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Abstract. An in vivo ferret model was used to study the association of Staphylococcus
aureus with specific tissues of the nasal cavity in both control and influenza A virus-
infected animals. Ferrets were inoculated intranasally with various doses of influenza
A3/Hong Kong/1/68 virus. On Days 2, 5, 9 and 14, four or five virus-inoculated and two
uninoculated controls were challenged intranasally with a 1-ml volume of radiolabeled
S. aureus (3 mg dry wt), a clinical isolate of low passage history. Ferrets were allowed
to clear the staphylococci in vivo for 60 to 90 min before sacrifice. The animals were
anesthetized, exsanguinated, and decapitated, and the lower jaw was removed. The
nasal fossae were exposed by dissection and turbinates from the left nasal fossa were
used for virus isolation. The median septum and tissues from the right nasal fossa,
which included vestibule and anterior and posterior turbinates, were harvested and
processed for radioassay. The percentage of recoverable staphylococci from virus-
infected ferrets (Days 2 and 5) was =10-fold higher compared with controls and animals
infected with suboptimal doses of virus; =76% of the recoverable staphylococci, whether
from controls or virus-infected animals, was associated with the anterior turbinates.
Histologic examination of the anterior turbinates from virus-infected ferrets, particularly
on Days 2 and 5 postexposure to virus, showed that the staphylococci were adhering to
desquamating respiratory epithelial cells. In contrast, the anterior turbinates from control
ferrets uninoculated with virus and posterior turbinates from both control and virus-
infected animals showed no evidence of bacteria adhering to host cells; instead, the
staphylococci were found in association with the mucus gel layer of respiratory mucosa.
Examination of vestibular tissue showed staphylococci in association with cells of the
stratum granulosum in both virus-infected and control animals. Results of this study
suggest that the early events of S. aureus interaction with different sites of ferret nasal
tissues are effected by different mechanisms, and that the interaction is significantly

enhanced by virus-infection.
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piratory tract infection that is seldom lethal

unless complicated by bacterial infection (1,
2). The mechanisms by which influenza promotes bac-
tertal superinfection have been the subject of several
recent reviews (3-6). During the past decade, our lab-
oratory has been testing the hypothesis that influenza
virus infection significantly enhances the adherence of
specific bacterial pathogens that, in turn, may lead to
colonization and superinfection. More recently, we
have become interested in developing an animal model
to test this hypothesis. Influenza virus was originally
recovered in the ferret (7) and this animal remains the

Human influenza is predominantly an upper res-
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model of choice for studying the pathogenesis of influ-
enza because the disease in ferrets closely resembles the
clinical picture seen in humans (8). Although the ferret
model has been used extensively in influenza research,
it has been used in only three studies as a model of
influenza-bacterial synergism (9-11). Brightman (9)
demonstrated that ferrets experienced a more severe
infection when challenged with a combination of influ-
enza virus and group C streptococci than the mild
infection that followed inoculation of virus alone or the
absence of infection when inoculated with streptococci
alone. Glover (10) showed that ferrets acquired group
C streptococci via aerosol only if they were first infected
with influenza A virus. The third and most recent study
(11) was the first to investigate viral-bacterial synergism
in the ferret from a mechanistic perspective. The study
was based on data indicating that influenza A virus
infection predisposes host cells to enhanced bacterial
adherence in vitro (12-19). Control and influenza A
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virus-infected ferrets were sacrificed, the heads were
harvested, and labeled bacteria were instillated intra-
nasally. Results of the radioassay indicated that adher-
ence of Staphylococcus aureus was significantly en-
hanced in virus-infected ferrets versus controls. These
results led to this current study in which ferrets, unin-
fected, or virus-infected, were challenged intranasally
with labeled S. aureus and were allowed a period of
time to clear the bacteria prior to sacrifice. Subse-
quently, tissues from different sites were harvested from
the nasal cavity and subjected to radioassay or histologic
studies to determine the specific location(s) of staphy-
lococci-host tissue interaction and to further define the
nature of this interaction.

Materials and Methods

Virus. Influenza A/Hong Kong/1/68 virus (H3N2;
ATCC VR-544; American Type Culture Collection,
Rockville, MD) was propagated in the allantoic cavities
of embryonated chicken eggs (20). The virus subtype
was confirmed by hemagglutination inhibition (21) us-
ing antisera against the Hong Kong strain of virus
kindly provided by the National Institute of Allergy
and Infectious Diseases, National Institutes of Health,
Bethesda, MD. Infectivity of allantoic fluids was also
titrated in eggs and the EID;, was calculated according
to the method of Reed and Muench (22). Stock virus
was stored at —70°C until needed for ferret inoculation.

Radiolabeling of Staphylococci. Staphylococcus
aureus strain (Ci-1) was used in this study and has been
characterized previously (23). Staphylococci were la-
beled with [methyl-*H]thymidine (15 Ci/mmol; ICN
Chemical and Radioisotope Div., Irvine, CA) as de-
scribed previously (24) and freeze-dried for storage.
Immediately before a control or virus-infected ferret
was challenged, 3.2 mg (dry wt) of labeled staphylococci
were washed in Hanks’ balanced salt solution (Grand
Island Biological Co., Grand Island, NY), pH 7.2, and
suspended in a 1-ml volume of Hanks’ balanced salt
solution. A tuberculin syringe, with an attached 25-
gauge %-in needle, was used to vigorously disperse any
clumps in the staphylococcal suspension and was also
used to deliver drops of the suspension into the anterior
nares.

Ferrets. Twenty-nine adult male ferrets, obtained
from Triple-F (Fayre, PA), were processed and anesthe-
tized as described previously (11). Animals were inoc-
ulated intranasally with a 1-ml volume of allantoic fluid
containing either 2, 20, or 200 EIDs, of virus. On Days
2,5, 9, or 14 postexposure to virus, four animals were
anesthetized and challenged with a 1-ml volume of *H-
labeled staphylococci that was slowly applied intra-
nasally, on the right side only, by allowing the animal
to inspire one drop of the suspension at a time. Follow-
ing inoculation, the animals were allowed to clear the
bacteria for 60 to 90 min, after which time they were
again anesthetized and then sacrificed by exsanguina-
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tion via cardiac puncture. Blood specimens were al-
lowed to clot and sera were collected for further testing.
Each animal was decapitated, the lower jaw was re-
moved, and the head was placed in a slotted box where
it was sawed in half slightly lateral to the median sagittal
plane, leaving the nasal septum undisturbed and expos-
ing the tissues of the left nasal fossa. The following
tissues were dissected from the right nasal fossa: median
septum (Fig. 1A), vestibule, anterior turbinate, and
posterior turbinate (Fig. 1B). The tissues were imme-
diately processed for radioassay (three animals) or his-
topathology (one animal). The anterior turbinate was
harvested from the left nasal fossa and placed into a 2-
ml volume of HBSS containing 0.5% lactoalbumin
hydrolysate (Difco Laboratories, Detroit, MI), and sup-
plemented with penicillin (100 units/ml), streptomycin
(100 ug/ml), and gentamycin (50 pg/ml). Turbinate
suspensions were stored at —70°C until used for virus
isolation and quantitation in the plaque assay. Control
animals were not inoculated with virus but were chal-
lenged with *H-labeled staphylococci and processed for
radioassay or histopathology as described. One addi-
tional control animal received neither virus nor bacteria
and was processed for histopathology only.

Radioassay. Each tissue specimen was transferred
to a vial containing a 3-ml volume of 0.125% protease
(type VI obtained from Streptomyces griseus; Sigma,
St. Louis, MO) in sterile phosphate-buffered saline
(FTA hemagglutination buffer, pH 7.2; Baltimore Bio-
logical Laboratory, Cockeysville, MD) and incubated
at 37°C for at least 45 min with intermittent agitation.
The vial was vortexed and the supernatant fluid, con-
taining host cells, labeled staphylococci, and debris, was
transferred to a test tube. The vial was rinsed with a 3-
ml volume of sterile, deionized H,O which was then
added to the supernatant fluid. Cells were pelleted by
centrifugation, the supernatant fluid was discarded, and
the pellet was suspended in a 0.5-ml volume of H,O. A
10-ml volume of ScintiVerse 1 scintillation cocktail
(Fisher Scientific, Fair Lawn, NJ) was added to the
suspended pellet, and radioactivity was measured in a
Tracor Analytic model 6895 liquid scintillation spec-
trometer. The disintegrations per minute were con-
verted to nanograms of staphylococci as previously
described (11).

Histopathology. Immediately after harvesting,
each tissue specimen was placed in a Uni-Cassette
System (Miles Laboratories, Inc., Naperville, IL) and
fixed in 10% neutral buffered formalin (American Sci-
entific Products, McGaw Park, IL) for 24 to 48 h.
Processing of specimens was performed in the Histo-
pathology Laboratory, Department of Pathology, The
University of Texas Health Science Center, San Anto-
nio, TX. Briefly, each specimen was decalcified in TBD-
2 (Shandon, Sewickley, PA), embedded in paraffin, and
multiple sections (3-um in thickness) were made in a
stepwise fashion throughout the paraffin block. Sections
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Figure 1. Median sagittal view of a ferret head after removal of the lower jaw before (A) and after (B) the median septum was removed. The
outlined septurp (A) was cartilaginous ventrally and bony dorsally. Removal of the septum exposed the right nasal fossa (B). Three areas are
outlined: (i} the vestibule, beginning at the external nares, included a fibromuscular strand that attached dorsally to the turbinate; (i) the anterior
and middle turbinates were fan-like scrolls that appeared injected and glistening 48 hr after intranasal instillation of influenza A virus; and (i)

the posterior turbinate consisted of parallel finger-like scrolls.

were stained by hematoxylin and eosin, the Brown and
Hopps (B&H) method for detection of gram-positive
and gram-negative bacteria, and the periodic acid-Schiff
method for visualization of mucopolysaccharides. Pho-
tomicrographs were made using Kodak Tmax 100 film.

Serology. Kaolin-treated sera were titrated by
hemagglutination inhibition for antibodies against the
infecting strain of influenza A virus (21).

Plaque Assay. After thawing, the suspensions of
turbinates were vigorously vortexed. Madin-Darby ca-
nine kidney cells (NBL-2; American Type Culture Col-
lection) were inoculated with 10-fold dilutions of su-
pernatant fluids from the tissue suspensions and virus
was allowed to grow for 3 to 5 days (34°C in a 5% CO,
atmosphere) under an agar overlay medium containing
trypsin according to the procedure described by Tobita
et al. (25). Monolayers were fixed by adding Cornoy’s
solution (1 part glacial acetic acid and 3 parts 95%
ethanol in water) to the agar overlay which was removed
before staining with 1% crystal violet in 50% ethanol.
Plaques were counted and the total number of plaque-
forming units was determined for each specimen.

Results

Figure 2 shows the mean amount of S. aureus
associated with the four tissue specimens harvested
from the nasal fossae of virus-infected and control
ferrets. For control animals, only 0.3% of the total
amount of labeled staphylococci, introduced into the
right nasal fossa, was recoverable in these tissues 60-90
min after inoculation, and 99% of the recoverable
staphylococci were associated with the anterior turbi-
nate. Results obtained from animals inoculated with 2
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Figure 2. Mean association of *H-labeled Staphylococcus aureus
with the median septum (closed bar), vestibular tissue (open bar),
anterior turbinate (stippled bar), and posterior turbinate (striped bar)
from the right nasal fossae of ferrets that were not inoculated with
virus or were inoculated with either 20 EIDs, or 200 EIDs, of influenza
A3/Hong Kong/1/68 virus. Thin bars represent the standard deviation
of results.

(not shown) or 20 EIDs, of virus (Fig. 2) did not differ
significantly from that of control animals, and only
0.4% of the staphylococci was recovered. All animals
inoculated with these two doses of virus were positive
for virus isolation with a mean number of 5.25 X 10'?
plaque-forming units in anterior turbinates harvested
on Day 2, the only time period tested postexposure to
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virus. In contrast, tissues from ferrets inoculated with
the highest test dose of influenza A virus (200 EIDs,)
showed significantly increased association with labeled
staphylococci, as seen in Figure 2. The percentage of
recoverable staphylococci was 3.4 (Day 2), 3.9 (Day 5),
1.0 (Day 9), and 0.9 (Day 14); of the total recoverable
staphylococci, 78% (Day 2), 86% (Days 5 and 9), and
76% (Day 14) were associated with anterior turbinate.
Over time, the mean number of influenza A virus
plaque-forming units, isolated from anterior turbinates,
decreased from 6.8 x 10° (Day 2) to 1 X 10* (Day 5);
no virus was isolated from tissues harvested on Days 9
and 14. As virus titers decreased, antibody against the
infecting virus increased with time from a mean titer
of 80 (Day 2) to 320 (Day 5) and 10,240 (Days 9 and
14).

Although quantitative data accumulated from the
radioassays indicated the level of association of staph-
ylococci with specific tissues in the nasal cavity, the
nature of the association was only revealed by a histo-
logic examination of the tissues before and after virus
infection. In both virus-infected and control animals,
bacteria and host cell interaction were seen in the tissue
from the vestibule (Fig. 3); numerous cocci appeared
to associate with cells of the stratum granulosum which
were in the process of keratinization. In contrast, non-
keratinized stratified squamous epithelium that formed
the ventral attachment of the anterior turbinate and
fully keratinized stratum corneum showed no adhering
staphylococci.

Another pattern emerged for the anterior turbinate;
staphylococcal adherence was markedly different be-
tween control and virus-infected animals. Figure 4
shows the normal architecture of tissue from a control
animal in which regular ciliated columnar epithelium,
interspersed with goblet cells, lined the air passages.
These ciliated cells were overlaid by mucus gel which
was loaded with staphylococci. Bacteria were seen only
in association with mucus; no bacteria-host cell inter-
action was observed even in areas where the epithelium
appeared to be mucus free. By Day 2, postexposure to
virus, broad areas of the turbinate showed desquama-
tion of the ciliated columnar epithelium and goblet
cells, leaving only a basal layer lining the air passage.
The air passages contained exudate comprised primar-
ily of desquamated epithelial cells and segmented neu-
trophils (Fig. 5). In areas where staphylococci were
observed, they appeared only in association with des-
quamated cells or cells in the process of desquamation
(Figs. 5 and 6). The remaining basal layer was bacteria
free. Similar results were obtained from tissue harvested
on Day 5. By Day 9, tissue repair was in an advanced
stage with evidence of transitional stratified squamous
and stratified columnar epithelium, which in some
areas appeared to be ciliated. Bacteria were more diffi-
cult to find, but when present appeared to be associated
with desquamated cells, segmented neutrophils, and
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strands of mucus gel. On Day 14, the last time period
tested, the epithelium was mostly stratified ciliated
columnar cells and staphylococci were associated pri-
marily with strands of mucus gel.

In the normal animal, the posterior turbinate was
composed of olfactory epithelium, which had a layer of
superficial ciliated columnar cells. This layer was ov-
erlaid by a mucus gel that contained staphylococci.
Even after virus infection, the bacteria were still asso-
ciated with mucus gel (Fig. 7); no staphylococci-host
cell interaction was observed. We were not able to
visualize staphylococci associated with septum from
control or virus-infected animals; histologically, no mu-
cus gel layer was apparent and, grossly, the mucosal

Figure 3. Oblique section of the vestibular tissue taken from a normal
ferret challenged with S. aureus demonstrated that cells of the stratum
granulosum were loaded with adherent gram-positive staphylococci
(arrow) (B & H, original magnification x500).

Figure 4. Obligue section of the anterior turbinate from a normal
ferret challenged with S. aureus. Cilia of the columnar epithelium was
covered by a layer of mucus gel that was loaded with gram-positive
staphylococci (arrow). Air passages were free of exudate (B & H,
original magpnificaiton x500).



Figure 5. Anterior turbinate from a ferret on Day 2 postexposure to
influenza A virus and challenged with S. aureus. The ciliated columnar
epithelium and goblet cells have been desquamated exposing a basal
layer of cells. Adherent staphylococci (arrow) were seen associated
with desquamated cells and cells that appeared to be in the process
of desquamation (B & H, original magnification x500).

Figure 6. Anterior turbinate from a ferret on Day 2 postexposure to
influenza A virus and challenged with S. aureus. Staphylococci (arrow)
were seen with respiratory epithelial cells that were being desqua-
mated from the mucosal surface (B & H, original magnification x500).

epithelium was only loosely attached to cartilage and
bone so it is possible that the organisms were simply
lost in processing of specimens.

Discussion

We have previously used a ferret model radioassay
system to compare the amount of *H-labeled S. aureus
remaining in the nasal cavity and oropharynx of control
and influenza A virus-infected animals that were first
sacrificed, then instilled intranasally with staphylococci
(11). In the present study, we modified the assay system
in two ways: (i) labeled staphylococci were inoculated
in vivo and the ferrets were allowed to clear the orga-
nisms before being sacrificed and (ii) specific tissues
were harvested directly from the nasal fossa and tested
for the presence of radiolabeled staphylococci without
any wash steps. From 76 to 99% of the recoverable
staphylococci were associated with the anterior turbi-
nates of both virus-infected and control animals (Fig.
2). The amount of staphylococci recovered from virus-
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Figure 7. Posterior turbinate from a ferret on Day 5 postexposure
to influenza A virus and challenged with S. aureus. Staphylococci
(arrow) were associated with nonstructured mucinous exudate in the
air passage located above the olfactory epithelium (B & H, original
magnification xX500).

infected ferrets was significantly higher when compared
with controls, particularly if the virus-infected tissue
was harvested 2-5 days after virus inoculation. It is
important to note that the mere presence of virus in
the turbinates of ferrets exposed to low concentrations
of virus inoculum was not sufficient to enhance staph-
ylococcal association above that of uninfected control
tissue (Fig. 2), which suggests that virus infection initi-
ates a process that must occur before enhanced associ-
ation is detectable. This observation is further sup-
ported by the fact that, even in animals infected with
an optimal dose of virus, enhancement does not occur
sooner than a full 48 hr after virus inoculation (data
not shown).

The radioassay is an objective and quantitative
system that enables direct comparison of data between
different animals and between tissues of the same ani-
mal; however, this assay does not permit direct obser-
vation of the interaction between staphylococci and
tissue. For this reason, we examined the various tissues
from control and virus-infected animals microscopi-
cally. It was, in fact, this aspect of the study that revealed
at least three mechanisms of staphylococci-host tissue
interaction. In the first, staphylococci appeared to as-
sociate directly with cells undergoing keratinization in
the stratum granulosum of vestibular tissue from both
control and virus-infected ferrets. These results are
similar to those reported by Bibel et al. (26) in which
they noted increased S. aureus adherence to “high
granular” cells collected by scraping the anterior nares
of human subjects. At least one of the staphylococcal
adhesins mediating attachment to human nasal mu-
cosal cells appears to be teichoic acid (27, 28). Whether
this same cell wall component also mediates adherence
to the ferret vestibular cells is unknown.

The second in vivo mechanism of staphylococcal
association did not involve bacterial-host cell interac-
tion, but rather interaction of staphylococci with mucus
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gel. This type of interaction was clearly demonstrable
by histologic examination of the anterior turbinate from
a control ferret. As Freter (29) has so aptly pointed out,
mucus gel may simply trap bacteria preparatory to
removal or the gel may actually contain receptor sub-
stances capable of reacting with bacterial adhesins and
thereby promote mucosal association by retaining bac-
teria in the gel. An example of the former case can be
seen in a report by Parsons and Mulholland (30) in
which they described mucin as an “anti-adherence fac-
tor” in protecting the bladder mucosa of rabbits against
adherence by S. aureus. In contrast, Verghese et al. (31)
used mucin as a virulence-enhancing factor by suspend-
ing S. aureus in mucin before endotracheal inoculation
of control and emphysematous hamsters; in emphyse-
matous hamsters, this combination resulted in impaired
clearance and decreased survival. In these two reports,
the association of staphylococci with mucin could rep-
resent either a nonspecific or specific interaction.
Whether respiratory mucus gel does, in fact, contain
specific receptors for S. aureus, as has been described
for Pseudomonas aeruginosa (32) and Bordetella bron-
chiseptica (33), is unknown and merits further study.
The development and repair of nasal lesions in our
animals followed the same time sequence and exhibited
the same histopathology as described in detail in an
excellent study by Francis and Stuart-Harris (34) on
the nasal histology of normal and influenza A virus-
infected ferrets. Influenza virus has been shown to
preferentially infect the anterior turbinates of ferrets
(7), so it seemed reasonable to assume that if staphylo-
coccal adherence was enhanced by virus infection the
phenomenon would most readily be detected in turbi-
nates. Data from radioassays indirectly supported this
assumption. Histologically, we found that by Day 2
postexposure to virus the respiratory mucosa of the
anterior turbinate was in an advanced stage of desqua-
mation, and it was at this time that we observed the
third mechanism of staphylococcal association. Adher-
ence-positive staphylococci were found in association
with patches of mucosal cells that appeared to be in the
process of desquamation or were already desquamated
and present in the air passages. Liu (35) has shown that
influenza virus specifically infects the ciliated columnar
epithelial cells of the anterior turbinate and appears to
spread between groups (patches) of these cells through-
out the respiratory epithelium; infection leads, in turn,
to desquamation and desquamated cells in the air pas-
sage remain positive for virus antigen by immunofluo-
rescence. Whether staphylococcal adherence to these
probable virus-infected epithelial cells is mediated by
the same adhesin(s)-receptor(s) interaction described
for our in vitro cell culture system (24, 36) remains to
be determined. Histologically, the bacteria-host cell as-
sociation appeared to be highest on Day 2 but was still
observable on Day 5; by Day 14 regeneration of the
respiratory mucosa was advanced and staphylococci

168 STAPHYLOCOCCI IN VIRUS-INFECTED FERRETS

appeared only in association with strands of mucus gel.
Extensive adherence over the entire surface of the ex-
posed basal layer was not observed on Days 2 or 5,
even though the mucosa had lost its “protective” coat
of mucus gel. Except for a previous report from our
laboratory (11), no animal model has been used before
to study viral-bacterial synergism in tissues of the nasal
cavity (upper respiratory tract). However, the mouse
model has been used by several investigators to examine
the effect of influenza virus infection on bacterial ad-
herence in the trachea (lower respiratory tract). Ram-
phal et al. (14) demonstrated that adherence of P.
aeruginosa was enhanced, but only on Days 2 and 3
postexposure to virus; pseudomonads were found ad-
hering to desquamating or desquamated mucosal cells
only. Nugent and Pesanti (37) reported that S. aureus
persisted longer in the tracheas of mice on Day 7
postexposure to virus than in uninfected controls. Re-
cently, Plotkowski er al. (38) were successful in dem-
onstrating significantly enhanced adherence of Strep-
tococcus pneumoniae on Day 6 postexposure to virus
but not on Days 2 and 4. Electron micrographs revealed
that the pneumococci were attached to the fibrous
network of the extracellular matrix of the exposed
basement membrane and to a lesser extent to basal cells
of the mucosal surface. These results strongly suggest a
different mechanism of pneumococcal association in
virus-infected mice from that seen with pseudomonads
in infected mice and staphylococci in infected ferrets.

We have shown that association of S. aureus with
the mucosa of the upper respiratory tract differs quan-
titatively and qualitatively between influenza virus-
infected and control ferrets. In virus-infected animals,
the amount of staphylococci remaining after a period
of clearance is significantly increased compared with
controls. Importantly, the staphylococci appear to bind
directly to virus-infected respiratory epithelial cells in
contrast to the mucous binding seen in control animals.
Whether this cell-cell interaction and impaired clear-
ance in the nasal cavity lead eventually to lower tract
disease remains to be determined.

This work was supported by Public Health Service Grant RO1
Al17242 from the National Institute of Allergy and Infectious Dis-
eases, National Institutes of Health.
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