, the devel-
opment of a robust small animal model for the study of HRSV 
infection and spread in the uppermost airway is particularly im-
portant. Moreover, effective vaccine development depends on a 
better understanding of why this compartment remains suscep-
tible to reinfection in immune hosts.

Here we describe the anatomy of HRSV infection in the chin-
chilla URT over a 2-wk period, using confocal microscopy to 
monitor the retrograde spread of a recombinant red fluorescent 
protein-expressing HRSV construct (rrHRSV)8 from the site of 
inoculation. Although rrHRSV has previously been used to study 
the susceptibility of various cell types to virus infection in vitro,8,36 
our current report is the first wherein this biologic agent has been 
used to trace the route and extent of infection after intranasal in-
stillation of virus in vivo. To establish the usefulness of our ap-
proach, immunohistochemistry and plaque assay were used to 
verify the sensitivity and specificity of fluorescence detected at 
2, 3, 5, and 14 d after infection. By these combined methods, we 
were able to follow the retrograde spread of virus infection from 
the respiratory epithelium of the nasoturbinates and nasopharynx 
(at the earliest time point) to the Eustachian tubes and ethmoid 
turbinates at later time points. The ability to visualize the anato-
my and kinetics of HRSV replication in the uppermost airway can 
now form the basis for future studies of upper-airway susceptibil-
ity to virus reinfection and bacterial coinfection.

Materials and Methods
Chinchillas. Juvenile male and female chinchillas (Chinchilla 

lanigera; n = 12; weight, 347 ± 37 g; Rauscher Chinchilla Ranch, La 
Rue, OH) were included in this study. On the basis of physical ex-
amination by a licensed veterinarian, all animals were considered 
healthy upon arrival at our facility. Testing for specific pathogens 
was not performed. Animals were housed individually in a BSL 
2 facility and were offered a commercial chinchilla pelleted chow 
and water ad libitum. Animals were acclimated for 7 to 10 d prior 
to challenge with rrHRSV. Video otoscopy and tympanometery 
revealed that all animals were free of middle ear disease at the 
time of rrHRSV challenge. All procedures used here were con-
ducted humanely and have been described in detail elsewhere.6 
Animal housing and experimental procedures were approved by 
the Institutional Animal Care and Use Committee at the Research 
Institute at Nationwide Children’s Hospital.

Infection. The rrHRSV was constructed and rescued as de-
scribed previously.8 Anesthetized chinchillas were challenged in-
tranasally with 1 × 107 pfu rrHRSV delivered in 80 µL sterile PBS, 
with the total dose divided equally between nares. Three animals 
were euthanized on each of the following days after rrHRSV chal-
lenge: 2, 3, 5, and 14. Chinchillas were monitored by a licensed 
veterinarian daily after rrHRSV challenge for signs of clinical dis-
ease as well as by video otoscopy and tympanometry for signs of 
middle ear inflammation (otitis media).6

Nasopharyngeal lavage and plaque assay. Prior to euthanasia, 
chinchillas were anesthetized, and nasopharyngeal lavage flu-
ids were collected as previously described.6 Briefly, anesthetized 
prone chinchillas were allowed to passively inhale 500 µL ster-
ile PBS in droplets delivered by sterile pipet tip. Nasopharyn-
geal lavage fluids were collected from the contralateral naris as 
they were exhaled and were stored at –80 °C. Viral titers in na-

Table 1. Infectious rrHRSV in nasopharyngeal lavage fluids

Day 2 Day 3 Day 5 Day 14

n 10 6 6 3
mean 8.1 21.2 5.8 0
SEM 4.1 16.1 3.9 0

Nasopharyngeal lavage fluids were recovered as indicated after 
intranasal infection of chinchillas with 1 x 107 pfu rrHRSV. Viral load 
(x 103 pfu rrHRSV/mL ) was determined by plaque assay. Virus load in 
the current study correlated with that found in nasopharyngeal lavage 
fluids from chinchillas challenged intranasally with the rrHRSV parent 
strain A2 (data not shown).

Figure 1. Gross anatomy of the chinchilla nasal cavity. Parasagittal sec-
tion of an unfixed chinchilla head. The nasal cavity is composed of naso-
turbinates rostrally, ethmoid turbinates caudally, and the nasopharynx 
ventrally. Bar, 5 mm.
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The ethmoid turbinates, however, are lined predominantly by ol-
factory epithelium, but regions with respiratory and transitional 
epithelium are also present. The olfactory epithelium is composed 
of neuronal cell bodies and processes, superficial nonciliated sus-
tentacular cells, which cover the neuronal cell bodies and sur-
round their processes, as well as the ducts from the submucosal 
Bowman glands. Figure 2 B is centered on the ethmoid turbi-
nate mucosa and demonstrates the transition from respiratory 
to olfactory epithelium. The respiratory epithelium just before 
the transition consists of tall columnar ciliated cells as well as 
basal cells. The relatively sharp transition between these epithe-
lial types is marked in Figure 2 B but can be easily appreciated 
by noting the abrupt absence of cilia. The nasopharynx connects 
the nasal cavity to the middle and lower respiratory tracts and 
is lined by ciliated columnar respiratory epithelium with inter-
spersed goblet cells. The Eustachian tube, a tubal organ, connects 
the nasopharynx and the middle ear space. The mucosal surface 
of the Eustachian tube is lined by ciliated columnar epithelial 
cells interspersed with goblet cells proximally and transitions to 
low columnar to squamoid nonglandular nonciliated epithelium 
distally (Figure 2 C).26

Expression of red fluorescent protein marks the sites and pro-
gression of RSV infection. On day 2 after challenge with rrHRSV, 
the time point at which fluorescence was most intense at this site, 
red fluorescence was detected along the entire length of the na-
sopharynx (Figure 3). Fluorescence was present as far retrograde 
as the nasoturbinates at this time but had not yet reached the eth-
moid turbinates (Figure 4). By 3 d after challenge, the distribu-
tion of red fluorescence had expanded to involve all areas of the 

Results
Nasopharyngeal lavage fluids contain infectious virus. Unlike 

the mouse model, wherein instillation of HRSV is generally in-
tratracheal after intranasal delivery of 50 to 100 µL virus suspen-
sion, a similar volume containing 107 pfu virus remains in the 
nasopharynx of chinchillas. We did not detect lower respiratory 
tract infection in chinchillas by plaque assay of lung homogenates 
after intranasal virus inoculation (data not shown).

We sought to assess both the path of virus infection in the chin-
chilla URT and the utility of the reagents available for these stud-
ies. To ensure that infection with rrHRSV was comparable to that 
observed with previously characterized RSV A2 strain,6 viral load 
in NP lavage fluids collected on days 2, 3, 5, and 14 after virus 
instillation was determined by plaque assay (Table 1). In all but 
one animal, virus was detected in nasopharyngeal lavage fluids 
by this method at one or more time points after HRSV challenge. 
Virus was found in nasopharyngeal lavage fluids on days 2, 3 
and 5 after rrHRSV challenge but had cleared by day 14. Viral 
titers were not measured in all animals at all time points to avoid 
repeated exposure to anesthesia.

Gross and microscopic anatomy of the chinchilla nasal cavity. 
The nasal cavity of the chinchilla is composed of the naso- and 
ethmoid turbinates rostrally and caudally, respectively, and the 
nasopharynx ventrally (Figures 1 and 2 A). The nasoturbinates 
form the rostral-most portion of the nasal cavity and are com-
posed of thin scroll-like bones lined by ciliated columnar respi-
ratory epithelium interspersed with goblet cells. The ethmoid 
turbinates form the caudalmost portion of the nasal cavity and, 
like the nasoturbinates, are composed of thin scroll-like bones. 

Figure 2. Microscopic anatomy of the chinchilla nasal cavity. (A) Chinchilla head, parasagittal section. The naso- and ethmoid turbinates are separated 
by the subethmoid shelf. (B) Ethmoid turbinate. The relatively sharp transition to olfactory epithelium is marked by the abrupt absence of cilia. (C) 
Eustachian tube, longitudinal section. RSV infection of the Eustachian tube begins at the nasopharyngeal opening and spreads retrograde toward the 
middle ear space as infection progresses. Hematoxylin and eosin stain; bar: 5 mm (A), 100 µm (B), 500 µm (C).
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was not detected in any portion of the nasal cavity or Eustachian 
tube on day 14 after HRSV challenge, the latest time point exam-
ined in this study.

There was remarkable consistency of virus infection kinetics 
between animals, with rapid spread of infection from the na-
sopharynx to the nasoturbinates, proximal Eustachian tube, and 
then to the distal Eustachian tube and ethmoid turbinates. In ad-
dition, rrHRSV continues to replicate in the chinchilla naso- and 
ethmoid turbinates after it is largely cleared from the nasophar-
ynx. Although the human nasal cavity is much less complex than 

nasal cavity (Figures 3 C and 4 C, D), except for the nasopharynx, 
which was positive on days 2 and 5 (Figure 3 B, D, and F). Red 
fluorescence on day 5 was similar in intensity and distribution 
to that observed on day 3 but was more intense in the ethmoid 
turbinates as the infection progressed (Figure 4).

To determine the kinetics of ascension of rrHRSV from the nares 
to the proximal (nasopharyngeal) and distal (bullar) Eustachian 
tube openings, we analyzed these structures. Red fluorescence 
was present at the proximal orifice to the midpoint of the Eusta-
chian tube by day 2 (Figure 3 A) and had progressed to the distal 
portion of the Eustachian tube by day 5 (Figure 3 E). Fluorescence 

Figure 3. Eustachian tube and nasopharynx of rrHRSV-infected animals, confocal microscopy and immunohistochemistry. Multifocal punctate red 
fluorescence was detected in the proximal portion of the Eustachian tube on days 2 and 3 (A, C) and in the distal portion of the Eustachian tube on day 5 
(E). Multifocal to widespread punctate red fluorescence was detected in the nasopharynx on days 2 (B) and 5 (F) and was most intense on day 2. HRSV-
infected cells were not detected at these sites by confocal microscopy or immunohistochemistry on day 14 (not shown). The degree and location of RSV 
infection determined by using these 2 detection methods were highly correlative. The single exception was the nasopharynx on day 3 (D), in which 
red fluorescence was absent whereas clusters of RSV infected cells were detected by immunohistochemistry. Insets depict increased magnification of 
the same field. Immunohistochemistry and confocal microscopy of sham-infected (saline only) chinchillas were negative in all sections examined (data 
not shown). Bar, 100 µm.
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ure 3) and in the ethmoid turbinate 14 d (Figure 5) after infection, 
in the absence of a fluorescent signal. These data indicate that use 
of red fluorescent protein-expressing HRSV is a valid method for 
tracing the spread of infection but also demonstrate the impor-
tance of the complementary histologic information provided by 
immunohistochemistry.

Taken together, our data show that the red fluorescence ob-
served by confocal microscopy was in fact due to the presence of 
intracellular rrHRSV protein expression in all types of mucosal 
epithelium in the nasal cavity, including tall, ciliated, pseudostrat-
ified respiratory epithelium, transitional epithelium, and olfactory 
epithelium (Figures 4 F and 5). The ciliated respiratory epithelium 
is thought to be the primary target for RSV in the human host,15,36 

that of chinchilla, HRSV may persist in permissive locations in 
humans as well.

Confirmation of RSV infection by immunohistochemistry. Un-
like fluorescent imaging, immunohistochemistry offers an op-
portunity to determine the specific cell types infected within the 
upper airway and is thus an essential adjunct to confocal micros-
copy. Immunohistochemical labeling and confocal microscopic 
analysis of the Eustachian tube and the decalcified nasal cavity of 
rrHRSV-infected chinchillas produced similar results, with mul-
tiple small foci of virus infection detected with both techniques. 
Compared with confocal imaging, immunohistochemistry was 
slightly more sensitive, in that small clusters of antigen positive 
cells were found in the nasopharynx and nasoturbinate 3 d (Fig-

Figure 4. Naso- and ethmoid turbinates of rrHRSV-infected animals, confocal microscopy and immunohistochemistry. Widespread punctuate red fluo-
rescence was detected throughout the nasoturbinates at similar intensity on days 2 (A), 3 (C), and 5 (E). Neither red fluorescence (B) nor immunoposi-
tive cells (D) were detected in the ethmoid turbinates on day 2. However, by day 3 (D) and increasing in intensity by day 5 (F), multifocal punctate red 
fluorescence as well as immunopositive cells were detected at this anatomic site. HRSV-infected cells were not seen by confocal microscopy on day 14 
(not shown). Insets depict increased magnification of the same field. Bar, 100 µm.
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Our limited understanding of URT infection by RSV is largely 
due to lack of a relevant animal model in which to explore ques-
tions regarding RSV pathogenesis in the Eustachian tube and 
middle ear (tubotympanum). In an attempt to develop such a 
model, we have characterized HRSV infection of the uppermost 
airway in both murine and chinchilla hosts6 challenged in a man-
ner designed to restrict viral delivery to the nasal cavity without 
dose-loss to either the gastrointestinal tract or lungs.35 In the cited 
study, chinchillas proved to be more permissive to upper-airway 
infection than were BALB/c mice, in which infection largely was 
restricted to the lungs.6 In chinchillas, as in human hosts, HRSV is 
primarily an upper-airway infection, and in the current study, we 
have used a variety of tools to map the anatomy of URT infection 
by this virus. Although chinchillas did not develop signs of clini-
cal disease at any time during the study period, microscopic ex-
amination of nasal mucosa revealed mild multifocal neutrophilic 
and lymphocytic infiltrates (data not shown).

HRSV spread from the site of inoculation to the pharyngeal 
orifice of the Eustachian tube by 48 h after challenge in chinchil-
las, but 5 d were required before virus could be detected in the 
distalmost aspect of the Eustachian tube. Virus was present in 
the nasoturbinates (equivalent to the human concha) 2 d after 
challenge and as far retrograde as the ethmoid turbinates by day 
3. Immunohistochemistry allowed us to determine the microanat-
omy of infection, revealing not just the location of infected cells 
but also the cell types infected. In general, as has been reported 
for well-differentiated, polarized, pseudostratified human airway 
epithelial cells that grow at the air-liquid interface,36 infection was 
limited to ciliated respiratory epithelial cells in chinchillas. How-
ever, in the ethmoid turbinates, immunopositive cells were iden-
tified within olfactory as well as respiratory epithelial mucosa. 
Although there are no reports of olfactory epithelial infection by 
RSV in human subjects, we previously observed this localization 
in BALB/c mice, wherein we demonstrated foci of RSV antigen-
positive cells in ductal epithelium as well as in bipolar neurons of 
the olfactory epithelium.6 In the current study, we also observed 
infection of bipolar neurons within the olfactory epithelium, dem-
onstrating susceptibility of that cell type to infection in a second 
rodent species.

Viral clearance of rrHRSV, as measured by plaque assay 
and confocal microscopy, was complete by 5 d after infection, 
although clusters of immunopositive epithelial cells were still 
present in sections taken from the nasoturbinates and ethmoid 
turbinates on day 14. This result suggests that low-level upper-
airway infection continues beyond the observation period of the 
present study, and we currently are exploring the possibility of 
long-term persistence at this site. Given the annual appearance 
of RSV in the absence of a known animal reservoir, it is certainly 
possible that some persons may serve as persistently infected car-
riers. Although the site(s) of persistent infection in the mouse are 
unknown, viral genomic RNA and mRNA were detected in lung 
homogenates from BALB/c mice that had been challenged intra-
nasally with HRSV more than 100 d earlier.30 The ease with which 
persistently infected primary human airway epithelial36 and den-
dritic cell14 cultures have been established also supports the idea 
that persistent HRSV infection in the absence of cytopathology 
may be possible, but an in vivo source of persistently infected 
cells has not yet been identified. Our previous demonstration of 
infected olfactory neurons and the identification of antigen-positive 

but because nasal epithelium from infected patients is not exam-
ined in the course of routine medical practice, whether human 
olfactory epithelium is susceptible to RSV infection is unknown. 
We have previously described RSV-infected olfactory neurons in 
BALB/c mice,6 and we confirm here that olfactory epithelium is 
also a target for RSV infection in chinchillas. Although specific 
markers for each cell type are not available for chinchillas, the 
RSV-infected cells within the olfactory mucosa are morphologi-
cally most consistent with neuronal cell bodies and processes.

Discussion
Our interest in modeling upper airway infection with RSV aris-

es from our interest in the pathogenesis of otitis media. Chinchil-
las, rats, gerbils, and hamsters have been used to experimentally 
model human otitis media;23 however, to date only in chinchillas 
and ferrets24 has it been possible to demonstrate the polymicrobial 
nature of otitis media, which always involves bacterial superin-
fection of a virus-compromised upper airway. Development of 
the first viral-bacterial superinfection model of otitis media con-
tributed to our understanding of the mechanisms by which influ-
enza A virus predisposes to secondary invasion of the chinchilla 
middle ear by Streptococcus pneumonia,2-4 and our laboratory has 
used the chinchilla model similarly to study adenovirus-mediated 
predisposition to nontypeable Hemophilus influenzae of the Eusta-
chian tube.1 However, despite its predominance as a copathogen 
of this highly prevalent pediatric disease, HRSV infection of the 
URT and its association with bacterial otitis media has not been 
well studied.

Figure 5. Ethmoid turbinate 14 d after rrHRSV infection, immunohis-
tochemistry. Although red fluorescence was not detected at any site on 
day 14, occasional immunopositive cells were observed in the ethmoid 
(as shown) or nasoturbinates (not shown) of 2/3 of animals at this time 
point, suggesting that the nasal cavity may serve as a site for prolonged 
HRSV replication in chinchillas. Bar, 100 µm.
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neurons in infected mouse lungs20 suggests another possible virus 
reservoir.

In conclusion, unlike the relatively resistant BALB/c mouse, 
the more susceptible chinchilla likely will prove to be a useful 
model for studies of RSV infection of the upper airway. Now that 
the kinetics of Eustachian tube compromise by the virus have 
been established, we can explore both bacterial superinfection in 
that compartment as well as the mechanisms by which HRSV in-
fection allows middle ear invasion by bacterial organisms that are 
normally nonpathogenic including nontypeable Haemophilus in-
fluenza and Moraxella catarrhalis. In addition, the chinchilla model 
of URT infection provides a new platform to address host defense 
mechanisms against reinfection, including why these defenses are 
inadequate in the case of HRSV.
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