lear fluid space in various experimental models, or sug-
gested the presence of resident tissue macrophages in the
inner ear, there has been some controversy on the distri-
bution and phenotype of resident tissue macrophages in
the inner ear.

A good understanding of the origins and distribu-
tion of the resident tissue macrophages in the inner ear,
as well as the timing and context of their recruitment,
will be essential to understanding the pathogenensis of
inner ear immune disorders in which a E)ss of ussue ho-
meostasis might result from dysfunction of resident tissue
macrophages. The aims of the present study were to es-
tablish the distribution and phenotype of resident macro-
phages in the cochlea and to test the contribution of he-
matopoietic BM to the recruitment of cochlear macro-
phages.

BM chimeric mice were made by transplantation
of hematopoietic stem cells (HSCs) from enhanced green
fluorescent protein (EGFP)-transgenic mice into irradi-
ated adult wild-type mice, and the distribution of BM-
derived cells in the cochlea was traced. Immunohisto-
chemistry was employed to determine the phenotype of
BM-derived cells. The mobilizaton of cochlear macro-
phages was tested by using systemic application of mac-
rophage colony-stimulating factor (M-CSF), the primary
regulator of the activation of mononuclear phagocytes.
We also examined the response of cochlear macrophages
to local surgical invasion, used as a model for an acute,
local, exogenous stress on the inner ear,

MATERIALS AND METHODS
Animals

Male C57BL/6 mice were purchased from Japan SLC,
Inc  (Shizuoka, Japan). EGFP transgenic mice [B6;C3-
Te(ACtb-EGFP)CX-FM1390sb] were used as a source of
HSCs (Okabe et al., 1997). The animals were maintained in a
specific pathogen-free microisolator environment in the Insti-
wte of Laboratory Animals, Kyoto University Graduate
School of Medicine. All expenmental protocols  were
approved by the Animal Research Committee, Kyoto Univer-
sity Graduate School of Medicine, and conducted in accord-
ance with the NIH CGuide for the care and wse of laboratory
animals.

BM Chimeric Mice

HSCs were collected as lincage marker (Lin)-negative,
c-kit (CD117)-positive, stem cell antigen 1 (Scal)-positive
cells from the BM of EGFP transgenic mice via cell sorting
on a FACS Vantage (Becton-Dickinson, San Jose, CA) as
described previously (Yoshimoto et al., 2003). Briefly, whole
BM cells were isolated from the femurs and tibiae of EGFP
transgenic mice (8-12 weeks of age). BM mononuclear cells
were labeled with a primary antibody cocktail (BD Pharmin-
gen, San Diego, CA) for CD3 (145-2C11), B220/CD45R
(RA3-6B2), Mac-1 (M1/70), Gr-1 (RB6-8C5), and TER119
(TR119). Lineage-depleted cells (Lin™ cells) were obrained by
using auto-MACS (Militenyi Biotec, Bergish Gladbach, Ger-
many). Lin"/c-kit"/Seal™ cells were collected by cell sorting
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on a FACS Vantage as HSCs using R-PE-conjugated anti-
mouse Ly-6A/E (Sca-1; clone: E13-161.7; BD Pharmingen)
and APC-conjugated anti-mouse CD117 (c-Kit: clone: 2B8:
BD Pharmingen). C57BL/6 mice (n = 6, 10-12 weeks of
age) were imadiated with 9.5 Gy gamma rays (Gamma Cell
40 Exactor; MDS Nordion Inc., Ottawa, Ontario, Canada)
and each received 5 X 10" HSCs through the tail vein. At
I (four cars from two animals), 2 (four ears from two animals),
or 4 wecks (four ears from two animals) and 3 (6 ears from
6 animals), or 6 months (six cars from six animals) after trans-
plantation, the temporal bones were dissected out under over-
dosc anesthesia. Peripheral blood samples were also collected
from the animals 3 months after transplantation to determine
the chimeric ratio of blood cells,

Systemic Application of M-CSF

C57BL/6 (10 weeks of age, n = 5) mice received an
intrapenitoneal injection of M-CSF (Kyowa Hakko Kogyo,
Tokyo, Japan) dissolved in physiological saline once per day
for 7 consecutive days (total dose 7 X 10° units). The dose of
M-CSF was equivalent to that used in a clinical setting, rela-
tive to body weight. On the day after M-CSF application, the
temporal bones were collected and prepared for cryostat sec-
tions. Animals (n = 5) receiving physiological saline instead of
M-CSF were used as controls.

Local Surgical Treatment

C57BL/6 mice (10 weeks of age) were injected with
3 ul physiological saline into the posterior semicircular canal
(PSCC). This minimally invasive treatment was a modified
protocol used in previous studies when administrating drugs
(Lee et al., 2003; Nakagawa et al., 2003; Kim et al., 2005) or
cells (Iguchi et al., 2003; Okano et al., 2006) into the inner
ear of mice. With animals under general anesthesia with keta-
mine (75 mg/kg) and xylazine (9 mg/kg), a retroauricular
incision was made in the left ear, and the PSCC was exposed.
A small hole (approximately 180 pm in diameter) was made
in the bony wall of the PSCC with a 26-G needle. A fused
silica glass needle (170 pm outer diameter; EiCOM, Kyoto,
Japan) was then inserted into the perilymphatic space of the
PSCC, and the solution was injected at a rate of 1 pl/min for
3 min using a Micro Syringe Pump (EiCOM). The hole in
the PSCC was plugged with connective tissue and covered
with fibrin glue. On days 1 (n = 4), 7 (n = 5), and 28 (n =
5), the left temporal bones were collected and prepared as
cryostat sections to study the density of Ibal-positive cells in
the cochlea. Temporal bones collected from age-matched nor-
mal animals were used as preoperative controls (n = 5).

The auditory function of experimental animals was
monitored by auditory brainstern response (ABR) recording as
described previously (Shiga et al., 2005). ABRs were recorded
before treatment and on days 1, 7, and 28 after surgery.
Thresholds were determined for frequencies of 10, 20, and
40 kHz.

The mobilization of Tbal-positive cells from BM to the
cochlea were also examined in BM chimeric mice (n = 8)
that had received EGFP-labeled HSCs 3 months before. Four
animals received a saline injection into the PSCC as described
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above, and the cochleac were collected 7 days after surgery.
The remaiming four animals were preserved as controls,
receiving no surgical treatment,

1 hi h,
Imr

i

Under general anesthesia with ketamine and xylazine,
animals were perfused intracardially with ice-cooled phos-
phate-buffered saline (PBS), followed by 4% paraformaldehyde
in phosphate buffer. The temporal bones were collected and
immersed in the same fixative for 4 hr at 4°C. The samples
were decalaified with 10% EDTA in PBS and cryoprotected
with 30% sucrose. Specimens were prepared as cryostat sec-
tions (10 pm in thickness). Midmodiolar sections were pro-
vided for histological analyses,

Cryostat sections were immersed in blocking solution
containing 10% goat serum for 30 min and incubated with a
primary antibody at 4°C overnight. Characteristics of BM-
derived cells were examined by immunostaining for leukocyte
common antigen CD45; jonized calcium binding adapter
molecule 1 (Ibal), which is specific for microglia/macro-
phages (Imai et al., 1996); microglia/macrophage-specific gly-
coprotein F4/80; and macrosialin CD68, which is specifically
expressed by tissue macrophages. Immunohistochermstry for
Ki67, a nuclear protein expressed in proliferaung cells, was
performed on the BM chimeric mice to determine the prolif-
eration of BM-derived cells in situ. The primary antibodies
used in this study were mt anti-mouse CD45 (1:50; 30-F11;
BD Pharmingen), rabbit anu-Ibal (1:1,000; Wako Pure
Chemicals, Osaka, Japan), rat anti-mouse F4/80 (1:10; Cl:A3-
1; Serotec, Oxford, United Kingdom), rat anti-mouse CD68
(1:1,000; FA-11; Serotec), and rabbit anti-Ki67 (1:200; SP6;
Lab Vision, Fremont, CA). The localization of primary anu-
bodies was visualized using secondary antibodies conjugated
with Alexa Fluor 488, 555, or 633 (1:500; Molecular Probes,
Eugene, OR). Nuclei were counterstained by 4 6-diami-
dino,2-phenylindole  dihydrochlonde (DAPL; 1 pg/ml in
PBS; Molecular Probes). Negatve controls lacked primary
antibody labeling. Specimens were viewed with a Nikon
Eclipse E600 fluorescence microscope (Nikon, Tokye, Japan)
or a Leica TCS-5P2 confocal laser scanning microscope (Leica
Microsystems, Tokyo, Japan) with a digital 1mage-caprure
Sy!ltm.

Quantification

To determune the chimenic rano in penpheral blood,
smears of blood samples were made on slides, Total cells with
nuclei were based on nuclear counts with DAPI swaining
observed with a fluorescence microscope. The ratio of EGFP-
posiive cells to the toml number of cells was calculated. At
least 200 nuclei were counted in each sample.

For the quantitatification of BM-derived cells or Thal-
positive cells, four sections were selected randomly from the
12 most midmodiolar sections for each experimental or con-
trol animal. To assess the distribution of BM-denived cells in
the cochlea, the number of cells derived from engrafted HSCs
in one midmodiolar section from base to apex was counted in
six animals at 6 months after HSC transplantation. All BM-
derived cells defined by coexpression of EGFP and DAPI

within the cochlea were counted by two double-blinded
examiners. The number of HSC-denved cells coexpressing
Ibal, F4/80, CD45, or CD68 was also counted for examina-
ton of the phenotype of BM-derived cells. The ratio of
EGFP-positive cells labeled with Ibal, F4/80, CD45, or
CD68 to the total number of EGFP-paositive cells was caleu-
lated. To study the replacement of Ibal-poutive cells in the
cochlea by engrafted EGFP-positive cells, the number of cells
dual-labeled with EGFP and Ibal in one midmodiolar section
was counted. The ratio of the expression of EGFP to the total
number of Tbal-positive cells was calculated in the cochleae
harvested at 1, 2, or 4 weeks and 3, or 6 months after HSC
tansplantation. To investigate the dynamics of EGFP- or
Ibal-positive cells in the cochlea, the density of EGFP- or
Ibal-positive cells in SG was calculated by a modified method
as described previously for evaluating the density of SG neu-
rons (Shinohara et al., 2002). All EGFP- or Ibal-positive cells
with nuclei stained for DAPI within cach profile of Rosen-
thal's canal from the midbasal portion of the cochlea were
counted. The outline of Rosenthal’s canal profile was then
traced under a brightfield image to generate the area of SG in
Image | software (hup://www.nist.gov/lispix/imlab/prelim/
dnld.html). The density of EGFP- or Ibal-positive cells in SG
was expressed as the cell number for an area of 10,000 pm?.
The density of EGFP- or Ibal-positive cells in SL of midbasal
portion of the cochlea was also calculated by tracing the out-
line of the SL region occupied by type I-V fibrocytes and
expressed as the cell number for an area of 10,000 pm®. The
number of total cells in the area of interest was determined by
counting nuclei on DAPI-stained sections in Image | software,
The number of proliferating macrophages in the cochlea was
determined by counting the colocalization of Ki67 and DAPIL
The ratio of EGFP-positive cells labeled with Ki67 to the
total number of CD68-positive cells per section was also cal-
culated.

Statistcal Analysis

Statistical analyses were performed by using one-way
analysis of vanance (ANOVA) followed by the Tukey-
Kramer’s test, for the analysis of ABR thresholds, alteration of
Ibal-positive cells by EGFP-posiuve cells, and effect of local
surgical stress. An unpaired (-test was used in other statistical
analyses. P < 0.05 was considered statistically significant, All
data are presented as the mean = SE.

RESULTS

BM-Derived Cells Are Widely Distributed in the
Spiral Ganglion and the Spiral Ligament

Six months after BM transplantation, numerous
EGFP-positive cells were found widely within the coch-
lea of transplanted mice (Fig. 1a). A large population of
EGFP-positive cells is located in the connective tssue of
SL and auditory nervous system, including SG and
acoustic nerve (AN; Fig. 1b—d). In SL, EGFP-positive
cells were observed predominantly in its lower portion,
corresponding to the type Il and IV fibrocyte regions
(Fig. 1b). In the auditory nervous system, EGFP-posinve
cells were observed along nerve fibers both in SG and
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Fig. 1. Distnbution of hematopoietic cell-derived cells in the coch-
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Observation of BM-derived cells expressing Ibal in
the cochlea with a confocal microscope revealed a spe-
cific morphological feature that was characterized by a
spindle shape with several ramified processes, a charac-
tenistic morphological feature of macrophages (Fig. 2a~c)
In addition to the immunohistochemistry phenotype,
BM-denved cells expressing Ibal in the cochlea moro
phologically followed microglias that are referred o as
resident tissue macrophages in the CNS

Systemic Application of M-CSF Increased the
Number of Ibal-Positive Cells in the Cochlea

['o characterize Ibal-positive cells in the cochlea,

-xamined the mobilization of Ibal-positive cells
ic application of M-CSF, the primary regu
uon of mononuclear phagocytes in wild
type C57BL/6 muce. Ibal positive cells in both SL and
SCG were observed more densely in M-CSF-treated mice
(Fig. 3a,b) than in controls (Fig. 3¢,d). The density of
Ibal-positive cells in SL of the middle wrmn in the con
trols was 1.46 0.22 (cells/10" pum®), which increased
to 254 * after M-CSF treatmemt (Fig. 3e),
although the difference was not significant. By contrast,
a significant increase was identified in the density of
[bal-positive cells in SG (from 1.39 * 0.18 to 2.95
0.3; Fig. 3e). These data revealed that Ibal-positive ce
in the cochlea are under the control of M-CSF signal
ing. In addition to the findings of phenotype and mor
phology, we have demonstrated that BM-derived ce
labeled with Ibal have a quality of resident tissue macro-

using syster

lator of acu

g

phage in the cochlea

Cochlear Macrophages Gradually Turn Over for
More Than 6 Months

The percentage of chimerism in the peripheral
blood at 3 months after BM transplantation was 82.8%

. indicating that hematopoietic reconstitution

was performed successfully at this time point. The chi

mertic rato observed in the present study was compatible
with previous reports on BM chimeric mice (Yoshimoto
, 2003; Lang et al., 2006) Sequenti
posiuve cells in the cochlea of

1l observation of
nsplanted mice
demonstrated that cochlear macrophages labeled with
Ibal survived systemic irradiation and were gradually
replaced by EGFP-posiuve cells derived from trans-
planted HSCs. One or two weeks after HS( transj
tion, no EGFP-positive cells were found within cochlear
ussues. By contrast, at 4 weeks after transplantation,
expression of EGFP was found in 154% * 6.6% of
Ibal posinve cells in the cochlea. The ratdo for EGFP
expression in [bal-positive cells increased remarkably to

anta-

64.9% T 8.1% n cochlear specimens obtained at
ter transplantation, then reached
at 6 months (24 wecks) after transplanta

3 months (12 weeks)
B4 * 1.6
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Fig. 4. Sequential analysis of chimeric ratios for [bal-positive cells
following tansplantation of hematopoictic stem cells derived from
GFP mice. The ratios for EGFP expression in Ibal-positive cells of
the whole cochlea are shown at 1, 2, and 4 weeks and 3 (12 weeks)
and 6 (24 wecks) hs after transpl jon. The graph demon-
strates a gradual increase in the ratio of EGFP expression in Ibal-pos-
itive cells, indicating replacement of native [hal-positive cells by
EGFP-positive cells derived from engrafted hematopoietic stem cells,
The ratio at 3 or 6 months is significantly higher than that at 1, 2, or
4 weeks (*P < 0.001, ANOVA with Tukey-Kramer's test). Ban
show standard errors,

1 week, 2.67 * 0.07 at 2 weeks, 3.02 = 042 at
4 weeks, 3.25 * 0.18 at 3 months, and 3.31 *+ 0.11 at
6 months after BM transplantation. The density of Ibal-
positive cells in SG was 1.35 + 0.10 (cells/10* pm?) at
1 week, 1.73 = 0.37 at 2 weeks, 1.22 * 0.15 at
4 weeks, 1.93 * 0.32 at 3 months, and 2.26 * 0.14 ac
6 months after BM transplantation. There were no sig-
nificant differences in the density of Ibal-positive cells
in SL among the experimental groups. However, the
increase with age in the density of Ibal-positive cells in
SG was statistically significant between 1 week and
6 months and between 4 weeks and 6 months. These
findings indicate that cochlear macrophages are not elim-
inated by systemic irradiation and gradually turn over for
more than 6 months in nondamaged cochlea.

Cochlear Macrophages Increased in Response to
Local Surgical Stress

To examine the reaction of cochlear macrophages
to an acute, local, exogenous stress on the cochlea, sur-
gical invasion with application of physiological saline via
PSCC was performed on both wild-type and BM chi-
meric mice. ABR recoding was performed to determine
the extent of funcuonal damage following treatment.
Significant elevation of ABR. thresholds was observed on
day 1 after local treatment, whereas no elevation was
found on days 7 and 28 at all frequencies (Fig. 5a), indi-
cating that the surgical stress used in the present study
caused temporary damage to the cochlea.

Ibal-positive cells were increased temporarily in
response to local surgical stress in SL and SG (Fig. 5b—e).
The density of Ibal-positive cells in SL exhibited an im-
mediate response to the treatment on day 1 after surgery
(3.96 * 0.16 cells/10* pm® vs. 1.62 *+ 0.18, preopera-
tive), significantly increased on day 7 after surgery (5.42
* 0.59), and decreased on day 28 (2.90 = 0.41; Fig.
5f). No significant difference was found in the densities
of Ibal-positive cells between before surgery, on day 1.
or on day 28. A temporary increase was alko found in
the density of Ibal-posiuve cells in SG on day 1 (1.94
* 0.06) and day 7 (2.66 = 0.33; Fig. 5f) compared with
densities of 1.20 = 0.09 preoperatively and 1.33 * 0.16
on day 28. The differences between preoperative values
and day 7 and between days 7 and 28 were statisucally
significant.

We also examined the effect of local surgical stress
in BM chimeric mice that had been transplanted with
HSCs labeled with EGFP 3 months before, to test the
mobilization of Ibal-positive cell from BM to the coch-
lea. The density of cells dually labeled with EGFP and
Ibal studied in SL at day 7 after treatment was 4.01 +
0.21 (cells/10* pm?) in the operated group and 2.54 *
0.39 in nonoperated BM chimeric mice, and that in SG
was 1.88 = 0.52 in the operated group and 1.42 = .21
in the nonoperated group. The difference in the density
of EGFP-positive cells in SL between the two groups
was statistically significant, whereas that in SG was not
significant.

Immunohistochemistry for Ki67 was performed
before and at days 1 andf 7 after surgical treatment, to
test whether the increase in cochlear macrophages fol-
lowing surgical treatment was due to proliferation in
sitt. On day | following treatment, 1.75 = 0.85 cells/
section were found to be dually labeled with Ki67 and
CD68 (1.74 = 0.71% in towal number of cells positive
for CD68). On day 7 following treatment, 2.25 * 0.75
were dually labeled with Ki67 and CD68 (2.49% =+
0.81%), in contrast to 1.00 = 0.40 in untreated mice
(1.53% = 0.51%). All Ki67-positive cells in the three
groups were found in the lower part of SL. However,
no statistically significant difference was observed in the
number of Ki67-positive cells among the three groups.
These findings indicated that the increase in cochlear
macrophages was due mainly to the migration of macro-
phages from the circulation into the cochlea. However,
it was also revealed that the proliferation of macrophages
in situ is one of the possible sources for cochlear macro-

phages.

DISCUSSION

The present study revealed that BM-denived cells
are supplied continuously to the cochlea even in the
adult mouse and demonstrated that the predominant
pheno of macrophages involved expression of
CD68, F4/80, or Ibal in SL and SG. Our study on the
morphology, immunohisotochemical phenotype, and
reactivity to M-CSF provides evidence that hematopoi-
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Lang et al. (2006) reported that BM-derived cells
are constitutively present and widely distributed in the
cochlea in the same manner demonstrated in the present
study. Although they concluded negatively that only 5%
of BM-derived cells differentiated into CD45R-positive
macrophages, the rate for CD45 expression in BM-
derived cells is also compatible with the present study,
The authors instead emphasized that histological analysis
of the cochleae following HSCs revealed the contribu-
tion of BM-derived cells to fibrocytes or mesenchymal
cells in the inner ear. However, the specific ratios for
immunoreactivity of Na, K-ATPase, or the Na-K-Cl
transporter in the BM-derived cells were not determined
in their study. Morcover, there is a discrepancy in the
ratio for the expression of F4/80 berween the study by
Lang et al. (2006) and the present study, although both
studies used HSC-transplanted mice that exhibited simi-
lar chimeric ratios in peripheral blood and SL cells. One
possible explanation for this discrepancy is a difference in
methods for immunohistochemistry. We used cryostat
sections, whereas Lang et al. used paraffin-embedded
sections. Our study demonstrated that more than 80% of
BM-dernived cells in SL and SG show the phenotype of
macrophages and that resident tissue macrophages in the
cochlea durning steady-state conditions are present in a
larger number than reported previously.

Another report was made by Hirose et al. (2005)
that CD45-positive mononuclear phagocytes are present
in the SL of nonnoise-exposed CX3CR1/CI qrone
genic mice, and these cells are also labeled with Ibal or
CD68, which is consistent with the results of the present
study. However, the density of CD45-positive cells in
the cochlea was guite different between the wild-type
and CX3CR1“™C™ mansgenic mice used in their
study, although the number of BM-derived cells express-
ing CD45 in the cochlea demonstrated in the present
study was identical to that of CD45-posituve cells in the
cochlea of nonnoise-exposed wild-type mice presented
by Hirose et al. (2005). The most controversial point is
whether it is appropnate to assume that macrophages
observed in the cochlea can be described as “microglia-
like" cells. Although the authors failed to describe the
distribution of macrophages in the auditory nervous sys-
tem including the SG and cochlear modiolus during
steady-state conditions, they distinguish the infiltrating
macrophages observed after nowse exposure from micro-
glias in the CNS by the morphology and the potentiality
of exchanging from the vascular space. The proliferation
in situ is thought to be one of the main sources of
microglia in adults, but some studies have reported that
BM-denved cells can enter the CNS and populate the
microglial cell compartment (Lawson et al., 1992; Cort
et al., 2002; Hess et al., 2004; Simard and Rivest, 2004;
Malm et al., 2005). Moreover, previous studies in the
CNS using flow cl}rwmctry or immunohistochemistry
defined a profile of characterization of microglial cells
corresponding to the following phenotype: CD68",
CD45 low, CD11b*, CD11c high, and MHC class 11*
(Guillemin and Brew, 2004; Floden and Combs, 2007).

Qur results on cochlear resident macrophages “CD68 ",
Ibal™, and CD45™" were compatible with the immuno-
chemical definition of microglias as reported above. In
addition, the cochlear resident macrophages were
observed in the auditory nervous system as well as in the
connective tissue of SL in the present study. Because
there is a considerable heterogeneity in the phenotypes
of the macrophage lineage, and because resident tissue
macrophages share several antigens with infiltrating mac-
rophages (Guillemin and Brew, 2004), further studies
should be carried out to define a profile of characteriza-
tion on both resident and infiltrating macrophages in the
cochlea.

Many studies on resident tissue macrophages in
other organs have been performed with BM chimeric
mice. In terms of replacement of resident tssue macro-
phages by BM, donor-derived cells are reported rapidly
to populate the liver with Kupffer cells, resident macro-
phages in the liver, within 3 weeks, and donor Kupffer
cells in liver transplants are replaced with similar kinetics
(Naito et al., 1997). Microglias in the CNS exhibit lon-
ger turnover period than cochlear resident macrophages.
At 12 months following HSC transplantaton, 40% of
microghias have been replaced by hemaropoietic cells
(Hess et al., 2004; Simard and Rivest, 2004). In contrast,
Xu et al. (2007) reported that EGFP-positive BM-
derived cells infiltrate normal retina in significant num-
bers at 8 weeks after BM transplantation and that by 6
months all retinal microglia/macrophges were replaced
by BM-derived EGFP-posiuve cells, the turnover rate of
which is very similar to that of the inner ear in the pres-
ent findings. From the viewpoint of tumover rates,
cochlear resident macrophages have characteristics as res-
ident macrophages in the retina.

Although BM chimeric mice are a powerful tool
for the analysis of the dynamics of BM-derived cells,
there are some limitations. The results of BM chimeric
mice are obtained under extraordinary conditions; sys-
temic lethal irradiation and following BM transplanta-
tion. It is also techmcally difficult to set an 1deal negative
control, with irradianion but without BM transplantation.
Moaoreover, it is difficult to exclude completely the possi-
bility that the results observed in this study are caused by
irradiation-induced damage. However, despite these lim-
itations in studies using BM chimeric mice, our results
provided some new insights into the ongin and distribu-
tion of cochlear resident macrophages and the possible
supply of cochlear macrophages by replenishment with
BM-derived cells.

Recent studies have demonstrated multiple key
functions of resident tissue macrophages not only in
phagocytosis of foreign bodies or senescent cells but also
in the production and secretion of cytokines and the
regulation of specific immune responses (Gordon and
Taylor, 2005). In the CNS, microglias have both neuro-
trophic and neurotoxic propertics (Kreutzberg, 1996;
Moore and Thanos, 1996; Sueit, 1996) and play an
effector role in both innate and adaptive immune
responses, allowing the CNS to respond rapidly and
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efficiently to a wide range of pathogens (Olson and
Miller, 2004). Although it has not been elucidated
whether the infiltrating macrophages play beneficial or
harmful roles in the maintenance of auditory function,
pharmacological intervention in the infiltration of macro-
phages may be a possible strategy for treatment of SNHL.
In conclusion, the resident cochlear macrophages have
potential as a therapeutic target by means of controlling
their ability of phagocytosis, migration, or release of cyo-
kines in the pathology of inner ear immune disorders.
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Steroid and antiviral treatment for Bell’s palsy

Bell's palsy is an acute peripheral unilateral facial paralysis
of unknown cause. It is the most common acute facial
paralysis, with an incidence of 20-30 per 100 000 people
annually. In our series of 3385 patients with acute facial
paralysis over the past 30 years, Bell's palsy accounted
for 2097 cases (62%). PCR usually identifies fragments
of DNA of herpes simplex virus in clinical samples from
patients with Bell's palsy. These fragments were detected
more often in saliva from patients with Bell's palsy than
in saliva from healthy volunteers.’ Such DNA fragments
were also identified in the endoneural fluid of the facial
nerve during facial-nerve decompression surgery in 11 of
14 patients (79%) with Bell’s palsy.’ Thus we speculate
that reactivation of herpes simplex virus might lead to
Bell’s palsy: herpes simplex virus is involved in about
31-79% of cases of Bell's palsy.™

Ramsay-Hunt syndrome is the second most common
acute facial paralysis, and is caused by reactivation of
latent varicella zoster virus. It is associated with zoster
oticus and is often complicated by vestibulocochlear
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dysfunction. The diagnosis of acute facial paralysis is
sometimes complicated by the presence of so-called
zoster without vesicles (zoster sine herpete). In the
absence of vestibulocochlear dysfunction or zoster
in the auricle, such cases are clinically diagnosed as
Bell's palsy. Serological and PCR studies show that
the prevalence of zoster sine herpete in Bell's palsy
ranges from 8% to 28%.** Therefore although herpes
simplex virus is a major cause of Bell’s palsy, varicella
zoster virus and other unknown causes might also be
important (figure).

Steroids and adjunctive antiviral drugs might improve
outcome for patients with Bell's palsy. In 2007, two ran-
domised placebo-controlled trials assessed the role of
antiviral drugs but gave conflicting findings.*" In a single-
blind study in 296 patients, we compared valaciclovir
(1000 mg a day for 5 days) plus prednisolone (60 mg
for the first 3 days, tapered thereafter) with placebo plus
prednisolone.® Complete recovery was significantly higher
(p=0-045, 95% CI 0:47-0-60) in the valacicovir group
than in the placebo group (110 of 114 [96-5%] patients
vs 96 of 107 [89.7%] patients, respectively. By contrast,
Sullivan and colleagues’ noted that 92.7% of 124 patients
treated with aciclovir (2000 mg a day) plus prednisolone
(50 mg a day) for 10 days had complete recovery com-
pared with 96:1% of 127 patients treated with placebo
plus prednisolone for 10 days (p=0.28, 95% C 0.42-055).
The researchers concluded that an antiviral was not bene-
ficial in improving the prognosis of facial paralysis

Systematic reviews*® suggest that oral steroids are safe
and effective inthe treatment of Bell’s palsy. Steroids have
many side-effects, including anti-inflammatory effects
and the suppression of immune reactions. Regardless of
the cause, the pathological condition underlying Bell's

www thelancet com Vol 371 May 31, 2008
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palsy involves inflammatory oedema and entrapment
neuropathy in the narrow bony facial canal. Therefore
treatment with steroids can be advocated regardless of
the cause of acute facial paralysis. Antiviral drugs, such
as acidlovir, valacidovir, and famciclovir (the last is only
available in some countries), are nucleotide analogues
that interfere with DNA polymerase, specific to herpes
simplex virus and varicella zoster virus, and inhibit
viral replication. The doses differ between viruses—ie,
1000 mg valaciclovir or 1000 mg aciclovir per day for
5 days for herpes simplex virus and 3000 mg valaciclovir
or 4000 mg aciclovir per day for 7 days for varicella zoster
virus. The timing also differs between antiviral drugs
and steroids. Because antivirals cannot destroy viruses,
but rather only prevent further viral replication, such
drugs should be administered within 3 days of the onset
of facial palsy."” By contrast, steroids are effective over
a longer period and work when neural oedema peaks
7-10 days after onset.”

The apparently conflicting findings between our
study® and the Scottish study’” might have been caused
by several factors. Because 1000 mg valaciclovir is
insufficient to treat varicella zoster virus, we used
serological and PCR studies to exclude patients infected
with varicella zoster virus. By contrast, Sullivan and
colleagues’ did not assess virological status, and so
patients infected with varicella zoster virus might
have been included in their study, because 2000 mg
acyclovir is also insufficient to treat this virus. Gilden
and Tyler” noted that the severity of facial palsy affects
the prognosis of the paralysis. The patients in Sullivan’s
study seemed to have milder facial palsy than our
patients, because the mean House-Brackmann score
for their patients was 3.6 of & (the most severe palsy
scores as 6), whereas our patients had a mean score
of 4.3 of 6. This difference in the scores is consistent
with the different populations: our study was in tertiary
medical centres whereas Sullivan recruited patients
in primary care. Additionally, the methods used to
assess paralysis differed between the two studies. We
assessed facial paralysis by recording voluntary facial
movements, whereas Sullivan used four photographs
for assessment, which might have masked small
functional defects, Furthermore, we used valaciclovir, a
prodrug of aciclovir with higher antiviral activity than
aciclovir. These factors might have led to the different
conclusions about efficacy.

www.thelancet.com Vol 371 May 31, 2008

The treatment strategy for Bell's palsy is to
accelerate recovery to prevent further worsening of
facial palsy in patients who are only mildly affected,
and to avoid sequelae, such as synkinesis, contracture,
and facial asymmetry, in more severe cases. The
most important issue in the treatment of acute
facial palsy is the existence of infection with varicella
zoster virus in Bell's palsy. Additionally, Ramsay-Hunt
syndrome can be misdiagnosed as Bell's palsy when
a patient does not show zoster or vestibulocochlear
dysfunction. In our study® zoster oticus appeared well
after the onset of paralysis in 34% of patients with
Ramsay-Hunt syndrome. Because varicella zoster virus
is more virulent and causes more severe facial paralysis
than herpes simplex virus, differential diagnosis
is important to select the appropriate treatment:
varicella zoster virus needs higher doses of antiviral
than herpes simplex virus. Increasing the dose of
antiviral for all patients seems unwise, because higher
doses can increase the risk of side-effects, such as
acute renal failure and neurological disorders. Higher
doses also increase the cost of drug treatment. Various
attempts have been made for the prompt detection of
DNA fragments of varicella zoster virus by real-time
PCR, for example, from the auricular scratch exudates,
However, the sensitivity of this test is not high enough
at present.

There are no established guidelines for the treatment
of Bell's palsy. On the basis of the current published
work, we believe that Bell's palsy should be treated
by the following protocol. In moderate paralysis, oral
administration of prednisolone is sufficient, because
such patients usually show excellent prognosis. In severe
paralysis, treatment should differ by the timing of initial
medication. When treatment starts within 3 days of the
anset of paralysis, we prescribe valaciclovir in addition
to prednisolone, because of the high incidence of viral
infection. In most cases, 1000 mg per day of valaciclovir
is given for 5 days, whereas a higher dose of valaciclovir
(ie, 3000 mg per day for 7 days) is needed in patients
who have the preceding symptoms of reactivation of
varicella zoster virus, such as severe auricular pain, stiff
neck, and reddish auricle. When treatment starts more
than 4 days after the onset of paralysis, we prescribe
prednisolone, but antiviral drugs are not used. We
believe that the key point in improving the prognosis
of Bell's palsy is to diagnose infection with herpes
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