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Abstract
Congenital human cytomegalovirus (HCMV) occurs in 0.5–1% of live births and approxi-

mately 10% of infected infants develop hearing loss. The mechanism(s) of hearing loss re-

main unknown. We developed a murine model of CMV induced hearing loss in which

murine cytomegalovirus (MCMV) infection of newborn mice leads to hematogenous spread

of virus to the inner ear, induction of inflammatory responses, and hearing loss. Characteris-

tics of the hearing loss described in infants with congenital HCMV infection were observed

including, delayed onset, progressive hearing loss, and unilateral hearing loss in this model

and, these characteristics were viral inoculum dependent. Viral antigens were present in

the inner ear as were CD3+ mononuclear cells in the spiral ganglion and stria vascularis.

Spiral ganglion neuron density was decreased after infection, thus providing a mechanism

for hearing loss. The lack of significant inner ear histopathology and persistence of inflam-

mation in cochlea of mice with hearing loss raised the possibility that inflammation was a

major component of the mechanism(s) of hearing loss in MCMV infected mice.

Author Summary

Congenital infection with human cytomegalovirus (HCMV) is the most common viral in-
fection of the fetus and occurs in 0.5–2.0% of all live births in most regions in the world.
Infection of the fetus can result in a spectrum of end-organ disease, including long term
damage to the central nervous system (CNS). Although less than 10% of infected infants
exhibit clinical evidence of end-organ disease, up to 10% of the total number of infected in-
fants develop hearing loss. Mechanisms of disease leading to hearing loss are poorly un-
derstood because of the limited availability of pathological specimens and accessibility of
the inner ear. Existing small animal models fail to recapitulate many features of this
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infection of the inner ear. In this report we describe a mouse model in which newborn ani-
mals infected peripherally with murine CMV develop hearing loss following hematoge-
nous spread of virus to the inner ear. Hearing loss occurs in 30–50% of animals and
characteristics of hearing loss in infants with congenital HCMV infection, including de-
layed onset of hearing loss, progressive hearing loss, and unilateral hearing loss were pres-
ent in infected mice. Our findings suggest that host derived inflammatory responses and
not direct virus-mediated cytopathology are responsible for hearing loss. Findings from
this study provide insight into potential mechanisms of hearing loss in infants with con-
genital HCMV infection.

Introduction
Human cytomegalovirus (HCMV) is the largest human herpesviruses and an important patho-
gen in immunocompromised hosts [1,2]. Although the majority of adults in the world have
been infected with this virus, it rarely causes an identifiable disease syndrome in normal, im-
munocompetent hosts. In contrast, HCMV is a frequent cause of acute and chronic disease in
individuals with deficits in immunity, including the developing human fetus [1,2]. HCMV is
the most common intrauterine viral infection with infection present in 0.5%-2.0% of live born
infants [1]. The vast majority of infected infants exhibit no clinical symptoms at birth although
severe life and organ threatening disease can be present in a small number of infected newborn
infants. However, long term neurological sequelae, including abnormal auditory function can
be present in infected infants regardless of the severity of disease at birth [1,3,4]. Some 10% of
infants with congenital HCMV infections develop hearing loss making HCMV the most com-
mon infectious cause of hearing loss in children and accounting for approximately 25% of all
cases of hearing loss in children in the US [4–6]. Studies from other areas of the world have re-
ported similar findings [7,8, 9]. An effective vaccine to prevent this intrauterine infection is far
from deployment and current antiviral agents have shown only modest benefit in congenitally
infected infants [10,11].

The mechanism(s) of disease leading to hearing loss following intrauterine HCMV infection
are not understood. In addition, hearing loss can develop months after the newborn period in
about 50% of infected infants and be progressive in other infants, suggesting that ongoing virus
replication could contribute to hearing loss [4,12]. Studies in small numbers of autopsy speci-
mens have described HCMV in the inner ear, inflammatory cellular infiltrates, and in speci-
mens obtained from older children, fibrosis and collagen deposits [13,14]. Guinea pigs and
mice have been used as small animal models of hearing loss following HCMV infection and re-
capitulate some aspects of the human infection [15–22]. Although the guinea pig model is in-
formative, the inconsistency of hearing loss and the paradox of hearing loss in non-infected
guinea pigs born to infected mothers has limited interest in this model for mechanistic studies
of hearing loss. In contrast, consistent infections of the inner ear structures and hearing loss
can be achieved by intracochlear or intracranial inoculation of mice with murine CMV
(MCMV), routes of infection that bypass the presumed viremic spread to the inner ear that fol-
lows intrauterine infection of human fetuses. Additional limitations such as the inability to
model progressive hearing loss suggest that models dependent on intracranial inoculations are
less reflective of the human infection and thus, have limited utility in studies of mechanisms of
hearing loss that follow congenital HCMV infection. We circumvented these limitations and
developed a murine model of congenital HCMV infection that utilizes intraperitoneal (ip) in-
oculation of newborn mice with sublethal amounts of MCMV. Shortly after infection, virus
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replication can be detected in the liver and spleen and during sustained viremia, central ner-
vous system (CNS) infection is observed [23]. Because newborn mice are neurodevelopmen-
tally equivalent to a 2nd trimester human fetus, this model has allowed study of the effects of
CNS infection on brain development, including auditory development that takes place postna-
tally in the mouse. In this report, we describe findings in this model that are consistent with the
loss of spiral ganglion neurons and/or inflammation in the stria vascularis in infected mice as
mechanisms of hearing loss. In addition, our results also suggested that virus-induced inflam-
mation is likely a major component of mechanisms leading to hearing loss in MCMV infected
mice.

Results

Cochlear infection in mice inoculated in the newborn period with MCMV
We previously described altered hindbrain morphogenesis in a murine model of congenital
HCMV infection following infection of newborn mice with MCMV [23]. As noted above,
MCMV infection of newborn mice results in hematogenous spread of MCMV to all regions of
the brain [23]. Virus replication in the brain is associated with robust CNS inflammation and
abnormalities in neuronal positioning in the cerebella [23,24]. These findings raised the possi-
bility that the inner ear was also infected. Newborn mice were inoculated on postnatal day
(PNd) 0 with MCMV (Smith strain) and following perfusion, cochlea were harvested on
PNd14, PNd120 (4months), and 12 months post infection. Between 101–104 copies of MCMV
DNA per mg of cochlear tissue could be detected in 100%, 77%, and 50% of cochlea at PNd14,
4 mo, and 12 mo, respectively (Fig 1A). During the course of these experiments, we initiated
studies with a BAC cloned MCMV that has been shown to be essentially identical to wild type
MCMV, including repair of the UL128 (mck-2) open reading frame [25]. The studies described
above were repeated with this molecularly cloned virus because this BAC derived MCMV will
serve as a parental virus for future studies with recombinant, mutant viruses. More relevant to
the current study, inoculum effects can be studied because stocks of this virus are relatively ho-
mogenous and not a mixture of wild type and mutant viruses that has been reported to be pres-
ent in uncloned Smith MCMV [25]. The BACMCMV exhibited robust replication in newborn
mice and virus could be readily demonstrated in the cochlea of infected mice on PNd8 (Fig
1B). There was an inoculum effect over a narrow range with significant differences in the re-
covery of viral DNA from the cochlea of mice given 50 plaque forming units (PFU) as com-
pared to mice given 100 or 200PFU (Fig 1B). These findings demonstrated that MCMV DNA
could be detected in the inner ear of newborn mice infected with MCMV and persisted in the
majority of mice for over 4 months. In addition, the amount of viral DNA detected in cochlear
tissue appeared to be dependent on the size of the viral inoculum.

Inner ear anatomy and histology in MCMV infected mice revealed little or no cytopathology
or obvious loss of anatomical landmarks in the inner ear (S1 Fig). However, individual cells or
small foci of cells expressing the MCMV IE-1 encoded protein, pp89, could be detected in the
spiral ganglion, spiral ligament, stria vascularis, and in bone marrow of the temporal bones
(Fig 2A–2F and S2 and S3 Figs). The distribution of virus-infected cells varied between individ-
ual animals but infected cells were most often detected in the temporal bone marrow followed
by individual cells in the stria vascularis. Similar to our previous studies of infection of the
brain in this model, infection was very focal with only scattered foci of infected cells or individ-
ual cells were observed in most inner ear tissue examined [23]. In contrast, virus-infected cells
were not detected in the Organ of Corti and the histology of the Organ of Corti from infected
mice early after infection was indistinguishable from similarly processed tissue from mock-in-
fected mice (S1 Fig). These results together with previous results, argued that MCMV infection
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of newborn mice was consistent with viremic spread to the temporal bone marrow and the co-
chlea resulting in a focal infection of cells in the spiral ganglion, and cells in the stria vascularis
and spiral ligament. These findings suggested that MCMV did not exhibit a tropism for specific
cell types in the cochlea. Furthermore, infection in the inner ear did not result in significant
virus-induced cytopathology within the Organ of Corti or adjacent structures in the inner ear.

Cochlear infection in mice with MCMV results in hearing loss
To determine if cochlear infection in newborn mice resulted in hearing loss, we subjected in-
fected and mock-infected mice to a series of auditory function tests. To eliminate the possibility
that hearing loss was secondary to developmental variations in auditory function in individual
animals, testing was delayed until PNd42. We initially tested mice infected with Smith MCMV
virus (200pfu) and mock infected controls using 2 modalities, (1) Distortion Product Otoa-
coustic Emission (DPOAE), and (2) Auditory Brainstem Evoked Response (ABR). DPOAE
was used to measure otoacoustic emissions from the inner ear in MCMV and mock-infected
mice with DPOAE thresholds defined as the lowest stimulus intensity at which an otoacoustic
emission was detectable. DPOAE thresholds were measured at 4 frequencies (4, 8, 16, and 32
kHz) and although thresholds were high for both infected and mock-infected mice, we ob-
served an increased DPOAE threshold at only a single frequency (8 kHz) in MCMV infected
mice (S4 Fig).

Auditory brain stem response (ABR) testing served as our standard measure of auditory
function. ABR sound pressure levels (SPL) thresholds were assigned as the lowest intensity

Fig 1. Detection of MCMV viral DNA in cochlea of mice infected as newborns with MCMV. (A) Newborn mice were inoculated intraperitoneally with
200PFU of Smith strain of MCMV and at the indicated times, mice were sacrificed, exhaustively perfused and cochlea removed. Viral DNA was detected
using a quantitative PCR as described in Materials and Methods and expressed as log genome copies per mg of cochlear tissue. The limit of detection of this
PCR assay was defined through comparison of the signal derived from DNA extracted from the cochlea of age-matched mock infected mice and was found
to be less than 10 copies per mg of extracted tissue. Age post infection is shown on x-axis. On PNd14, cochlea from individual mice were pooled (n = 5)
whereas at PNd120 (n = 9 mice) and 12 months (n = 5 mice), each symbol represents single cochlea. Note that results from cochlea of infected mice on
PNd120 and 12 months that were below limits of detection of this assay were plotted as log = 0. The signal detected in tissue frommock infected animals was
below the level of detection. (B) Newborn mice were inoculated with different amounts of recombinant BAC cloned Smith strain MCMV as indicated. On
PNd8, cochlea (n = 12) were harvested frommice as above and the quantity of MCMVDNA (log genome copy) per mg of tissue determined as described
above. Horizontal bar depicts median of total group and (*) indicates statistically significant difference in signals (50PFU vs 100PFU, p = 0.016; 50PFU vs
200PFU, p = 0.0003; 100PFU vs 200PFU, NS p = 0.215; Kruskal-Wallis test of medians with Dunn post-test correction). No signal was detected from
cochlear DNA extracted frommock infected animals (n = 12 cochlea).

doi:10.1371/journal.ppat.1004774.g001
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stimulus at which measurable ABR waveforms were detected as depicted in recordings from a
mock and MCMV infected mouse (Fig 3A). In this experiment, ABR thresholds were absent
below about 60 dB in the infected mouse whereas quantifiable responses were detected at 30
dB in the mock infected control animal (Fig 3A). Mice were tested with stimuli that included
pure frequency tones at 4, 8, 16, and 32 kHz and a broadband click stimulus to establish ABR
thresholds. Infected animals exhibited a significant increase in ABR threshold at every frequen-
cy of stimuli utilized as compared to mock infected animals (Fig 3B). Comparison of ABR re-
sults in mock and mice infected with 50, 100, and 200PFU of the BAC cloned MCMV revealed
a statistically significant difference in the ABR thresholds between groups of mice given
200PFU as compared to mice given 50PFU and 100PFU of MCMV and mock-infected mice
(Fig 3C). Although the median ABR thresholds were not statistically different in mice given
50PFU or 100PFU, the distribution of mice with thresholds above 60dB was noticeably differ-
ent between these two groups, particularly in the group of mice given 100PFU. These results
demonstrated that peripheral inoculation of newborn mice with two different sources of
MCMV lead to altered hearing function. Perhaps more interesting was the finding that the se-
verity of hearing loss appeared to be dependent on the size of the viral inoculum.

In a significant number of infants congenitally infected with HCMV hearing loss can be uni-
lateral, thus overall hearing function can be estimated by determining auditory function for the
best and worst ear [4,12]. Furthermore, unilateral hearing loss is frequently observed in infants
with congenital HCMV infection. To approximate such measures in MCMV infected mice,
ABR thresholds were compared in the best and worst ear in mock and MCMV infected mice.

Fig 2. Detection of MCMV infected cells in the inner ear of MCMV infectedmice. Infected cells in temporal bone marrow (A), in spiral ganglion (B,C) and
(D-F) in lateral wall of cochlea (D-F). Panels A (x60), B,F (x40), C,D,E (x20) and boxed areas digitally zoomed in right lower corner. Panels D,E demonstrate
infected cells in the spiral ligament and Panels E, F illustrate infected basal cells in the stria vascularis. Newborn mice infected with 200PFU of Smith strain
MCMVwere sacrificed on postnatal day (PNd) 11 and after exhaustive perfusion and fixation, the inner ears were removed, decalcified and embedded in
paraffin as described in Materials and Methods. Sections were stained with anti-MCMV IE-1 (pp89) antibody CROMA 101 and visualized using a horseradish
peroxidase (HRP) conjugated second antibody followed by development with diaminobenzidine (brown). Virus infected (IE-1+) cells were detected in inner
ear sections from 5/8 animals examined. Scale bars indicating 50u (A), 100u (B, F,), and 200u (C,D,E) are shown at bottom left of figures.

doi:10.1371/journal.ppat.1004774.g002
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This strategy allowed an additional measure of the severity of hearing loss in these groups as
well as allowing us to identify animals with differences in ABR thresholds between each ear
and document unilateral hearing loss in individual mice. Comparison of ABR thresholds in the
best ear and worst ear of mock and mice infected with the uncloned Smith MCMV indicated
that MCMV infection resulted in increased ABR thresholds in either the best or worst ear as
compared to mock infected animals. To validate these preliminary findings in mice infected
with the BAC derived virus, we compared ABR thresholds in mock infected and mice infected
with increasing amounts of MCMV. ABR thresholds were found to be increased in the best
and worst ears from mice infected with 200PFU of the BAC cloned MCMV in comparison to
mock infected mice (Fig 4A). In contrast, there was no difference in the ABR thresholds be-
tween the best and worst ears of mock infected mice and mice infected with 50PFU and
100PFU of MCMV, findings that were consistent with results described above (Fig 3C). How-
ever, similar to the findings presented in Fig 3C, a sizable number of mice given 100PFU of
virus had ABR thresholds>60dB as compared to mock infected or mice inoculated with

Fig 3. Auditory brainstem evoked response (ABR) testing in infectedmice. (A) Example of audiogram from a MCMV infected and mock infected mouse
tested over range of frequencies (click). PNd42-50 MCMV infected and mock infected mice were tested using ABR as described in Materials and Methods.
These results demonstrated loss of ABR responses (ABR threshold) in the infected mouse at sound pressure level (SPL) of 60dB. Scan time over 10ms with
deflection represented in microvolts (uV). The maximal amplitude of deflections varied between 0.6–1.4 uV (scale bar = 1uV) depending on the intensity of
the stimulus and was derived by standard software settings established by the manufacturer (Tucker-Davis Technologies). (B) Pattern of ABR responses
over increasing frequency of stimulus. These results demonstrate increased ABR thresholds at all frequencies tested in the mice infected with 200PFU of
Smith strain of MCMV (●) and responses to click stimuli as compared to mock infected, control mice (�). There were statistically significant differences
(p<0.001, Kruskal-Wallis test of medians with Dunn post-test correction) between mock (n = 25) and MCMV infected (n = 25) mice at all frequencies and with
click stimulus). (C) Hearing loss is virus inoculum dependent. Hearing loss of mice infected with 50, 100, 200 PFU of recombinant BAC cloned MCMV.
Median ABR threshold on PNd42 shown below amount of virus inoculated into newborn mice with total number of ears tested shown in parentheses.
Significant differences were noted between mock infected and mice infected with 200 PFU of virus (p<0.01) and between mice infected with 50 and 100 PFU
and mice infected with 200 PFU (p<0.01). Data analyzed by Kruskal-Wallis test of medians with Dunn post-test correction.

doi:10.1371/journal.ppat.1004774.g003
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50PFU of virus (Fig 4A). When differences between ABR thresholds of the best and worst ear
for individual animals were plotted as a function of MCMV inoculum, the variability in differ-
ences in auditory function between ears in individual animals was evident, particularly in mice
given 100PFU and 200PFU (Fig 4B). Mice given 200PFU or 100PFU exhibited an ear-to-ear
difference in ABR thresholds of at least 15dB in 30% and 24% of animals respectively as com-
pared to 13% and 16% in mock infected and mice given 50PFU of virus. These findings demon-
strated that in individual animals, severe hearing loss could be unilateral, a finding similar to
the hearing loss described in infants with congenital HCMV infection [4,12]. Furthermore, an
inoculum effect on hearing loss was evident as illustrated by the striking unilateral increases in
ABR thresholds in individual mice, particularly in mice give 100PFU (Fig 4A). These findings
raised the possibility that both host and viral functions could contributed to the disease pheno-
type in this model of hearing loss following viral infection.

Progressive hearing loss occurs in mice infected with MCMV in newborn
period
An important clinical feature of hearing loss associated with congenital HCMV infection is de-
layed onset hearing loss and/or progressive hearing deficits in a significant number of infants
[4,12]. Serial ABR testing of infected and mock-infected mice during the first year of life was
carried out to identify hearing loss as a function of time post-infection. Measurable declines in
auditory function over time were detected in mock-infected mice as have been described in
studies of age-related hearing loss in inbred strains of mice [26,27]; however, increased

ABR thesholds were noted in about 50% of Smith MCMV-infected mice with documented
hearing loss (Fig 5A). Significant increases in ABR thresholds were detected in individual mice
at 3 months, 7, and 12 months of age demonstrating progressive hearing loss in infected mice

Fig 4. Virus inoculum dependence of ABR thresholds in individual ears of infected animals. (A)Medians of ABR thresholds in best and worst ears of
individual mice frommock infected and mice given 50PFU, 100PFU, and 200PFU (n = number of mice analyzed). Significant differences in best ear ABR
threshold between mock infected and mice infected with 50PFU and 100PFU versus mice given 200PFU and worst ears of mice infected with 200PFU
versus other groups (P<0.01 by Kruskal-Wallis test of medians with Dunn post-test correction). (B) Difference (ΔABR threshold) in ABR threshold between
best and worst ear. Medians of differences in ABR thresholds for best and worst plotted as function of virus inoculum. Note that 24% and 30% of mice
inoculated with 100PFU and 200PFU respectively have>15dB ABR threshold difference between best and worst ear as compared to 13% and 16% for
mock infected mice and mice infected with 50PFU.

doi:10.1371/journal.ppat.1004774.g004
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(Fig 5A). Progression of hearing loss was observed between 3 and 7 months of age with 4 of 9
mice exhibiting an increase in ABR thresholds (Fig 5A). However, there was no further increase
in the number of mice with increased ABR thresholds between 7–12 months of age suggesting
that auditory function stabilized in these animals 7 months post infection, a finding that reca-
pitulates the natural history of hearing loss in later childhood in children with congenital
HCMV infection [4,12]. Finally, several mice in both the mock and MCMV infected groups
demonstrated a modest improvement (<10dB) in hearing with a decline in ABR thresholds be-
tween 7 and 12 months (Fig 5A). Although we have no explanation for this finding at this time,

Fig 5. Progressive hearing loss and virus inoculum effect on progression of hearing loss in MCMV infectedmice. (A)MCMV infected mice exhibit
increased ABR threshold as function of age. Newborn mice infected with uncloned Smith MCMV(●; n = 12) or mock infected (�; n = 15) were tested at
approximately 3,7, and 12 months and ABR thresholds determined. Note increasing mean ABR threshold in infected mice at 7 months of age and increase in
ABR threshold for both infected and mock infected groups of mice at 12 months of age. At each time point the mean ABR thresholds of mock vs. infected
mice were significantly different (p<0.001 two-way Anova with Bonferroni post-test correction). (B) Dose dependence of progressive hearing loss and
delayed onset of hearing loss. Newborn mice were inoculated with recombinant, BAC cloned MCMV(50PFU ●; 200PFU ▲) or mock uninfected (�) and tested
for auditory function at PNd42 or PNd78. Each symbol represents one ear tested (n = 96 mock, n = 36(50PFU), n = 52(200PFU)). Note the increase in
median ABR threshold in mice given 50 PFU between PNd42 and PNd78 as compared to mock infected animals. (**) indicates significant differences
(p<0.01) between groups with increase in ABR thresholds as determined by Kruskal-Wallis test of medians with Dunn post-test correction. (C)Magnitude of
ABR thresholds in cochlea with progression of hearing loss. The change (dB) in individual cochlea exhibiting an increase in ABR threshold between d42 and
d78 (Δ ABR threshold) was plotted for each group and medians compared. Number of cochlea with progression that were analyzed were (mock = 27;
50PFU = 13; 200PFU = 26). Statistically significant differences between median Δ ABR threshold of mock vs 50PFU, (p<0.01) and mock vs. 200PFU
(p<0.001) by Kruskal-Wallis test of medians with Dunn post-test correction.

doi:10.1371/journal.ppat.1004774.g005
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fluctuating hearing loss is a well described audiologic finding in infants with congenital HCMV
infection [4,12].

To investigate the influence of virus inoculum on progressive hearing loss, hearing was ana-
lyzed as a function of time post infection in mice given 50 and 200PFU of BAC cloned MCMV.
There was an increase in ABR thresholds between PNd42 and 78 in mice given both 50PFU
and 200PFU as compared to mock infected mice (Fig 5B). Importantly, mice inoculated with
50PFU of virus had similar ABR thresholds as mock infected mice on PNd42, but as a group,
the median ABR threshold of mice infected with 50PFU increased to approximately 50dB
when tested at PNd78, a difference that was significantly higher than age-matched mock in-
fected mice (Fig 5B). The magnitude of the increase in ABR thresholds was analyzed by plot-
ting difference in ABR thresholds on PNd42 and 78 in only individual ears that exhibited
increased ABR thresholds (Fig 5C). The difference in median ABR thresholds over this interval
was 5dB for mock-infected animals as compared to 10dB and 15dB for ears from animals given
50 and 200PFU of MCMV, respectively (Fig 5C). Interestingly, in individual infected animals,
very significant increases in the ABR thresholds were observed (Fig 5C). Thus, these results uti-
lizing a different source of virus confirmed that progressive hearing loss developed in MCMV
infected newborn mice. Perhaps of more interest was the finding of delayed onset of hearing
loss in mice given a virus inoculum that failed to produce hearing loss at initial testing on
PNd42. This finding paralleled observations in human infants congenitally infected with
HCMV in which up to 50% of infants who ultimately develop hearing loss will exhibit normal
hearing early in infancy [4,12].

The findings that, (i) virus persisted in the inner ear for over four months (Fig 1), (ii) an in-
crease in viral inoculum was associated with an increase ABR thresholds (Fig 3) and, (iii) an in-
crease in viral inoculum was correlated with progression of hearing loss (Fig 5) suggested that
the quantity of virus in the inner was directly related to hearing loss in this model. We explored
this possibility by comparing the quantity of viral DNA in the cochlea of infected mice with
ABR thresholds>60dB to mice with ABR thresholds<60dB. There was no significant differ-
ence in the quantity of cochlear viral DNA in cochlea from mice with ABR thresholds>60dB
(median 71dB) or<60dB (median 45dB) (Fig 6). These results argued that although there was
a clear relationship between the size of the initial viral inoculum and development of an

Fig 6. Hearing loss in MCMV infectedmice is not correlated with virus load in the cochlea. (A)MCMV log genome copies/mg tissue in cochlea from
mice with ABR thresholds>60dB (median 71dB; n = 14) and ABR thresholds<60db (median 45dB; n = 25) at PNd42. Groups did not differ in quantity of viral
DNA in cochlea (Mann-Whitney, p = 0.42). Note that results from some cochlea were below limits of detection of PCR and therefore indistinguishable from
mock infected cochlea. These were plotted as log = 0 to permit statistical comparison of groups. (B) Linear regression analysis of ABR thresholds versus
genome copies in cochlea (n = 18 mice). There was no correlation between viral genome copy number and hearing (p = 0.59, slope not significant from 0).

doi:10.1371/journal.ppat.1004774.g006
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increased ABR threshold (and progression), there was not a direct relationship between cochle-
ar viral load and increased ABR thresholds when tested at PNd42.

Cochlear infection in MCMV infected mice is associated with decreased
cellular density in spiral ganglia
To determine if further histologic analysis of the inner ear in mice with increased ABR thresh-
olds could point to mechanisms of disease in the auditory system, cochlear tissue from a group
of mock and MCMV infected animals with and without hearing loss were analyzed. No obvi-
ous differences in cochlear histology were found between mock infected, infected mice with
normal hearing, and infected mice with abnormal hearing (S5 Fig). Because a correlation be-
tween the loss of spiral ganglion neurons loss increased ABR thresholds has been previously
described in other rodent models of hearing loss, we determined spiral ganglion neuron density
in MCMV infected mice [28–30]. Enumeration of the number of Tuji-1 positive, nucleated
cells in defined areas of the spiral ganglia in infected and mock infected mice indicated that spi-
ral ganglia from MCMV infected animals contained a lower density of Tuji-1+ cells as com-
pared to age matched, mock infected mice at three different time points (Fig 7 and S6 Fig).
These results suggested that increased ABR thresholds in MCMV infected mice could be ex-
plained in part, by the loss of neurons in the spiral ganglia.

Fig 7. Loss of spiral ganglion neurons in mice infected in newborn period with MCMV.Mice were sacrificed at various postnatal days (PNd) 7, 11, and
30 as described in the Material and Methods. For each time point, cochlea were removed and placed in 4% paraformaldehyde, decalcified and embedded in
paraffin as described in Materials and Methods. Sections were stained with anti-Tuji 1 antibodies to detect neurons followed by horseradish peroxidase
(HRP) conjugated second antibody and development with diaminobenzidine (brown). Cresyl violet (CV) was used as counterstain. Digitalized images, of the
inner ear from each individual tsection (2 per cochlea) were imported into the B-Cell Image program. Spiral ganglion cell (SGC) densities were calculated in
infected animals (4 mice per time point) and mock infected animals (3 mice per time point) by determining the number of spiral ganglion neurons followed by
normalization to the area of Rosenthal’s canal in each section to provide the spiral ganglion neuron density (cells/mm2). Spiral ganglion neuron densities in
the basal, mid and apical turns (I, II, III) of the cochlea are presented as the mean number of neuron density with error bars demarcating SEM (** indicates
significant differences p<0.0022, and *** p<0.001 by Mann-Whitney).

doi:10.1371/journal.ppat.1004774.g007
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Hearing loss in MCMC infected mice is associated with persistent
expression of proinflammatory responses in the cochlea
Even though the development of hearing loss in MCMV infected mice was related to the mag-
nitude of the intial viral inoculum, the lack of a direct relationship between cochlear viral DNA
and increased ABR thresholds raised the possibility that MCMV-induced inflammation and
not direct viral cytopathic effects, could be responsible for hearing loss in MCMV infected
mice. This mechanism was also suggested by both limited cytopathology in the cochlea (S1
Fig) and the focal nature of the virus infection within the cochlea (Fig 2). We initially explored
this possibility by assaying mononuclear infiltration into the cochlea in infected mice. A mono-
nuclear cellular infiltrate, including CD3+ mononuclear cells, could be detected early after in
infection into both the stria vascularis and the spiral ganglion (Fig 8A, 8B and 8C). In addition,
CD3+ mononuclear cells were detected in the spiral ganglion of infected mice with hearing loss
on PNd120 of life (Fig 8D). In a second analysis, increased transcription of multiple proinflam-
matory molecules was detected in cochlear tissue from infected mice as early as PNd4, increas-
ing by PNd8, and in some mice, declining by PNd16 (S1 Table). Interestingly, the expression of
a subset of proinflammatory chemokines that contribute to mononuclear cells infiltration into

Fig 8. Mononuclear cells infiltrates in the cochlea of infectedmice. (A)Mononuclear cell infiltrate in the cochlea of infected mice. H&E staining of
cochlea demonstrates mononuclear cellular infiltrates in the stria vascularis (arrow). (B,C) Immunohistochemical detection of CD3+ mononuclear cells in
spiral ganglion (B) and stria vascularis(C) (20x). Cochlea from infected mice were harvested a PNd11 and following extensive perfusion, cochlea were fixed
and sections for immunohistochemistry as described in Materials and Methods. Staining with anti-CD3 antibodies, detection with a HRP conjugated
secondary antibody and development with AEC was carried as described in Materials and Methods. Arrows depict CD3+ cells with digital zoom boxed in
lower right corner an scale bars 200um in left corner. (D) Detection of CD3+mononuclear cells in spiral ganglion of MCMV infected mouse with hearing loss.
Frozen section from the cochlea from PNd120mouse with hearing loss documented on PNd50 was reacted with rabbit anti-CD3 and mouse anti-Tuj1
antibodies, followed by staining with FITC anti-rabbit IgG secondary antibodies or tetramethylrhodamine isothiocyanate conjugated anti-mouse IgG
secondary antibodies and viewed under confocal microscope (40x). Note CD3+ cells (green) and Tuj1 positive cells (red) neurons in boxed area (60x) in
lower right hand corner.

doi:10.1371/journal.ppat.1004774.g008
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virus infected tissue appeared associated with the size of the virus inoculum, a finding that par-
alleled the increased rate of increased ABR thresholds in mice given larger virus inoculums
(Fig 3 and Table 1). The relationship between inflammatory responses in the cochlea of in-
fected mice and hearing loss was further explored in groups of mice with and without increased
ABR thresholds when initially tested on PNd42 (Table 2). When we assayed the level of expres-
sion of this set of proinflammatory molecules in cochlear tissue from mice with ABR thresh-
olds>60dB (median ABR threshold 75dB) and those with ABR thresholds<60dB (median
ABR threshold 45dB), we noted that that several chemokines, including CCL8, CXCL9, and
CXCL10, with potent chemoattractant activities for cells contributing to tissue inflammation

Table 1. Levels of expression of proinflammatory chemokines in cochlea of infectedmice are dependent on viral inoculum.

Inoculum (PFU)

50 (n = 12) 100 (n = 12) 200 (n = 12)

Chemokine Fold Change p value Fold Change p value Fold Change p value

CCL1 33.0 <0.001 33.3 <0.00005 82.5 <0.01

CCL3 2.17 <0.0005 5.52 <0.00005 13.3 <0.0001

CCL4 11.3 <0.0001 26.7 <0.00005 64.1 <0.00001

CCL5 5.70 <0.00001 20.4 <0.00001 52.3 <0.00001

CCL8 164 <0.00005 63.5 <0.00001 60.7 <0.05

CXCL9 276 <0.00001 754 <0.00005 1328 <0.00001

CXCL10 168 <0.00001 323 <0.00001 911 <0.00001

CXCL11 8.49 <0.00001 15.0 <0.001 39.0 <0.00001

Cochlear tissue isolated from infected and uninfected, control mice on PNd8 with number of mice in each indicated. Expression of individual genes

determined as described in Materials and Methods and reported as fold change and statistical comparison with control group (p value). Note increasing

fold change with increasing viral inoculum.

doi:10.1371/journal.ppat.1004774.t001

Table 2. Persistent expression of proinflammatory chemokines in cochlea of mice with ABR thresholds>60dB.

PNd10 PNd42

ABR <60 dB ABR>60 dB

Chemokine Fold Change p value Fold Change p value Fold Change p value

CCL1 32.4 0.002 5.21 0.002 5.95 0.03

CCL2 17.1 0.00002 1.49 0.050 3.36 0.15

CCL4 17.4 0.00008 1.21 0.28 1.69 0.31

CCL5 19.2 0.0002 1.26 0.41 1.36 0.22

CCL7 16.4 0.001 1.53 0.27 3.53 0.15

CCL8 39.0 0.002 3.47 0.19 6.62 0.0007

CXCL9 592 0.000018 2.23 0.17 3.22 0.026

CXC10 395 0.0005 2.54 0.14 2.95 0.024

CXCL11 101 0.0003 3.56 0.07 5.42 0.08

Mice were infected with MCMV or mock infected as controls as described in Materials and Methods. One group of infected mice (n = 12) and control mice

(n = 6) were harvested at PNd10. A second group underwent ABR testing on PNd42 and equal numbers (n = 12) of mice with ABR thresholds >60dB

(median 75dB) or <60dB (median 45dB) were harvested, cochlea pooled from individual mice and expression of proinflammatory chemokines determined

as described in Materials and Methods. Results are reported as fold change and statistical comparison to age matched control mice (p value). Note

increased expression of CCL8, CXCL9, and CXCL10 in mice with hearing loss.

doi:10.1371/journal.ppat.1004774.t002
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remained persistently elevated in the group of animals with ABR thresholds>60dB (Table 2).
These findings together with the lack of significant inner-ear cytopathology raised the possibili-
ty that host derived inflammatory responses in the cochlea of infected mice likely played a criti-
cal role in hearing loss in this model of virus-induced hearing loss.

Discussion
Although the association of hearing loss with congenital HCMV infection has been recognized
for over 4 decades, the pathogenesis of this sequelae of congenital HCMV infection remains
poorly understood. Early studies of temporal bones from a small number of infants and older
children with congenital HCMV infections described viral antigens and viral particles in the
inner ear, inflammatory cellular infiltrates in the inner ear, and degeneration, calcifications,
and fibrosis of structures in the inner ear in older children [31]. More recently an informative
study of tissues from 6 fetuses terminated between 19–35 weeks of gestation secondary to intra-
uterine HCMV infection described viral antigens and inflammatory infiltrates consisting of
CD3+ mononuclear cells and macrophages in the inner ears [32]. Within the cochlea, 5/6 fe-
tuses had detectable viral inclusions in the stria vascularis associated with mononuclear cells in
proximity to infected cells [32]. Neither viral nucleic acids nor viral antigens were detected in
the spiral ganglia but mononuclear cells were present in the spiral ganglia/VIIIth nerve in 4/6
of fetuses [32]. Extensive autolysis in the Organ of Corti limited description of this region of co-
chlea [32]. In the current study, we have described findings that were remarkably similar to
this report, including scattered virus infected cells in the spiral ganglia and stria vascularis as
well as a cellular infiltrate of mononuclear cells. There was no significant virus-induced cytopa-
thology or tissue destruction in the cochlea, including in the Organ of Corti; however, our anal-
ysis was limited in that it did not include studies of whole cochlear sections that could provide
an estimate of hair cell number. We documented hearing loss as measured by increased ABR
thresholds in 20–50% of mice inoculated with MCMV during the newborn period suggesting
that the histopathologic findings that we observed were associated with impaired auditory
function.

Deficits in hearing in MCMV infected mice were documented primarily by findings of in-
creased ABR thresholds. Although our findings in DPOAE testing suggested normal hair cell
function in infected animals, elevated stimulus thresholds in our DPOAE protocol could have
obscured abnormal test results. However, the lack of cytopathology in the Organ of Corti, in-
creased ABR thresholds, and the loss of spiral ganglion neurons suggested that hearing loss in
this model was consistent with lesions in the auditory system other than hair cell loss. In con-
trast to our results, two recent studies utilizing intracranial (IC) inoculation of newborn mice
with MCMV to produce hearing loss documented hair cell loss [18,19]. These investigators
also reported that IC inoculation lead to infection of spiral ganglion neurons but not in cells
within the Organ of Corti, including hair cells [19]. Mononuclear cellular infiltrates in the co-
chlea of IC infected animals suggested that hair cell and hearing loss in this model was second-
ary to virus-induced inflammatory responses [19]. Although informative, IC inoculation in
these models also eliminates major characteristics of CNS infection following intrauterine
HCMV infection including physiologic routes of virus spread to the CNS and the inner ear, in-
fection of brain endothelium, and CNS recruitment of inflammatory cells from peripheral sites
of infection. Thus, spread of MCMV to the inner ear structures following IC inoculation is al-
most certainly different than hematogenous routes that occur in the infected human fetus. It
has been argued that hematogenous spread to the inner ear of mice inoculated intraperitoneally
could be differentiated from spread along the cochlear nerves (meninges) and from the ventri-
cles that occurs in IC inoculated animals [21].
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Other small animal models of CMV associated hearing loss have been reported, including
congenital infections in guinea pigs (gpCMV). Although this model includes hematogenous
spread of virus to the inner ear, it is also associated with modest and often inconsistent inner
ear infection, hearing loss in animals without inner ear infection, and confounding issues asso-
ciated with the severity of maternal infection required to reproducibly achieve intrauterine
transmission [33]. This latter characteristic of this model has raised the possibility that placen-
tal damage may underlie major manifestations of disease in newborn pups. Murine models
that permit infection of the developing mouse embryo have been described, including direct in-
jection of MCMV into the placenta in mid-gestation [20]. In this model hearing loss was
achieved and viral nucleic acids could be detected in the inner ear; however, a direct relation-
ship between hearing loss and virus in the cochlea was not described and no evidence of in-
flammation was found [20]. In contrast to these previously described small animal models of
CMV associated hearing loss, the model described in this manuscript recapitulates many key
characteristics of hearing loss associated with congenital HCMV infections including; (i) virus
infection and virus-induced inflammation during the development of auditory pathways, (ii)
physiologic spread of this virus to the CNS and inner ear and, (iii) similar heterogeneity in the
phenotypes of hearing loss observed in infants with congenital CMV infections, including uni-
lateral loss, delayed onset and progressive hearing loss [4, 12].

Larger initial inoculums of MCMV resulted in increased amounts of virus in the inner ear
and an increase in the incidence of hearing loss suggesting a direct relationship between virus
replication in the cochlea and hearing loss; however, by PNd 42 there was no correlation be-
tween virus in the cochlea and hearing loss suggesting that persistent virus replication in the
cochlea was not directly related to hearing loss. Thus, it could be argued that only the quantity
of virus present in the cochlea early in infection was related to the development of hearing loss.
Possible explanations that could account for these findings include the increased likelihood of
infection of specific cell types in the inner ear following infection with larger inoculums or, al-
ternatively, inoculum dependent induction of cochlear inflammation early in infection that
was not reflected in levels of virus replication at later time points. Thus, larger virus inoculums
resulted in increased virus replication and as we observed, a corresponding increase in expres-
sion of some proinflammatory cytokines and chemokines early in infection (Table 1). These
early events could be responsible for the increase in the incidence of increased ABR thresholds
in mice given larger amounts of virus. Consistent with this mechanism was that in later stages
of infection when hearing function could be determined, mice with hearing loss had persistent
cochlear expression of a subset of proinflammatory chemokines. The lack of widespread histo-
pathologic damage in the cochlea of MCMV infected mice and the focal nature of the inner ear
infection together with the robust expression of proinflammatory molecules argued that co-
chlear inflammation could represent a proximal cause of hearing loss in infected mice. Lastly,
the mechanism(s) of inner ear damage leading to delayed onset and/or progressive hearing loss
remain explained. However, as noted below, damage to the auditory pathways within the devel-
oping inner ear can result in ongoing loss of spiral ganglion neurons long after the initial insult
[34].

Observations in other small animal models of hearing loss as well as findings in human tem-
poral bones are consistent with a mechanism(s) of virus-induced inflammation; however, spe-
cific lesions and the pathways leading to hearing deficits have not been well described. Virus
infected cells and mononuclear cells in the spiral ganglion are common to rodent models as
well as tissue from infected fetuses, findings suggesting that disruption of spiral ganglion func-
tion could contribute to hearing deficits in MCMV infected mice. The loss of spiral ganglion
neurons following MCMV infection in our model are similar to findings reported in a more
limited analysis of a murine model of CMV associated hearing loss [20]. Thus, loss of spiral
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ganglion neurons could contribute to a common mechanism of hearing loss that follows co-
chlear infections with CMV and perhaps, parallels the proposed pathogenesis of hearing loss
associated with bacterial meningitis.

A decrease in the number of spiral ganglion neurons provided a potential mechanism of
hearing loss in infected animals secondary to loss of afferent input into cochlear nuclei during
this critical time of auditory development [35,36]. Studies have documented neuronal loss in
cochlear nuclei in the brainstem associated with loss of afferent input into the cochlear nuclei
during the so called critical period prior to the onset of hearing in mammals [37–39]. This time
period between PNd5-11 has been described as the critical period in mice because ablation of
the cochlea after PNd14 does not result in loss of neurons in the cochlear nuclei secondary to
the acquisition of survival (anti-apoptotic) functions in neurons within the cochlear nuclei
[40,41]. A similar pro-apoptotic program of spiral ganglion neurons has been described in ro-
dents with aminoglycoside-mediated damage to hair cell function [34]. Interestingly, apoptosis
of spiral ganglion neurons in this model was prolonged with spiral ganglion neurons loss oc-
curring over a 14 week period, a finding that could explain the progression and delayed onset
of hearing loss in our model of hearing loss [34]. It should be stressed that our data cannot di-
rectly link spiral ganglion loss with virus infection/virus-induced inflammation because dam-
age to hair cells in the Organ of Corti or altered function of the stria vascularis epithelium
could also lead to loss of spiral ganglion neurons or impaired electrical output from these cells.
Finally, survival and neurite extension of spiral ganglion neurons is dependent on afferent
input and on expression of the neurotrophins, BDNF and NT3 [42–45]. Previously, we docu-
mented decreased expression of phospho-TrkB (NTRK2), the high affinity receptor tyrosine
kinase for BDNF, in cerebella from MCMV infected mice during early postnatal period (7–10
PN d of age) raising the interesting possibility that decreased signaling through TrkB could
have also contributed to spiral ganglion neuron loss in MCMV infected mice [23].

The finding of virus infected cells and CD3+ mononuclear infiltrates in the stria vascularis
suggested additional mechanisms of hearing loss in MCMV infected mice. This region of the
inner ear is critical for maintaining the unique electrolyte composition of the extracellular fluid
within the Organ of Corti that contributes to electrical potential of the endocochlear fluid, the
endocochlear potential [46,47]. Hair cells within the Organ of Corti exhibit spontaneous action
potentials during early postnatal life required for development of hearing pathways, including
afferent input into neurons in the spiral ganglion [48,49]. The inflammatory cellular infiltrate
as well as virus in this region of the cochlea raised the possibility that altered function of this
specialized epithelium could in turn, lead to deficits in hearing development in infected mice.
Interestingly, mutations in the gene encoding connexin 26 and 30, components of gap junc-
tions within the stria vascularis that are essential for maintenance of the endocochlear poten-
tial, represent two of the most common genetic mutations associated with hearing loss [46].

In summary, we have described a model of hearing loss in mice inoculated early in the post-
natal period with MCMV that closely recapitulates key aspects of hearing loss associated with
congenital HCMV infection. Our studies have documented the dependence of viral replication
in the cochlea on the initial viral inoculum size and in turn, the level of expression of proin-
flammatory molecules in the cochlea as well subsequent increases in the ABR thresholds on the
level of virus replication during this early time in auditory development. Although virus in-
fected cells could be detected in various regions of the inner ear, significant cytopathology or
tissue damage was absent arguing that the mechanism(s) of hearing loss following this infec-
tion could have a significant inflammatory component.
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Materials and Methods

Ethics statement
The University of Alabama-Birmingham Institutional Animal Care and Use Committee
(IACUC) guidelines were followed for all animal experiments and breeding. These guidelines
are in strict compliance with the NIH (OLAW Assurance Number—A32555-01) guidelines.
Animals were euthanized with carbon dioxide under regulated flow. Following carbon dioxide,
cervical dislocation was implemented to ensure animals were completely euthanized prior to
carrying out experimental protocols, according to the UAB Animal Resource Program (ARP)
guidelines. An approved protocol (APN09024) was obtained from IACUC (UAB) for all exper-
iments involving animals and animal tissues carried out at UAB. All procedures involving ani-
mals and their care conducted at the Faculty of Medicine, University of Rijeka were approved
by the Veterinary Department of the Ministry of Agriculture, Croatia (protocol class UP/I-
322-01/13-01/32; number 525-10/0255-13-2 for the NIH grant R01 NS065845; protocol class
UP/I-322-01/13-01/33; number 525-10/0255-13-2 for the NIH grant R01 AI089956 and the
Office of Laboratory Animal Welfare (OLAW)—Assurance no. A5905-01 (effective until 10/
31/2019) and were conducted in compliance with institutional guidelines, as well as with na-
tional (Animal Protection Act 135/06, 37/13, 125/13; Regulations on the Protection of Animals
Used for Scientific Purposes 55/2013) and international Directive 2010/63/EU of The Europe-
an Parliament and of the Council of 22 September 2010 on the protection of animals used for
scientific purposes, Guide for the Care and Use of Laboratory Animals, National Institutes of
Health, The National Academies Press, Washington, DC) laws and policies.

Mice
Pathogen-free BALB/c mice were obtained from a colony propagated from animals purchased
from Charles River Laboratories. All breeding and experiments were done in accordance with
the guidelines of the University of Alabama at Birmingham Institutional Animal Care and Use
Committee and with the University of Rijeka-Croatia animal use policies. Auditory testing in-
cluding ABR and DPOAE (see below) measurements were performed in anesthetized animals
(ketamine (75 mg/kg) and medetomidine (1 mg/kg) delivered i.p.). Animals were maintained
at 37°C during all testing and monitored for movement.

Virus and infection
Virus stocks (Smith strain of MCMV, ATCC VR-194, American Type Tissue Culture
(ATCC)) were propagated in mouse embryonic fibroblasts. In some experiments, a virus that
has been determined by sequence analysis and characterization in-vivo to be wild type Smith
virus was recovered from an infectious BAC clone of MCMV kindly provided by Dr. Ulrich
Koszinowski (University of Munich) [25]. Virus recovered from the MCMV BAC was se-
quenced to insure that the previously described mutation that resulted in truncation of the
UL128 open ready frame had been repaired to wild type sequence [25]. Infectious virus was
produced by passage through mouse bone marrow cells (MBN1084, ATCC) as described
[25]. Newborn pups (6–18 h postpartum) were inoculated intraperitoneally (i.p.) with 200
PFU of tissue culture passaged MCMV Smith strain and between 50-200PFU of virus recov-
ered from the BAC as described [24].

Distortion Product Otoacoustic Emission (DPOAE)
DPOAEs were measured using Tucker Davis Technologies (TDT, Alachua, FL) System III
equipment and software using published protocols [50]. Stimuli were generated at 4, 8, 16, and
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32 kHz with the fixed ratio of frequency 2 (f2) to frequency 1 (f1) of 1.22 and delivered to the
ear via closed-field electrostatic speakers (EC1) connected to a coupler housing a low noise mi-
crophone (ER10B+, Etymotic, Elk Grove Village, IL), whose output was processed by an MA3
microphone amplifier. The 2f1-f2 otoacoustic emission was measured, and DPOAE threshold
was determined as the lowest intensity at which the 2f1-f2 response was measurable above the
noise floor.

Auditory Brainstem Evoked Response (ABR)
ABRs were also measured with the TDT System III system, using tone pips at 4, 8, 16, and 32
kHz (90 dB to 20 dB in -10 dB steps), as well as broadband click stimuli (90 dB to 20 dB in -5
dB steps). Signal was detected using 3 stainless steel needle electrodes (vertex, ipsilateral ear,
low back), amplified, band-pass filtered (300 Hz high-pass, 3 kHz low-pass, 60 Hz notch), and
averaged over 750 sweeps. The ABR threshold was defined as the lowest intensity signal at
which an ABR waveform was detectable. We adapted protocols from several sources including
material provided during a training course in audiometric testing at Jackson Labs (Bar Harbor,
Ma) and published protocols [51].

Histology
Animals were exhaustively perfused initially with phosphate buffered saline (pH 7.4; PBS) and
then with 4% paraformaldehyde (PFA) as described [24]. Cochleae were dissected away from
the skull and were soaked in cold PFA for*6 h, followed by three 10 min PBS washes. Samples
were decalcified in 120 mM EDTA, changed daily x 5 days. After decalcification, samples were
soaked until they sunk to the bottom of the container in 30% sucrose as a cryoprotectant dur-
ing the freezing in preparation for cutting of 8-um frozen sections [24]. After fixation, some co-
chleae from infected and noninfected animals were embedded in paraffin for sectioning. 4-μm
mid-modiolar sections were cut and processed for H&E or Cresyl violet staining and/or immu-
nohistochemistry. In most cases, 50 sections were cut from individual ears for H&E(Cresyl
violet) staining and for IHC (every 10th section). Immunohistochemical (IHC) staining for the
IE-1 protein (pp89) encoded by MCMV IE-1 was performed as described previously [23].
Anti-CD3 staining was performed using a rabbit anti-mouse CD3 antibody (Abnova, AB5690)
and developed with a horseradish peroxidase (hrp)-conjugated second antibody followed by
aminoethylcarbazole (AEC;Sigma, St.Louis, Mo). For neuron staining, neuronal class IIIβ-Tu-
bulin (TUJ1) rabbit monoclonal antibody (MRB-435P COVANCE) were used followed by
goat anti-rabbit IgG H&L (Biotin) (Ab6720) and developed with DAB chromogen (Dako). Fro-
zen sections stained with appropriate antibodies were viewed under confocal microscope [24].

Quantitative PCR for viral DNA and RNA and PCR array for antiviral and
proinflammatory molecule quantification
Nucleic acids were isolated from cochleae using several protocols depending on downstream
applications. In the initial experiments, nucleic acids were isolated using a QIAGENM48 robot
and MagAttract RNA Tissue Mini M48 kit as per the manufacturer’s instructions (Qiagen, Va-
lencia, CA). In latter experiments, RNA and DNA nucleic acids were isolated using SQ Total
RNA Kit and HP Total RNA Isolation Kit (Omega Bio-Tek, Norcross, GA) with minor modifi-
cations. Quantitative real-time PCR was performed by amplification of a fragment of immedi-
ate-early 1 (IE1) exon 4 using the primers forward, 5'-GGC TCC ATG ATC CAC CCT GTT
A-3' and reverse, 5'-GCC TTC ATC TGC TGC CAT ACT-3'. The probe (5'-AGC CTT TCC
TGG ATG CCA GGT CTC A-3') was labeled with reporter dye FAM and quencher dye
TAMRA. To quantify viral genome copy number, serial dilutions (log10) of a plasmid with the
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cloned IE1 exon 4 PCR product was used to create a standard curve. This assay has a sensitivity
of between 50–100 copies of MCMV DNA. For the detection of inflammatory network genes,
the Mouse Antiviral Response PCR Array (PAMM-122A; Qiagen, Valencia, CA) and for
proinflammatory chemokines and cytokines (PAMM-150Z) were used according to manufac-
turer's protocol. Quantitative real-time PCR was conducted using TaqMan Gene Expression
master mix (Qiagen). Samples were run in triplicate using a two-step amplification protocol on
the Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems, Life Technologies.

Supporting Information
S1 Table. Increase in transcription of proinflammatory molecules in cochlea of MCMV in-
fected mice. RNA was isolated from the cochlea of mock infected and MCMV infected mice at
the indicated postnatal day (PNd) of life and 50ng reverse transcribed and assayed using PCR
arrays as described in Materials and Methods. Number of animals are listed in parentheses and
PCR results compared to RNA prepared from cochlea of mock infected animals (PNd4 n = 16;
PNd8 n = 16; Pnd16 n = 18). Results are expressed as fold increase over signal from cochlea ob-
tained in mock infected animals with statistical measures of differences shown as p value.
(TIF)

S1 Fig. Histological characteristics of the Organ of Corti in MCMV (A, B,C) and Mock (D,
E,F) infected mice.Newborn mice infected with 200 PFU of tissue culture derived Smith strain
MCMV, or mock infected, were sacrificed on postnatal day (PNd) 11 and after perfusion with
PBS and fixation, the inner ears were removed, decalcified and embedded in paraffin as de-
scribed in Materials and Methods. After sectioning, de-paraffinization, sections were stained
with hematoxylin and eosin (H&E) and photographed (x40). Panel C and F represent digitally
enlarged images of Panel B and E respectively.
(TIF)

S2 Fig. MCMV infection in cells of temporal bone marrow. After extensive perfusion, tem-
poral bones from mice infected with 200PFU Smith MCMV were harvested on PNd7, fixed
and embedded in paraffin as described in Materials and Methods. Sections were cut and
stained with H&E (Panels A, B; 100x, scale bar 50um). Boxed areas demonstrated large cell
with characteristics of MCMV infected cell. Other sections were reacted with anti-MCMV IE-1
antibodies and developed with HRP anti-mouse IgG followed with diaminobenzidine to pro-
duce brown color in infected cells (Panel C; 40x, scale bar 100um). Scale bars shown in lower
right corner.
(TIF)

S3 Fig. MCMV infection of marginal cell of stria vascularis. Cochlea from mock infected
and MCMV infected mice were harvested on PNd7, decalcified, fixed and embedded in paraf-
fin as described in Materials and Methods. MCMV infected cells were stained with anti-IE-1
antibodies and then developed with HRP anti-mouse IgG and diaminobenzidine (brown). This
section reveals infected cell in marginal layer of stria vascularis. Panel A at 20x (scale bar at
100um) and panel B at 100x (scale bar at 50nm). Panel C is digitally enlarged image of panel B.
(TIF)

S4 Fig. Distortion product otoacoustic emission (DPOAE) testing. DPOAE revealed a sig-
nificant differences at only one frequency between mock infected (�; n = 25) and MCMV in-
fected (■; n = 25) mice. Mice were tested at PNd42 as described in Materials and Methods. (�)
indicates significant difference in response at 8 kHz.
(TIF)
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S5 Fig. Histological findings in cochlea in mock and MCMV infected mice with normal
hearing and hearing loss. After extensive perfusion, cochlea from mice between PNd42-60
were harvested, decalcified, fixed and embedded in paraffin as described in Materials and
Methods. Following sectioning and staining with H&E, individual sections were viewed by
blinded observer with experience in cochlear histology. Sections from 10 different cochlea were
submitted for review and four representative sections are presented this figure. Samples 127
and 133 were from mock infected animals and samples 147 and 211 were from infected ani-
mals. The ABR thresholds for these ears are displayed at the bottom of each panel.
(TIF)

S6 Fig. Loss of spiral ganglion neurons in MCMV infected mice. After extensive perfusion,
cochlea from mock infected and MCMV infected mice were harvested on PNd7, decalcified,
fixed and embedded in paraffin as described in Materials and Methods. Following sectioning,
tissue was reacted with anti-Tuji 1 followed by HRP conjugated anti-mouse IgG and developed
with diaminobenzidine(brown). Note the decreased density of Tuji 1+ cells in section from in-
fected mouse (100x magnification with 50um scale bar lower right corner).
(TIF)
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