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ABSTRACT Ferrets and mice are frequently used as animal models for influenza re-
search. However, ferrets are demanding in terms of housing space and handling,
whereas mice are not naturally susceptible to infection with human influenza A or B
viruses. Therefore, prior adaptation of human viruses is required for their use in
mice. In addition, there are no mouse-adapted variants of the recent H3N2 viruses,
because these viruses do not replicate well in mice. In this study, we investigated
the susceptibility of Syrian hamsters to influenza viruses with a view to using the
hamster model as an alternative to the mouse model. We found that hamsters are
sensitive to influenza viruses, including the recent H3N2 viruses, without adaptation.
Although the hamsters did not show weight loss or clinical signs of H3N2 virus in-
fection, we observed pathogenic effects in the respiratory tracts of the infected ani-
mals. All of the H3N2 viruses tested replicated in the respiratory organs of the ham-
sters, and some of them were detected in the nasal washes of infected animals.
Moreover, a 2009 pandemic (pdm09) virus and a seasonal H1N1 virus, as well as one
of the two H3N2 viruses, but not a type B virus, were transmissible by the airborne
route in these hamsters. Hamsters thus have the potential to be a small-animal
model for the study of influenza virus infection, including studies of the pathogenic-
ity of H3N2 viruses and other strains, as well as for use in H1N1 virus transmission
studies.

IMPORTANCE We found that Syrian hamsters are susceptible to human influenza vi-
ruses, including the recent H3N2 viruses, without adaptation. We also found that a
pdm09 virus and a seasonal H1N1 virus, as well as one of the H3N2 viruses, but not
a type B virus tested, are transmitted by the airborne route in these hamsters. Syrian
hamsters thus have the potential to be used as a small-animal model for the study
of human influenza viruses.
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Influenza A viruses are known to have a broad host range. They can infect not only
humans but also waterfowl, poultry, sea mammals, pigs, horses, cats, dogs, and other

species (1). Ferrets are used as an experimental animal model for studies of influenza
virus infection because they are naturally susceptible to influenza A and B viruses, and
their clinical features and the pathological changes associated with the bronchitis and
pneumonia that they experience resemble those that occur in humans (2–5). Ferrets
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have also been used for studies of influenza virus transmission (6–8). However, ferrets
demand considerable housing space and can be difficult to handle. Mice are frequently
used as an animal model for influenza research. However, mice are not naturally
susceptible to human influenza A or B viruses, with the exception of highly pathogenic
human H5N1 viruses (9), the reconstructed 1918 pandemic influenza virus (10), the
A(H1N1) pandemic 2009 [A(H1N1)pdm09] virus (6, 11), and H7N9 viruses (8, 12–14).
Therefore, prior adaptation of human viruses is required for their experimental use in
mice. Other rodents, such as rats, guinea pigs, and cotton rats, are also occasionally
used as animal models. To use rats experimentally, rat-adapted viruses, which induce a
mild form of the disease with no mortality, are required (15). Guinea pigs have been
used as a model of transmission of influenza viruses (16); however, even though the
H5N1 and 1918 pandemic viruses replicated in the lungs and nasal turbinates of these
animals, no weight loss or morbidity was observed (17). Recently, cotton rats have been
considered a potential animal model for influenza viruses (18). They are susceptible to
both human influenza A and B viruses without prior adaptation (19–22), and an H5N1
virus was shown to be lethal in this species (22). However, cotton rats are not widely
available. Thus, each animal model has limitations or drawbacks.

Current animal models for influenza virus studies have one additional limitation.
Historically, H3N2 viruses, such as A/Hong Kong/1/68, A/Aichi/2/68, and A/Guizhou/54/
89, were adapted to mice, and the mouse-adapted variants were used for numerous
studies (23–26). However, the recent H3N2 viruses cannot replicate in mice (27), which
prevents mouse models from being used to test the activities of therapeutic or
prophylactic drugs against the currently prevalent viruses.

Previously, hamsters were proposed to be a model animal for the study of influenza,
because of their sensitivity to human isolates (28–33) and contact transmission of
human isolates (34). Hamsters showed sensitivity equivalent to that of ferrets and
guinea pigs (33). Moreover, in a vaccine efficacy study, hamsters differentially recog-
nized a single amino acid difference involving egg adaptation in the H1 hemagglutinin
(HA) protein (33). In this study, we investigated the susceptibility of Syrian hamsters to
influenza viruses to assess the possibility of using these animals as a small-animal
model for influenza research.

RESULTS
Detection of sialyloligosaccharides in the respiratory tract of hamsters. First, we

examined the sialyloligosaccharide distribution in the respiratory tract of 4- and
8-week-old female hamsters. The nasal epithelial cell populations varied at different
locations (35, 36). At the distal section of the nasal cavity of 4-week-old hamsters,
squamous epithelial and respiratory epithelial cells predominated (Fig. 1A). The popu-
lation of olfactory epithelial cells gradually increased from the middle to the deep
section of the nasal cavity (Fig. 1B and C), such that there were ultimately more
olfactory epithelial cells than respiratory epithelial cells in the deep portion of the nasal
cavity (Fig. 1D). Sambucus nigra lectin I (SNA I), which is specific for sialic acid linked to
galactose by an �-2,6 linkage (SA�2,6Gal), mainly reacted with the respiratory epithelial
cells in the distal section of the nasal cavity (Fig. 1A to C); in contrast, Maackia amurensis
lectin II (MAA II), which is specific for sialic acid linked to galactose by an �-2,3 linkage
(SA�2,3Gal), mainly reacted with the olfactory epithelial cells in the proximal portion of
the nasal turbinates of the hamsters (Fig. 1C and D). In the pharynx, trachea, and
bronchus, both SNA I and MAA II strongly reacted with the epithelial cells (Fig. 2A to C).
In contrast, only MAA II strongly reacted with the epithelial cells in the lungs (Fig. 2D).
Similar findings were obtained with the 8-week-old hamsters (data not shown). These
results indicate that 4- and 8-week-old hamsters have appreciable amounts of
SA�2,6Gal in the distal end of their nasal turbinates and SA�2,3Gal in their lungs.

Growth properties of H3N2 viruses in hamsters and mice. Four- or 8-week-old
female hamsters and 6-week-old female BALB/c or DBA/2 mice were anesthetized and
intranasally inoculated with 1.0 � 106 PFU of A/Tokyo/IMS6-1/2013 (H3N2/2013),
A/Tokyo/IMS2-1/2014 (H3N2/2014), or A/Tokyo/UT-HP002/2016 (H3N2/2016) virus (n �
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9 hamsters and n � 13 mice for each virus). The clinical condition and body weight of
3 hamsters and 4 mice infected with each virus were assessed daily, and nasal wash
specimens were collected from the hamsters every other day for virus titration. None
of the infected animals showed any clinical signs (data not shown) or weight loss, with

FIG 1 Detection of SA�2,6Gal and SA�2,3Gal oligosaccharides in the nasal turbinate by using lectins. Sections of a
4-week-old Syrian hamster were reacted with SNA I and MAA II. The vertical lines of the image at the top indicate the
anterior surfaces of transverse tissue blocks (A to D). (A) A distal section of the nasal cavity of a 4-week-old hamster
showing the predominance of squamous epithelial cells and respiratory epithelial cells. (B to D) The population of
olfactory epithelial cells gradually increased from the middle to the deep section of the nasal cavity (B, C); more
olfactory epithelial cells than respiratory epithelial cells were present in the deep portion of the nasal cavity (D). SNA
I, which is specific for SA�2,6Gal, mainly reacted with respiratory epithelial cells in the distal section of the nasal cavity
(A to C); in contrast, MAA II, which is specific for SA�2,3Gal, mainly reacted with olfactory epithelial cells in the
proximal portion of the nasal turbinates of hamsters (C, D). HE, hematoxylin and eosin staining.
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the exception of a slight decrease in the body weight of the H3N2/2016-infected mice
(Fig. 3A). Although the H3N2/2013 virus was not detected in the nasal washes of
H3N2/2013-infected hamsters, viruses were detected in the nasal washes until day 4 in
all H3N2/2014-infected hamsters and 5 of 6 H3N2/2016-infected hamsters (Fig. 4A).
On days 1 (n � 3, mice only), 3 (n � 3), and 6 (n � 3) postinfection, animals were
euthanized and their organs were collected for virological and pathological examina-
tion. Although no clinical signs were observed, all of the viruses replicated in the
respiratory organs of the hamsters (Table 1). In contrast, among the DBA/2 mice, the
H3N2/2013 virus was found in the trachea of only one mouse. H3N2/2014 virus titers
were moderate in the nasal turbinates on days 1 and 3, and the virus was found in the
lung of one DBA/2 mouse and the trachea of another DBA/2 mouse on day 1 (Table 1).
The H3N2/2016 virus was detected at low levels in the lungs, tracheas, and nasal
turbinates of DBA/2 mice. Virus titers in BALB/c mice were generally lower than those
in DBA/2 mice, as previously reported (37). No virus was detected in any DBA/2 or
BALB/c mouse on day 6 (Table 1). These results indicate that hamsters are more
susceptible to the recent H3N2 viruses than are BALB/c or DBA/2 mice.

Growth properties of pdmH1N1 viruses in hamsters and mice. We performed
experiments with pandemic H1N1 (pdmH1N1) viruses similar to those performed for
H3N2 viruses and described above. Both the pandemic A/Hiroshima/19/2013
(pdmH1N1/2013) and pandemic A/Tokyo/IMS1-1/2014 (pdmH1N1/2014) viruses were
pathogenic in mice. Specifically, all of the infected DBA/2 mice died during the
observation period (Fig. 3B), and although none of the infected BALB/c mice died, their
body weights decreased (Fig. 3B) and virus titers were very high in their respiratory
tracts (Table 2). Hamsters were also highly susceptible to the pdmH1N1 viruses.
Although neither the 4-week-old hamsters nor the 8-week-old hamsters infected with
pdmH1N1/2013 virus showed any body weight loss (Fig. 3B, left), we did observe a

FIG 2 Detection of SA�2,6Gal and SA�2,3Gal oligosaccharides in the pharynx (A), trachea (B), bronchus
(C), and bronchiole/alveolar region (D) of a 4-week-old Syrian hamster. In the pharynx, trachea, and
bronchus, both SNA I and MAA II strongly reacted with the epithelial cells (A, B, C). In contrast, MAA II
strongly reacted with the epithelial cells in the lungs (D). HE, hematoxylin and eosin staining.
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decrease in the body weights of the 4- and 8-week-old hamsters infected with
pdmH1N1/2014 virus (Fig. 3B, right). Virus was detected in the nasal washes of all of the
pdmH1N1/2013- and pdmH1N1/2014-infected hamsters at least until day 4 (Fig. 4B). In
addition, high titers of both the pdmH1N1/2013 and pdmH1N1/2014 viruses were
detected in the respiratory tracts of the hamsters, especially on day 3 (Table 2). These
results indicate that hamsters are highly susceptible to pdmH1N1 viruses.

Growth properties of type B viruses in hamsters and mice. We further tested the
susceptibility of mice and hamsters to influenza B viruses as described above for the
H3N2 and pdmH1N1 viruses. Both B/Kamakura/8/2014 (Victoria lineage; Victoria/2014)
and B/Kamakura/10/2014 (Yamagata lineage; Yamagata/2014) were highly pathogenic
in DBA/2 mice. Two of 4 DBA/2 mice infected with each of the viruses died during the
observation period (Fig. 3C), but none of the infected BALB/c mice died from their type

FIG 3 Body weight changes in infected animals. Six-week-old female BALB/c mice and DBA/2 mice and 4- or 8-week-old
female Syrian hamsters were anesthetized and intranasally inoculated with 106 PFU of H3N2/2013 (A, left), H3N2/2014 (A,
middle), H3N2/2016 (A, right), pdmH1N1/2013 (B, left), pdmH1N1/2014 (B, right), Victoria/2014 (C, left), or Yamagata/2014
(C, right) virus (n � 3 hamsters and n � 4 mice for each virus). The body weights of individual animals inoculated with
viruses are depicted as a percentage of the body weight compared with that on day 0. Crosses indicate dead infected
animals.
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B virus infection. Body weight loss was observed among the BALB/c mice after
Yamagata/2014 infection but not after Victoria/2014 infection (Fig. 3C). In contrast,
Victoria/2014 infection blocked the body weight gain of both the 4- and 8-week-old
hamsters (Fig. 3C). Although the titers in the Victoria/2014- and the Yamagata/2014-
infected hamsters were lower than those in the pdmH1N1 virus-infected hamsters, virus
was detected in the nasal washes of both the Victoria/2014- and the Yamagata/2014-
infected hamsters at least until day 4 (Fig. 4C). Similarly, although the titers in the
respiratory tracts of the type B virus-infected mice were lower than those of the
pdmH1N1 viruses, appreciably high Victoria/2014 and Yamagata/2014 virus titers were
detected in the respiratory tracts of both the DBA/2 and BALB/c mice (Tables 2 and 3).
Also in hamsters, although some variations were found depending on the individual
animals, the viruses used, and the age of the animals, both type B viruses replicated
appreciably well in the respiratory organs. These results indicate that hamsters are also
susceptible to type B viruses.

Pathological analyses of influenza virus-infected animals. Four-week-old female
hamsters and 6-week-old female BALB/c mice or DBA/2 mice were infected with
H3N2/2013 (n � 4), pdmH1N1/2013 (n � 4), or Victoria/2014 (n � 4) virus. On days 3
(n � 2) and 6 (n � 2) postinfection, the animals were euthanized and their organs were
collected for pathological examinations. The pdmH1N1/2013 virus-infected DBA/2 mice
scheduled for sampling on day 6 died on day 3 and on day 6. The DBA/2 mouse that
died on day 6 was dissected just after death for pathological analyses.

The number of antigen-positive cells detected by immunohistochemistry (Table 4)
showed a pattern similar to that of the virus titers (Tables 1 to 3). In the case of
H3N2/2013 virus infection, virus antigens were not detected in any DBA/2 or BALB/c
mouse but were detected in the nasal turbinate of one hamster and in the trachea and
bronchus of another hamster (Table 4). There were few antigen-positive cells, and it was

FIG 4 Virus titers in the nasal washes of 4-week-old or 8-week-old hamsters infected with 106 PFU of
H3N2/2013 (A, left), H3N2/2014 (A, middle), H3N2/2016 (A, right), pdmH1N1/2013 (B, left), pdmH1N1/
2014 (B, right), Victoria/2014 (C, left), or Yamagata/2014 (C, right) virus (n � 3 hamsters for each virus).
Nasal wash specimens with 400 �l of PBS from each hamster were collected every other day for virus
titration. Virus titers were determined by using a plaque assay on MDCK cells. The lower limit of detection
is indicated by the horizontal dashed lines.
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difficult to determine the cell tropism of the H3N2 viruses. Histopathological changes
were limited in the nasal turbinate of H3N2/2013-infected hamsters, and virus antigens
were mainly detected in the olfactory epithelia (Fig. 5). In contrast, in the cases of
pdmH1N1/2013 or Victoria/2014 virus infection, virus antigens were detected in the
respiratory organs of all animals infected with either pdmH1N1/2013 virus or Victoria/
2014 virus (Table 4). In the nasal turbinate of the infected hamsters, inflammatory cells
infiltrated the lamina propria (Fig. 5). The olfactory epithelia of the pdmH1N1/2013-
infected hamsters were partially eroded (Fig. 5). There were fewer antigen-positive cells
in the hamsters than in the mice (Table 4). The distribution of virus antigens in the nasal
turbinate differed between type A (H3N2 and pdmH1N1/2013)- and type B (Victoria/
2014)-infected hamsters. In the nasal turbinate of the H3N2- or pdmH1N1/2013-
infected hamsters, virus antigens were detected mainly in the olfactory epithelia rather
than in the respiratory epithelia (Fig. 5). In contrast, in the nasal turbinate of the
Victoria/2014-infected hamsters, virus antigens were detected in both the respiratory
epithelia and the olfactory epithelia (Fig. 5).

Transmissibility of influenza viruses in hamsters. To assess the transmissibility of
influenza viruses in hamsters, two animals each infected with 106 PFU of A/Texas/50/
2012 (H3N2; TX50), H3N2/2014, A/California/04/2009 (pdmH1N1; CA04), A/Brisbane/59/
2007 (H1N1; BNE59), or B/Yokohama/UT-K1A/2011 (type B Victoria linage; UTK1A) were
placed in the larger room of a transmission cage, and on the next day, a naive hamster
was placed in the adjacent smaller room of the cage (Fig. 6A). Three sets of hamsters
(nine animals in total) were used for each virus. We recovered viruses from the nasal
washes of all infected hamsters, except for three animals infected with TX50 (Fig. 6C to

TABLE 1 Virus titers in tissues of animals infected with H3N2 virusesa

Animal (age) and
organb

Titer (log10 PFU/g)

H3N2/2013 H3N2/2014 H3N2/2016

24 hpi Day 3 Day 6 24 hpi Day 3 Day 6 24 hpi Day 3 Day 6

1 2 3 4 5 6 7 8 9 11 12 13 14 15 16 17 18 19 21 22 23 24 25 26 27 28 29

DBA/2 mice
Nasal turb —c — — — — — — — — 3.4 4.9 3.6 4.0 3.8 3.6 — — — 2.1 — — — — — — — —
Trachea 2.3 — — — — — — — — — — 2.4 — — — — — — 2.3 3.7 3.6 — — — — — —
Lung — — — — — — — — — 1.9 — — — — — — — — 3.3 3.7 1.8 — — — — — —

BALB/c mice
Nasal turb — — — — — — — — — 3.0 3.7 — 3.8 2.8 4.9 — — — — — — — — — — — —
Trachea — — — — — — — — — — — — — — — — — — — 2.6 — — — — — — —
Lung — — — — — — — — — — — — — — — — — — — — 2.9 — — — — — —

Hamsters (4 wk)
Nasal turb NAd NA NA 4.0 4.5 5.7 — — 2.6 NA NA NA 5.7 5.3 5.9 2.8 — 2.8 NA NA NA 6.0 5.7 5.8 — — —
Trachea NA NA NA 5.6 5.0 4.6 — — — NA NA NA 4.0 3.0 4.5 — — — NA NA NA 3.7 4.5 3.4 — — —
Lung

R cra/acce NA NA NA 5.2 3.4 — — — — NA NA NA 2.7 — — — — — NA NA NA 4.9 4.6 — — — —
R middle NA NA NA 4.7 4.0 — — — — NA NA NA 3.4 — — — — — NA NA NA 4.7 5.4 — — — —
R caudal NA NA NA 5.3 3.5 — — — — NA NA NA 2.9 2.5 — — — — NA NA NA 5.8 6.1 — — — —
L NA NA NA 5.5 4.3 — — — — NA NA NA 2.9 2.2 — — — — NA NA NA 6.3 4.6 — — — —

Hamsters (8 wk)
Nasal turb NA NA NA 4.1 4.0 4.7 — 2.6 — — NA NA 6.0 5.5 5.5 2.5 — — — NA NA 6.3 6.1 5.7 — — —
Trachea NA NA NA 3.6 5.0 4.0 — — — — NA NA 4.5 4.5 4.5 — — — — NA NA 4.9 3.6 3.3 — — —
Lung

R cra/acce NA NA NA — 3.0 — — — — NA NA NA 5.1 — — — — — NA NA NA 5.3 6.0 3.9 — — —
R middle NA NA NA 2.7 3.8 — — — — NA NA NA 5.4 3.7 — — — 1.9 NA NA NA 6.0 — — — — —
R caudal NA NA NA 3.1 4.4 — — — — NA NA NA 5.1 5.1 — — — — NA NA NA 2.0 — — — — —
L NA NA NA 4.3 6.2 — — — — NA NA NA 5.1 2.2 — — — — NA NA NA — — 3.2 — — —

aSix-week-old female DBA/2 mice and BALB/c mice and 4- or 8-week-old female Syrian hamsters were anesthetized and intranasally inoculated with 106 PFU of the
H3N2/2013, H3N2/2014, or H3N2/2016 virus. Three animals per group were euthanized at 24 h postinfection (hpi) (mice only) and on days 3 and 6 postinfection.

bNasal turb, nasal turbinate; R cra/acce, right cranial and accessory lobes; R middle, right middle lobe; R caudal, right caudal lobe; L, left lobe.
c—, virus not detected.
dNA, not available.

Syrian Hamster as an Animal Model for Influenza Studies Journal of Virology

February 2018 Volume 92 Issue 4 e01693-17 jvi.asm.org 7

http://jvi.asm.org


G, left). No virus was detected in the nasal washes of all three hamsters that were
exposed to hamsters infected with TX50 (H3N2) or UTK1A (type B) (Fig. 6C and G). In
contrast, all of the hamsters that were exposed to hamsters infected with CA04
(pdmH1N1) (Fig. 6E), two of three hamsters (pairs 1 and 2) that were exposed to
hamsters infected with BNE59 (H1N1) (Fig. 6F), and one of three hamsters (pair 3) that
were exposed to hamsters infected with H3N2/2014(H3N2) (Fig. 6D) shed viruses.
Serum antibody titers against each virus confirmed infection of the animals from which
virus was recovered, whereas the exposed hamsters from which virus was not recov-
ered did not seroconvert, with the exception of hamsters exposed to hamsters infected
with H3N2/2014(H3N2) (data not shown); all three hamsters exposed to the H3N2/
2014(H3N2)-infected group seroconverted, with the virus neutralization titers being
1:16 for pair 1, 1:256 for pair 2, and 1:128 for pair 3, indicating that this virus transmitted
to all three hamsters. These results indicate that hamsters can be used to evaluate the
airborne transmissibility of human influenza viruses.

DISCUSSION

In this study, we demonstrated that hamsters are susceptible to influenza viruses,
including the recent H3N2 viruses. Although hamsters did not show weight loss or
clinical signs of H3N2 virus infection, we detected virus antigens in the respiratory tracts
of infected hamsters without adaptation of the viruses. Hamsters are easier to handle
than ferrets, and recent H3N2 viruses do not appreciably replicate in mice; therefore,
these findings indicate that hamsters may represent an alternative rodent model for
studies of recent human influenza viruses, especially H3N2 viruses.

TABLE 2 Virus titers in tissues of animals infected with pdmH1N1 virusesa

Animal (age) and
organb

Titer (log10 PFU/g)

pdmH1N1/2013 pdmH1N1/2014

24 hpi Day 3 Day 6 24 hpi Day 3 Day 6

1 2 3 4 5 6 7 8 9 11 12 13 14 15 16 17 18 19

DBA/2 mice
Nasal turb 8.3 8.3 8.2 7.5 8.3 7.1 NDc ND 8.2 9.7 8.4 8.2 8.1 7.9 8.2 ND ND ND
Trachea 8.5 8.9 8.8 7.1 7.1 7.3 ND ND 7.3 8.1 7.6 8.2 7.2 7.5 7.4 ND ND ND
Lung 8.5 8.6 8.4 7.1 7.2 7.4 ND ND 7.2 9.0 9.0 9.0 7.7 8.2 8.1 ND ND ND

BALB/c mice
Nasal turb 8.1 8.8 8.1 7.4 7.3 7.5 7.3 7.1 7.1 8.4 8.5 8.5 8.1 9.0 7.9 7.0 6.5 6.4
Trachea 7.9 8.3 8.1 6.6 6.0 6.1 5.3 6.2 6.3 6.9 7.4 7.3 5.9 5.9 5.3 5.3 5.8 4.1
Lung 8.3 8.3 8.5 7.1 7.2 6.7 5.4 5.6 5.5 8.9 8.6 8.6 7.3 7.4 6.5 4.6 4.3 4.3

Hamsters (4 wk)
Nasal turb NAd NA NA 8.2 8.5 7.8 2.8 2.8 3.4 NA NA NA 8.8 8.7 9.0 2.9 3.1 4.5
Trachea NA NA NA 8.1 7.7 8.0 —e — 2.3 NA NA NA 8.4 8.9 8.5 — — 4.4
Lung

R cra/acce NA NA NA 8.2 6.5 — — 2.8 3.0 NA NA NA 8.2 6.5 7.5 2.1 2.9 1.8
R middle NA NA NA 6.3 6.4 — — 1.9 3.3 NA NA NA 6.9 7.7 6.7 — 5.8 5.8
R caudal NA NA NA 6.3 6.4 — — 2.9 4.7 NA NA NA 8.2 7.2 8.1 3.4 4.9 2.7
L NA NA NA 7.4 6.1 — — 1.8 2.9 NA NA NA 7.1 7.6 7.4 — 4.4 —

Hamsters (8 wk)
Nasal turb NA NA NA 8.0 7.5 7.5 5.4 5.5 5.7 — NA NA 8.7 8.9 8.5 3.7 3.4 4.7
Trachea NA NA NA 7.4 6.2 7.1 2.5 2.4 1.8 — NA NA 8.5 8.5 8.2 2.4 2.3 2.3
Lung

R cra/acce NA NA NA 5.3 7.0 7.2 3.3 — — NA NA NA 7.2 7.4 7.6 4.6 — —
R middle NA NA NA 6.2 7.3 7.0 1.9 — 6.3 NA NA NA 7.5 7.1 6.8 3.0 5.9 3.6
R caudal NA NA NA 6.8 7.8 7.0 5.3 — 1.6 NA NA NA 7.4 7.3 7.3 3.3 1.6 —
L NA NA NA 7.0 6.7 6.9 5.3 2.2 1.9 NA NA NA 7.2 7.3 7.1 4.6 2.4 2.0

aSix-week-old female DBA/2 mice and BALB/c mice and 4- or 8-week-old female Syrian hamsters were anesthetized and intranasally inoculated with 106 PFU of
pdmH1N1/2013 or pdmH1N1/2014 virus. Three animals per group were euthanized at 24 h postinfection (hpi) (mice only) and on days 3 and 6 postinfection.

bNasal turb, nasal turbinate; R cra/acce, right cranial and accessory lobes; R middle, right middle lobe; R caudal, right caudal lobe; L, left lobe.
cND, not done. These animals died on day 5 (DBA/2 mice 7, 17, 18, and 19) or day 6 (DBA/2 mouse 8).
dNA, not available.
e—, virus not detected.
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The distribution of sialic acids on the epithelial cells of the respiratory tract of ferrets
(38) is similar to that on the epithelial cells of the respiratory tract of humans, in that
SA�2,6Gal is dominant in the respiratory tract and SA�2,3Gal is expressed at low levels
in the lower respiratory tract (39). In contrast, SA�2,3Gal is expressed in the respiratory
tract of C57BL/6J mice, but SA�2,6Gal is not (40). These differences in receptor
distribution might play a role in the differences in sensitivity to influenza viruses among
animal species. Interestingly, the viruses tested in this study showed different cell
tropisms. The type B viruses infected both olfactory epithelia and respiratory epithelia,
but the H3N2 and pdmH1N1 viruses preferentially infected the olfactory epithelia (Fig.
5). The olfactory epithelial cells reacted with MAA II, which recognizes SA�2,3Gal, but
not with SNA I, which recognizes SA�2,6Gal (Fig. 1B and D). Clinical human influenza
viruses isolated in Madin-Darby canine kidney (MDCK) cells preferentially bind to
SA�2,6Gal (1). Therefore, the distribution of these types of sialyloligosaccharides, as
determined with MAA II and SNA I lectins, is not consistent with the receptor specificity
of the viruses used. It may be that the SA�2,6Gal that is present in the hamster olfactory
epithelia is not detectable with SNA I. Further studies are needed to test this possibility.

We also found that H1N1 and H3N2 viruses, but not type B viruses, are transmissible
by the airborne route in hamsters (Fig. 6). Considering the difference in the virus titers
in the nasal turbinates among these viruses, the transmissibility of influenza viruses in
hamsters may depend on the virus titers in the upper respiratory tract. Although it is
important to test whether the viruses can further transmit to other naive animals from
exposed animals, we are currently unable to perform such an experiment due to the
moratorium on gain-of-function experiments. Although the titers of type B virus in the

TABLE 3 Virus titers in tissues of animals infected with influenza B virusesa

Animal (age) and
organb

Titer (log10 PFU/g)

Victoria/2014 Yamagata/2014

24 hpi Day 3 Day 6 24 hpi Day 3 Day 6

1 2 3 4 5 6 7 8 9 11 12 13 14 15 16 17 18 19

DBA/2 mice
Nasal turb 6.7 6.5 6.6 6.0 6.1 6.0 4.8 5.2 4.1 5.8 5.3 6.1 5.4 5.2 3.9 2.6 3.1 2.6
Trachea 6.9 7.1 6.6 5.1 5.9 5.3 4.7 4.8 3.4 5.2 4.2 4.5 2.8 4.2 —c 4.2 5.0 —
Lung 6.4 6.4 6.6 6.2 6.1 6.2 5.2 5.9 4.7 4.7 4.7 3.6 3.0 4.4 3.4 2.3 2.5 —

BALB/c mice
Nasal turb 5.8 5.6 6.3 6.4 6.3 6.0 3.7 3.2 3.3 5.3 5.1 5.1 5.3 5.0 5.0 2.4 — 2.6
Trachea 5.9 5.6 6.1 6.9 5.3 5.3 — — — 3.1 4.3 3.2 — 2.9 — — — —
Lung 5.7 5.2 5.6 5.6 5.1 4.9 1.7 1.6 1.6 5.4 5.1 5.4 3.4 3.2 3.5 — — —

Hamsters (4 wk)
Nasal turb NAd NA NA 6.7 6.5 6.5 5.2 — 2.5 NA NA NA 7.3 7.6 7.8 2.6 2.4 2.0
Trachea NA NA NA 5.9 5.9 6.0 — — 2.8 NA NA NA 3.4 5.6 5.7 — — —
Lung

R cra/acce NA NA NA 6.5 6.8 — — — 2.8 NA NA NA 2.9 3.1 5.6 — — —
R middle NA NA NA 6.8 6.6 — — — 3.2 NA NA NA — — 6.3 — — —
R caudal NA NA NA 6.5 7.0 — — — 3.0 NA NA NA 2.7 2.7 6.2 — — —
L NA NA NA 6.6 6.7 — — — 4.2 NA NA NA — 5.4 6.5 — — —

Hamsters (8 wk)
Nasal turb NA NA NA 6.7 6.9 6.1 4.3 3.0 3.3 — NA NA 6.7 7.9 6.9 3.0 2.6 3.1
Trachea NA NA NA 5.6 6.2 5.7 — 2.2 — — NA NA 4.2 6.0 6.1 — — —
Lung

R cra/acce NA NA NA 6.6 3.3 2.8 4.4 — — NA NA NA — — 6.4 — — —
R middle NA NA NA 6.8 3.1 2.6 4.8 — — NA NA NA — — 4.8 — — —
R caudal NA NA NA 7.0 2.1 3.1 2.0 — — NA NA NA 2.9 — 6.6 — — —
L NA NA NA 6.9 3.0 2.8 — 2.1 2.6 NA NA NA — 1.7 3.7 — — —

aSix-week-old female DBA/2 mice and BALB/c mice and 4- or 8-week-old female Syrian hamsters were anesthetized and intranasally inoculated with 106 PFU of
Victoria/2014 or Yamagata/2014 virus. Three animals per group were euthanized at 24 h postinfection (hpi) (mice only) and on days 3 and 6 postinfection.

bNasal turb, nasal turbinate; R cra/acce, right cranial and accessory lobes; R middle, right middle lobe; R caudal, right caudal lobe; L, left lobe.
c—, virus not detected.
dNA, not available.
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nasal wash specimens were not particularly low, this virus was not transmissible by
the airborne route (Fig. 6G). Nevertheless, our data suggest that hamsters may repre-
sent a useful model of transmission of influenza viruses. For evaluation of the airborne
transmissibility of different influenza viruses, ferrets have been used extensively and
guinea pigs have been used by some groups. It is important to compare these animal
models side by side with the hamster model when evaluating the transmissibility of
influenza viruses and its determinants.

In conclusion, hamsters have the potential to be a useful small-animal model for
studies of influenza virus infection. They can be used for pathogenicity studies of not
only the recent H3N2 viruses but also other strains. Moreover, they can also be used for
studies of the transmission of some virus strains.

MATERIALS AND METHODS
Cells and viruses. MDCK cells were maintained in Eagle’s minimal essential medium (MEM) con-

taining 5% newborn calf serum at 37°C in 5% CO2. For infectivity studies, we used three A(H3N2) viruses
(A/Tokyo/IMS6-1/2013 [H3N2/2013], A/Tokyo/IMS2-1/2014 [H3N2/2014], and A/Tokyo/UT-HP002/2016
[H3N2/2016]), two A(H1N1)pdm09 viruses (A/Hiroshima/19/2013 [pdmH1N1/2013] and A/Tokyo/IMS1-
1/2014 [pdmH1N1/2014]), and two type B viruses (a Victoria lineage virus, B/Kamakura/8/2014 [Victoria/
2014], and a Yamagata lineage virus, B/Kamakura/10/2014 [Yamagata/2014]). For transmission studies,
we used A/Texas/50/2012 (H3N2; TX50), A/Tokyo/IMS2-1/2014 (H3N2/2014), A/California/04/2009
(pdmH1N1; CA04), A/Brisbane/59/2007 (H1N1; BNE59), and B/Yokohama/UT-K1A/2011 (type B Victoria
linage; UTK1A). All viruses except for BNE59 were isolated in MDCK cells or AX-4 cells (AX-4 cells are
derivatives of MDCK cells expressing a larger amount of SA�2,6Gal) and then propagated them in MDCK
cells. BNE59 was obtained from the U.S. CDC; it had been propagated in the allantoic cavity of
embryonated chicken eggs.

Plaque assay. Viruses were diluted in MEM containing 0.3% bovine serum albumin (BSA). Confluent
monolayers of MDCK cells were washed with MEM containing 0.3% BSA, infected with diluted viruses,
and incubated for 30 to 60 min at 37°C. After the virus inoculum was removed, the cells were washed
with MEM containing 0.3% BSA and overlaid with a 1:1 mixture of 2� MEM– 0.6% BSA and 2% agarose
containing 1 �g/ml tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin. The plates were
incubated at 37°C for 48 h before virus plaques were counted.

Experimental infection. Six-week-old female BALB/c mice and DBA/2 mice and 4- or 8-week-old
female Syrian hamsters (Japan SLC Inc., Shizuoka, Japan) were used for this study. The animal room was

TABLE 4 Number of antigen-positive cells in H3N2/2013-, pdmH1N1/2013-, and Victoria/
2014-infected animalsa

Animal and organ

No. of antigen-positive cellsb

H3N2/2013 pdmH1N1/2013 Victoria/2014

Day 3 Day 6 Day 3 Day 6 Day 3 Day 6

1 2 1 2 1 2 1 2 1 2 1 2

DBA/2 mice
Nasal turbinate � � � � � � � NDc �� �� � �
Trachea � � � � � � � ND �� NAd � �
Bronchus � � � � �� �� � ND �� �� � ��
Alveolus � � � � �� �� �� ND � �� � ��

BALB/c mice
Nasal turbinate � � � � �� �� � � �� �� � �/�
Trachea � � � � � � � �/� �� �� � �/�
Bronchus � � � � �� � � � �� �� � �
Alveolus � � � � �� � � � �� � � �

Syrian hamster (4 wk)
Nasal turbinate � � � � � � �/� � �� �� � �
Trachea � � � � � � � � � � �/� �/�
Bronchus � � � � � � � � � � �/� �/�
Alveolus � � � � �/� �/� � � �/� �/� �/� �/�

aSix-week-old female DBA/2 mice and BALB/c mice and 4-week-old female Syrian hamsters were
anesthetized and intranasally inoculated with 106 PFU of H3N2/2013, pdmH1N1/2013, or Victoria/2014 virus.
Two animals per group were euthanized on days 3 and 6 postinfection.

b�, no antigen-positive cells; �/�, less than 5 antigen-positive cells; �, more than 6 antigen-positive cells;
��, widespread antigen-positive cells.

cND, not done. This animal died on day 3 postinfection.
dNA, not available.
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keep at 25°C and 50% humidity. Four mice and three hamsters per group were anesthetized with
isoflurane and intranasally inoculated with 106 PFU/animal (50 �l for mice and 100 �l for hamsters) of
H3N2/2013, H3N2/2014, H3N2/2016, pdmH1N1/2013, pdmH1N1/2014, Victoria/2014, or Yamagata/2014
viruses. Body weight and survival were monitored daily for 10 to 14 days postinfection (dpi). Baseline
body weights were measured prior to infection. Nasal wash specimens were collected from each hamster
with 400 �l of phosphate-buffered saline (PBS) every other day for virus titration. To assess virus growth
in the respiratory organs, three mice or three hamsters per group were infected intranasally with 106 PFU
of viruses and euthanized, and nasal turbinates, tracheas, and lungs were collected on days 1 (only for
mice), 3, and 6 postinfection. The collected organs were homogenized with MEM containing 0.3% BSA
and titrated in MDCK cells by using plaque assays.

Pathological examination. The excised respiratory tract tissues were fixed in 4% paraformaldehyde
phosphate (PFA) buffer solution for 48 h and then processed for paraffin embedding. Nasal samples were
immersed in EDTA solution for decalcification, after being fixed in PFA. The paraffin blocks were cut into
3-�m-thick sections and were mounted on silane-coated glass slides. To detect SA�2,6Gal and
SA�2,3Gal, the sections were pretreated with 0.05% trypsin (Difco Laboratories, Detroit, MI, USA) at 37°C
for 15 min and 0.3% hydrogen peroxide at room temperature for 30 min. They were then incubated at
4°C overnight with biotin-conjugated SNA I (EY Laboratories) for SA�2,6Gal detection and biotinylated
conjugated MAA II (Vector Laboratories) for SA�2,3Gal detection. After being washed, the sections were
then incubated with horseradish peroxidase-conjugated streptavidin and were visualized by staining
with 3,3=-diaminobenzidine (DAB). The sections were also stained using a standard hematoxylin and
eosin procedure, and each serial section was processed for immunohistological staining with a rabbit
polyclonal antibody for type A influenza virus nucleoprotein and a mouse polyclonal antibody for type
B influenza virus (prepared in the Department of Pathology, National Institute of Infectious Diseases,
Tokyo, Japan). Specific antigen-antibody reactions were visualized with DAB staining by using a Dako
Envision system (Dako Cytomation).

Airborne transmission study. For transmission studies in hamsters, animals were housed in
transmission cages that had two wire-mesh partitions that prevented direct and indirect contact
between animals but allowed the spread of influenza virus through the air (Showa Science) (Fig. 6A and
B). Paper chips (Paper Clean; Japan SLC Inc.) were used for bedding to prevent the production of
micropowder. The animal room was keep at 25°C and 50% humidity. Two 8-week-old hamsters were
inoculated intranasally with 106 PFU (100 �l) of virus and placed in the larger room of the transmission
cage (Fig. 6A) (day 0). At 24 h after infection (day 1), one naive 8-week-old hamster was placed in the
smaller room adjacent to the inoculated hamsters. Three sets of hamsters (i.e., nine animals) were used
for each virus tested. The hamsters were monitored for changes in body weight and the presence of
clinical signs. To assess viral replication in nasal turbinates, we determined the virus titers in the nasal
wash specimens collected from virus-inoculated and virus-exposed hamsters on day 2 after inoculation
and then every other day.

FIG 5 Pathological examination of the respiratory epithelia (left) and olfactory epithelia (right) of the
nasal turbinates of infected 4-week-old hamsters. The images show the nasal turbinates of hamsters on
day 3 postinfection with 106 PFU of H3N2/2013 (A), pdmH1N1/2013 (B), or Victoria/2014 (C) virus. HE,
hematoxylin and eosin staining; IHC, immunohistochemistry for the detection of influenza virus NP
antigen.
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FIG 6 Respiratory droplet transmission of influenza viruses in hamsters. (A, B) Schematic representation (A) and
photograph (B) of the transmission cage used for the hamster transmission studies. This cage has two wire-mesh
partitions that prevent direct and indirect contact between the animals but allow the spread of influenza virus
through the air. (C to G) Three groups of hamsters (two per group) were inoculated intranasally with 106 PFU of
TX50 (C), H3N2/2014 (D), CA04 (E), BNE59 (F), or UTK1A (G) virus and then placed in the larger room of a
transmission cage (day 0). At 24 h after infection (day 1), one naive exposed hamster per group was placed in the
adjacent smaller room (A). Nasal washes were collected every other day from both infected (C to G, left) and
exposed (C to G, right) animals for virus titration. Virus titers were determined by using a plaque assay on MDCK
cells. The lower limit of detection is indicated by the horizontal dashed lines. inf., infected hamster; ex., exposed
hamster.
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