H. Yamaguchi et al./ Experimental Hematology 2009;37:701-714 705

1.3+
10%cell
1000
~e- 32Dc
] ¢ Fi3

100 » FIt3 TKD

-7 MLL-AF4

10 1 -+~ Ft3 {TD

day

-o- Fit3 MLL-AF4
=~ Fit3 TKD MLL-AF4 1%

IL3-

10%cell
1000 -

100 A

10

0.1

day

Figure 2. Non—interleukin-3 (IL-3)~dependent growth of 32Dc cells expressing either Fms-like tyrosine kinase 3 (FIt3) internal tandem duplication (ITD)
or FIt3-TKD + MLL-AF4. In the presence (left figure) or absence (right figure) of interleukin-3 (IL-3), 1 x 10° cells were cultured to examine cell prohif-
eration. Until 10 days after the start of culture, dead cells were removed using the trypan blue assay, and cell growth curves were prepared based on the

number of viable cells.

may have a leukemogenesis capacity in myeloid lineage,
because human cell line MV411 was established from acute
myeloid leukemia expressing MLL-AF4, several MLL-
AF4 mice model developed myeloid leukemia [9], and
clinical case sometimes showed lymphoid/myeloid MLL
[4]. Therefore, we investigated the mechanism involved
in the synergistic effects of MLL-AF4 and FlIt3-TKD in
32Dc.

Subsequently, we investigated the antiapoptosis effects
of Annexin-V expression. In the MLL-AF4—expressing
32Dc (32DCMUFAFY) 3oDCFIBTKD 4 3op FU3+MLL-AF4
cells, apoptosis was induced in the absence of IL-3.
However, the 32DcM3 TP and 32DcM3-TKDFMLL-AFS (o)g
had acquired a resistance to apoptosis even in the absence
of IL-3 (Fig. 3A).

STATS is found to be constitutively activated in several
samples from patients with leukemia and is strongly acti-
vated by FUt3-ITD [21,22]. The serine-threonine kinase
Pim-2 is a functionally relevant downstream target of
STATS5 [23]. Pim-2 leads to resistance to apoptosis and its
expression is negatively regulated by growth factor with-
drawal [22,24]. Here, we compared the STATS activation
and Pim-2 expression potential of 32Dc cells in which each
construction was introduced. As shown in Figure 3B, we
observed constitutive phosphorylation of STATS, and
a strong induction of Pim-2 in 32DcF@-TKDHMLL-AFL
32D D cells, which were starved from IL-3. However,
32D KD cells induced a very weak activation of
STATS5 and induction of Pim-2 compared to the effects of
32D TRDAMLL-AFS o4 32DcF3TP cells (Fig. 3B).

Differing from previous studies [22], the 32D TKD
cells did not proliferate in the absence of IL-3. This was
possibly because FIt3-TKD protein expression in the
32DcF" KD cells was low, with low phosphorylation
activity, as shown in Figure 1. Thus, FIt3-TKD and
MLL-AF4 facilitated independent proliferation of the
32D TKDFMLL-AFY (o5 in the absence of IL-3 via their
synergistic leukemogenesis capacity and antiapoptosis
effects.

Fit3-ITD and MLL-AF4 + Flt3-TKD — induced

clonogenic growth of 32Dc cells in semisolid media

To confirm the synergistic antiapoptosis effects of Flt3-TKD
and MLL-AF4, we conducted an experiment involving IL-3
removal-related apoptosis induction on semisolid methylcel-
lulose media. As reported in previous studies [22], neither
the 32Dc™3TXP nor 32DMEAF cells proliferated in the
absence of IL-3 in our experiment (Fig. 4A). However, the
32DcHBTP and 32D TRDHAMLL-ARS - oel)s proliferated
(Fig. 4A). Furthermore, we compared the number of colonies.
The number of colonies formed by the 32D TRDFMLL-AFY
cells (16.67 % 2.603) in the absence of IL.-3 was lower than
that formed by the 32Dc™™™ cells (49 + 2.082)
(*p = 0.002) (Fig. 4B). There was a difference in the prolifer-
ative capacity, as demonstrated in an experiment using liquid
media. Thus, the 32Dc cells also showed an independent
proliferative capacity on semisolid media in the absence of
1L-3 via the synergistic effects of MILL.-AF4 and FIt3-TKD.

Resistance of FIt3-TKD and MLL-AF4 to

myeloid differentiation in the presence of G-CSF

When G-CSF is added to 32Dc cells in the absence of 1L-
3, these cells differentiate into granulocytes [25]. We
investigated the influence of MLL-AF4/F1t3 abnormalities
on the differentiation of 32Dc cells (Fig. 5). The rates of
blasts and granulocytes 3 days after G-CSF addition were
5.3% * 2.51% and 81.0% * 4.00%, respectively, sug-
gesting the differentiation of 32Dc cells. The Flt3—
expressing  32Dc  (32Dc™), 32DMI-AR - and
Flt3 + MLL-AF4 —expressing 32Dc (32DcF13+MLL-AFY
cells slowly differentiated into granulocytes; 5 days after
G-CSF addition, the rate of granulocytes was approxi-
mately 60% (Fig. 5). However, there was no differentia-
tion of 32DcFF-TRDAMLL-ARS 1o 39DFISITD cells into
granulocytes 9 days after G-CSF addition (Fig. 5). In
the 32D TKP cells, the rates of intermediates and gran-
ulocytes were 57.0% * 10.5% and 22.7% * 8.62% 5 days
after G-CSF addition, respectively, suggesting that differ-
entiation was delayed in the presence of G-CSF (Fig. 5B).
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Figure 3. Analysis of apoptosis induction in the absence of interleukin-3 (IL-3) in individual gene-transduced 32Dc cells. (A) In the absence of IL-3, cell
culture was performed. 32Dc cells were stained with allophycocyanin, Annexin-V, and propidium iodide (PI) on day 3, and the other cells on day 7. We
analyzed apoptosis induction by flow cytometry. (B) Differential signal transducers and activators of transcription 5 (STATS) and Pim-2 activation in the
absence of IL-3. 32Dc cells expressing each genes were starved from IL-3, cell culture was performed for 12 hours, and cell lysates were prepared and

subjected to immunoblotting using specific antibodies.

However, 9 days after G-CSF addition, the rate of granu-
locytes was 77.2% *+ 10.9%; most 32Dc""T*P cells
differentiated into granulocytes. Thus, differentiation
into granulocytes was inhibited via the synergistic effects
of MLL-AF4 and Fl1t3-TKD. Furthermore, F1t3-TKD in-
hibited differentiation, although its effects were less
marked than those of Flt3-ITD and Flt3-TKD 4 MLL-
AF4.

Gene expression profiling in the

MLL-AF4- and Flt3-TKD + MLL-AF4-transduced cells
Our experiments regarding the independent proliferative
capacity in the absence of IL-3, antiapoptosis actions,
and the G-CSF-related induction of differentiation
showed that the leukemia proliferation capacity of
MLL-AF4 alone was less marked, suggesting the necessity
of a second hit contributing to the synergistic effects, as
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Figure 4. Fms-like tyrosine kinase 3 (Flt3) internal tandem duplication (ITD) or Fit3-TKD + MLL-AF4 expression induced colonogenic growth of 32Dc
cells in the absence of interleukin-3 (IL-3) semisolid media. (A) Colonies were examined using a TE300-DEFS fluorescence inverted phase microscope
(Nikon, Tokyo, Japan) with a 4x objective lens. Using a Nikon PDMC 11 i digital camera, colony assay findings were photographed. The upper and lower
rows show the results on day 7 of culture on semisolid methylcellulose media in the absence of IL-3 and in the presence of IL-3, respectively. NC = medium
on which no cell was disseminated as a negative control. (B) Number of colonies in each cell line on day 7 of culture. *p = 0.002.

demonstrated for Flt3-TKD. The activation of Hox genes,
such as Hoxa7 and Hoxa9, may be involved in the
leukemogenesis of MLL chimeric proteins [2,3]. Therefore,
we performed gene expression profiling in the 32DcMME-AF
and 32DcMOTRDIMLL-AFY ool and  investigated the
mechanism involved in the synergistic effects of MLL-
AF4 and Flt3-TKD.

Using the Mouse Genome 430 2.0 probe array
(Affymetrix), we performed gene expression profiling: 32Dc
vs 32DCMUARE 391y (o 3oDCFIB-TKDAMLLARL g
32DMHAT yg 39D TRDAMLL-ARS The filing of less reli-
able data was performed based on Detection Call as a param-
eter of the reliability of each signal value. Subsequently,
expression was compared based on Comparison Call as
a parameter of the reliability of gene changes. Initially, in
the comparison of 32Dc vs 32DcM3TKDHMLL-ARS - goneg
with a twofold or more (log ratio: 1 or more) increase in

expression were extracted. Then, in the comparisons
of 32Dc vs 32DcMUAT and 30D MU-AR
32DCFITKDAMLL-ARS “gones with an approximate 1.5-fold
or greater (log ratio: 0.5 or more) increase in expression
were extracted (Table 1). Interestingly, Flt3 abnormalities
and/or MLL-AF4 transduction did not indicate enhancement
of the expression of Hox genes such as Hoxa7, Hoxa9, and
Meisl. Therefore, the expressions of these genes were
analyzed by RT-PCR and real-time PCR, but no enhancement
was observed (Fig. 6). Among the genes with an increase in
expression, we focused on SI00A6 (NM_011313), which is
involved in the control of cell proliferation.

MLL-AF4 and FIt3 abnormality

synergistically increased the expression of SI00A6

On real-time PCR, we confirmed S100A6 expression in indi-
vidual cells. S1I00A6 expressions in the 32Dc™> %P and
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Figure 5. Fms-like tyrosine kinase 3 (Flt3) internal tandem duplication (ITD)— and Flt3-TKD + MLL-AF4—related inhibition of the morphologic differ-
entiation of 32Dc cells into granulocytes. After each cell was washed, the medium was exchanged for interleukin-3 (IL-3) —free culture medium containing
granulocyte colony-stimulating factor (G-CSF) (10 ng/mL), and observed for 9 days. (A) Cytospin samples of 32Dc cells were prepared on day 3, and those
of the other cells were prepared on day 5. Microscopy was performed at a magnification ratio of 100. Photographs were prepared. (B) Cell differentiation into
granulocytes was classified into three steps: blasts, intermediates, and granulocytes. The cell count was measured on day 5. The intermediates included
promyelocytes, myelocytes, and metamyelocytes. The 32Dc¢™ P differentiation was delayed in the presence of G-CSF on day 5. (* vs 32Dc: p = 0.009,

vs 32D p = 0.012, vs 32DMIAT p = 0,009, vs 32DFBTMEL-ARL = .021).

32DcMEL-AFS cells were two times greater than that in the

32Dc cells (32Dc™3TKDP: % 1.96, p = 0.11, 32DcMM-AF,
x1.82, p=0.04). In the 32DcFTKDHMLL-ARS copfg,
S100A6 expression increased 13.4-fold, suggesting the
synergistic effects of MLL-AF4 and Flt3-TKD (Fig. 7A)
(*, **p < 0.0001). In addition, among human cell lines, in
MV411 cells with both MLL-AF4 and Flt3-ITD abnormali-
ties, SIO0A6 expression was more than five times greater
than those in RS411 cells expressing MLL-AF4 alone and
TK cells that we established (RS411 vs MV411: x5.83,
*p = 0.006, TK cell vs MV4ll: x5.86, **p=10.001)

(Fig. 7B). In the 32DcM3 TRDAMLL-ARL - pnd MV4TT cells
with high SIO0AG6 expressions on real-time PCR, Western
blotting showed protein expression (Fig. 7C).

SIRNA downregulates synergistic

expression of S100A6 and leukemic proliferation

To confirm that the synergistic enhancement of SI00A6
expression had an important role in the leukemogenesis of
32D TRDAMLL-ARS © e investigated  whether — anti-
S100A6 siRNA-A and -B specifically inhibits S100A6
expression. Real-time PCR and Western blotting analysis

- 138 -



H. Yamaguchi et al./ Experimental Hematology 2009,37:701-714 709
Table 1. Genes with the enhancement of their expressions in gene chip analysis.
32Dc 32Dc 32DcMLLAR

Vs

32DCMT4I ~AF4

Vs vs
D MLL- €~
32DCF“3TK 1.1-AF4 32DCFI(3TKD MILL-AF4

Seq ID Gene Symbol (log ratio) (log ratio) (log ratio)
XM_904631 LOC630963 0.7 5.6 5.2
NM_011347 Selp 0.8 4.9 43
NM_026018 Pdzklipl 0.9 43 34
NM_011578 Tgfbr3 1.1 39 2.9
NM_015734 Col5al 0.6 3.9 25
NM_008357 s 0.7 35 2.6
NM_011578 Tgfbr3 0.9 3.4 2.7
NM_013516 Ms4a2 1.1 3.1 1.9
NM_008572 Mcpt8 0.6 29 2.4
NM_145581 Siglecf 1.9 2.8 1
NM_030691 Igsf6 1.9 2.7 1.4
NM_054041 Antxrl 0.6 24 1.9
NM_013516 Ms4a2 0.6 2.1 1.7
NM_023605 Fbxo9 0.6 2.1 1.5
NM_011313 $100a6 1.2 2 0.8
NM_011346 Sell .07 2 1.3
NM_009099 Trim30 14 1.9 0.6
NM_023628 Anxa9 0.7 1.9 1.4
NM_022881 Rgsl8 0.6 1.9 1.3
NM_007972 F10 0.6 1.9 1.1
NM_008099 Geet2 0.5 1.8 1.1
NM_008771 P2rx1 i 1.7 0.9
NM_016872 Vamp5 0.5 1.7 1.2
NM_011609 Tnfrsfia 0.9 1.6 0.6
XM_905537 L0C632191 0.5 1.6 1.8
NM_011932 Dappl 0.8 1.5 0.8
NM_030684 Trim34 0.7 1.5 0.8
NM_011488 Stat5a 0.5 14 1.1
NM_031198 Tefec 0.7 1.3 0.5
NM_010739 Mucl3 0.6 1.3 0.7
NM_133948 Psipl 0.6 1.3 0.7
NM_021389 Sh3kbpl 0.6 1.3 0.7
NM_001040080 Ctse 0.5 1.3 0.7
NM_009023 Rapsn 0.7 1.2 0.6
NM_010785 Mdml 0.5 1.2 0.5
NM_009764 Breal 0.5 1.2 0.7
XM_484752 Zfp236 0.5 1.2 0.6
NM_053272 Dher24 0.6 1.1 0.5
NM_011284 Rpa2 0.6 1.1 0.5
NM_007791 Csrpl 0.5 1.1 0.6
NM_172756 Ankrd4l 05 1.1 0.6

The fold change from log ratios was calculated as 25" °8 =°_The purpose of gene expression profiling in this study was screening to extract genes involved
in the synergistic effect of FIt3TKD and MLL-AF4. Since cloned cell lines were used as materials, gene expression profiling was performed once. The data of
gene expression profiling in this study are in the NCBI's GEQ database (GEO accession No.: GSE 14236).

revealed that 24 hours following transfection, S100A6
expression was strongly reduced in 32D TKDAMLL-AES
compared with controls transfected with mismatched control
SNCI (Fig. 8A). Then, we assessed whether the downregula-
tion of S100A6 had an effect on 32DcM3-TRDHMLL-AFS
proliferation. As shown in Figure 8B, the anti-S100A6 si-
RNAs did not affect 32DcF13TRKDTMLL-ARS o liferation in
suspension culture with IL-3. However the anti-S100A6
siRNAs-treated 32DcF 3 TRPAMLLARY (howed a strong
tendency toward reduced cell proliferation in suspension

culture without IL-3. Thus, in the presence of FIt3-TKD as
a second hit, MLL-AF4 may synergistically promote
leukemic proliferation via the enhancement of S100A6
expression.

Discussion

It has been shown that a second hit is necessary for the
mechanism by which MLL-AF4 causes leukemia. Gene
expression profiling revealed the enhancement of Fit3

- 139 -



710 H. Yamaguchi et al.] Experimental Hematology 2009;37:701-714

A
Hoxa7
First PCR
Hoxa9
Nested PCR
Meis1
GAPDH |
B 51

mRNA levels

Figure 6. Fms-like tyrosine kinase 3 (FIt3) abnormalities and/or MLL-AF4 transduction did not indicate enhancement of the expressions of Hox genes. (A)
Mouse Hoxa7, Hoxa9, and Meis! expression in 32Dc cells expressing each gene by reverse transcription polymerase chain reaction (RT-PCR). We used
mouse erythroleukemia cells as a positive control. For Hoxa9, because we also obtained no band in the positive control by the first PCR, nested PCR
was performed. (B) Meis1 expression in 32Dc cells expressing each gene by real-time PCR. No Hoxa7 expression was observed even in 32Dc cells express-
ing Flt3 abnormality or MLL-AF4, and the level of Hoxa9 expression was negligible. Therefore, real-time PCR for these genes was not performed. Meis1

expression was not also enhanced by Flt3 abnormality or MLL-AF4.

expression in patients with de novo MLL translocation
leukemia [12]. In approximately 15% of them, Flt3-TKD
abnormalities were observed [13,14]. Therefore, FIt3-
TKD may be the first candidate for the second hit. We
initially reported that F1t3-TKD, as a second hit, was neces-
sary for MLL-AF4—associated leukemic proliferation in
vitro. Furthermore, the two genes synergistically increased
the expression of S100A6, and anti-S100A6 siRNA down-
regulated leukemic proliferation. This result suggests that
the synergistic enhancement of SI00A6 expression has an
important role in the pathogenesis of MLL-AF4—associ-
ated leukemogenesis.

According to previous studies, the leukemogenesis
capacity differs between FUIt3-TKD and FIt3-ITD
[22,26,27]. In vitro analysis showed that the cell-prolifer-

ating responsiveness of Flt3-ITD to IL-3 and Flt3 ligands
was more marked than that of FlIt3-TKD, indicating the
less potent inhibitory effects of Flt3 tyrosine kinase
inhibitors on cell proliferation [22]. In an in vivo study,
Fl1t3-ITD —expressing mice developed myeloproliferative
disease after 1 month, whereas FIt3-TKD —expressing
mice developed malignant T-cell lymphoma and acute
B-cell lymphatic leukemia after 2 to 4 months [27]. Further-
more, phenotypes depended on the expression of Flt3-1TD; in
mice with a low FIt3-ITD expression, the interval until the
onset of myeloproliferative disease was longer than that in
mice with a high Flt3-ITD expression, and its incidence
was lower [27]. These findings suggest that Flt3-TKD is
advantageous for the onset of lymphatic malignancy,
although its tumor proliferation capacity is less potent than
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Figure 7. Enhancement of SI00A6 gene expression via the synergistic effects of Fit3 abnormalities and MLL-AF4. (A) Mouse S100A6 expression in 32Dc
cells expressing each genes. *p < 0.0001; **p < 0.0001. (B) Human S100A6 expression in human hematopoietic tumor cell lines. *p = 0.006, **p = 0.001.
(C) The upper and Jower rows show S100A6 (6 kDa) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein expression by Western blotting.

that of FIt3-ITD. In our study, the 32Dc™ TP cells did not
acquire any non — IL-3—dependent proliferative capacity on
liquid media, differing from previous studies (Fig. 2) [22].
This was possibly because the leukemic proliferation capacity
of Fit3-TKD was less potent than that of F1t3-ITD, and because
the transduction efficiency of the TKD-expressing vector was
slightly low, reducing its protein expression (Fig. 1).

In our study, 32Dc cells to which MLL-AF4 alone was
transduced did not acquire any non — IL-3—dependent prolif-
erative capacity, as demonstrated for the 32Dc™ 5P cells.
Joh et al. [28] also transduced MLL-AF9 or MLL-ENL alone
to 32Dc cells. However, no non — IL-3—dependent prolifera-
tive capacity was achieved [28], as demonstrated in our study.
These results suggest that the non — IL-3—dependent prolif-
eration of 32Dc cells cannot be achieved only via the leuke-
mogenesis capacity of MLL-fusion proteins. In MLL-CBP
knockin mice, MLL-CBP expression alone did not lead to
the onset of hematopoietic malignancies. Administration of
N-ethyl-N-nitrosourea—like carcinogenic substances or irra-
diation in combination with MLL-CBP expression resulted in
the onset of myeloproliferative disease [29]. According to
several studies in MLL-AF4 expressing mice [9,10], the
interval until the onset of hematopoietic malignancies was
long, suggesting that the leukemogenesis capacity of
MLL-AF4 is not strong; leukemia is not caused via their
capacity alone. However, when class II mutations with
a weak leukemogenetic capacity, AMLI-MTGS8 [30] and

PMI —retinoic acid receptor-a [31], are combined
with a class I nmmtation, FIt3-ITD, they rapidly cause
leukemia, as demonstrated for MLL-SEPT6 [18]. In
our study, the 32DcF>TKPFMLL-ARS cells acquired a
non — IL-3-dependent proliferative capacity, and inhibited
G-CSF—related differentiation into granulocytes, suggesting
the acquisition of the proliferative capacity and the enhance-
ment of the differentiation-inhibiting capacity via the syner-
gistic effects of MLL-AF4 and Flt3-TKD. In the future,
both MLL-AF4 and Flt3-TKD — expressing mice should be
made and examined.

As the mechanism by which MLL fusion proteins such as
MLL-AF4 are involved in leukemogenesis, several studies
have indicated that it is important for MLL-AF4 to comprise
a complex with menin and directly bind to the promoter of
Hox genes, increasing the expressions of Hox genes such
as Hoxa7 and Hoxa9 [32-39]. However, the enhancement
of Hoxa7/Hoxa9 expressions may not always be necessary
for leukemogenesis associated with MLL fusion proteins
for the following reasons: first, in an MLL-AF4 —expressing
cell line, BLIN-3, neither Hoxa7 nor Hoxa9 expressions were
detected [40]; second, the transduction of MLL-GAS7 to
hematopoietic progenitor cells from Hoxa7/Hoxa9 knockout
mice led to leukemogenesis [41]; and third, the condition was
modified via mating between MLL-AF9 knockin mice and
Hoxa7/Hoxa9 knockout mice, but there were no marked
changes, such as complete inhibition of leukemic onset
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Figure 8. Small interfering RNA (siRNA) downregulates synergistic expression of S100A6 and leukemic proliferation. (A) Anti-S100A6 siRNA-A and -B

mediated the reduction of SI00A6 mRNA and protein expression in 32D¢

Fu3-TKD+MLL-AF4

without interleukin-3 (IL-3). The left figure show messenger RNA

(mRNA) expression by real-time polymerase chain reaction (PCR), and the right figure show protein expression by Western blotting. SI00A6 expression
levels were measured 24 hours after electroporation, and are shown compared with negative control siRNA (SNC1). *p = 0.008; **p = 0.008. (B) Growth
curves of siRNA-treated 32DcF 3 TRPAMLL-AFS (ih or without IL-3. Downregulation of SI00A6 was maintained during a 72-hour period. For 4 days after
the start of culture, dead cells were removed using the trypan blue assay, and cell growth curves were drawn based on the number of viable cells.

[42]. The present gene expression analysis did not show the
enhancement of Hox gene expression in the 32DMEL-AF
or 32DcFIB-TRDAMLL-ARS oolls (Fig. 6). Therefore, we
focused on S100A6, of which the expression was enhanced
in the 32DcF-TKD+MLL-AFY (olls as a gene that may
contribute to MLL-AF4 —associated leukemogenesis, other
than Hox genes. SI00A6 (calcyclin) is an S100A calcium-
binding protein family. Its structure involves the EF-hand
motif, which is the site of Ca-binding. S100A6 functions in
intracellular Ca homeostasis, signal transmission [43], and
regulation of insulin secretion by pancreatic 8 cells [44];
however, many aspects remain to be clarified. Several studies
reported that SI00A6 expression was enhanced in patients
with various tumors, including acute myelocytic leukemia,
colorectal cancer, and pancreatic cancer [45—49]. In partic-
ular, the association of S1I00A6 with disease progression,
such as tumor metastasis, is suggested [46,47]. Furthermore,
treatment with antisense S100A6 for pulmonary fibroblasts
inhibits their proliferation [50]. Results of this study also
suggest that ST00A6 expression increases via the synergistic
effects of MLL-AF4 and Flt3 abnormalities. Moreover, anti-
S100A6 siRNA downregulates leukemic proliferation. From

the facts described here, we conclude that the synergistic
enhancement of S100A6 expression played an important role
in MLL-AF4-associated leukemogenesis.

Finally, several limitations of our study merit attention
because our results were based on only one cell line in
vitro experiment. In most patients with leukemia showing
MLL-AF4 expression, Hox gene group expression is
increased, which may play an important role in the develop-
ment of leukemia. However, in 32Dc cells expressing
MLL-AF4, Hox gene expression was not enhanced. There-
fore, it is questionable that our experiment represents the
actual pathology of patients with de novo leukemia
showing MLL-AF4 expression. To confirm leukemogenesis
of MLL-AF4 in lymphoid lineage and synergistic effect of
MLL-AF4 and FlIt3-TKD, it is necessary to inspect our
results in using primary bone marrow cells or in vivo
experiment.
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Inner ear barotrauma (IEB) that is caused by acute pressure changes can often lead to permanent severe
sensorineural hearing loss (SNHL). However, the mechanism that causes IEB is still unknown. In the
current study, we assessed the involvement of reactive oxygen species (ROS) in IEB and the therapeutic
effect of 3-methyl 1-phenyl-2-pyrazolin-5-one (edaravone), which is a free radical scavenger. To create
the IEB model, guinea pigs were subjected to quick pressure changes that resulted in acute SNHL. The
animals were then divided into two groups, an edaravone-treated IEB group and a non-treated IEB group

ggysw"r ds: that only received normal saline. Immunohistochemical analyses for 8-hydroxy-2-deoxyguanosine (8-
. OHdG) and 4-hydroxy-2-nonenal (4-HNE) were performed to examine the amount of oxidative DNA

Free radical L . . . . .

Edaravone damage and lipid peroxidation that occurred in guinea pig cochlea. To assess the curative efficacy of

Inner ear edaravone, auditory brainstem response (ABR) testing was performed to evaluate auditory function.

Strong immunoreactivities against 8-OHdG and 4-HNE were observed in the inner ear tissues of the non-
treated 1EB group. Lesser amounts of immunoreactivity were observed in the same region of the
edaravone-treated IEB group as compared to the non-treated IEB group. Furthermore, ABR measurement
revealed that there was a faster improvement in the threshold shift for the edaravone-treated IEB group
as compared to that of the non-treated 1EB group. At the final 7-week time point, the threshold shift for
the edaravone-treated 1EB group was significantly smaller as compared to the non-treated IEB group.
These results strongly suggest that ROS is produced in the cochlea in response to acute pressure changes
and that ROS plays an important role in the pathophysiology of IEB. Furthermore, edaravone treatment
had a therapeutic effect on IEB-induced acute SNHL and thus, edaravone might possibly be able to be
used as a therapeutic treatment for IEB.

Hearing loss

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Acute pressure changes, such as those that occur during scuba
diving, when flying on an airplane, or when blowing ones nose, can
cause inner ear barotrauma (IEB). When there is damage to the
middle and inner ear, this can lead to sensorineural hearing loss
(SNHL). With the increased popularity of scuba diving, many diving
enthusiasts now have a higher risk of developing IEB. Today,
approximately 1 million people in Japan have taken instructional
classes and gone on scuba diving trips. The number of people who
repeatedly dive is estimated to be from 300,000 to 500,000
(Nakayama et al., 2003). And as might be expected, ear disease or
injury is the most common medical problem seen in scuba divers
(Goplen et al., 2007). In addition, acute diving accidents that affect
the inner ear are of particular importance because they can lead to

* Corresponding author.
E-mail address: takeshim@ndmc.acjp (T. Matsunobu),

. 0197-0186/% - see front matter © 2009 Eisevier Ltd. All rights reserved.
doi:10.1016/j.neuint.2009.02.011

permanent damage within the cochleovestibular system (Parell
and Becker, 1985). While the increases in the number of cases of
IEB that are now being seen indicate that particular attention needs
to be paid to this problem, at the present time, the mechanism of
IEB has yet to be elucidated.

Recently, compelling studies have shown that there are
relationships between reactive oxygen species (ROS) and various
types of acute SNHL, such as noise-induced hearing loss (Yamasoba
et al., 1998), aminoglycoside ototoxicity (Schacht, 1998), and
cisplatin ototoxicity (Ryback et al., 1999). As IEB is one of the
causes of acute SNHL, we hypothesized that ROS formation might
also be associated with the IEB that occurs within the cochlea.
Therefore, we investigated the relationship between ROS and IEB
by using the production of 8-hydroxy-2-deoxyguanosine (8-
OHdG) to detect oxidative DNA damage and 4-hydroxy-2-nonenal
(4-HNE) to detect lipid peroxidation in the organ of Corti, stria
vascularis, and spiral ganglion cells.

When treating inner ear disorders that are related to ROS-
induced inner ear damage, free radical scavengers have been
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shown to have protective effects against both aminoglycoside-
induced ototoxicity (Garetz et al,, 1994) and cisplatin-induced
ototoxicity (Fetoni et al., 2004). Edaravone is a potent free radical
scavenger that exerts significant antioxidant effects on both
hydroxyl radicals and iron-dependent lipid peroxidation and thus,
can exert anti-ischemic activities (Watanabe et al,, 1994). Several
studies have shown the effects of edaravone on the inner ear
(Tanaka et al., 2005; Maetani et al., 2003).

In the present study, we hypothesized that edaravone might be
an effective therapeutic IEB treatment. Therefore, we examined the
pathophysiology of IEB and the possible therapeutic application of
the free radical scavenger, edaravone, in IEB cases.

2. Materials and methods

2.1. Animals

This study used healthy female guinea pigs with a normal Preyer’s reflex that
weighed between 300 and 350 g {(Japan SLC, Inc.,, Shizuoka, Japan). The animals had
free access to water and were fed a regular diet. The experiments were carried out
under the guidelines for animal experiments of the National Defense Medical
College and met the law and notification requirements of the government of Japan.

2.2. Pressure loading

Under deep anesthesia that used intraperitoneal injection of ketamine (55 mg/
kg) and medetomidine (1.0 mg/kg), earplugs were inserted into the external
auditory canal of the animals in order to restrict the movement of the tympanic
membrane and to facilitate IEB, Animals were then put into a chamber {Haniuda P-
5100, Haniuda Steel, Tokyo, Japan) in which the atmospheric pressure could be
increased or decreased (Fig. 1A). When the inflow bulb was opened, compressed air
flowed into the chamber and produced pressure. When the outflow buib was
opened, the air in the chamber was discharged with a subsequent decrease in the
pressure. in this study, the pressure was increased from 1 atmosphere pressure
absolute (ATA) to 2 ATA over a 3-s time period. We used a pressure of 2 ATA in this
study, as it is the equivalent of a depth of 10 m, which is the average depth under the
water that most scuba divers will attain during a dive. Subsequently we decreased
the pressure from 2 to 1 ATA over a 2-s time period (Fig. 1B). After this pressure
loading, the earplugs were then immediately removed. In the present study, this
system induced IEBs with threshold shifts of 50 dB on average.

2.3. Immunochistochemistry of the organ of Corti

Four guinea pigs were exposed to pressure loading sufficient to induce a
threshold shift, Immediately after the pressure loading, two animals received an
intraperitoneal injection of edaravone (9.0 mg/kg) (Mitsubishi Tanabe Pharma
Corporation, Tokyo, Japan) (edaravone-treated 1EB group), while the other two
animals were injected with normal saline (non-treated IEB group). All animals were
sacrificed under deep anesthesia 1 h after the pressure loading. A normal group was
also examined and consisted of two animals that were neither exposed to pressure
nor to edaravone treatment, All six animals were decapitated, with the temporal
bones quickly removed and the bullae opened, followed by transfer to 4%
paraformaldehyde in 0.1 M phosphate-buffered saline (PBS, pH 7.4), The bone near
the apex, the round window, and the oval window were opened, followed by a
gentle local perfusion with 2 x 1 ml of 4% paraformaldehyde. The tissues were kept
in the fixative overnight. The cochleae were dissected by removing the lateral wall
bones, lateral wall tissues, and the tectorial membranes, After washing with PBS,
the remaining parts of the cochlea were incubated in 0.3% Triton X-100 in PBS for
15 min, washed three times, and then, in order to block any non-specific reactions,
incubated in blocking solution that consisted of 2% normal swine serum {Dako,

{A} 53]
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Fig. 1. (A) The animal chamber. The chamber was used to increase and decrease the
atmospheric pressure. {B) Pressure loading. The pressure was increased from 1
atmosphere pressure absolute (ATA) to 2 ATA over a 3-s time period, and then
decreased from 2 to 1 ATA over a 2-s time period.

Glostrup, Denmark). To detect oxidative DNA damage, immunolabeling was carried
out overnight at 4 °C with the mouse monoclonal antibody for 8-OHdG (1:10;
Nikken Seil Corporation, Shizuoka, Japan). Sections were washed three times in PBS,
and incubated with a secondary antibody (Histofine Simple Stain AP; Nichirei
Bioscience, Tokyo, Japan; universal immuno-alkaline-phosphatase polymer) for
30 min at room temperature and then stained using the alkaline phosphatase
substrate kits {(Vector Black; Vector Laboratories, Burlingame, CA, USA). Finally,
whole mount preparations of the basal turn, which is mostly damaged in IEB, of the
organ of Corti were prepared, with the immunolabeling visualized under brightfield
illumination using an Olympus microscope with a 200x objective. The immunor-
eactivity of 8-OHdG in the organ of Corti was evaluated and compared among the
normal, edaravone-treated, and non-treated IEB groups.

2.4. Immunohistochemistry of the stria vascularis and spiral ganglion cells

Animals were divided into three groups as mentioned above with the edaravone-
treated 1EB group receiving edaravone (9.0 mg/kg) once a day for 5 days after the
pressure loading. Animals were sacrificed under deep anesthesia at 1 week after the
pressure loading. The temporal bones were fixed, as has been mentioned above. After
decalcification with 0.1 M ethylenediaminetetraacetic acid (EDTA) in PBS for 14 days
at4 °C,4-pm paraffin sections were prepared. Sections were deparaffinized and then
washed three times with PBS. Antigens in the sections were placed in 10 mM citric
acid buffer (pH 6.0) after retrieval using a microwave set at 97 °C for 10 min. After
washing with PBS three times, the sections were incubated in 2% normal swine serum
in order to block any non-specific reactions. In order to assess lipid peroxidation,
immunolabeling was carried out overnight at 4 °C with the mouse monoclonal
antibody for 8-OHdG (1:10) and with the mouse monoclonal antibody for 4-HNE
(1:10; Nikken Seil Corporation). Subsequently, sections were treated with a secondary
antibody (Histofine Simple Stain AP) followed by staining with the alkaline
phosphatase substrate kits (Vector Black). The immunoreactivities of 8-OHdG and
4-HNE in the stria vascularis and spiral ganglion cells were evaluated and compared
among the normal, edaravone-treated, and non-treated [EB groups.

2.5. Treatment with edaravone

After the pressure loading, the 30 ears (29 guinea pigs) that showed threshold
shifts of more than 30 dB were randomly divided into two groups of 15 ears. The
edaravone-treated IEB group received an intraperitoneal injection of edaravone
(9.0 mg/kg) once a day for 5 days after the pressure loading, while the non-treated
IEB group received normal saline. The remaining 28 ears showed threshold shifts of
30 dB or less were excluded to avoid error of measurement.

2.6. Auditory brainstem responses

Auditory brainstem responses (ABR) were measured using a signal recorder
(Synax 1200, NEC, Tokyo, Japan), 1 week before the pressure loading, just after the
pressure loading, and then at 2, 3,5, and 7 weeks after the pressure loading. All steps
were performed under deep anesthesia that used intraperitoneal injection of
ketamine (55 mg/kg) and medetomidine (1.0 mg/kg). A differential active needle
electrode was placed at each auricle of the ear while a reference electrode was
placed at the vertex. A click at 4 kHz was used for the auditory stimulus followed by
the recording of 100 sweeps. As determined by peak I of the waveform, the ABR
threshold was recorded from 90 to 20 dB using 10-dB steps. Guinea pigs exhibiting
normal ABR thresholds (i.e., less than 40 dB) were enrolled into the experiments.
After the pressure loading, if peak I of the waveform was not found, even when
using a maximum amplitude (90 dB), the threshold was deemed to be unresponsive
and thus considered to be 100 dB.

All data values for the ABR threshold shift in the text and in the figures are the
mean standard error (SE). The Repeated Measures ANOVA was used to statistically
examine the time course change for the recovery of the ABR threshold shift between
the non-treated IEB group and the edaravone-treated iEB group. The ameliorations
of the ABR threshold shift at each time point (2, 3, 5, and 7 weeks after the pressure
loading) were compared using the Mann-Whitney U-test.

3. Resulis
3.1. Cochlear histopathology of IEB

The mid-modiolar section of the cochlea 3 h after the pressure
loading is shown in Fig. 2. Conglomeration of red blood cells was
observed in the scala tympani, scala media, and scala vestibuli,
suggesting that it is a cochlear blood flow disturbance or ischemia
that leads to the hemorrhage that is observed in IEB. Although old
clot of blood was also observed in the inner ear 18 weeks after the
pressure loading, new hemorrhage was not observed. Amount of the
clotwas less than that observed in the animals sacrificed 3 h after the
pressure loading. This indicated that hemorrhage has been absorbed
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Fig. 2. Mid-modiolar section of the cochlea 3 h after the pressure loading.
Hemorrhage (arrows) into the scala tymapani, scala media, and scala vestibuli were
observed (HE stain). Scale bar = 200 pm.

slightly over time. Obvious hemorrhage was not observed in the
mucosa of the middle ear and skin of the external ear.

3.2. Immunohistochemistry

In the outer hair celis (OHCs), strong immunoreactivity for 8-
OHdG in the nuclei of the OHCs was observed 1 h after the pressure
loading in the non-treated IEB group (Fig. 3B). In contrast, there
was less immunoreactivity observed in the edaravone-treated IEB
group (Fig. 3C) as compared to the non-treated IEB group. Weak
immunoreactivity for 8-OHdG was observed in the nuclei of the
OHCs of the normal group (Fig. 3A).

In the spiral ganglion cells, strong immunoreactivities for 8-
OHdG and 4-HNE were observed in the non-treated IEB group
(Fig. 4B and E). Lesser amounts of immunoreactivity were observed
in the edaravone-treated IEB group (Fig. 4C and F) as compared to
the non-treated IEB group, while weak immunoreactivities were
observed in the normal group (Fig. 4A and D).

In the stria vascularis, strong immunoreactivities for 8-OHdG
were observed in the nuclei of the marginal cells, intermediate
cells, and basal cells of the non-treated IEB group (Fig. 5B), and

8-OHdG

there were strong immunoreactivities for 4-HNE observed in the
cytoplasm of all cell types for the non-treated [EB group (Fig. 5E).
Lesser amounts of immunoreactivity for 8-OHdG and 4-HNE were
observed in the edaravone-treated 1EB group (Fig. 5C and F) as
compared to that observed in the non-treated IEB group, while
weak immunoreactivities were observed in the normal group
(Fig. 5A and D).

3.3. ABR

The time course change for the threshold shift after the pressure
loading is shown in Fig. 6A. Immediately after the pressure loading,
the threshold shift of the edaravone-treated 1EB group was
51 + 4 dB, while that of the non-treated IEB group was 50 + 4 dB.
There was a significantly faster improvement of the threshold shift for
the edaravone-treated IEB group as compared to that seen for the
non-treated 1EB group (Repeated Measures ANOVA, P=0.0016).
When the final auditory function was measured at 7 weeks after the
pressure loading, the threshold shift of the edaravone-treated 1EB
group was 18 + 6 dB with 33-dB ameliorations. The threshold shift
for the non-treated IEB group was 30+ 6 dB with only 20-dB
ameliorations. These results were marginally significantly different
(P =0.0564, Mann-Whitney U-test).

In the clinical cases of sudden deafness, most of the severely
damaged ears are not cured and it is difficult to evaluate the
pharmaceutical effects against severely damaged ears. Therefore
we excluded all animals with severe threshold shifts (scale out and
>60dB) and evaluated the therapeutic effect of edaravone on
animals whose threshold shifts were less than 50 dB. The time
course change for the threshold shift after the pressure loading is
shown in Fig. 6B. The threshoid shift of the edaravone-treated IEB
group exhibited a significantly faster improvement as compared to
that of the non-treated IEB group (Repeated Measures ANOVA,
P=0.0245). Significant improvement of the threshold shift was
observed in the edaravone-treated IEB group at 2 and 7 weeks
(Mann-Whitney U-test, P=0.0118, P=0.0469).

4. Discussion

Barotrauma arises due to atmospheric pressure changes in
organs that form a cavity such as the ear, paranasal sinus, and the
lung. The frequently occurring aural barotrauma has been
classified into three groups: external barotrauma, middle ear
barotrauma, and [EB. IEB is the most important of the barotraumas
because the hearing loss associated with the IEB can become a
permanent and disabling injury of the cochleovestibular system.
Although the precise mechanism of IEB has yet to be determined,
several hypotheses have been proposed, such as the rupture of
Reissner’s membrane (Simmons, 1978), round or oval window
fistula (Goodhill, 1971), or circulatory disturbances within the

Fig. 3. immunoreactivities of 8-hydroxy-2-deoxyguanosine {8-OHdG) in the organ of Corti. Animals for immunohistochemistry of the organ of Corti were sacrificed 1 h after
the pressure loading and the slices were prepared. Three rows of the outer hair cells (OHCs) are indicated by the numbers 1. 2, and 3. Scale bar = 50 pm. (A) Weak
immunoreactivity was observed in the OHCs region in the normal group. (B) Strong immunoreactivity was observed in nuclei of the OHCs in the non-treated 1EB group. (C)
Lesser amounts of immunoreactivity were observed in the same region of the edaravone-treated 1IEB group as compared to that observed in the non-treated JEB group.
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8-OHdG

B

Fig. 4. Inmunoreactivities of 8-hydroxy-2-deoxyguanosine (8-OHAG) and 4-hydroxy-2-nonenal (4-HNE) in the spiral ganglion cells. Animals for immunohistochemistry of
the spiral ganglion cells were sacrificed 1 week after the pressure loading and sections were prepared. Scale bars = 50 p.m. (A) Weak immunoreactivities for 8-OHdG were
observed in the normal group. {B) Strong immunoreactivities for 8-OHdG were observed in the nuclei of the spiral ganglion cells in the non-treated IEB group. (C) Lesser
amounts of immunoreactivity were observed for 8-OHdG in the same region of the edaravone-treated [EB group as compared to that observed in the non-treated [EB group.
(D) Weak immunoreactivities for 4-HNE were observed in the normat group. (E) Strong immunoreactivities for 4-HNE were observed in the cytoplasm of the spiral ganglion
cells in the non-treated 1EB group. (F) Lesser amounts of immunoreactivities were observed for 4-HNE in the same region of the edaravone-treated IEB group as compared to
that observed in the non-treated IEB group.

inner ear (Kelemen, 1983). The rupture of Reissner’s membrane
theory was proposed based on data from an audiogram of an 1EB
patient. In this patient, the IEB was thought to have induced
rupture of Reissner's membrane, which caused a mixing of the
endolymph and perilymph that ultimately led to the hearing loss
(Simons, 1978). In the round or oval window fistula theory, both
the explosive route (cochlear aqueduct and the internal auditory
meatus) and the implosive route (eustachian tube and the middle
ear) have been suggested as the pathways of the membrane fistula
(Goodhill, 1971). The circulatory disturbance theory was based on
the autopsy findings of two drowning victims (one from scuba

diving and one from a traffic accident) in which there were massive
hemorrhages in inner ears that lacked tympanic and round
window fistulas (Kelemen, 1983). In the animal model of IEB,
scala tympani and scala vestibuli hemorrhages have been
previously documented (Tanabe et al, 1986), and in a second
study in 180 ears examined after the pressure loading, no fistulas
were seen in the round window membranes (Tanabe et al,, 1984).

In the present study, cochlea 3 h after the pressure loading
showed hemorrhage in the scala tympani, scala media, and scala
vestibuli (Fig. 2), indicating that circulatory disturbance plays an
important role in 1EB's pathophysiology. In another study, free

Fig. 5. Immunoreactivities of 8-hydroxy-2-deoxyguanosine (8-OHdG) and 4-hydroxy-2-nonenal (4-HNE) in the stria vascularis. Animals for immunohistochemistry of the
stria vascularis were sacrificed 1 week after the pressure loading and sections were prepared. Scale bars = 20 jum. {A) Weak immunoreactivities for 8-OHdG were observed in
the normal group. {B) Strong immunoreactivities for 8-OHdG were observed in the nuclei of the marginal cells, intermediate cells, and basal cells in the non-treated IEB group.
(C) Lesser amounts of immunoreactivity were observed for 8-OHdG in the same region of the edaravone-treated IEB group as compared to that observed in the non-treated
IEB group. (D) Weak immunoreactivities for 4-HNE were observed in the normal group. (E) Strong immunoreactivities for 4-HNE were observed in the cytoplasm of the
marginal cells, intermediate cells, and basal cells in the non-treated IEB group. (F) Lesser amounts of immunoreactivity were observed for 4-HNE in the same region of the
edaravone-treated IEB group as compared to that observed in the non-treated IEB group.
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Fig. 6. (A) Use of auditory brainstemn response (ABR) measurements (30-70 dB) to
compare the auditory function between the edaravone-treated (n=15) and the
non-treated (n = 15) IEB groups. In the ABR measurement, a click at 4 kHz was used
for the auditory stimulus followed by the recording of 100 sweeps. As determined
by peak I of the waveform, the ABR threshold was recorded from 90 to 20 dB using
10-dB steps. The threshold shift of the edaravone-treated [EB group exhibited
significantly faster improvement as compared to that of the non-treated IEB group
(P < 0.005, Repeated Measures ANOVA). There was a marginally significant
difference at the final auditory function examination that was performed at 7 weeks
after the pressure loading (P=0.0564, Mann-Whitney U-test). Values are
mean + SE. (B) Use of ABR measurements (30-50dB) to compare the auditory
function between the edaravone-treated (n = 9) and the non-treated (n = 9) IEB groups
after excluding severely damaged ears (scale out and >60 dB were excluded). There
was a significantly faster improvement of the threshold shift for the edaravone-treated
IEB group as compared to that seen for the non-treated IEB group (**P < 0.05, Repeated
Measures ANOVA). The significant improvements in the threshold shift in the
edaravone-treated IEB group were observed at 2 and 7 weeks after the pressure loading
(‘P < 0.05, Mann-Whitney U-test). Values are mean =+ SE.

radicals have been demonstrated to be involved in circulatory
disturbances of the brain (Demougeot et al., 2004). In the ischemia-
reperfusion animal model, hydroxyl radicals (Ohlemiller and
Dugan, 1999) and NO (Tabuchi et al, 1999) strongly damaged
the cochlea, particularly the OHCs. In the present study, the strong
detection of the 8-OhdG immunoreactivity indicated that there
was oxidative DNA damage in the OHCs. This suggests that the
damage was induced by free radicals that were associated with the
IEB. In the present study, obvious hair cell loss was not observed. In
the studies on noise-induced hearing loss model, increased ROS
activity continues for several days after the intense noise exposure
and the persistent ROS activity leads to hair cell death. The
mechanism or time course of hair cell damage in 1IEB might be
different from noise-induced hearing loss.

Since our data suggested there was an association between the
free radicals and IEB, we hypothesized that the administration of
edaravone, which is a free radical scavenger, would be useful as an
IEB treatment. In humans, edaravone has been shown to have
therapeutic effects on acute brain infarctions (Tohgi et al., 2003)
and in acute myocardial infarction (Tsujita et al., 2004). In the inner

ear of animals, edaravone has been used to successfully treat
endolymphatic hydrops (Takumida et al, 2007). Edaravone
inhibits the activation of the lipoxygenase pathway in the
arachidonic acid cascade, which in turn prevents the over-
production of superoxide anions (Watanabe and Egawa, 1994).
It also reacts with hydroxy! or peroxyl radicals to form oxidized
compounds in addition to possessing a competitive hydroxyl
radical scavenging action (Watanabe et al,, 1994).

In the present study, the immunoreactivities of 8-OHdG in the
OHCs of the organ of Corti and immunoreactivities of 8-OHdG and
4-HNE in the stria vascularis and spiral ganglion cells were strongly
observed in the non-treated IEB group. This suggests that severe
pressure changes can cause serious oxidative stress within the
cochlear tissue that can ultimately lead to acute SNHL. On the other
hand, lesser amounts of immunoreactivity were observed in the
inner ear tissue of the edaravone-treated IEB group as compared to
that observed in the non-treated IEB group. Weak immunoreactiv-
ities were also observed in the inner ear tissue of the normal group.
These results indicate that edaravone biochemically reduces the
oxidative stress in the cochlear tissue. Functional evaluation by
ABR also revealed there was a therapeutic effect of the free radical
scavenger on the IEB-induced SNHL. Because the main target of
inner ear barotraumas in the present condition was the basal to
middle turn, immunoreactivity of 8-OHdG and 4-HNE could be the
strongest in the basal turn and less in the apical turn. The different
response against IEB among each cochlear turns needs to be further
studied.

From the current results, we can infer that the mechanism of
pathogenesis of the inner ear barotrauma may be as follows. IEB
induces circulatory disturbances that then produce ROS such as
hydroxyl radicals. These radicals then damage the organ of Corti,
stria vascularis, and spiral ganglion cells, which ultimately causes
hearing loss. When edaravone is administered at an early stage of
the damage cycle, it is able to remove the cytotoxic radicals,
inhibit the oxidative DNA damage, and prevent the lipid
peroxidation of the cochlear tissue, so that there is a net
improvement of the threshold shift observed. Therefore, the
relationship that was observed between ROS and IEB in the
current study should have a positive impact on the development
of IEB therapies in the future.

In conclusion, the results of the present study indicate that free
radicals play important roles in the mechanism of 1EB, and that
edaravone is therapeutically effective in helping to prevent
oxidative damage that can occur as a result of IEB. These findings
not only provide a physiological rationale for using edaravone in
the clinical treatment of IEB, but also indicate that free radical
scavengers might possibly be the therapeutic agent of choice in [EB
treatments.

To our knowledge, the present study is the first report to verify
that free radicals participate in IEB, and that edaravone is a
therapeutically efficacious treatment for IEB.
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