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Histopathological Changes in the Upper Respiratory
Tract of F344 Rats Following Infection with a
Rat-adapted Influenza Virus

J. D. Isangs, K. T. MorGAN, aND G. R. BURLESON

Center for Environmental Medicine and Lung Biology, University of North Carolina, Chapel Hill, NC (JDI');
CIIT, Research Triangle Park, NC (KTM); and
US Environmental Protection Agency, Research Triangle Park, NC (GRB?)

Abstract. The present study determined the morphogenesis of upper respiratory tract disease in rats following
infection with a rat-adapted influenza virus. Sixty-eight 60-day-old, male F344 rats were infected by intranasal
inoculation and necropsied at days 1, 2, 4, 7, 14, and 28 post-inoculation (PI). Responses to infection were
studied by routine light microscopy for histopathologic changes and immunocytochemistry for localization of
viral antigen. Severe infection-induced changes involved the respiratory epithelium and underlying lamina
propria, and the nasal-associated lymphoid tissue, with minimal involvement of the transitional epithelium.
The lesions were most severe on the septum and the medial aspect of the nasoturbinates. Viral antigen, located
in the respiratory epithelium of affected regions at days 1 and 2 PI, was associated with neutrophilic infiltration
and epithelial necrosis and erosion. At day 4 PI, an infiltrate of lymphocytes, macrophages, and fewer neutrophils
was present, often accompanied by epithelial regeneration. Changes in the nasal-associated lymphoid tissue
were evaluated using morphometric analysis and consisted of hyperplasia (days 4 to 7 PI) followed by progressive
involution (days 14 to 28 PI). Mild lesions associated with foci of viral antigen were also observed in the nasal
olfactory epithelium on days 1, 2, and 4 PI. The changes observed in the present study indicate the potential

value of rat-adapted influenza virus infection as a model of human influenza.

Key words:

Numerous pathogenic microorganisms are trans-
mitted via inhaled air and are capable of causing severe
morbidity and mortality in individuals with altered
respiratory immunity.?> The economic impact of influ-
enza virus infection is estimated to be between three
and five billion US dollars direct cost per year in the
United States alone.!® Concurrent exposure to air pol-
lutants may favor such disease processes, resulting in
enhanced or prolonged viral infection, with attendant
increases in morbidity, mortality, and socioeconomic
impact.? Identification of components of the airway
immune defenses and characterization of their re-
sponses to important air pollutants, in conjunction with
relevant infectious disease processes, will help to de-
termine the presence or absence of synergism between
inhaled toxicants and infectious agents.

Influenza viruses are epitheliotropic and specifically
target the airway lining of the upper and lower respi-
ratory tracts.? Complete descriptions of pulmonary
lesions induced in humans by these viruses have been
published.!® Qualitative and quantitative descriptions

! Present address: CIIT, Research Triangle Park, NC.
2 Present address: Proctor and Gamble Company, Cincin-
nati, OH.

412

Immunohistochemistry; influenza; nasal cavity; pathology; rat.

of nasal changes during rhinovirus infection have also
been reported.!*** Lesions resulting from infection by
a number of viruses in the nose of rats have been
described in more detail, including Sendai virus'!' and
sialodacryoadenitis virus.* However, little information
is available on changes in the upper respiratory tract
of humans or laboratory animals resulting from influ-
enza virus infection. The virus used in the present
study was adapted to rats by serial passage and de-
veloped as a model for the study of respiratory tract
immune responses.'® The present publication reports
a sequential morphological description of the events
that occur in the respiratory tract following rat-adapted
influenza virus infection of rats, with special reference
to the nasal mucosa and the nasal-associated lymphoid
tissue including localization of the virus by immuno-
histochemistry.

Materials and Methods
Animals and husbandry

Sixty-eight male F344 rats (CDF [F344]/CrLBR, Charles
River Laboratories, Inc., Wilmington, MA) were used at 8
weeks of age in all studies. The rats were housed in shoe-box
cages with three rats per cage. Animals were maintained at
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22 + 2 C and a relative humidity of 50 + 10% with a 12-
hour light—dark cycle. All rats received water and food (Pur-
ina rat chow) ad libitum. Additional animals were part of a
sentinel program and were screened for specified murine
pathogens, including endoparasites and ectoparasites, and
fecal Pseudomonas spp. Nasopharyngeal, tracheal, and lung
washing samples were cultured for murine respiratory tract
pathogens. Tissues were collected for histopathologic eval-
uation, and serum samples were tested for antibody to Sendai
virus, reovirus type 3, pneumonia virus of mice, encepha-
lomyelitis virus, Toolan H-1 virus, Kilham rat virus, lym-
phocytic choriomeningitis virus, and Mycoplasma pulmonis.
Results of all these tests were negative.

Rat-adapted influenza virus (RAIV)

A human influenza virus, adapted through 10 successive
passages of infected lung homogenate in F344 rats, was used
for all infectivity experiments. Influenza A/Port Chalmers/
1/73 (H3N2) virus was purchased from the American Type
Culture Association (ATCC VR-810) and used as the initial
infectious agent in the adaptation procedure. Influenza A/Port
Chalmers/1/73 virus propagated in the allantoic fluid of 10-
day-old embryonated chicken eggs was used as a stock virus
to be adapted to growth in the F344 rat lung. A 0.2-ml
suspension of allantoic fluid containing the influenza virus
was administered intranasally, using a 22-gauge 1-in. needle
on a 1.0-cc Monoject syringe, to male F344 rats lightly anes-
thetized with ethyl ether (Mallinkrodt). Lungs were harvested
24 hours post-infection and scored for lung consolidation.'’
A 10% w/v lung homogenate in Eagle’s minimum essential
medium (E-MEM) was made on ice using a Polytron ho-
mogenizer (Kinematica GmbH, Switzerland) on setting 7 for
15 seconds. The homogenate was centrifuged at 1,000 x g
for 30 minutes to remove cellular debris, and the supernatant
aliquoted and stored at —70 C until analyzed for virus con-
tent by using the Madin-Darby canine kidney (MDCK) plaque
assay.'* The homogenate showing the highest viral titer and
most advanced lung consolidation was chosen for the next
passage in F344 rats. This process of passaging the virus in
the rat lung was repeated until a plateau in the viral titer was
observed. Infectious viral titers used in challenge studies were
quantified utilizing MDCK cells!? and an overlay medium.!
This method has been described in detail.®

Histopathology

Fifty-eight 8-week-old rats were randomly assigned to two
groups (control and infected group) of 29 animals per group.
At day 0, the treated animals were intranasally inoculated
with 0.2 ml ofa 1 : 100 dilution of rat-adapted influenza virus
(RAIV): 2.0 x 10% plaque-forming units /ml in Eagle’s min-
imum essential medium with L-glutamine, non-essential
amino acids, and penicillin/streptomycin (E-MEM, GIBCO).
The control animals were inoculated in the same way with
0.2 ml of culture medium. Animals were euthanatized and
necropsied on days 1, 2, 4, 7, 14, and 28 post-inoculation
(PI). At each time point, five animals of each group (four
animals per group at day 28) were anesthetized with an in-
traperitoneal injection of sodium pentobarbital, body weights
were recorded, and the animals were euthanatized by exsan-
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guination. A complete necropsy was performed. The nasal
cavities were gently flushed with formalin via the nasopha-
ryngeal meatus and then immersed in fresh fixative. The
skulls were decalcified in a 5% formic acid solution with ion-
exchange resin. Six 2-3-mm-thick transverse blocks of the
nasal cavity® were placed rostral face down (with the excep-
tion of the nose tip) in cassettes. The tissues were then pro-
cessed in a conventional manner, embedded in paraffin, sec-
tioned at 5 um, stained with hematoxylin and eosin (HE),
and examined by light microscopy. The distribution of nasal
lesions was recorded on diagrams of the nose of the F344
rat.'” The severity of nasal lesions was scored as follows: 0
= no lesion observed, + = minimal lesion, ++ = moderate
lesion, +++ = severe lesion. Lesion score was evaluated
blindly with randomized slides and was based on both local
severity and extent of tissue involvement.

Immunohistochemistry

A modification of the streptavidin-biotin immunohisto-
chemical system, Histostain-SP (Zymed Laboratories, San
Francisco, CA), was used to detect influenza virus antigen in
the tissues. Deparaffinized tissue sections of the nose were
incubated with 0.5% H,O, in methanol for 30 minutes to
inhibit endogenous peroxidase and then rinsed three times
in phosphate-buffered saline (PBS). After treatment for 10
minutes in 0.1% pronase E (Sigma Chemical Co., St. Louis,
MO) (pH 7.3) at room temperature and three washing steps,
blocking of nonspecific staining was achieved with normal
horse serum diluted 1: 5 in PBS for 15 minutes. The blocking
serum was drained and replaced with a murine monoclonal
antibody (anti-influenza A virus antibody that recognizes the
nucleoprotein; Biodesign International, Kennebunkport, ME)
in a 1:250 dilution in PBS overnight at room temperature.
After washing in PBS, sections were incubated with a biotin-
labeled horse anti-mouse immunoglobulin antibody (Vector,
Burlingame, CA), diluted 1:200 in PBS for 30 minutes at
room temperature. After rinsing, sections were incubated
with an HRP-Streptavidin (Zymed Laboratories) diluted 1:
200 in PBS for 30 minutes at room temperature. Following
three washings, the substrate and chromogen mixture (AEC
red substrate kit, Zymed Laboratories) was prepared in dis-
tilled water and applied for 5 minutes. The sections were
washed three times, counterstained with Harris” hematoxy-
lin, and coverslipped. As a negative control, PBS was sub-
stituted for the primary antibody using selected tissues. The
specificity of the viral stain was examined by using tissues
from a control F344 rat, uninfected with RAIV. The tissues
were processed as described above.

Morphometric analysis

For a morphometric study of reactivity of the nasal-as-
sociated lymphoid tissue (NALT), ten rats were randomly
allocated into a control group and an infected group of five
animals per group, and inoculated as described above. The
animals were necropsied on day 7 PI, using procedures iden-
tical to those described above. After decalcification, about
1-mm-thick serial transverse blocks from the region of the
nose containing the NALT (from the first palatal ridge to the
posterior opening of the nasopharyngeal duct) were placed
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Table 1.
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Progression of the lesions present in the nasal cavity following rat-adapted influenza virus infection. — =

normal or negative, + = minimal, ++ = moderately severe, + ++ = severe.

Day After Inoculation

1 2 4 7 14 28

Respiratory epithelium

Neutrophilic inflammation ++ +++ + — - -

Epithelial necrosis - ++ + — — _

Mononuclear inflammation — + ++ +4++ + —

Regeneration — — + ++ + _

Detectable viral antigen ++ +++ — - — —
Olfactory epithelium

Sensory cell loss - + + — — _

Regeneration — - — + + —

Detectable viral antigen + ++ ++ — — —
Nasal-associated lymphoid tissue (lymphoepithelium)

Hyperplasia - - ++ +++ + -

Involution — - — - /44 44+

Detectable viral antigen + + — — - _

rostral face down in cassettes. The tissue blocks were trimmed  Histopathoelogy

in a manner that permitted determination of block number
(five to seven per NALT) and orientation (left or right) on
the basis of block shape. These tissues were then processed
as described previously for the HE sections. The morpho-
metric analysis was performed using an Image-1 Processing
System (Universal Imaging Corporation, West Chester, PA).
Prior to collection of data, the magnification was calibrated
using a stage micrometer. The cross-sectional area of the
NALT in histological sections (four for each animal) was
determined for each cross section. The total area of the NALT
was calculated by adding the values obtained for each section.

Statistical analysis

Statistical analysis of the measured NALT was performed.
The data were tested for equality of group means by use of
an unpaired student’s ¢-test. The 5% significance level was
used as a criterion for statistical significance.

Results
Clinical observations; body and organ weights

No clinical illness was observed in infected rats. A
moderate and transient decrease in body weight was
apparent at 7 days post-inoculation (PI). At other times,
body and organ weights were within the normal range,
with no statistically significant differences between
groups (data not shown).

Gross pathology

No significant macroscopic changes were observed
during necropsy. However, during trimming of the de-
calcified noses, small dark foci of apparent congestion
were found in the nasal-associated lymphoid tissue
(NALT) in animals necropsied at day 28 PIL.

The lesions progressed and resolved in a character-
istic fashion (Table 1). In rat-adapted influenza virus
(RAIV)-infected rats, lesions in the nasal cavity pri-
marily involved the respiratory epithelium of the nasal
septum and medial aspect of the nasoturbinates (Fig.
1). At day 1 PI, moderate numbers of neutrophils were
present within or beneath the nasal respiratory epithe-
lium or both. Thereafter (day 2 through 7 PI), a mixed
population of neutrophils, macrophages, and fewer
lymphocytes was present throughout the lamina pro-
pria in affected areas, with variable degrees of epithelial
cell deciliation and degeneration (Figs. 2, 3). Concur-
rently (day 2 PI), a mild to moderate, patchy to diffuse
epithelial cell necrosis occurred in areas where neutro-
phils were more abundant. Sloughed necrotic epithelial
cells, intermixed with debris and degenerating inflam-
matory cells, formed a seroceliular exudate in the nasal
lumen adjacent to the most severely affected areas of
the nasal mucosa. Regenerative epithelial changes ap-
peared at day 4 PI and increased in magnitude at day
7 Pl. The regenerating respiratory epithelium was
mainly located at the free margins of the naso- and
maxilloturbinates and along the medial septum, and
was characterized by densely packed polyhedral epi-
thelial cells with hyperchromatic, basophilic cyto-
plasm. Respiratory epithelial cell hyperplasia, char-
acterized by thickening of the epithelium with in-
creased cellularity, was focal and transient and van-
ished by day 14 PI (Fig. 4). From day 7 to 14 PI, the
inflammatory component of the lesion receded to be-
come minimal and had disappeared at day 28 PI. The
transitional epithelium of the lateral meatus was less
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Viral antigen stained at Day 1 and 2 p.i.

Viral antigen stained at Day 2 p.i.

Random foci of viral antigen positive
olfactory cells at Day 1, 2 and 4 p.i.
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Fig.1. Nasal cavity, rat. Map of nasal passages, modified
from Mery et al.,"” showing distribution of nasal lesions and
influenza viral antigen.
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Fig. 2. Nasal cavity, rat, dorsal medial meatus, 2 days
post-inoculation. The lesion is characterized by a mixed in-
flammatory cell infiltrate in the lamina propria subjacent to
a region of epithelial degeneration. Numerous respiratory
epithelial cells are immunoreactive for the viral antigen. Anti-
influenza A virus stain using the streptavidin-biotin im-
munohistochemical system, hematoxylin counterstain. Bar
= 180 um.

severely affected, with lesions generally confined to the
lateral wall (Fig. 1) and sparing the lateral aspect of the
nasoturbinates, in spite of severe lesions in the respi-
ratory epithelium of the medial aspect of this structure
(Fig. 2).

Olfactory epithelial lesions were confined to small,
apparently randomly scattered foci of sensory cell de-
generation (Figs. 1, 8) at days 2 and 4 PI in areas
exhibiting staining for viral antigen (see below). By
days 7 and 14 PI, the olfactory lesions were confined
to small foci of slight hypercellularity of the basal cell
layer, indicating sensory epithelial regeneration.

Changes in the NALT were characterized by an en-
largement of the lymphoid aggregates owing to the
presence of increased numbers of small, well-differ-
entiated lymphocytes (days 4 through 7 PI). These lym-
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Fig. 3. Nasal cavity, rat, nasal septum, 2 days post-in-
oculation. The respiratory epithelium is deciliated and has
numerous degenerate and/or necrotic epithelial cells. Intra-
epithelial and subepithelial neutrophils are present. HE. Bar
= 70 um.

phoid aggregates formed well-circumscribed follicles
that often had germinal centers (Figs. S[control], 6).
Morphometric analysis revealed that the NALT of in-
fected animals at day 7 PI had almost twice the cross-
sectional area of the NALT in control animals (control
mean = SD, 0.43 + 0.21 sq. mm; infected mean =
SD, 0.81 + 0.12 sq. mm, P < 0.05). At day 14 PI, the
lymphoid follicles were markedly reduced in size. The
germinal centers had faded and widened and contained
widely scattered lymphoid cells mixed with necrotic
cellular debris. At day 28 PI, in two infected animals,
lymphoid follicles were involuted with no evidence of
germinal centers. The density of the lymphocyte pop-
ulation of the NALT was below that in controls and
occasional hemorrhages were present (Fig. 7).

Viral antigen was confined to animals infected with

% o % ~ A R A
%.“ iy /" ‘a gy | ’Q’
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0 OV QP05 Pl Ve W) 4 B\ 2
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Fig. 4. Nasal cavity, rat, nasal septum, 7 days post-in-
oculation showing hyperplastic regenerating respiratory ep-
ithelium. Remnants of mononuclear inflammatory cell in-
filtrate are scattered throughout the lamina propria. HE. Bar
=70 um.
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Fig.5. Nasal-associated lymphoid tissue, control animal,
normal. HE. Bar = 70 um.

RAIV. At day 1 P1, viral antigen was present along the
nasal dorsal medial meatus, medial septum, and the
medial aspect of the nasoturbinates (Fig. 1), as well as
within the lymphoepithelium covering the NALT. The
immunostained cells within the lymphoepithelium were
mainly nonciliated with the morphological character-
istics of M-cells. A few cells of the maxillary sinus
epithelium also stained positively for viral antigen. At
day 2 PI, viral antigen-positive cells were also present
in the lateral meatus and less frequently on the max-
illoturbinates. No respiratory epithelial cells stained
for the virus on or after day 4 PI. Patches of olfactory
epithelial cells that had the morphological character-
istics of immature sensory cells, and adjacent susten-
tacular cells, were also positive on days 1, 2, and 4 PI
(Fig. 8). The distribution of viral antigen staining in
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Fig. 6. Nasal-associated lymphoid tissue (NALT), rat,
day 7 post-inoculation. The NALT is enlarged and contains
well-differentiated lymphoid follicle. HE. Bar = 70 pm.
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Fig. 7. Nasal-associated lymphoid tissue (NALT), rat,
day 14 post-inoculation. The NALT has involuted and con-
tains shrunken follicles. Congested vessels and hemorrhages
are present. HE. Bar = 70 um.

the olfactory epithelium appeared random, with some
preponderance of staining in the medial airways.

Discussion

Numerous and extensive descriptions of the lesions
induced by influenza viruses in humans have been
reported,”!'* but these descriptions are generally fo-
cused on intrathoracic lesions. Information on the na-
ture of nasal lesions in humans was obtained following
epithelial scrape biopsies collected within 24 to 32 hours
of the onset of symptoms.>'¢ These observations, in
spite of being very informative, did not provide de-
tailed information on the distribution and morpho-
genesis of influenza virus-induced disease in the nose.

The present study of rat-adapted influenza virus
(RAIV) infection in rats demonstrated that the rodent
disease resembles human influenza infection, both with
respect to time course and morphogenesis of the re-
spiratory tract lesions. Furthermore, this model re-
vealed the distribution of lesions and sites of viral
antigen expression in the upper respiratory tract, in-
cluding the presence and nature of lesions in the ol-
factory mucosa and nasal-associated lymphoid tissue
(NALT). These results indicate that RAIV is a poten-
tially valuable model for studies of influenza virus in-
fections. Rat-adapted influenza virus (RAIV) exhibited
a clear epitheliotropism directed towards the respira-
tory and, to a lesser extent, the transitional and olfac-
tory epithelia, whereas the squamous epithelium was
apparently resistant to infection. The significance of
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Fig. 8. Nasal cavity, rat, ethmoturbinate, olfactory epi-
thelium, day 4 post-inoculation. Immunohistochemistry.
Patches of olfactory cells are randomly positive for the viral
antigen. This was the most severely affected area of olfactory
epithelium observed in the present study. Anti-influenza A
virus stain using the streptavidin-biotin immunohistochem-
ical system, hematoxylin counterstain. Bar = 70 um.

these differing epithelial susceptibilities to the influ-
enza virus and the potential role of regional differences
in viral exposure levels are unknown.

The observation that RAIV induced, albeit mild,
olfactory epithelial damage may be relevant to the fact
that upper respiratory tract infections, including those
induced by influenza viruses, can permanently damage
the sense of smell.® Interestingly, RAIV also induces
olfactory epithelial lesions in neonatal Sprague-Dawley
rats, including focal necrosis and inflammation.® The
viral antigen observed in the olfactory epithelium in
the present study was prominent in immature sensory
cells and was not associated with an inflammatory re-
sponse in this site. Furthermore, the viral antigen per-
sisted in this location through day 4 PI when all
immunocytochemical evidence of the virus was elim-
inated from the more severely affected respiratory epi-
thelial regions. The prolonged presence of RAIV anti-
gen in the olfactory mucosa, in contrast to the respi-
ratory region, may be attributable to the absence of an
inflammatory response in this site, presumably because
the virus was not “visible” to the immune system in
this location. The clinical significance of viral infection
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of the olfactory epithelium merits further investiga-
tion.

The NALT is the only organized lymphoid structure
in the nose and nasopharynx of rats. The NALT is
situated in the posterior floor of the nose, adjacent to
the septal window at the entrance of the nasopharyn-
geal duct.?' In the present study, the NALT clearly
responded to RAIV infection. The NALT is charac-
terized by a specialized lining epithelium that contains
a specific cell type: the M cell. When antigens adhere
to this epithelium they are taken up by these specialized
epithelial cells.?> The positive staining of the M cells
within the lymphoepithelium for the anti-influenza an-
tibody is consistent with the proposed role of M cells
in presenting antigens to the nasal immune system.
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