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Abstract
The pathogenesis of otitis media (OM) is multifactorial and includes infection, anatomical factors,
immunologic status, genetic predisposition, and environmental factors. OM remains the most
common cause of hearing impairment in childhood. Genetic predisposition is increasingly recognized
as an important factor. The completion of the mouse genome sequence has offered a powerful basket
of tools for investigating gene function and can expect to generate a rich resource of mouse mutants
for the elucidation of genetic factors underlying OM. We review the literature and discuss recent
progresses in developing mouse models and using mouse models to uncover the genetic basis for
human OM.
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1. Genetic factors underlying otitis media in humans
Otitis media (OM) is a multifactorial disease whose pathogenesis is affected by Eustachian
tube (ET) structure and function, immune status, innate mucosal defense, pathogens, and,
importantly, genetic susceptibility loci. Infectious disease can be viewed as a battle between
hosts and pathogens, in which commands encoded in the genomes of both host and pathogen
are executed by protein products that include components of the host immune response and
drug resistance mechanisms of the bacterial pathogen. Although genetics may not be
considered as a factor in the development of an infectious disease such as OM, many lines of
evidence indicate that the genetic background of the host plays an important role in OM. For
example, patients with recurrent OM usually exhibit some of the following characteristics:
sibling history of frequent ear infections, Down syndrome, cleft palate, and immunodeficiency
(Daly et al., 1991, 1999a,b). Racial differences also suggest a genetic contribution to OM
susceptibility. OM frequency is unusually high in American Indians and Australian Aborigines
and comparatively low in African Americans (Coates et al., 2002;Harris et al., 1998). A study
of OM in Apache Indians in Arizona also suggests familial predisposition (Todd et al., 1987).
Some of the most compelling evidence comes from a twin and triplet study which concluded
that genetic traits play a major role in OM development and that OM susceptibility is inherited
(Casselbrant et al., 1999). Various congenital and inherited syndromes also demonstrate a
genetic influence on OM susceptibility. For example, one study found that 89% of 193 children
with achondroplasia had at least one episode of OM within the first 2 years of life and that 24
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of the 99 children who had OM in the first year of life had multiple episodes (Hunter et al.,
1998).

Studies of several human syndromes have also contributed to identifying genes that might be
involved in predisposition to OM. Kartagener’s syndrome is an autosomal recessive heritable
disorder with impaired function of the mucociliary system of the Eustachian tube. In a study
of Kartagener’s syndrome, all 27 affected children developed chronic sinusitis and OM
(Mygind et al., 1983). More recently, mutations in the dynein heavy-chain gene (DNAH5)
were identified in Kartagener’s syndrome families, aided by genetic mapping information of
the homologous gene in the mouse Mdnah5 (Olbrich et al., 2002; Vaughan et al., 1996). Indeed,
a null mutation of the Mdnah5 mouse gene exhibited the OM phenotype. Gene expression
studies have demonstrated that surfactant protein A, which plays a role in innate host defense
in the lung, is also expressed in the Eustachian tube (Ramet et al., 2001).The frequency of
specific surfactant protein A haplotypes and genotypes has been shown to differ between
children with recurrent OM and those in a control population in Finland (Alho et al., 1991).

Although the above studies suggest that genetic factors contribute to OM, human genetics
approaches are limited in the ability to undertake systematic investigations of the genetic
pathways and pathological mechanisms involved in middle ear disease. For example, genome-
wide association studies in human populations with the aim of identifying genetic loci
underlying OM are fraught with significant logistical and practical difficulties. Moreover,
genetic investigations in the human population are compounded by uncontrollable
environmental factors. While none of these difficulties is completely insurmountable, there are
significant advantages to the parallel development of mouse models of OM. The mouse can
play a key role in unraveling the genetic etiology of OM, information that can be translated to
studies of the genetics of OM in the human population — for example, by assessing candidate
genes identified in the mouse in association studies in human families. Moreover, a diverse
panel of mouse genetic models will provide an important platform for drug discovery and the
development of alternative therapeutic strategies for human OM.

2. Pathogen challenge induced otitis media mouse models
Several animal models of OM have been reported, including the chinchilla (Bakaletz et al.,
1998; Giebink et al., 1999) and the rat (Clark et al., 2000). Animal models, including mice,
have been used successfully to elucidate virulence factors, mechanisms of bacterial adherence
and invasion, induction of mediators of inflammation, and the specificity of immune responses
to pathogens such as nontypeable Haemophilus influenzae (NTHi) (Green et al., 1993; Kyd et
al., 1995; Wallace et al., 1989), H. influenzae type b (Loeb et al., 1987), Pseudomonas
aeruginosa (Cripps et al., 1994), Streptococcus pneumoniae (Yamamoto et al., 1997), and
Moraxella catarrhalis (Kyd et al., 1999). Increasingly, mice have been used to study OM
because of the commercial availability of immunologic probes (Gu et al., 1996, 1998; Johnson
et al., 1997; Klingman et al., 1994; Krekorian et al., 1990; Kyd et al., 1999; Murphy et al.,
1999). Non-genetic mouse models of OM have been generated in approximately 100 studies,
of which over 30% used the BALB/c inbred strain (Chen et al., 1996; Gu et al., 1995; Hotomi
et al., 2002; Ichimiya et al., 1999; Kataoka et al., 1991; Klingman et al., 1994; Krekorian et
al., 1990, 1991; Kurono et al., 1992; Kyd et al., 1999; Murphy et al., 1999; Sarwar et al., 1992;
Ward et al., 1976; Watanabe et al., 2001). Mice have also been inoculated with bacteria or their
cell-wall antigens to induce immunities for studies of pathogen–host interactions (Gu et al.,
1996, 1998; Holmes et al., 2001; Hotomi et al., 1998; Klingman et al., 1994; Kodama et al.,
2000; Krekorian et al., 1990, 1991; Murphy et al., 1999; Sarwar et al., 1992). In studies using
BALB/c mice, a detoxified lipopolysaccharide (LPS)–protein conjugate is a suggested
candidate for immunization against M. catarrhalis infection (Gu et al., 1996, 1998). None of
the studies with OM models mentioned above addressed the underlying genetic basis for host
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susceptibility. However, the most significant advantage of using mouse OM models over other
model organisms is that there is an extensive genetic toolkit available for manipulating the
mouse genome and studying the relationship between genes and disease susceptibility (Cox et
al., 2003; Parkinson et al., 2002; Whitfield et al., 2005). For example, a significant difference
in middle ear inflammation and effusion formation in response to Gram-positive bacterial cell
wall product (peptidoglycan-polysaccharide) was reported between two genetically different
strains of rats (Clark et al., 2000). If this work had been carried out in the mouse, the gene (s)
underlying the observed differences could have been more easily identified due to the well-
developed high-resolution mapping, positional cloning, and genetic manipulation tools
available.

3. Genetic approaches to studying mouse models of otitis media
The completion of the mouse genome sequence has enabled a more or less complete annotation
of mouse genes (Waterston et al., 2002). This development coupled with the tools to introduce
defined, targeted alterations into the mouse genome means that we are able for the first time
to contemplate undertaking a systematic assessment of gene function using large-scale mouse
mutagenesis, phenotype assessment of mutant strains, and the identification of disease models
from the mutants created.

There are two distinct approaches to determining gene function in the mouse — gene-driven
and phenotype-driven (Bradley et al., 1984; Gu et al., 1993; Hrabe de Angelis et al., 2000;
Nolan et al., 2000; Thomas et al., 1987; Wiles et al., 2000). In the gene-driven approach, a
specific lesion introduced into the mouse genome is the start point for an analysis of the
resulting phenotype. Gene-driven approaches include genetraps and knock-out and knock-in
mutations (Bradley et al., 1984; Gu et al., 1993; Thomas et al., 1987; Wiles et al., 2000). It is
feasible for such targeted approaches to be scaled in order to generate mutations for every gene
in the mouse genome. Moreover, targeting constructs can be manipulated in order to introduce
conditional mutations so that mutational effect can be explored in both a time-dependent and
tissue-specific manner (Gu et al., 1993). There has been much recent discussion on the
development of international programs to generate mutant lines for all mouse genes (Austin et
al., 2004; Auwerx et al., 2004). In Europe, the EUCOMM (European Conditional Mouse
Mutagenesis program) will undertake the generation of conditional mutations for 20,000 genes
and begins in 2006. In Canada, a similar program (NORCOMM) will also get underway shortly,
while in the US, the KOMP (Knock-out Mouse program) initiative is considering proposals.
The mutant lines produced from all of these programs will be a major resource for studying
gene function and generating diverse disease models.

In contrast, the phenotype-driven approach undertakes screens of large collections of randomly
mutagenized mouse genomes, commonly produced by chemical ENU mutagenesis, for disease
phenotypes of interest (Hrabe de Angelis et al., 2000; Nolan et al., 2000). Thus, the phenotype
of interest is the start point of the study irrespective of the underlying lesion responsible. Having
discovered an interesting mutant phenotype, the underlying gene is identified and investigated
further. Importantly, phenotype-driven approaches do not make any a priori assumptions about
the relationship between gene and phenotype and are therefore a relatively powerful route for
discovering novel gene function and genetic pathways. Thus, in the case of OM, where the
genetic etiology is very poorly understood, this approach would be expected to yield benefits.
An additional advantage of ENU is that it introduces point mutations and has the capacity to
reveal many of the gene–phenotype relationships at an individual locus by the introduction of
a range of null, hypomorphic, gain-of-function, and dominant-negative mutations.

Taken together, gene-driven and phenotype-driven approaches offer a powerful basket of tools
for investigating gene function and can expect to generate a rich resource of mouse mutants
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for the elucidation of genetic mechanisms underlying disease. Indeed, a phenotype-driven
approach has recently been proven instrumental in the identification of pathogen susceptibility
and resistance genes and their alleles. In each case, the work began by identifying mouse strains
showing differing susceptibility to infection. In the first example, a 2′-5′-oligoadenylate
synthetase 1B gene (Oas1b) was identified as Flv (flavivirus resistance gene) via analysis of
the association between genotype and phenotype in nine mouse strains differing in
susceptibility to flavivirus infection (Perelygin et al., 2002). This study showed that susceptible
strains produce a protein lacking 30% of the C-terminal sequence due to a premature stop
codon. In a second study, mouse strains susceptible and resistant to West Nile virus were
identified and used to map the susceptibility locus. A C-terminal transition that results in a stop
codon in exon 4 of a gene encoding the L1 isoform of Oasl (Oasl1) was identified as the cause
of susceptibility in laboratory mice (Mashimo et al., 2002). These studies give confidence that
the development of genetic mouse models of OM would contribute significantly to efforts to
identify the genetic and biologic factors impacting OM. Moreover, having identified and
characterized mouse models, we can investigate the epistatic effects of mutations by
performing crosses between different mutant strains and thus further explore the multifactorial
basis of disease (Zheng et al., 2001).

4. Current state of mouse models in research
BALB/c mice have been used extensively in OM research, both in pathogen challenge
experiments and immunologic studies, primarily investigations of vaccine efficacy. Several
molecules were identified in middle ear effusions as inflammatory mediators, including the
cytokines IL-1β, IL-2, IL-6, IL-8, TNFα, interferon-γ, and TGFβ (Ball et al., 1997; Maxwell
et al., 1997; Nassif et al., 1997; Storgaard et al., 1997). The results of these studies indicate
that these mediators play an important role in the pathogenesis of OM. It is possible that genetic
differences between mouse strains could affect the production of these mediators as part of the
immune response to pathogens, which, in turn, could affect susceptibility to OM (see also
below). Studies using Swiss–Webster, BALB/c, or CD-1 mice have shown that bacterial
adherence factors, including NTHi, surface protein pneumococcal surface adhesin A (PsaA),
ubiquitous surface protein (Usp)A1, and ubiquitous surface protein A (UspA)2, may have some
role in adherence (Briles et al., 2000; Chen et al., 1996; Holmes et al., 2001; McMichael et al.,
2000). Gene knock-out mouse models (http://www.jax.org/imr/index.html) have been
produced in most genes of the molecules mentioned above, such as IL-1β, IL-2, IL-6, IL-8,
PsaA, UspA1, and Uspa2, but few of the knock-out mouse models have been used for OM
studies.

Other examples of mice used in OM research include studies of signal transduction mechanisms
involved in OM pathogenesis (Bakaletz et al., 2002). For example, receptor tyrosine kinases
were demonstrated to be involved in normal and pathologic angiogenesis in mice (Sudhoff et
al., 2000). It was found that regulatory genes involved in middle ear development may also
influence susceptibility to OM.

Several groups have used potential genetic mouse models to study OM. Inbred strains (C3H/
HeJ (Mitchell et al., 1997), outbred Mcr:(ICR) breeder mice (Harkness et al., 1975), and B6;129
mice (Haines et al., 2001)) have been reported to have relatively high incidences of OM. Several
CBA/J colonies had to be destroyed because the incidence of purulent OM was as high as 62%
(McGinn et al., 1992), and CBA/CaJ was recommended as a replacement to provide appropriate
controls in hearing studies. There have been more than a dozen middle ear studies using LP/J
mice (Brodie et al., 1993; Henry et al., 1987; Steel et al., 1987), but none of these studies
included genetic characterization of the OM susceptibility traits. Similarly, some studies have
generated pathogen-challenged OM models in BALB/c mice, but none of these was designed
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to identify the gene(s) affecting host susceptibility to OM (Chen et al., 1996; Kyd et al.,
1999; Sabirov et al., 2001).

A possible reason for the current lack of a well-developed genetic mouse models of OM is that
many existing mouse strains may be resistant to middle ear infections (Mitchell et al., 1997).
However, to date, no systematic screening has been performed for OM, as has been done for
other disease susceptibilities (Alper et al., 2002; Chang et al., 2002; Mashimo et al., 2002;
Nolan et al., 2000; Perelygin et al., 2002; Zheng et al., 1999). In particular, no effective rapid
screening methodology has been established for the detection of OM in the mouse.
Nevertheless, screening of large numbers of mutant mice from ENU mutagenesis programs
for hearing impairment using relatively simple but high-throughput procedures such as the
click-box test might be expected to identify mutants showing a conductive hearing loss along
with mice with sensorineural hearing defects (Brown et al., 2003). Indeed, the discovery of the
deaf mouse mutant Jeff (Jf), a single locus model for OM, in an ENU program in the United
Kingdom underlines the potential of large-scale mutagenesis projects for the identification of
OM mouse models (Hardisty et al., 2003). The Jf mutant shows a significant conductive hearing
loss by postnatal day 35 with fluid and pus in the middle ear cavity. Jf mice develop a chronic
suppurative OM with severe inflammation of the mucoperiosteum. The Jeff locus maps to
mouse chromosome 17. Another mutant, Junbo (Jbo), with a very similar phenotype has been
identified from the same ENU mutagenesis program. Junbo maps to chromosome 3, and,
recently, a mutation in the gene encoding the transcription factor Evi1 has been shown to
underlie the OM phenotype (Hardisty-Hughes and Brown, unpublished data). This is a very
provocative finding since the Evi1 transcription factor is a repressor of the TGFβ pathway
which is already implicated in OM pathogenesis and from in vitro studies has been shown to
be involved in signaling pathways controlling mucin production (see above and Hardisty et
al., 2003). Both these studies emphasize the potential benefits of continuing to screen large-
scale ENU programs to identify additional models of OM.

Studies employing gene targeting or other transgenic modifications also support the feasibility
of developing additional valuable genetic mouse models of OM. Chronic OM is commonly
found in VCFS/DGS patients with 22q11 deletions (Funke et al., 2001). Mice overexpressing
genes from this region showed OM. Mice harboring a homologous deletion of the p73 locus
had a 100% incidence of OM on a C57BL/6 background. A feature of p73–/– mice (Yang et
al., 2000) was purulent OM at the earliest ages (post natal day 2 pups), which persisted through
adulthood. Microbiologic analysis of affected sites from p73–/– weanlings (P21) revealed the
presence of Escherichia coli, Pasteurella aerogenes, and micrococcal species. Despite these
indications of inflammation and infection, no obvious deficiencies in lymphoid or granulocyte
populations were detected in p73–/– mice, indicating that there might be defects in other
components of the natural immune system. Mice deficient in lymphocyte function associated
antigen 1, LFA-1–/– (CD11a/CD18), have increased incidence of OM but also have
significantly increased mortality (Prince et al., 2001). In addition to mice with spontaneous
and ENU-induced mutations, The Jackson Laboratory maintains more than 1000 existing
transgenic and knock-out mouse strains, which are freely available for screening for genetic
models of OM.

5. Conclusions
There can be much optimism that the genetic analysis of mouse models of OM will lead to the
identification of novel loci in mouse and humans and a more profound understanding of the
genetic etiology of this complex, multifactorial disease. The identification of these loci and the
study of the specific genes involved might offer the possibility of screens to predict OM
susceptibility, which will assist physicians in identifying those patients who are at risk for
severe OM and, therefore, may benefit from prophylactic or targeted treatment. Moreover, the
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development of a new tranche of mouse mutants and a better understanding of the genetic basis
for OM will deliver opportunities to devise novel therapies as well as provide relevant models
for pre-clinical testing.

Acknowledgments
This work has been supported by NIH-NIDCD Grant No. DC005846 and by the Medical Research Council, UK.

REFERENCES
1. Alho OP, Koivu M, Sorri M. What is an ‘otitis-prone’ child? Int. J. Pediatr. Otorhinolaryngol

1991;21:201–209. [PubMed: 1869373]
2. Alper CM, Andalibi A, Bakaletz LO, Buchman C, Caye-Thomasen P, Hellstrom SO, Herman P,

Hermansson A, Hussl B, Iino Y, Kawauchi H, Paparella MM, Sando I, Swarts JD, Takasaka T. Recent
advances in otitis media: 4. Anatomy, cell biology, pathology, and animal models. Ann. Otol. Rhinol.
Laryngol., Suppl 2002;188:36–51. [PubMed: 11968860]

3. Austin CP, Battey JF, Bradley A, Bucan M, Capecchi M, Collins FS, Dove WF, Duyk G, Dymecki S,
Eppig JT, Grieder FB, Heintz N, Hicks G, Insel TR, Joyner A, Koller BH, Lloyd KC, Magnuson T,
Moore MW, Nagy A, Pollock JD, Roses AD, Sands AT, Seed B, Skarnes WC, Snoddy J, Soriano P,
Stewart DJ, Stewart F, Stillman B, Varmus H, Varticovski L, Verma IM, Vogt TF, von Melchner H,
Witkowski J, Woychik RP, Wurst W, Yancopoulos GD, Young SG, Zambrowicz B. The knockout
mouse project. Nat. Genet 2004;36:921–924. [PubMed: 15340423]

4. Auwerx J, Avner P, Baldock R, Ballabio A, Balling R, Barbacid M, Berns A, Bradley A, Brown S,
Carmeliet P, Chambon P, Cox R, Davidson D, Davies K, Duboule D, Forejt J, Granucci F, Hastie N,
de Angelis MH, Jackson I, Kioussis D, Kollias G, Lathrop M, Lendahl U, Malumbres M, von Melchner
H, Muller W, Partanen J, Ricciardi-Castagnoli P, Rigby P, Rosen B, Rosenthal N, Skarnes B, Stewart
AF, Thornton J, Tocchini-Valentini G, Wagner E, Wahli W, Wurst W. The European dimension for
the mouse genome mutagenesis program. Nat. Genet 2004;36:925–927. [PubMed: 15340424]

5. Bakaletz LO, White GJ, Post JC, Ehrlich GD. Blinded multiplex PCR analyses of middle ear and
nasopharyngeal fluids from chinchilla models of single- and mixed-pathogen-induced otitis media.
Clin. Diagn. Lab. Immunol 1998;5:219–224. [PubMed: 9521146]

6. Bakaletz LO, Juhn SK, Jung TT, Li JD. Recent advances in otitis media: 5. Molecular biology and
biochemistry. Ann. Otol. Rhinol. Laryngol., Suppl 2002;188:52–61. [PubMed: 11968861]

7. Ball SS, Prazma J, Dais CG, Triana RJ, Pillsbury HC. Role of tumor necrosis factor and interleukin-1
in endotoxin-induced middle ear effusions. Ann. Otol. Rhinol. Laryngol 1997;106:633–639. [PubMed:
9270424]

8. Bradley A, Evans M, Kaufman MH, Robertson E. Formation of germ-line chimaeras from embryo-
derived teratocarcinoma cell lines. Nature 1984;309:255–256. [PubMed: 6717601]

9. Briles DE, Hollingshead SK, Nabors GS, Paton JC, Brooks-Walter A. The potential for using protein
vaccines to protect against otitis media caused by Streptococcus pneumoniae. Vaccine 2000;19:S87–
S95. [PubMed: 11163470]

10. Brodie HA, Chang PS, Chole RA. Dexamethasone inhibition of the development of dysplastic bony
lesions in LP/J mice. Ann. Otol. Rhinol. Laryngol 1993;102:814–817. [PubMed: 8215105]

11. Brown SD, Hardisty RE. Mutagenesis strategies for identifying novel loci associated with disease
phenotypes. Semin. Cell Dev. Biol 2003;14:19–24. [PubMed: 12524003]

12. Casselbrant ML, Mandel EM, Fall PA, Rockette HE, Kurs-Lasky M, Bluestone CD, Ferrell RE. The
heritability of otitis media: a twin and triplet study. JAMA 1999;282:2125–2130. [PubMed:
10591333]

13. Chang B, Hawes NL, Hurd RE, Davisson MT, Nusinowitz S, Heckenlively JR. Retinal degeneration
mutants in the mouse. Vision Res 2002;42:517–525. [PubMed: 11853768]

14. Chen D, McMichael JC, VanDerMeid KR, Hahn D, Mininni T, Cowell J, Eldridge J. Evaluation of
purified UspA from Moraxella catarrhalis as a vaccine in a murine model after active immunization.
Infect. Immun 1996;64:1900–1905. [PubMed: 8675285]

Zheng et al. Page 6

Brain Res. Author manuscript; available in PMC 2010 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



15. Clark JM, Brinson G, Newman MK, Jewett BS, Sartor BR, Prazma J, Pillsbury HC. An animal model
for the study of genetic predisposition in the pathogenesis of middle ear inflammation. Laryngoscope
2000;110:1511–1555. [PubMed: 10983952]

16. Coates HL, Morris PS, Leach AJ, Couzos S. Otitis media in aboriginal children: tackling a major
health problem. Med. J. Aust 2002;177:177–178. [PubMed: 12175319]

17. Cox RD, Brown SD. Rodent models of genetic disease. Curr. Opin. Genet. Dev 2003;13:278–283.
[PubMed: 12787790]

18. Cripps AW, Dunkley ML, Clancy RL. Mucosal and systemic immunizations with killed Pseudomonas
aeruginosa protect against acute respiratory infection in rats. Infect. Immun 1994;62:1427–1436.
[PubMed: 8132349]

19. Daly KA. Epidemiology of otitis media. Otolaryngol. Clin. North Am 1991;24:775–786. [PubMed:
1870872]

20. Daly KA, Brown JE, Lindgren BR, Meland MH, Le CT, Giebink GS. Epidemiology of otitis media
onset by six months of age. Pediatrics 1999a;103:1158–1166. [PubMed: 10353923]

21. Daly KA, Hunter LL, Giebink GS. Chronic otitis media with effusion. Pediatr. Rev 1999b;20:85–93.
[PubMed: 10073070]

22. Funke B, Epstein JA, Kochilas LK, Lu MM, Pandita RK, Liao J, Bauerndistel R, Schuler T, Schorle
H, Brown MC, Adams J, Morrow BE. Mice overexpressing genes from the 22q11 region deleted in
velo-cardio-facial syndrome/DiGeorge syndrome have middle and inner ear defects. Hum. Mol.
Genet 2001;10:2549–2556. [PubMed: 11709542]

23. Giebink GS. Otitis media: the chinchilla model. Microb. Drug Resist 1999;5:57–72. [PubMed:
10332723]

24. Green BA, Vazquez ME, Zlotnick GW, Quigley-Reape G, Swarts JD, Green I, Cowell JL, Bluestone
CD, Doyle WJ. Evaluation of mixtures of purified Haemophilus influenzae outer membrane proteins
in protection against challenge with nontypeable H. influenzae in the chinchilla otitis media model.
Infect. Immun 1993;61:1950–1957. [PubMed: 8478084]

25. Gu H, Zou YR, Rajewsky K. Independent control of immunoglobulin switch recombination at
individual switch regions evidenced through Cre-loxP-mediated gene targeting. Cell 1993;73:1155–
1164. [PubMed: 8513499]

26. Gu XX, Tsai CM, Apicella MA, Lim DJ. Quantitation and biological properties of released and cell-
bound lipooligosaccharides from nontypeable Haemophilus influenzae. Infect. Immun
1995;63:4115–4120. [PubMed: 7558327]

27. Gu XX, Tsai CM, Ueyama T, Barenkamp SJ, Robbins JB, Lim DJ. Synthesis, characterization, and
immunologic properties of detoxified lipooligosaccharide from nontypeable Haemophilus influenzae
conjugated to proteins. Infect. Immun 1996;64:4047–4053. [PubMed: 8926067]

28. Gu XX, Chen J, Barenkamp SJ, Robbins JB, Tsai CM, Lim DJ, Battey J. Synthesis and
characterization of lipooligosaccharide-based conjugates as vaccine candidates for Moraxella
(Branhamella) catarrhalis. Infect. Immun 1998;66:1891–1897. [PubMed: 9573066]

29. Haines DC, Chattopadhyay S, Ward JM. Pathology of aging B6;129 mice. Toxicol. Pathol
2001;29:653–661. [PubMed: 11794381]

30. Hardisty RE, Erven A, Logan K, Morse S, Guionaud S, Sancho-Oliver S, Hunter AJ, Brown SD,
Steel KP. The deaf mouse mutant Jeff ( Jf ) is a single gene model of otitis media. J. Assoc. Res.
Otolaryngol 2003;4:130–138. [PubMed: 12943368]

31. Harkness JE, Wagner JE. Self-mutilation in mice associated with otitis media. Lab. Anim. Sci
1975;25:315–318. [PubMed: 1095819]

32. Harris SB, Glazier R, Eng K, McMurray L. Disease patterns among Canadian aboriginal children.
Study in a remote rural setting. Can. Fam. Physician 1998;44:1869–1877. [PubMed: 9789667]

33. Henry KR, Chole RA. Genetic and functional analysis of the otosclerosis-like condition of the LP/J
mouse. Audiology 1987;26:44–55. [PubMed: 3593100]

34. Holmes AR, McNab R, Millsap KW, Rohde M, Hammerschmidt S, Mawdsley JL, Jenkinson HF.
The pavA gene of Streptococcus pneumoniae encodes a fibronectin-binding protein that is essential
for virulence. Mol. Microbiol 2001;41:1395–1408. [PubMed: 11580843]

Zheng et al. Page 7

Brain Res. Author manuscript; available in PMC 2010 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



35. Hotomi M, Saito T, Yamanaka N. Specific mucosal immunity and enhanced nasopharyngeal clearance
of nontypeable Haemophilus influenzae after intranasal immunization with outer membrane protein
P6 and cholera toxin. Vaccine 1998;16:1950–1956. [PubMed: 9796049]

36. Hotomi M, Yamanaka N, Shimada J, Suzumoto M, Ikeda Y, Sakai A, Arai J, Green B. Intranasal
immunization with recombinant outer membrane protein P6 induces specific immune responses
against nontypeable Haemophilus influenzae. Int. J. Pediatr. Otorhinolaryngol 2002;65:109–116.
[PubMed: 12176180]

37. Hrabe de Angelis MH, Flaswinkel H, Fuchs H, Rathkolb B, Soewarto D, Marschall S, Heffner S,
Pargent W, Wuensch K, Jung M, Reis A, Richter T, Alessandrini F, Jakob T, Fuchs E, Kolb H,
Kremmer E, Schaeble K, Rollinski B, Roscher A, Peters C, Meitinger T, Strom T, Steckler T,
Holsboer F, Klopstock T, Gekeler F, Schindewolf C, Jung T, Avraham K, Behrendt H, Ring J,
Zimmer A, Schughart K, Pfeffer K, Wolf E, Balling R. Genome-wide, large-scale production of
mutant mice by ENU mutagenesis. Nat. Genet 2000;25:444–447. [PubMed: 10932192]

38. Hunter AG, Bankier A, Rogers JG, Sillence D, Scott CI Jr. Medical complications of achondroplasia:
a multicentre patient review. J. Med. Genet 1998;35:705–712. [PubMed: 9733026]

39. Ichimiya I, Suzuki M, Hirano T, Mogi G. The influence of pneumococcal otitis media on the cochlear
lateral wall. Hear. Res 1999;131:128–134. [PubMed: 10355610]

40. Johnson M, Leonard G, Kreutzer DL. Murine model of interleukin-8-induced otitis media.
Laryngoscope 1997;107:1405–1408. [PubMed: 9331321]

41. Kataoka Y, Haritani M, Mori M, Kishima M, Sugimoto C, Nakazawa M, Yamamoto K. Experimental
infections of mice and pigs with Streptococcus suis type 2. J. Vet. Med. Sci 1991;53:1043–1049.
[PubMed: 1790214]

42. Klingman KL, Murphy TF. Purification and characterization of a high-molecular-weight outer
membrane protein of Moraxella (Branhamella) catarrhalis. Infect. Immun 1994;62:1150–1155.
[PubMed: 8132320]

43. Kodama S, Suenaga S, Hirano T, Suzuki M, Mogi G. Induction of specific immunoglobulin A and
Th2 immune responses to P6 outer membrane protein of nontypeable Haemophilus influenzae in
middle ear mucosa by intranasal immunization. Infect. Immun 2000;68:2294–2300. [PubMed:
10722632]

44. Krekorian TD, Keithley EM, Takahashi M, Fierer J, Harris JP. Endotoxin-induced otitis media with
effusion in the mouse. Immunohistochemical analysis. Acta Otolaryngol 1990;109:288–299.
[PubMed: 2180249]

45. Krekorian TD, Keithley EM, Fierer J, Harris JP. Type B Haemophilus influenzae-induced otitis media
in the mouse. Laryngoscope 1991;101:648–656. [PubMed: 2041446]

46. Kurono Y, Shimamura K, Mogi G. Inhibition of nasopharyngeal colonization of Hemophilus
influenzae by oral immunization. Ann. Otol. Rhinol. Laryngol., Suppl 1992;157:11–15. [PubMed:
1416646]

47. Kyd JM, Dunkley ML, Cripps AW. Enhanced respiratory clearance of nontypeable Haemophilus
influenzae following mucosal immunization with P6 in a rat model. Infect. Immun 1995;63:2931–
2940. [PubMed: 7622215]

48. Kyd J, John A, Cripps A, Murphy TF. Investigation of mucosal immunisation in pulmonary clearance
of Moraxella (Branhamella) catarrhalis. Vaccine 1999;18:398–406. [PubMed: 10519928]

49. Loeb MR. Protection of infant rats from Haemophilus influenzae type b infection by antiserum to
purified outer membrane protein a. Infect. Immun 1987;55:2612–2618. [PubMed: 3499397]

50. Mashimo T, Lucas M, Simon-Chazottes D, Frenkiel MP, Montagutelli X, Ceccaldi PE, Deubel V,
Guenet JL, Despres P. A nonsense mutation in the gene encoding 2′-5′-oligoadenylate synthetase/L1
isoform is associated with West Nile virus susceptibility in laboratory mice. Proc. Natl. Acad. Sci.
U. S. A 2002;99:11311–11316. [PubMed: 12186974]

51. Maxwell K, Leonard G, Kreutzer DL. Cytokine expression in otitis media with effusion. Tumor
necrosis factor soluble receptor. Arch. Otolaryngol. Head Neck Surg 1997;123:984–988. [PubMed:
9305251]

52. McGinn MD, Bean-Knudsen D, Ermel RW. Incidence of otitis media in CBA/J and CBA/CaJ mice.
Hear Res 1992;59:1–6. [PubMed: 1629038]

Zheng et al. Page 8

Brain Res. Author manuscript; available in PMC 2010 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



53. McMichael JC. Vaccines for Moraxella catarrhalis. Vaccine 2000;19:S101–S107. [PubMed:
11163472]

54. Mitchell CR, Kempton JB, Scott-Tyler B, Trune DR. Otitis media incidence and impact on the
auditory brain stem response in lipopolysaccharide-nonresponsive C3H/HeJ mice. Otolaryngol.
Head Neck Surg 1997;117:459–464. [PubMed: 9374167]

55. Murphy TF, Kirkham C, DeNardin E, Sethi S. Analysis of antigenic structure and human immune
response to outer membrane protein CD of Moraxella catarrhalis. Infect. Immun 1999;67:4578–4585.
[PubMed: 10456903]

56. Mygind N, Pedersen M. Nose-, sinus- and ear-symptoms in 27 patients with primary ciliary
dyskinesia. Eur. J. Respir. Dis., Suppl 1983;127:96–101. [PubMed: 6604651]

57. Nassif PS, Simpson SQ, Izzo AA, Nicklaus PJ. Interleukin-8 concentration predicts the neutrophil
count in middle ear effusion. Laryngoscope 1997;107:1223–1227. [PubMed: 9292607]

58. Nolan PM, Peters J, Strivens M, Rogers D, Hagan J, Spurr N, Gray IC, Vizor L, Brooker D, Whitehill
E, Washbourne R, Hough T, Greenaway S, Hewitt M, Liu X, McCormack S, Pickford K, Selley R,
Wells C, Tymowska-Lalanne Z, Roby P, Glenister P, Thornton C, Thaung C, Stevenson JA, Arkell
R, Mburu P, Hardisty R, Kiernan A, Erven A, Steel KP, Voegeling S, Guenet JL, Nickols C, Sadri
R, Nasse M, Isaacs A, Davies K, Browne M, Fisher EM, Martin J, Rastan S, Brown SD, Hunter J.
A systematic, genome-wide, phenotype-driven mutagenesis programme for gene function studies in
the mouse. Nat. Genet 2000;25:440–443. [PubMed: 10932191]

59. Olbrich H, Haffner K, Kispert A, Volkel A, Volz A, Sasmaz G, Reinhardt R, Hennig S, Lehrach H,
Konietzko N, Zariwala M, Noone PG, Knowles M, Mitchison HM, Meeks M, Chung EM,
Hildebrandt F, Sudbrak R, Omran H. Mutations in DNAH5 cause primary ciliary dyskinesia and
randomization of left–right asymmetry. Nat. Genet 2002;30:143–144. [PubMed: 11788826]

60. Parkinson N, Brown SD. Focusing on the genetics of hearing: you ain’t heard nothin’ yet. Genome
Biol 2002;3:20061–20066.

61. Perelygin AA, Scherbik SV, Zhulin IB, Stockman BM, Li Y, Brinton MA. Positional cloning of the
murine flavivirus resistance gene. Proc. Natl. Acad. Sci. U. S. A 2002;99:9322–9327. [PubMed:
12080145]

62. Prince JE, Brayton CF, Fossett MC, Durand JA, Kaplan SL, Smith CW, Ballantyne CM. The
differential roles of LFA-1 and Mac-1 in host defense against systemic infection with Streptococcus
pneumoniae. J. Immunol 2001;166:7362–7369. [PubMed: 11390487]

63. Ramet M, Lofgren J, Alho OP, Hallman M. Surfactant protein-A gene locus associated with recurrent
otitis media. J. Pediatr 2001;138:266–268. [PubMed: 11174628]

64. Sabirov A, Kodama S, Hirano T, Suzuki M, Mogi G. Intranasal immunization enhances clearance of
nontypeable Haemophilus influenzae and reduces stimulation of tumor necrosis factor alpha
production in the murine model of otitis media. Infect. Immun 2001;69:2964–2971. [PubMed:
11292713]

65. Sarwar J, Campagnari AA, Kirkham C, Murphy TF. Characterization of an antigenically conserved
heat-modifiable major outer membrane protein of Branhamella catarrhalis. Infect. Immun
1992;60:804–809. [PubMed: 1371769]

66. Steel KP, Moorjani P, Bock GR. Mixed conductive and sensorineural hearing loss in LP/J mice. Hear.
Res 1987;28:227–236. [PubMed: 3654391]

67. Storgaard M, Larsen K, Blegvad S, Nodgaard H, Ovesen T, Andersen PL, Obel N. Interleukin-8 and
chemotactic activity of middle ear effusions. J. Infect. Dis 1997;175:474–477. [PubMed: 9203677]

68. Sudhoff H, Dazert S, Gonzales AM, Borkowski G, Park SY, Baird A, Hildmann H, Ryan AF.
Angiogenesis and angiogenic growth factors in middle ear cholesteatoma. Am. J. Otol 2000;21:793–
798. [PubMed: 11078065]

69. Thomas KR, Capecchi MR. Site-directed mutagenesis by gene targeting in mouse embryo-derived
stem cells. Cell 1987;51:503–512. [PubMed: 2822260]

70. Todd NW. Familial predisposition for otitis media in Apache Indians at Canyon Day, Arizona. Genet.
Epidemiol 1987;4:25–31. [PubMed: 3569876]

71. Vaughan KT, Mikami A, Paschal BM, Holzbaur EL, Hughes SM, Echeverri CJ, Moore KJ, Gilbert
DJ, Copeland NG, Jenkins NA, Vallee RB. Multiple mouse chromosomal loci for dynein-based
motility. Genomics 1996;36:29–38. [PubMed: 8812413]

Zheng et al. Page 9

Brain Res. Author manuscript; available in PMC 2010 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



72. Wallace FJ, Clancy RL, Cripps AW. An animal model demonstration of enhanced clearance of
nontypable Haemophilus influenzae from the respiratory tract after antigen stimulation of gut-
associated lymphoid tissue. Am. Rev. Respir. Dis 1989;140:311–316. [PubMed: 2788377]

73. Ward JM, Houchens DP, Collins MJ, Young DM, Reagan RL. Naturally-occurring Sendai virus
infection of athymic nude mice. Vet. Pathol 1976;13:36–46. [PubMed: 180649]

74. Watanabe T, Hirano T, Suzuki M, Kurono Y, Mogi G. Role of interleukin-1beta in a murine model
of otitis media with effusion. Ann. Otol. Rhinol. Laryngol 2001;110:574–580. [PubMed: 11407850]

75. Waterston RH, Lindblad-Toh K, Birney E, Rogers J, Abril JF, Agarwal P, Agarwala R, Ainscough
R, Alexandersson M, An P, Antonarakis SE, Attwood J, Baertsch R, Bailey J, Barlow K, Beck S,
Berry E, Birren B, Bloom T, Bork P, Botcherby M, Bray N, Brent MR, Brown DG, Brown SD, Bult
C, Burton J, Butler J, Campbell RD, Carninci P, Cawley S, Chiaromonte F, Chinwalla AT, Church
DM, Clamp M, Clee C, Collins FS, Cook LL, Copley RR, Coulson A, Couronne O, Cuff J, Curwen
V, Cutts T, Daly M, David R, Davies J, Delehaunty KD, Deri J, Dermitzakis ET, Dewey C, Dickens
NJ, Diekhans M, Dodge S, Dubchak I, Dunn DM, Eddy SR, Elnitski L, Emes RD, Eswara P, Eyras
E, Felsenfeld A, Fewell GA, Flicek P, Foley K, Frankel WN, Fulton LA, Fulton RS, Furey TS, Gage
D, Gibbs RA, Glusman G, Gnerre S, Goldman N, Goodstadt L, Grafham D, Graves TA, Green ED,
Gregory S, Guigo R, Guyer M, Hardison RC, Haussler D, Hayashizaki Y, Hillier LW, Hinrichs A,
Hlavina W, Holzer T, Hsu F, Hua A, Hubbard T, Hunt A, Jackson I, Jaffe DB, Johnson LS, Jones
M, Jones TA, Joy A, Kamal M, Karlsson EK, et al. Initial sequencing and comparative analysis of
the mouse genome. Nature 2002;420:520–562. [PubMed: 12466850]

76. Whitfield TT, Mburu P, Hardisty-Hughes RE, Brown SDM. Models of congenital deafness: mouse
and zebrafish. Drug. Discovery Today 2005;2:85–91.

77. Wiles MV, Vauti F, Otte J, Fuchtbauer EM, Ruiz P, Fuchtbauer A, Arnold HH, Lehrach H, Metz T,
von Melchner H, Wurst W. Establishment of a gene-trap sequence tag library to generate mutant
mice from embryonic stem cells. Nat. Genet 2000;24:13–14. [PubMed: 10615117]

78. Yamamoto M, McDaniel LS, Kawabata K, Briles DE, Jackson RJ, McGhee JR, Kiyono H. Oral
immunization with PspA elicits protective humoral immunity against Streptococcus pneumoniae
infection. Infect. Immun 1997;65:640–644. [PubMed: 9009325]

79. Yang A, Walker N, Bronson R, Kaghad M, Oosterwegel M, Bonnin J, Vagner C, Bonnet H, Dikkes
P, Sharpe A, McKeon F, Caput D. p73-deficient mice have neurological, pheromonal and
inflammatory defects but lack spontaneous tumours. Nature 2000;404:99–103. [PubMed: 10716451]

80. Zheng QY, Johnson KR, Erway LC. Assessment of hearing in 80 inbred strains of mice by ABR
threshold analyses. Hear. Res 1999;130:94–107. [PubMed: 10320101]

81. Zheng QY, Johnson KR. Hearing loss associated with the modifier of deaf waddler (mdfw) locus
corresponds with age-related hearing loss in 12 inbred strains of mice. Hear. Res 2001;154:45–53.
[PubMed: 11423214]

Zheng et al. Page 10

Brain Res. Author manuscript; available in PMC 2010 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


