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Abstract Congenital cytomegalovirus (CMV) infection is
the leading cause of sensorineural hearing loss (SNHL) in
children. During murine (M)CMV-induced encephalitis, the
immune response is important for both the control of viral
dissemination and the clearance of virus from the brain.
While the importance of CMV-induced SNHL has been
described, the mechanisms surrounding its pathogenesis
and the role of inflammatory responses remain unclear. This
study presents a neonatal mouse model of profound SNHL
in which MCMV preferentially infected both cochlear
perilymphatic epithelial cells and spiral ganglion neurons.
Interestingly, MCMV infection induced cochlear hair cell
death by 21 days post-infection, despite a clear lack of
direct infection of hair cells and the complete clearance of
the virus from the cochlea by 14 dpi. Flow cytometric,
immunohistochemical, and quantitative PCR analysis of
MCMV-infected cochlea revealed a robust and chronic
inflammatory response, including a prolonged increase in
reactive oxygen species production by infiltrating macro-
phages. These data support a pivotal role for inflammation
during MCMV-induced SNHL.
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Introduction

Cytomegalovirus (CMV) is the most significant cause of
developmental disorders related to intrauterine infection in
humans, potentially resulting in mental retardation, epilepsy,
microcephaly, hydrocephalus, and hearing loss (Cheeran et al.
2009a) . Sensorineural hearing loss (SNHL) is estimated to
account for between 10% and 60% of all nonhereditary
congenital SNHL in children. While symptomatic congeni-
tally infected infants have a wide range of disabilities and
can be readily identified at birth, SNHL may be the only
long-term manifestation of congenital CMV infection in
asymptomatic infants. Hence, it is insidious in nature and
difficult to identify but nonetheless causes much disability.
Although it is clear that CMV infection is involved in
congenital SNHL, the mechanisms of pathogenesis are still
unknown.

The neonatal mouse central nervous system and periph-
eral auditory organs are immature at birth, resembling those
of a 15-week-old human fetus (Otis and Brent 1954).
Mouse models using murine (M)CMV infection (Staczek
1990) are useful because peripheral and intracranial
MCMV infection produces end-organ disease that mimics
that associated with vertically transmitted CMV infection in
humans (Bantug et al. 2008; Li et al. 2008). Furthermore,
employment of transgenic mice enables the identification of
genes critical to CMV infection and the immune response
associated with viral infection.

Studies of viral brain infection in adult and neonatal
mice suggest that host immune activation contributes to
viral-associated neurological damage (Armien et al. 2009;
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Cheeran et al. 2009b; Marques et al. 2008). Indeed, the
progression of MCMV brain infection in neonatal mice
pivots on innate and adaptive immune responses (Bantug et
al. 2008). Recruitment of neutrophils and macrophages is
the primary innate defense mechanism against viral
infection and is critical in controlling virus proliferation
and dissemination (Nesin and Cunningham-Rundles 2000).
Macrophages aid in tissue repair, cytokine production, and
removal of cytopathic debri, but they can also be harmful to
neighboring cells by their overactivation and the production
of reactive oxygen species (ROS). Increases in macrophage
ROS have been described during acoustic inner ear trauma
and contribute to the lethality of spiral ganglion neurons
(SGNs) and hair cells in the mammalian cochlea (Hirose et
al. 2005). Still, very little is known about the contribution
of proinflammatory immune responses to CMV-related
SNHL.

In the present study, we describe a model of congenital
MCMV infection that resulted in viral infection of the
mouse inner ear as well as bilateral hearing loss. Active
MCMV was detected in cochlear SGNs and perilymphatic
epithelial cells but was absent from the organ of Corti,
including the inner and outer hair cells. Interestingly, most
hair cells were eliminated by 21 dpi despite a lack of direct
viral infection. Furthermore, we showed a robust innate
immune response during cochlear MCMV infection that
persisted long after viral clearance. Taken together, these
data suggest an important role for inflammation during
MCMV-induced SNHL, including the indirect death of
cochlear hair cells.

Methods

Virus and animals

RM461, a recombinant cytomegalovirus expressing Escher-
ichia coli β-galactosidase under the control of the human
ie1/ie2 promoter/enhancer (Stoddart et al. 1994), was
kindly provided by Edward S. Mocarski. MCMV-GFP, a
recombinant MCMV strain (K181 MC.55 [ie2− GFP+])
(van Den Pol et al. 1999) that expresses the reporter green
fluorescent protein, was kindly provided by Jon D. Reuter.
In this virus, GFP is inserted into the MCMV ie2 locus and
driven by the human elongation factor-1a promoter, result-
ing in GFP expression during active viral replication. Each
virus was maintained by passage in weanling female
BALB/c mice. Salivary gland-passed virus was then grown
in NIH 3T3 cells for two passages, which minimized any
carryover of salivary gland tissue. Infected 3T3 cultures
were harvested at 80% to 100% cytopathic effect and
subjected to three freeze–thaw cycles. Cellular debris was
removed by centrifugation (1,000×g) at 4°C, and the virus

was pelleted through a 35% sucrose cushion (in Tris-
buffered saline [50 mM Tris–HCl, 150 mM NaCl, pH 7.4])
at 23,000×g for 2 h at 4°C. The pellet was resuspended in
Tris-buffered saline containing 10% fetal bovine serum
(FBS). Viral stock titers were determined on 3T3 cells as
50% tissue culture infective doses (TCID50) per milliliter.
Virulent, salivary gland-passaged, sucrose gradient-purified
virus was used for all intracerebral infections. SNHL
measurements, flow cytometry, inflammatory cell immuno-
histochemistry, and quantitative PCR were performed with
RM461 virus while immunohistochemical detection of
MCMV during viral infection was performed with the
MCMV-GFP virus.

Virus inoculation

Neonatal mice (1 day old) were placed on ice for 3 min
to induce anesthesia before being secured in a cooled
stereotaxic apparatus (Stoelting Co., Wood Dale, IL),
equipped with a Cunningham mouse adapter modified
to fit neonatal mice. The stereotaxic apparatus was
maintained at 4°C to 8°C by a dry ice/ethanol reservoir.
A 10 μL syringe with a cemented 1.7-in. 26-G needle
(Hamilton Company) was used to inject MCMV
(RM461 or MCMV-GFP) into the right lateral cerebral
lobe as previously described (Mutnal 2011). MCMV was
diluted in saline and injected at 500 TCID50 in a volume
<3 μl. Saline was used for control intracerebral injections.
Animal experiments were performed in accordance with a
protocol approved by the Institutional Animal Care and
Use Committee at the University of Minnesota, NINDS,
NIDA, and the NIH.

Auditory-evoked brainstem response

Hearing loss was quantified at ages >P21 by measuring the
auditory brainstem response (ABR). Uninjected, saline-
injected, or MCMV-infected mice were placed under
anesthesia using a combination of Ketamine and Xylazine
(100 mg and 10 mg/Kg body weight, respectively). Needle
electrodes were placed subcutaneously with the positive
electrode placed on the vermis of the nose, the reference
electrode under the pinna of the stimulated ear and the
ground on the contralateral dorsal abdomen. Stimuli were
presented as broadband clicks and responses to 1,000
sweeps were averaged at each intensity level using 10-dB
sound pressure level (SPL) steps. Auditory threshold was
determined as the lowest intensity level at which a clear
waveform was visible in the evoked trace by visual
inspection. An ABR value of 90 dB SPL was assigned to
cochleae that failed to stimulate an ABR waveform at
80 dB SPL, the highest stimuli presented in this study,
although this value may greatly underestimate the increased
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thresholds in these animals. Auditory stimuli were gener-
ated using SigGenRP software and evoked potentials were
collected and analyzed with BioSigRP TDT System 3
(Tucker-Davis Technology; Alachua, FL). Calibration was
achieved via SigCalRP and applied to a normalization file
in SigGenRP.

Immunohistochemistry

Preparation of the cochleae for immunohistochemistry was
based on a modified protocol of Whitlon et al. (Alam et al.
2007; Whitlon et al. 2001). Mice were exsanguinated at 7,
14, and 21 dpi by transcardial perfusion with 0.1 M
phosphate-buffered saline (PBS), pH 7.4, containing 0.1%
sodium nitrite, then with 20 mL of 4% paraformaldehyde in
phosphate buffer (PB) at room temperature (RT). The mice
were then decapitated, the cochleae exposed, and an
additional 1.0 mL of fixative was lightly perfused through
the round and oval window. The excised cochleae were
immersed in fixative (4% paraformaldehyde in 0.1 M PB)
overnight at 4ºC, washed with PBS, and decalcified by
immersion in 0.12 M EDTA, pH 7.0 for 1 week at RT. The
decalcified cochleae were infiltrated with sucrose and then
embedded in Tissue-Tek® O.C.T™ Compound. Serial
20 μm thick mid-modiolar sections were cut on a freezing
microtome and mounted on poly-L-lysine-coated glass
slides. Slides were stored at −20°C until further use. The
slides were dried at RT for 10 min, washed in PBS,
permeabilized with 0.4% Triton X-100 in PBS for 20 min at
RT, washed in PBS, and transferred to blocking buffer (PBS
containing 5% goat serum and 2% bovine serum albumin)
for 1 h at RT, prior to application of primary antibodies.

Primary antibodies of rabbit anti-myosin VIA (Sigma–
Aldrich, St. Louis, MO) and mouse anti-NF200 (Sigma–
Aldrich, St. Louis, MO) were used as markers for inner and
outer cells and spiral ganglion neurons, respectively. Rat
anti-CD11b (BD PharMingen, San Diego, CA) and rat anti-
CD3 (BD PharMingen, San Diego, CA) were used to label
brain infiltrating immune cells. All antibodies were incu-
bated in blocking buffer. Following overnight incubation of
the sections in primary antibodies at 4°C, the sections were
rinsed in PBS and secondary antibodies applied for 1 h
at RT. Secondary antibodies used were donkey anti-
mouse and -rabbit Rhodamine red (Jackson Laborato-
ries) as well as goat anti-rat 594 (Invitrogen, Carlsbad,
CA). Sections were counterstained with Hoechst 33342
(1 μg/ml; Chemicon, Temecula, CA) in PBS for 20 min
at RT in the dark.

Quantitative real-time PCR

Six cochleae, taken from three mice, were pooled for each
experiment and homogenized in TRIzol (Invitrogen, Carlsbad,

CA) using a polytron tissue homogenizer. cDNA was
synthesized with 0.5 to 1.0 μg of total RNA from uninfected
and MCMV-infected mouse cochleae at 7, 14, and 21 dpi,
using Superscript II reverse transcriptase (Invitrogen, Carlsbad,
CA) and oligo dT6–12 primers (Sigma–Genosys, The Wood-
lands, TX). PCR was performed with the Advantage SYBR
Green QPCR master mix (Stratagene, La Jolla, CA). The PCR
conditions for the Mx3000P QPCR System (Stratagene) were:
40 denaturation cycles of 95°C for 10 s, annealing at 60°C for
10 s, and elongation at 72°C for 10 s. The relative product
levels were quantified using the 2(−Delta Delta C(T)) method
(Livak and Schmittgen 2001) and were normalized to the
housekeeping gene hypoxanthine phosphoribosyl transferase-
encoding (HPRT; NM_013556). Data presented are repre-
sentative of three independent experiments. Forward and
reverse primer sequences used in the study: inducible nitric
oxide synthase (iNOS; NM_010927): 5′-tggccacctgttcagc
tacg-3′ and 5′-gccaaggccaaacacagcata-3′; tumor necrosis
factor-α (TNFα; NM_013693): 5′-ctgtgaagggaatgggtgtt-
3′ and 5′-ggtcactgtcccagcatctt-3′; interleukin-6 (IL-6;
NM_031168): 5′-caagccagagtccttcagag-3′ and 5′-gagcattg-
gaaattggggta-3′; interferon γ (IFNγ; NM_008337): 5′-
gcgtcattgaatcacacctg-3 and 5′-gacctgtgggttgttgacct-3′;
interleukin-10 (IL-10; NM_010548): 5′-ccctttgctatggtgtccttt-
3′ and 5′-tggtttctcttcccaagacc-3′; heme oxygenase-1 (HO-1;
NM_010442): 5′-cacgcatatacccgctacct-3′ and 5′-cca
gagtgtt cattcgagca-3′; glutathione peroxidase-1 (Gpx1;
NM_008160): 5′-gtccaccgtgtatgccttct-3′ and 5′-cctcaga
gagacgcgacatt-3′; MCMV glycoprotein B (gB): 5′-
cgctggtcgtctttcagttc-3′ and 5′-ctgttcgtgtcgcagttctc-3′.

Flow cytometric leukocyte and reactive oxygen species
detection

Cochlear tissues from three animals (6 cochleae) were
harvested, pooled in ice-cold HBSS, and digested in
TrypLE™ Select (Invitrogen, Carlsbad, CA) for 30 min at
37°C. Cochlea were applied directly to a 40-μm filter atop
a 50-mL conical and mashed through the filter with the
blunt end of a syringe plunger. To retrieve all cells and
deactivate the digestion cocktail, the filter was rinsed
multiple times with HBSS containing Mg2+/Ca2+. Cochlear
cells were centrifuged at 600×g for 5 min and resuspended
in Fc Block (anti-CD32/CD16 in the form of 2.4 G2
hybridoma culture supernatant with 2% normal rat and 2%
normal mouse serum) to inhibit nonspecific antibody
binding. Cochlear leukocytes were stained with anti-
mouse immune cell surface markers for 45 min at 4°C
(anti-CD45-allophycocyanin (eBioscience), anti-CD11b-
allophycocyanin-CY7, anti-Ly6G-PE (BD Biosciences))
and analyzed by flow cytometry. Following cell surface
marker staining, cells were loaded for 30 min at 37°C with
the intracellular reactive oxygen species indicator, 2′,7′-
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dichlorodihydrofluorescein diacetate (DCFH-DA; 20 μM;
St. Louis, MO), rinsed, and resuspended in 1 mL PBS
with 2% FBS for flow cytometry. Live leukocytes were
gated using forward scatter and side scatter parameters
on a BD FACSCanto flow cytometer (BD Biosciences).
Control isotype antibodies were used for all isotype and
fluorochrome combinations to assess nonspecific anti-
body binding. Data was analyzed using FlowJo software
(TreeStar).

Statistical analysis Student’s t test paired assuming unequal
variance (Microsoft Excel) was used to compare ABR and
quantitative PCR data.

Results

Intracerebral delivery of MCMV to neonatal mice resulted
in hearing loss

Neonatal Balb/c mice were injected into the right cerebral
lobe with either saline or the RM461 strain of MCMV (500
TCID50) no later than 24 h after birth. Previous studies
from our laboratory have shown that neonatal injection of
MCMV into the right cerebral lobe establishes a robust
central nervous system infection (Mutnal 2011), confirming
viral delivery into the brain. As the infection progressed,
phenotypic signs of MCMV infection were also noted such
as: weight loss, brain microcephaly, and ventricular
calcifications. Control uninjected and saline-injected mice
developed normally.

At 3 weeks post-infection (i.e., 3 weeks postnatal),
the age where mouse auditory thresholds are considered
mature (Song et al. 2006), both control and MCMV-
infected mice were tested for the presence of an ABR. As
a gauge of general auditory capacity, a series of broadband
clicks were presented in decreasing intensity (80 dB SPL
to 0 dB in −10-dB increments) to each ear separately. In
uninfected control and saline-injected mice, ABRs were
detectable down to the 40 dB SPL sound intensity level. In
contrast, presentation of an 80 dB SPL stimulus, the
highest presented intensity, was unable to evoke an ABR
in the majority of neonatal mice infected with MCMV.
Figure 1 shows a dot plot, including the mean and
standard deviation, of ABR thresholds for individual ears
in control, saline, and MCMV-injected mice. While 100%
of MCMV-infected mice exhibited hearing loss, five out
of 13 MCMV-infected mice had asymmetric SNHL with
ABR thresholds differing between the two ears. Table 1
presents ABR threshold data for individual CMV-infected
mice. Left and right ears are listed separately to illustrate
SNHL asymmetry.

Hair cell loss was associated with hearing loss
during MCMV cochlear infection

To investigate the pathology of hearing loss, MCMV-
infected and saline-injected mice were perfused at 7, 14,
and 21 dpi. Cochleae were extracted, cryosectioned, and
assessed for the presence or absence of inner and outer hair
cells (Fig. 2a–f). Using myosin VIA as a marker for hair
cells, we found that the organ of Corti cytoarchitecture was

Fig. 1 Intracerebral delivery of MCMV to neonatal mice results in
profound sensorineural hearing loss. Dot plot of ABR thresholds for
individual ears in uninjected control (n=4 mice; eight cochlea), saline-
injected (n=5 mice; nine cochlea) and MCMV-injected mice (n=13
mice; 24 cochlea) at 21 dpi. Mean ABR and standard deviation are
represented in gray. The mean ABR threshold in saline-injected mice
did not differ from uninjected control mice (p=0.369). MCMV-
injected mice exhibited ABR thresholds of ∼80 dB SPL which was
significantly increased compared to both control and saline-injected
mice (p<0.001). ABR click stimuli were presented from 80 dB SPL to
0 dB in descending −10-dB increments, and responses to 1,000
sweeps were averaged at each intensity level

Table 1 ABR threshold data for MCMV-infected mice at 21 dpi

Animal ABR threshold (dB-SPL)

Right Left

CMV 1 >80 80

CMV 2 >80 >80

CMV 3 >80 >80

CMV 4 60 80

CMV 5 60 >80

CMV 6 60 40

CMV 7 >80 80

CMV 8 70 70

CMV 9 70 -

CMV 10 80 80

CMV 11 >80 >80

CMV 12 >80 >80

CMV 13 >80 80

Mice with SNHL 100%

Mice with asymmetric SNHL 46%
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largely preserved at 7 dpi (Fig. 2a, b) and 14 dpi (Fig. 2c,
d). In sharp contrast, myosin VIA staining at 21 dpi
revealed loss of both inner and outer hair cells in cochleae
taken from MCMV-infected mice indicating that the bulk of
inner and outer hair cell death during MCMV infection
occurred between 14 and 21 dpi. In agreement with
asymmetric hearing loss (Fig. 1), MCMV-infected mice
with residual hearing at 21 dpi (Fig. 2h) retained isolated
hair cells in the organ of Corti at 21 dpi (Fig. 2f). In
contrast, robust myosin VIA staining was observed in
21 dpi saline-infected mice with normal ABR thresholds
(Fig. 2e, g). In MCMV-infected mice with remaining ABRs
and hair cells, inner hair cells were largely the only sensory
cell preserved suggesting a higher susceptibility of outer
hair cells to MCMV infection.

SGNs and perilymphatic epithelial cells, but not hair cells,
were sites of viral infection

We next investigated whether MCMV-induced hair cell loss
was due to direct MCMV infection of these cells or was
indirectly related (i.e., bystander) to the primary infection.
To this end, we first determined the kinetics of a productive
MCMV cochlear infection via qPCR detection of the late
MCMV gene product, gB. qPCR analysis of gB mRNA
expression indicated that viral infection of the cochlea
peaked at 7 dpi and dropped below the threshold of
detection by 14 dpi (Fig. 3a). These data corroborate
previously published kinetics of cochlear MCMV infection
(Kosugi et al. 2002) and indicate that viral infection was
cleared prior to hair cell loss (between 14 and 21 dpi).

Next, for histochemical detection of MCMV infection,
we intracranially injected neonates with a recombinant
MCMV that expresses GFP (MCMV-GFP). The extent and
percentage of mice exhibiting SNHL in neonatal mice
infected with MCMV-GFP equaled that in neonates
infected with the RM461 viral strain (data not shown). At
7 dpi, mid-modiolar cochlear sections confirmed robust
MCMV infection in the cochlea (Fig. 3b). MCMV positive
cells were preferentially detected in perilymphatic compart-
ments including the scala tympani and scala vestibuli
(Fig. 3c). Endolymphatic compartments were void of virus
at 7 dpi. Immunohistochemical studies showed partial
colocalization of MCMV-GFP with NF200, a SGN inter-
mediate filament (Fig. 3d). Interestingly, MCMV-GFP did
not colocalize with myosin VIA and the organ of Corti was
completely void of MCMV-GFP positive cells at 7 dpi
(Fig. 3e). The cochlea was absent of MCMV-GFP at 14 and
21 dpi corroborating the time course of gB qPCR detection
in MCMV-infected cochleae.

Neonatal MCMV infection induced robust and persistent
innate immune responses in the cochlea

To investigate the kinetics of cochlear immune cell
infiltration during neonatal MCMV infection, cochlear
single cell suspensions were immunostained with markers
characteristic of macrophage populations (i.e., CD45 and
CD11b). Using these markers, flow cytometry identified
two distinct populations of cells in the MCMV-infected
cochlea: CD45 (+) CD11b (+)high cells, which represented
infiltrating macrophages, and CD45highCD11b– , largely
composed of CD3+ lymphocytes. Neonatal mice infected
with 500 TCID50 MCMV (RM461) had increased macro-
phage (4.24%) infiltration at 7 dpi compared to control
(0.64%; Fig. 4a). An elevated percentage of CD45 (+)
CD11b (+)high cells was maintained at 14 dpi (3.83%;
Fig. 4b). Confirmatory antibody staining for CD11b
revealed abundant CD11b (+) cells at 7 dpi with fewer

Fig. 2 MCMV-induced SNHL correlates with the progressive loss of
inner and outer cochlear hair cells. Immunohistochemical staining for
myosin VIA (red), a marker for cochlear hair cells, and the nuclear
counterstain Hoechst 33342 (blue) was performed on mid-modiolar
cochlear sections at 7 (a, b), 14 (c, d), and 21 dpi (e, f). One inner and
three outer hair cells are visible at all ages in the saline-injected mice
(a, c, e) and at 7 (b) and 14 dpi (d) in MCMV-infected mice. Most hair
cells are gone by 21 dpi in MCMV-infected mice. f Isolated inner hair
cells were detected at 21 dpi in MCMV-injected mice. For cochlea
shown in e (saline) and f (MCMV), ABR measurements were taken
prior to cochlear dissection and are represented in g (saline) and
h (MCMV). Note that the MCMV-infected cochlea retaining inner
hair cells at 21 dpi (f) shows a diminished ABR threshold (h)
compared to saline-infected mice. Image scale bar=50 μm
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cells at 14 dpi in MCMV-infected but not saline-infected
(Fig.5a–d). Consistent with the surface expression of
CD11b, the immunofluorescence of CD11b (+) cells in
the cochlea of MCMV-infected mice revealed a membra-
nous pattern surrounding clearly Hoechst-stained nuclei.
Cochlear infiltrating macrophages, at 7 dpi, were found at
with sites of active MCMV infection (Fig. 5b).

Macrophage production of ROS is an effective method
for combating primary infection. ROS production, while
beneficial in clearing invading pathogens, can also cause
irreparable harm via bystander damage to surrounding cells.

Using 2′,7′-DCFH-DA, a fluorescent indicator of intracel-
lular ROS, we quantified macrophage ROS production
during MCMV infection. In MCMV-infected cochlea,
74.4% of infiltrating macrophages produced high levels of
ROS at 7 dpi (Fig. 4a) and continued to produce ROS at
14 dpi (53.8%; Fig. 4b). ROS production in saline-injected
mice was not quantifiable due to low numbers of
macrophage infiltrates at 7 and 14 dpi.

Flow cytometry also identified a population of
CD45highCD11b– cells during the course of cochlear
MCMV infection. The number of CD45highCD11b– cells

Fig. 3 Spiral ganglion neurons and perilymphatic epithelial cells, but
not inner or outer hair cells, support MCMV infection. a Quantitative
RT-PCR for MCMV glycoprotein B mRNA detected active MCMV
infection at 7 dpi with no gB mRNA detection at either 14 or 21 dpi.
For each sample, MCMV gB mRNA copy number was normalized to
the housekeeping gene, HPRT. MCMV colocalization studies were
performed on mid-modiolar cochlear sections from 7 dpi mice (b–e).
b Low magnification view of the cochlea showing MCMV-GFP-
infected cells (green), myosin VIA (red), and Hoechst 33342 (blue). c

Cross section through the organ of Corti showing MCMV-GFP-
positive cells (green) around the perilymphatic compartment. Arrows
indicate the location of the organ of Corti. d MCMV-GFP-infected
cells (green) colocalize with NF200 (red), a marker of SGNs.
Arrowheads indicate GFP and NF200 double positive cells. e
MCMV-GFP-positive cells (green) in the epithelium surrounding the
perilymphatic compartment. Again, myosin VIA-labeled hair cells are
void of MCMV-GFP (green). c–e are counterstained with Hoechst
33342 (blue). Scale bar in c–e is 50 μm
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was elevated above saline-injected controls at both 7 dpi
(MCMV=1.99% v. saline=0.51%) and 14 dpi (MCMV=
0.42% v. saline=0.04%; Fig. 4a, b). Antibody staining for
CD3 in MCMV-infected cochlear cryosections confirmed
the kinetics of CD45highCD11b– infiltrate identified using
flow cytometry (Fig. 5e–i). As with CD11b, CD3 is also a
surface protein. In our preparations, immunofluorescence of
CD3-positive cells in the cochlea of MCMV-infected mice
revealed a membranous pattern surrounding nuclei clearly
stained with Hoechst. These data show robust and
persistent immune infiltration in the neonatal cochlea
following MCMV infection.

Proinflammatory mediators are increased during neonatal
CMV infection

During infection, proinflammatory cytokines and chemo-
kine production is concomitant with immune cell invasion.
Therefore, mRNA expression levels of proinflammatory
mediators were examined at 7, 14, and >21 dpi (Fig. 6) in
both MCMV-infected and saline-injected mice using qRT-
PCR. All proinflammatory mediator expression levels were
normalized to their respective saline-injected controls at
each time point. Intracranial MCMV injection dramatically
increased TNFα and IL-6 gene expression at 7 dpi. While
mRNA levels of TNFα and IL-6 decreased throughout the

course of the infection, their expression remained elevated out
to 21 dpi. Similarly, IFNγ showed increased gene expression
at 7 dpi with levels tapering down, but still elevated, by 21 dpi.
iNOS, a proinflammatory molecule, also increased at 7 dpi in
MCMV-infected cochlea. Peak iNOS expression at 14 dpi was
drastically reduced at 21 dpi, although still elevated compared
to control cochlea. Interestingly, the anti-inflammatory cyto-
kine, interleukin-10 (IL-10), was upregulated during the peak
of infection, suggesting a mechanism to mitigate the proin-
flammatory response.

Viral infection induced weak antioxidant responses

Excessive and prolonged ROS has been implicated in
neurotoxicity during viral brain infection (Schachtele et al.
2010). Cellular neutralization of ROS is dependent on the
expression of antioxidant genes, such as Gpx1 and heme
oxygenase-1 (HO-1). Using quantitative RT-PCR, we
investigated the gene expression profile (7, 14, and
21 dpi) of both Gpx1 and HO-1 during neonatal MCMV
infection (Fig. 7). Expression of HO-1 was increased at
14 dpi, but not at 7 or 21 dpi. MCMV infection did not
significantly increase Gpx1 gene expression over saline
controls at 7, 14, or 21 dpi. These data indicate a weak
antioxidant stress response to combat excessive ROS
production in the cochlea during MCMV infection.

Fig. 4 Cochlear MCMV infection induces robust and persistent
peripheral immune cell infiltration. Cochlear-infiltrating leukocytes
were isolated from MCMV- or saline-injected mice at 7 (a) and 14 dpi
(b). Cell populations were identified using fluorescent-conjugated
antibodies, CD11b-APC and CD45-APC-Cy7, and analyzed with flow
cytometry. CD45 (+) CD11b (+)high macrophages from MCMV-
infected mice were analyzed at 7 and 14 dpi for DCFH-DA reactivity,

an indicator of intracellular ROS. DCFH-DA gates for MCMV-
infected mice (red) were drawn based on unloaded cells from the same
brain cell preparation (black line). Macrophage ROS levels are
increased at 7 dpi (a) and persist through 14 dpi (b). ROS was not
quantifiable in saline-injected mice due to the lack of infiltrating
macrophages in the absence of infection
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Discussion

Congenital CMV infection is the leading cause of SNHL in
children, contributing to approximately 14–25% of all
congenital hearing loss cases (Cheeran et al. 2009a). In
this study, a neonatal mouse model of profound SNHL via
intracerebral infection of MCMV is described. Using this
model, MCMV infection induced cochlear hair cell death
by 21 dpi, despite a lack of direct MCMV infection of hair
cells and the complete clearance of the virus from the
cochlea by 14 dpi. Our data show that MCMV-induced
hearing loss and hair cell death is associated with a

prolonged cochlear inflammatory infiltrate and high levels
of macrophage-produced ROS.

In this study, direct inoculation of the brain with MCMV
resulted in SNHL and viral labyrinthitis in 100% of the
infected mice. Immunohistochemical analysis at 7 dpi
found that in the cochlea, MCMV directly infected
epithelial cells of the perilymphatic compartments, includ-
ing the scala tympani and scala vestibuli and SGNs (Fig. 3).
In contrast, cells in the organ of Corti, including the inner
and outer hair cells, were not infected. These findings
resonate along with immunopathology reported in CMV-
infected humans as well as guinea pig and mouse models of
CMV infection (Grosse et al. 2008; Park et al. 2010).

The pattern of MCMV-GFP-positive cells in the cochlea
at 7 dpi is consistent with viral expansion through the
internal auditory canal, connecting the ventricular cerebral
spinal fluid with the cochlear perilymphatic compartments,
or meningogenic viral entry (Davis and Hawrisiak 1977).
Indeed, the ventricular reservoirs of the brain are contigu-
ous with the cochlear perilymphatic compartments and have
been reported as a route of CMV viral entry into the inner
ear (Li et al. 2008; Otis and Brent 1954). Infectious agents
can also enter the cochlea via typanogenic (through the
round window) and hematogenic (through the blood)
routes. Previous studies have shown that peripheral (intra-
peritoneal) inoculation with MCMV can also result in
central nervous system and cochlear infection (Bantug
2008; Cekinovic 2008; Li 2008). While intracranial viral
delivery, as used in this study, induces a robust CNS viral
infection, and the viral pathology is consistent with
meningogenic viral entry, we cannot completely discount
the possibility that virus dissemination into the cochlea is a
result of a peripheral infection secondary to the CNS
infection.

In the majority of MCMV-injected mice, cochlear
infection resulted in profound hearing loss as measured by
the inability to evoke a prototypical ABR waveform with
high intensity click stimuli (Fig. 1). The prototypical ABR
consists of five waveforms. Systematic ablation studies in
rats attributes the generation of wave form 1 in the ABR
profile to evoked potentials in the auditory nerve while
wave forms 2 through 5 are associated with activity in
higher central nuclei (Caird and Klinke 1987; Chen and
Chen 1991; Funai and Funasaka 1983). In the present
study, the lack of ABR wave 1 in MCMV-infected mice
indicates that the histochemically detected loss of hair cells
significantly contributes to viral-induced hearing loss.
However, intracranial MCMV infection also results in a
robust central nervous infection making it difficult to fully
attribute MCMV-related hearing loss to peripheral hair cell
death.

Greater than 20% of asymptomatic congenitally infected
infants with human CMV-induced SNHL exhibit asymmet-

Fig. 5 CD11b+ and CD3+ cells infiltrate the cochlea during MCMV
infection at 7 and 14 dpi. Saline-injected and MCMV-infected
neonatal mice were fixed and cochleae removed at 7 (a, b, e, f) and
14 dpi (c, d, g, h). a–d Arrowheads highlight regions containing
CD11b-positive immune cells. Immunohistochemical staining for
CD11b (red) at 7 dpi shows that macrophages populate cochlear
regions also positive for MCMV-GFP (b). CD11b cells remain in
cochlea at 14 dpi (d). No CD11b positive cells were detected in saline-
injected mice at 7 (a) or 14 dpi (c). e–h Arrowheads highlight regions
containing CD3 positive immune cells. MCMV-infected cochlear
tissue stains positive for CD3+ T-cells (red) at 7 (f) and 14 dpi (h), but
not in saline infected mice (e, g). i Higher magnification view of CD3
+ T-cells at 14 dpi. Images a–i are counterstained with Hoechst 33342
(blue). Scale bar in a–h is 50 μm; scale in (i) is 20 μm
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ric hearing loss (Fowler et al. 1997). Similarly, MCMV-
induced hearing loss was asymmetric as evidenced by intra-
animal ABR variation between ears. These data were
confirmed by the detection of residual hair cells in the
cochleae which have retained a degree of hearing at 21 dpi
(Fig. 2). The observed asymmetrical hearing loss may be
attributable to the unequal meningogenic viral dissemina-
tion from the CNS to the inner ear as well as an asymmetric
cochlear immune response, which has been reported during
models of otitis media (Matkovic et al. 2007).

Our data indicate that MCMV-induced hearing loss is
not due to direct viral infection of hair cells but rather is
associated with extensive labyrinthitis initiated in response
to infection. Not only were hair cells void of MCMV
infection, but quantitative RT-PCR for MCMV gB mRNA
indicated that active viral infection was cleared by 14 dpi
(Fig. 3). gB is expressed during the late phase of the viral
replication cycle and qPCR for gB mRNA may not account
for all infected cells at 14 and 21 dpi. However, histological
analysis of cochleae corroborates these gene expression
studies by confirming the absence of MCMV-GFP at 14
and 21 dpi (data not shown). In all cases examined,

MCMV-GFP was absent from the inner and outer hair cells
as well as the supporting cells of the organ of Corti at 7 dpi,
suggesting secondary mechanisms of pathogenesis.

Previous studies of MCMV brain infection in mice
indicate the immune response as pivotal to control viral
dissemination and promote clearance (Bantug et al. 2008;
Cheeran et al. 2001, 2004, 2009b). However, it is becoming
increasingly clear that although an immune response is
important in the clearance of invading pathogens, exagger-
ated or sustained inflammation can be detrimental to
healthy cells in the tissue surrounding the infection
(Marques et al. 2008). Colocalization studies for MCMV-
GFP and myosin VIA clearly show the loss of hair cells,
despite the inability of MCMV to directly infect these cells.
Hair cell loss occurred between 14 and 21 dpi, correlating
with persistent detection of macrophage and T-cell pop-
ulations (Fig. 4), prolonged proinflammatory mediator
production (Fig. 5), as well as the absence of MCMV gB
mRNA detection (Fig. 3).

Cochlear hair cells are known to be preferentially
sensitive to inflammation and oxidative damage (Choung
et al. 2009; Henderson et al. 2006; Kim et al. 2010). In

Fig. 6 Robust and persistent
induction of proinflammatory
gene expression in the cochleae
during neonatal MCMV infec-
tion. Cochleae were isolated and
RNA extracted from saline-
injected and MCMV-infected
neonates at 7, 14, and 21 dpi.
Quantitative RT-PCR was per-
formed, and mRNA levels were
normalized to the housekeeping
gene, HPRT. Data are presented
as the fold induction over saline
controls. Quantitative PCR was
performed on the proinflamma-
tory mediators TNFα, IFNγ,
iNOS, and IL-6, as well as the
anti-inflammatory cytokine IL-
10. Cochleae from three mice
were pooled for each condition
at every time point. The data
presented are representative of
three separate experiments
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addition to robust and prolonged induction of proinflam-
matory cytokines, such as TNFα and IL-6 (Fig. 5), we
observed persistent increases in cochlear ROS (Fig. 4).
TNFα and IL-6, released by cochlear spiral ligament
fibrocytes during bacterial meningitis and autoimmune
SNHL (Ichimiya et al. 2000; Van Wijk et al. 2006;
Aminpour et al. 2005), can initiate programmed cell death
in auditory hair cells (Micheau and Tschopp 2003; Muppidi
et al. 2004; Zine and van de Water 2004). Furthermore,
macrophage production of ROS contributes to lethal
oxidative damage (Ohinata et al. 2000, 2003) of hair cells
and SGNs during antibiotic, noise, or age-induced SNHL
(Coling et al. 2009; Jeong et al. 2010; Kim et al. 2009;
Yamashita et al. 2004). In our model, the MCMV-induced
increase in total cochlear ROS levels was due to the sheer
quantity of infiltrating macrophages, as well as their
persistence following viral clearance, rather than increased
free radical production by individual macrophages since the
few macrophages detected at 7 dpi in saline-injected mice
had similar DCFH-DA levels. Neutralization of ROS via
upregulation of intrinsic antioxidants is an effective method
utilized by cells to protect from excess free radicals. PCR
analysis of antioxidant gene expression revealed a low
intrinsic antioxidant response during cochlear MCMV
infection, despite high and persistent levels of ROS (Fig. 4).

Proinflammatory cytokine and chemokine production, as
well as ROS production, are potential targets for blunting
immunopathology associated with cochlear infection. Both
TNFα and IL-6 have been targets for anti-inflammatory
therapy (Dinh and Van De Water 2009; Ichimiya et al. 2000;
Katano et al. 2007; Wakabayashi et al. 2009) , improving
hearing in multiple models of cochlear damage (Satoh et al.
2002; Wang et al. 2003; Yamashita et al. 2004). Similarly,
strategies to blunt ROS via delivery of antioxidant mole-
cules, like d-methionine and N-acetylcysteine, have success-
fully attenuated antibiotic, radiation, and noise-induced hair
cell death (Kim et al. 2010; Low et al. 2008). Employment
of these strategies may provide a route for hair cell protection
in the wake of cochlear MCMV infection.
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