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Physical and Functional Interaction between Dorfin and VCP
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Fi6. 3. In vitro interaction between Dorfin and VCP.

Dorfin®Y, MBP-Dorfin®, MBP-Dorfin®, and MBP-Parkin protein:
molar concentrations to VCP proteins were used for the assays.

A, recombinant His- or GST-VCP protein was incubated with MBP-mock, MBP-
s in vitro. Two peg of His- or GST-VCP proteins and MBP fusion proteins at similar
The amounts of MBP fusion and GST fusion Dorfin derivatives and His-VCP in

10% of the samples used are shown {10% input). NTA, nitrilotriacetic add. IB, jmmuncblot. B, 2 pg of His-VCP was incubated with MBP-mock,
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binding between Dorfin and VCP and to determine the exact
vortion of Dorfin that interacts with VCP in vitro, we per-
formed pull-down assays using vecombinant proteins. Recom-
binant MBP-Dorfin or its deletion mutants (i.e. MBP-Dorfin™
and MBP-Dorfin®) and the same molar of recombinant His-
VCP or GIT-VCP were mixed and incubated for 1 h at 4 °C.
MBP-mock protein was used as a negative control in these
experiments. A small portion of MBP-Dorfin™! or Dorfin® (C-
terminal substrate-recognizing domain) bound to both His-
VCP and GST-VCP, whereas MBP-mock, MBP-Dorfin™ (N-
terminal RING-IBR domain), and MBP-Parkin did not bind to
His-VCP or GST-VCP (Fig. 34). We next determined the num-
ber of Dorfins that bind one hexamer of VCP, To investigate
this issue, we incubdted His-VCP with increasing amounts of
MRP-Dorfin™", MBP-Dorfin®, MBP-Dorfin®, MBP-mock, or
MBP-Parkin. As shown in Fig. 3B, the amount of binding
portion of MBP-Dorfin™! and -Dorfin® pulled down with His-
VCP was not saturated below the even molar ratio. The pull-
down experiments using excess amounts of MBP-Dorfin®™ re-
vealed that MBP-Dorfin™! was saturated at the even molar
ratio (Fig. 3C). As reported previously (15), recombinant His-
VCP sedimented in high molecular weight fractions, indicating
that it formed a hexamer in vitre (Fig. 3D). These findings
indicated that six Dorfin molecules were likely bind to a VCP
complex in vitro.

Subcellular Localization of Dorfin end VCP in HEK293
Ceils—In previous studies, we showed that exogenous and en-
dogenous Dorfin resided perinuclearly and was colocalized with
Vimentin in cultured cells treated with a proteasome irnthibitor
{4). The staining patterns of Dorfin were indistinguishable
from those of the aggresome, namely a periceniriolar, mem-
brane-free, cytoplasmic inclusion containing misfolded ubiqui-
tylated proteins packed in a cage of intermediate filaments (4).
VCP immunostaining was also observed throughout aggre-
somes in cultured neuronal cells when induced by treatment
with a proteasome inhibitor (15). In order to examine the sub-
cellular localization of Dorfin and VCP, GFP-Dorfin and HA-
VCP were co-expressed in HEK293 cells. Without proteasome
treatment, GFP-Dorfin-expressing cells showed granular fluo-
rescence in the cytosel, and the HA-VCP-expressing cells
showed diffuse and uniform cytoplasmic staining (Fig. 44).
Treatment with MG132 (1 um, 16 h) resulted in accumulation
of both GFP-Dorfin and HA-VCP and perinuclear colocalization
as a clear large protein aggregate that mimics aggresomes
(Fig. 4B).

Colocalization of Dorfin and VCP in the Affected Neurons of
ALS and PD—In previgus studies, immunostaining of Dorfin
and VCP was independently noted in LBs of PD, and the
peripberal staining pattern of both proteins in LBs was similar
(7, 23). To confirm the immunoreactivities of Dorfin and VCP in
the affected neurons in ALS and PD, we performed a double-
labeling immunofluorescence study using a rabbit polyclonal
anti-Dorfin antibody (Doxfin-41) and a mouse monoclonal VCP
antibody on the postmortem samples of ALS and PD. In the
ALS spinal cords, both proteins were colocalized in the LB-like
inclusions (Fig. 5, A-F). The margin of LBs in PD was intensely
immunostained for Dorfin and VCP, and merged images con-
firmed their strong colocalization (Fig. 5, G=L). Dorfin and VCP
were also positive in Lewy neurites in the affected neurons of
PD (Fig. 5, M-0).
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Fia. 4. Subcellular localization of GFP-Doxfin and HA-VCP in

HEK293 cells treated or unireated with a preteascme inhibitor.

GFP-Dorfin and HA-VCP were co-expressed transiently in HEK 293
cells. Cells were treatad with (B) or without (4) 1 um MG132 for 16 h.
HA-VCP was stained with anti-menoclonal HA antibody (12CA5). Nu-
clei were stained with 4',6-diamidino-2-phenylindole (DAPD, Without
the treatment of M(G132, GFP-Dorfin was spread through the cytosol,
and it appeared like small aggregations. HA-VCP was also seen mainly
in the cytosol and partly colocalized with GFP-Dorfin (4}, After treat-
ment with 1 um MG132 for 16 h, both GFP-Dorfin and HA-VCP showed
perinuclear accumclation and colocalization and appeared as clear
large protein aggregates (B; arrows).

Dorfin Ubiquitylates Mutant SODI in Vivo—Unlike the
wild-type form, mutant SOD1 proteins are rapidly degraded by
the ubiquitin-proteasome system. Consistent with our previous
results (5), SOD1%9%4 and SOD1%%%F were polyubiquitylated,
and co-expression with FLAG-Dorfin"" enhanced polyubiqui-
tylation of these mutant SOD1s compared with co-expression
with FLAG-BAP, a negative control construct (Fig. 64). Boiling
with 1% SDS-containing buffer did not change the level of
ubiquitylated mutant SOD3, indicating that mutant SODI it-
self was ubiquitylated by Dorfin (Fig. 6B). We also performed
the same in vivo ubiquitylation assay using Neuro2a cells to
examine for E3 activity of Dorfin in neurcnal cells, The en-
hanced polyubiquitylation of these mutant SOD1s by Dorfin
was observed in Neuro2a cells as well as in HEE293 cells (Fig.
6C). FLAG-Dorfin®132%/C1355 4id not enhance polyubiquityla-
tion of mutant SOD1s, indicating that this RING finger mutant
form was functionally inactive (Fig. 81).

VCP®244 Sunpresses the B3 Activity of Dorfin—VCP has two
ATPase binding domains (D1 and D2). A D2 domein mutant,

- VCP¥5%# induces cytoplasmic vacuoles, which mimics vacuole

formation seen in the affected neurons in various neurodegen-
erative diseases (11, 15). The D2 domain represents the major
ATPase activity and is essential for VCP function (11). The
ATPase activity of VCP¥52*% iz much lower than that of
VCPYT, and VCP¥5245 canged accumulation of polyubiquity-
lated proteins in the nuclear and membrane fractions together
with elevation of ER stress marker proteins due fo ERAD

MBP-Dorfin™', MBP-Dorfin™, MBP-Dorfin®, and MBP-Parkin with increasing amounts {molar ratio to VCP: 0.25, 0.5, and 1.0). The amounts of
MBP fusion Dorfin derivatives and His-VCP in 10% of the samples used are shown (10% input). C, 2 pg of His-VCP was incubated with
MBP-Dorfin™! with increasing amounts (molar ratio to VCP: 0.25, 0.5, 1, 2, and 4). The amounts of MBP-Dorfin™! and His-VCP in 10% of the
samples used ave shown (10% input). D, His-VCP protein (0.5 pg) was fractionated by 10-40% glycerol gradient centrifugation followed by
separation into 30 fractions using a fraction collector, Immunoblotting using anti-VCP antibody was performed on the selected fractions (fractions
2-17). *, The molar ratio was calculated by the amount of VCP monomers, not VCP complexes.
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Fic. 5. Colocalization of Dorfin-41 immunoreactivity with
VCP in neuronal inclusiens in ALS and PD. Sections were doubly
labeled with anti-Dorfin-41 antiserum and monoclonal VCP antibody
and analyzed with a laser-scanning confocal microscope. The left panels
(green) correspond to Deorfin, middle panels (red) correspond to VCP,
and right panels correspond to merged images; structures in yellow
indicate colocalization. Colacalization of Derfin and VCP is seen in
LB-like inclusions in motor neurons of the spinal cord of ALS (A-F).
Dorfin is also colocalized with VCP in the margin of LBs (G=]), prema-
ture LBs (J-L), and Lewy neurites (3~0) in the nigral neurons of PD.
Seale bars, 20 pm (A-L} and 10 pum (M-0).

inhibition, whereas its expression level, localization, and com-
plex formation were indistinguishable from those of VCPWT
(11). In order to examine the functional effect of VCP on Dorfin,
VCPWT, VCPX524A oy YacZ wag co-expressed with SOD1%86R,
FLAG-Dorfin, and HA-Ub in HEK293 cells. Co-expression with
VUP**24A showed a marked decline of polyubiquitylation of
SOD1%%® compared with co-expression with VOGP¥T or LacZ
(Fig. TA, top and middle). Since Dorfin physically interacts
with mutant SOD1s (5), we next investigated whether this
decline of polyubiquitylation of SQD1%%F was mediated by
reduced affinity between SOD1%%% and Dorfin. Immunopre-
cipitation by anti-FLAG antibody showed that VCP¥®2%4 did
not change affinity between SOD1%%® and Dorfin (Fig. 74,
bottom). Neither VCP™T nor VCP¥®?44 changed the level of
polyubiguitylation protein in the total lysate (Fig. 7B). To clar-
ify whether this negative effect of VCP¥5%44 g specific for
Dorfin, we assessed the autoubiquitylation of FLAG-Parkin in
the presence of VCPWT, VOP¥S2A op [acZ. Co-expression of
VCP¥524A id not decrease autoubiquitylation of FLAG-Parkin

compared with co-expression of LacZ or VCPWT (Fig. 7). We

performed the same experiments using Neurc2a cells to see
whether VCP¥5%44 syonress the B3 activity of Dorfin in neu-
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ronal cells, The marked dechine of polyabiquitylation of
SOD1%8SE by VCPKE24A eypression was also seen in NeuroZa
cells (Fig, 7D).

DISCUSSION

UBls in the affected neurons are histopathological hallmarks
in various neurodegenerative disorders (8). Dorfin is an E3
ligase, which can ubiquitylate mutant 80D1s and synphilin-1
(5, 24). These substrates and Dorfin were identified in UBIs in
various neurodegenerative diseases, such as LB-like inclusions
in ALS and LBs in PD and dementia with Lewy bodies (7). This
finding suggests that Dorfin may play a crucial role in the
process of generating inclusions in the affected neurons. In the
present study, we identified VCP as one of the Dorfin-associ-
ated proteins using mass spectrometry, and VCP-Dorfin phys-
ical interaction was confirmed by an immunoprecipitation ex-
periment using FLAG-Dorfin and HA-VCP overexpressed in

. HEK293 cells (Fig. 14). VCP is an essential and highly con-

served protein of the AAA-ATPage family, which is considered
to have diverse ceilular functions, such a5 membrane fusion
(256-27), nuclear trafficking (28), cell proliferation (29, 30), and
the ERAD) pathway (18—22). Many reporis have implied that
VCP is involved in the pathogenesis of various neuromuscular
diseases. VCP has been implicated as a factor that modifies the
progress of polyglutemine-induced neuronal cell death (15), In
addition, histopathological studies revealed positive staining
for VCP in UBIs in PD and ALS with dementia (23). VCP is also

- associated with MJD protein/atxin-3, in which abrermal ex-

pansion of polyglutamine tracts eanses Machado-Joseph dis-
case/spinocerebellar ataxzia type 3 (31). VCP is alse required for
the degradation of ataxin-3 in collaboration with E4B/Ufd2a, 2
ubiquitin chain assembly factor (E4) (32). Recent studies have
indicated that missense mutations in the VCP gene cause in-
clusion body myopathy asseciated with Paget’s disease of bone
and frontotemporal dementia, which is characterized by the
presence of vacuoles in the cytoplasm in muscle fibers (33).

Our results showed that endogenous Dorfin formed a 400~
600-kDa complex in various tissues and various eultured cells
(Fig. 1B}. Dorfin is a ~91-kDa protein; therefore, this high M,
complex should include Dorfin-associated proteins, although
the possibility that Dorfin itself oligomerizes in the cell cannot
be excluded. Glycerol gradient cenfrifugation analysis and im-
munoprecipitation experiments in the preseni study showed
that endogenous Dorfin interacted with endogenous VCPin a
complex of approximately 600 kDa, possibly including a Dorfin
molecule and a hexametric form of VCP (Fig. 1C).

The first RING mutant of Dorfin, in which Cys at positions
132 and 135 changed to Ser, was prepared. This mutant Dorfin,
Dortin®1329C1358  oquld not ubiquitylate mutant SOD1s (Fig.
6D). Glycerol gradient centrifugation analysis revealed that
Dorfin©328/C1358 did not form a high M, complex, whereas
exogenous wild type Dorfin (Dorfin™") formed a high M, com-
plex similar to endogenous Dorfin (Fig. 24). Furthermore, an
immunoprecipitation experiment wusing Dorfin™T and
Dorfin®1328C1358 yovagled that Dorfin™T could interact with
VCP, whereas Dorfin®1828/C1885 oo41d not (Fig. 28).

Our in vitro study using recombinant proteins showed that
full-length (MBP-Dorfin™) and the C terminus of Dorfin
(MBP-Dorfin®) directly interacted with VCP, wherezs the
MBP-Dorfin™ mutant, containing the entire RING finger domain
(amine acid residues 1-367), did not bind to VCP (Fig. 34). This
finding was unexpected, since in vivo binding analysis supgested
that Dorfin could interact with VCP at the RING finger do-
main, It is plausible that certain structural changes in
Dorfin323/C1358 might render the C-terminal VCP-binding por-
tion incapable of accessing VCP molecules. This may explain the
result that Dorfin®1925/C3%58 4id not form a high M, complex.
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Fig. 6. Doxfin ubigunitylates mutant SOD1s in vivo. 4, increased ubiquitylation of mutant SOD1 proteins by overexpression of Dorfin.
HEK293 cells were co-transfected with SOD1¥T-Myc, SOD1%%4.Mye, or SOD1¥F.Myc and HA-Ub with or without FLAG-Dorfin. FLAG-bovine
alkaline phosphatase (BAF) was used as a negative control. Immunaprecipitation (IP) was performed with Myc antibedy (9E10), IB, immunohlot-
ting. B, SDS boiling was performed prior to immunoprecipitation. To examine covalently ubiquitylated molecules, the cell lysate was boiled with
the buffer containing 1% SDS for 5 min. Immunoprecipitation with Myc antibedy (§£10) showed that the SDS-boiling procedure did not change
polyubiguitylation level of SOD1%%®.Myc by Dorfin. C, increased ubiquitylation of mutant S30D1 proteins by overexpression of Dorfin in Neuro2a
cells. The same i vivo ubiquitylation assay as in A was performed using Neuro2a cells. D, DorfinC13%/01355 (DrfinC1525/C1958) did not have E3
activity on mutant SOD1, HEK293 cells were co-trapsfected with SOD1%"-Mye, SOD15%4.Mye, or SOD1%FMyc and HA-Ub with FLAG-

- Dorfin¥T or FLAG-Dorfin®W¥2¥01368 The gsferisks indicate IgG light and heavy chains.
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Fic. 7. A dominant negative mutant of VOP, VOPEA inhibits the E3 nbiquitin ligase activity of Dorfin. A, inhibition of dominant
negative form mutant VCP¥244 on the E3 ubiquitin ligase activity of Dorfin. BEK293 cells were co-transfected with SOD1%8%R.Mye, HA-Ub,
FLAG-Dorfin, and VCPWT, VOPXS24A or T ac%, Immanoprecipitation (IP) was performed with Mye antibody (9E10) and FLAG antibody (M2). IB,
immunoblotting. B, neither VCPWT nor VCP*®244 changed the level of total polyubiquitylated protein in the cell lysate. Ten percent of the volume
of HEK293 cells used in A was subjected to immunoblotting wsing anti-HA {12CA5) antibody. C, autoubiquitylation of FLAG-Parkin was not
influenced by the dominant negative form VOPES4A, HEK293 cells were co-transfected with FLAG-Parkin, HA-Ub, and VCPYT, VOP¥824A, or LacZ.
Immunoprecipitation with FLAG antihody (M2) was performed, D, inhibition of VOP*24A op E3 ubiquitin ligase activity of Dorfin in NeuroZ2a cells.
Neuro2a cells were co-transfected with SOD1%%°®.Mye, HA-Ub, FLAG-Dorfin, and VCP¥T, VCPE:24A or LacZ, Immuonoprecipitation was performed
using Myc antibody (9E10) and FLAG antibody (M2). The asterisks indicate IgG light and heavy chains.
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The amount of Dorfin bound with VCP was saturated at even
molar ratio in vitro (Fig. 3, B and C). Since VCP exists as a
homohexamer (Fig. 3D), the in vivo ohserved size of ~600 kDa
appears to be too small for the Dorfin-VCP complex if one VCP
molecule binds to more than one Dorfin as shown in in vitro
experiments. However, it is noteworthy that the size of mele-
cules estimated by glycerol density gradient centrifugation
analysis used in this study is not accurate and sufficlent to
discuss the molecular interaction of Dorfin and VCP in the
cells. To date, various adaptor prot.ems with which VCP forms
multiprotein complexes, have been itified, such as Npl4,
Ufd1 (18, 20), URA2 (34), U3 (25)'p47 (36), or SVIP (37).
Although our ir vitro study showe physical interaction
between Dorfin and VCP, the environment with those adaptor
proteins might reflect in vivo conditions: This alse may explain
the apparent discrepancy of the Doifin-VCP binding fashions
between in vive and in vitro analys

Treatment with a proteasomal mhxbi_ r causes the translo-
cation of endogenous VCP and Dorfin to the aggresome in
cultured cells (4, 15). Qur results showed that these two pro-
teins indeed colocalized perinuclearly in the aggresome follow-
ing treatment with a proteasomal inhibitor (Fig. 4). Further-
more, we were able to demonstrate both Dorfin and VCP
immunoreacfivities in LB-like inclusions in ALS and LBs in FD
(Fig. ). In the majority of LBs, indistinguishable peripheral
staining patterns were observed with hoth anti-Dorfin and
anti-VCP antibodies. These results confirmed that both Dorfin
and VCP are associated with the formation processes of aggre-
somes and inclusion bodies through physical interaction.

We showed here that co-expression of VCP*52%A resulted in a
marked decrease of ubiquitylation activity of Dorfin compared
with co-expression of VOPYT or control, On the other hand,
VCPE5244 fajled to decrease autoubiquitylation activity of Par-
kin, VCPE5%% did not change the level of polyubiquitylated
protein accumulation in the cell lysate in this study (Fig. 7).
Knockdown experiments using the RNA interference technique
showed accumulation of polyubiguitylated proteins (38). Com-
bined with, the observation that inhibition of VCP did mnot
decrease the general acevmulation of polyubiquitylated pro-
teins, our results indicated that the E3 regulaiion function of
VCP may be specific to certain E3 ubiquitin ligases such as
Dorfin. VOP is an abundant protein that accounts for more
than 1% of protein in the cell cyt.osol and is known to have
various chaperone-like activities (39) therefore, it may func-
tion as a scaffold protein on the E3. activity of Dorfin. The
localization of Doxfin and VCP in UBIs in;various neurcdegen-
erative disorders indicates the mvn]vement of these proteins in
the quality control system for abnormal’ protems accumulated

- in the affected neurons in neurodegenera_tlve diserders.

Since the unfolded protein respongé and ERAD are dynamic
responses required for the coordinated dispesal of misfolded
proteins (40), the ERAD pathway ean be critical for the etiology
of neuronal cell death caused by varicus unfolded proteins,
VCP is required for muitiple aspects of the ERAD system by
recognition of polyubiquitylated proteins and translocations to
the 26 S proteasome for processive degradation through the
VCP-Npl4-Ufdl complex (18, 41). Our results suggest the in-
volvement of Dorfin in the ERAD system, which is related to
the pathogenesis of neuradegenerative disorders, such as PD or
Alzheimer’s disease. Further study including Dorfin knockout
and/or knockdown models should examine the pathophysiology
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of Dorfin in association with the ERAD pathway or other cel-
Inlar functions. Such studies should enhance our understand-
ing of the pathogenetic role of Dorfin in neurcdegenerative
disorders.
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Summary

Six1 is a member of the Six family homeobox genes, which
function as components of the Pax-Six-Eya-Dach gene
petwork to control organ development. Séx] is expressed in
otic vesicles, nasal epitheliz, brauchial arches/pouches,
nephrogenic cords, somites and a limited set of gangfia. Tn
this study, we established SivI-deficient mice apd found
that development of the inner ear, nose, thymus, kiduey
and skeletal muscle was severely affected. Six/-deficient
embryoes were devoid of inner car stractures, including
cochlea and vestibule, while their endolymphatic sac was
enlarged. The inner ear anomaly began at around E10.5
and SixI was expressed in the ventral region of the otic
vesicle in the wild-type embryos at this stage. In the otic
vesicle of SixI-deficient embryos, expressions of Opcl, Ofx2,
Lfng and Fgf3, which were expressed ventrally in the wild-

type otic vesicles, were abolished, while the expression

domains of Dix5, Hmx3, Dacil and Dach2, which were
expressed dorsally in the wild-type otic vesicles, expanded
venfrally. Qur results indicate that Six] functions as a key
regulator of otic vesicle patterning at early embryogenesis
and controls the expression demains of downstream otic
genes responsible for respective inner ear structures. In
addition, cell proliferation was reduced and apoptotic cell
death was enhanced in the ventral region of the otic vesicle,
suggesting the involvement of SixI in celi proliferation and
survival. In spite of the similarity of otic phenotypes of
Six1- and Shi-deficient mice, expressions of SixI and Shh
were mutually independent.

Key words: Six/, Otic vesicle, Inner ear, Pattern formation, Cell
proliferation, SkA, Mouse

Introduction

The Six gene family was identified as a homologue of the
Drosophila sine oculis (so) and is conserved in various species
(Seo et al,, 1999; Kawakami et al., 2000}, Six gene products
are characterized by the Six domain and Six-type
homeodomain, which are required for specific DNA binding
activity and function as transcription factors (Kawakami et al.,
1996; Spitz et al., 1998; Qhto ot al,, 1999; Li et al., 2002;
Lagutin et zl., 2003). At present, six members of the family
have been identified in mammals, and all members show a
spatiotemporally regulated pattern of expression during
embryogenesis, suggesting their involverent in embryonic
development (Seo et al., 1999; Kawakami et al., 2000). The
Si% gene family is known to function as a component of the
Pax-Six-Eya-Dach gene network, This property was originally
identified in genetic studies using Drosophila. Compound eye
formation has been extensively examined as a model system of
organ development, and the important eye-forming genes,
eyeless (ey, a Pax6 homologue), twin of eyeless (toy, another
Pax¢ homologue), sine oculis (50, a Six homologue), eyes
absent (eva, an Eya homeologue) and dachshund (dac, a Dach

homologue), have been identified. Genetic and biochemical
studies have revealed the hierarchy, cooperative relationships
and physical interactions among these genes and their encoded
proteins; foy activates gy (Czermy et al., 1999), and ey and/or
toy activate so and eya (Halder et al., 1998; Niimi et al., 1999;
Zimmerman et al., 2000), then so and eya cooperate to activate
dac (Pignoni et al., 1997; Chen et al., 1997). In addition to such
a hierarchy, reciprocal feedback loops operate to form complex
regulatory gene networks (Chen et al., 1997; Pignoni et ai,
1997). Of note is that the vertebrate homologues of these
Drosophila genes, Paxd (Walther and Gruss, 1991), Six3/Six6
{Oliver et al., 1995a; Toy et al., 1998), Eyal/Eya2/Eyal3 (Run et
al., 1997) and Dachi/Dach2 (Caubit et al., 1999; Davis et al.,
2001), are expressed in the developing eyes, and some of them
were shown to be involved in eye development (Hill et al.,
1991; Ton et al., 1991; Glaser et al., 1992; Oliver et al., 1996;
Kobayashi et ai., 1998; Loosli et al., 1999; Lagutin et al., 2001;
Carl et al., 2002; Li et al., 2002; Lagutin et al.,, 2003). A similar
gene network was found to control chick myogenesis, in which
Six1, Eya2 and Dach2 synergistically regulate the expression
of myogenic genes such as myogenin and MyeD (Heanue et
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al., 1999). In addition, PaxJ induces the expression of Séxl and
Eya2 before induction of MyeD and myogenin expression
(Ridgeway and Skerjanc, 2001}, Pax3 is involved in
myogenesis also by activating Dach? expression and is
reciprocally activated by Dach2 (Heanue et al., 1999; Kardon
et al,, 2002). Furthermore, homologues of these gene families
are expressed in various developing organs in a spatiaily
and temporally overlapping manner during embryogenesis,
suggesting that similar gene networks regulate the
development of various organs in addition to the eye and
skeletal muscles. In fact, an increasing number of loss-of-

function mutations in Pax, Eya and Six genes have been.

reported to cause defects in various organs. Pax2-deficient
mice show defects in eyes, ears and the urogenital system
(Favor et al., 1996; Torres et al., 1996). Loss of Eyal in mice
results in the absence or anomalies in the ear, thymus,
parathyroid gland, kidney, thyroid and skeleton (Xu et al.,
1999, Xu et al., 2002). For Six genes, ipactivation of mouse
Six6 is associated with hypogenesis of the pituitary gland and
retina (Li et al., 2002). SIX? mutations in humans cause
holoprosencephaly, and Six3 inactivation in mice resulis in a
lack of anterior head structures, including eyes and nose
{Wallis et al., 1999; Lagutin et al., 2003).

Six{ is expressed in ofic vesicles, nasal cpithelia, branchial
arches/pouches, nephrogenic cords, somites and a lirmited set
of ganglia (Oliver et al., 1995b), However, it is unknown
whether or how Six/ is involved in the development of the inner
ear, nose, branchial arch/pouch-derived organs, kidney, ganglia
and skeletal muscies. To address this: question, we generated
and analyzed the organ development of Six/-deficient mice.
The inner ear, nose, thymus, kidney and skeletal muscles are
severely affecied in Six/-deficient mice, suggesting crucial
roles for Six/ in the development of these organs. Among these
phenotypes, the defects in inner ear development in the mutant
mice are intrigning because inner ears develop elaborate
structures with precise disposition and orientation in normal
embryogenesis. They are derived from the otic vesicle by
successive transformation and compartmentalization, but it is
poorly understood how the patteming of the otic vesicle is
established and what are the key factors for such complex
processes. Thus, this paper focused on the analysis of inner ear
development and identified the essential roles of SixJ in otic
vesicle patterning,.

Materials and methods

Construction of the Six7 targeting vector

The entire coding region of the murine Stx/ gene was isolated from
a 129/8v] mouse genemic library (Stratagene, La Jolla, California)
using a Six/ cDNA (Oliver et al,, 1995b) as a probe, and the exon-
intron crganization was determined. An Ncol site was generated at
the initiation codon by PCR mutagenesis to allow the insertion of
an in-frame enhanced green fluorescent protein (EG¥P) gene. The
targeting vector was constructed in pBluescript KS(+) (Stratagene)
and the organization is shown in Fig. 1A. In this consteuct the entire
coding region, including exons 1 and 2, the intervening intron and
the short stretch of the 3" untransiated region of exon 2, were
replaced with an EGFP fragment (Ncol-Sspl, 1.0 kb) from pEGFP-
N3 (Clontech, Palo Alte, California) and an Aph cassette (EcoRV-
Pvull, 2 kb) from pPGK-hph-bpd (Horai et al., 1998). The
diphtheria toxin A cassette (dfy (Ykol-Nod, 1.4 kb) fiom
pMCIDTpA (Yagi et al., 1993) was added at the 3" terminus for the
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negative selection. The resulting plasmid was linearized with Safl at
the 5’ end of the insert. - ‘

ES cell screening and chimeric mouse production

The linearized targeting vector (80 g) was electroporated (250 V, 500
WF} into 1 x 107 E14.1 ES cells (Kuhn et al., 1991) and transformants
were selected with hygremycin B (230 pg/ml; Invitrogen Japan K.X.,
Tokyo) for 5-9 days. Homologous recombinants were screened by
Southern blot hybridization. Genomic DNA from each resistant clone
was digested with Neol, analyzed by Southem blotting using the
probes Neol-Sacl, 1.2 kb fragment upstream of 5 homology (5
probe), and Xbal-EcoRl, 2.0 kb fragment downstream of 3° homology
{3’ probe), to confirm the comrect homelogous recombination at 5 and
37 sides, respectively (Fig. 1A). Chimeric mice were produced by the
aggregation method (Horai et al., 1998). Male chimeras were bred
with C57BLAS female mice fo check gemuline transmission.
Heterozygous mice were intercrossed to produce Six/-deficient mice.
Genotyping was carried out by Southern blot analysis (Fig. 1B) or
PCR (data not shown) in combination with morphological analyses.
In the PCR analysis, the targeted allele was detected with primers
WimSix1F (GCG CCC GGG CCC GTG CGC CCC) and KOmSixIR
(TGC CCC AGG ATG TTG CCG TCC), and the wild-type allele with
primers WitmSix1F and WtmSix1R (GCT TTC AGC CAC AGCTGC
TGC). :

In this study, Sh# mutant mice with a targeted deletion of exon 2
of the gene were also used (Chiang et al., 1996) (kindly supplied by
C. Chiang and C. C. Hui).

Mice were kept under specific pathogen-free conditions in
environmentally controlled "clean rooms at the Center for
Experimental Medicine, Jichi Medical School, and at the Laboratory
Animal Research Center, Institute of Medical Science, University of
Tokyo. All mice used in this study were sacrificed by cervical
translocation or anesthetization with diethyl ether. The experiments
were conducted: according to the institutional ethical guidelines for
animal experiments and safety guidelines for gene manipulation
experiments.

Histological examinations

Embryos and neonates were fixed in 10% formalin or 4% PFA jn PBS,
embedded in paraffin wax and then cut into 5-pim thick serjal sections.
De-waxed sections were stained with hematoxylin and eosin as
described previously (Ozaki et al., 2001). Alcian Blue/Alizarin Red
staining of neonatal skeletons was performed as described previonsly
{Wallin et al., 1994),

RNA in situ hybridization

In situ hybridization was performed using digoxygenin (DIG)-labeled
antisense riboprobes as described previously (Xu and Wilkinson,
1998). Eyal riboprobe was synthesized from a 528 bp HindIil
fragment of pHM6Eyal (Ohto et al., 1999) subcloned into pBluescript
KS(+). Six4 riboprobe was synthesized from a 630 bp Psl fragment
(ntd 1545-2175 of Sixd SM type cDNA) subcloned into pBluescript
K8(+). The following cDNAs were also used for in situ hybridization
probes: Six! (Oliver et al.,, 1995b), Om! and Onc2 (Matsuo et al.,
1995), Fgf3 (Wilkinson et al., 1988), £fzg (Morsli et al., 1998), Dix5
(Miyama et al,, 1999), Dachl (Caubit ¢t al., [999), Dach2 (Davis et
al., 2001), Pax2 (Nishinakamura et al., 2001), Bmp4 (a kind gift from
N. Ueno), Amx3 (Wang et al., 1998}, Shk (Urase et al., 1996), Peck
{Goodrich et al., 1996), Glil (Hui et al., 1994), Wnt2b (Riccomagno
et al., 2G02).

TUNEL analysis

For terminal deoxynucleotidyl transferase-mediated dUDP nick-end
labeling (TUNEL), embryos were fixed in 4% PFA in PBS, embedded
in OCT compound, and frozen and sectioned into serial cryosections.
Apoptotic cells were detected with the In Situ Cell Death Detection
Kit, POD (Roche Diagnostics Mannheim, Germany). Briefly,



fragmented DNA in apoptotic cells was end-labeled with fluorescein
and the labeled DNA. was detected with anti-flurescein antibody
conjligated with peroxidase and a chromogenic substrate.

BrdU incorporation

Pregnant female mice of gestation day 10.5 and - [1.5 were
intraperitoneally injected with 100 mg 5-bromo-2’-deoxyuridine
(BrdlJ) per kg body weight. Embryos were collected 1.5 hours later
and processed for preparation of S-p.m thick paraﬂ'm secnons as

room temperature and: rinsed with 0.1 M borate buffer (pH 8.5),

followed by incubation in 0.6% H20: i m PBS for 30 minutes at room -

" temperature. Subsequently, the sect1ons fwere incubated overnight in
peromdase -labeled anti-BrdU (Roche) at 4°C. After washing, sections
were stained in 0.4 mg/mt diaminobenzidine, O 68 mefml irnidazole,
: 0 01% Hz()z ‘and 50 ‘M Tris-HCL {pH 7.4).:

Fekete 1996) In brief, embryos were fixed in Bodian’s fixative,
dehydrated through graded ethanol solutionsithen cleared in methyl
salicylate and injected intothe lumen. of, the ‘membranous labyrinth
w1th wh:te pamt dlluted 1 to 100-in methyl sahcylate

ABR threshold ‘measurements
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thresholds were obtained for cach stimulus by varying at 10 dB steps
up and down to identify the lowest level at which an auditory brain
response (ABR) pattern could be recognized. These experiments were
conducted in five wild-type and six heterozygous mice at 5 to 6 weeks
of age.

Results

Generation of Six7-deficient mice

To explore the developmental roles of Six/, we inactivated Six!
in ES cells by replacing the entire coding region with EGFP
gene (Fig. 1A). Two' independent ES clones were confirmed as
homologous recombinants (data not shown), and both of them
gave geriline chimeric~mice. These chimeric mice were
crossed withyCS7BL/6 to-obtain F1 heterozygous mutant mice.
Heterozygotes appea.red normal in appearance and grew up to
adulthood as wild type (data not shown). The concentrations
of Na*, K¥, Cl, Ca?*: Mg¥, inorganic - phosphate, urea
mtrogen, creatmme, ‘albumin and.uric acid in serum and urine
were ‘measured ‘with an auto- analyzer and_.we observed no
significant difference in’ the’ concentrations- of all these
parameters between the, wﬂd—lype and hetefozygous mutant
mice (data not shown). We also performed -ABR testmg for
hearing impairment in th eterozygous ‘mutant mice. The
ABR thresholds were 25.0253; 14:035.2; 14.045.2, 11.0£3.2,
10.0+0.0 and 14,052 dBpeSPL for the mld-type mice and
23.344.9, 15.045.2, 10.842.9;10.0+0.0, 10.8+2.9 and 14.2+5.1
dBpeSPL for the heterozygotes at frequenmes of 5.6, 8.0,12.0,
18.0, 24.0 and 32.0 kHz, respectively, and there were no
significant differences in these values between the wild-type
and heterozygous mutant mice.

Homozygous mutants were born at Mendelian frequency
and showed few body moyements but were’ J:moe:c and died
immediately after birth. ’I’hey had nucrognath:a and the

eyelids .were sometimes_ [open” (data not shown). No
Six mRNA was detected in homozygotes (Fig. 1C),

-N N

Defects in ears, nose, thymus, kidneys and

A confirming that the entire coding region of SixJ/ was
wild-lypi allale . replaced by EGFP gene in this mutant, In the following
N — - N analyses, "wé used necnates and embryos from FI
L. #” - — :. E . - ; ' heterozygous matings.
soobe | Bd 5 grobe

la_r:geﬁng'\)ecélor . ’ :

knockou alidle
N
L&

N N

skeletal muscles of Six7-deficient necnates

Dissection analyses and hematoxylin and eosin (H-E})
staining of sections of the neonates revealed defects in
the ears, nose, thymus, kidneys and skeletal muscies in
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Fig. 1. Generation of SixI-deficient mice. (A) Targeting
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strategy of Six/. The Six] gene consists of two exons
(indicated by boxes), and the coding regions are marked in
black. The entire coding regions were replaced with the
EGFP gene (2fp) and the hygromycin-B-phosphotransferase
gene (hph). Open arrowheads indicate the positions of PCR
primers for genotyping. (B) Southem blot analyses of wild-
type (+/+), heterozygous (+/-), and homozygous (/)
mutant neonates. Tail DNA was digested with Neol and
hybridized to 5 probe (upper panel) and 3 probe (lower
panel). The size of each band is indicated on the left side.
(C) In situ hybridization to Six7 in E10.5 wild-type and
homozygous embryos. Absence of Six/ mRNA was
confirmed in the Six/-deficient embryo. dt, dlphthena toxin
A gene; N, Neol site. Scale bar: 1 mm.
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Fig, 2, Defects in the inner and middle ear in Sixi-deficient mice. (A,B) Transverse sections at the level of the pinna of the neonates, The
semicircular canals and the endolymphatic sac are irregularly formed in the Six/~~ neonates. The semicircular canals and the common crus are
fused, forming a large cavity (B, arrowhead). (C-F) Wn12b expression analysis by in situ hybridization, Expansion of the Wni2b expression
domain in the SixJ~~ embryos (E,F) compared with wild type (C,D) indicates that the enlarged region is the endolymphatic sac at E17.5 (E} and
endolymphatic duct at E11.5:(F). In F, Wnt2h was expressed in the medial half of the otic vesicle, which corresponds to the enlarged
endolymphatic duct as depicted in L (otic vesicle shown in F was flattened during the hybridization process). (G,H) Transverse sections at the
cochlez level show complete Joss of the cochled in Six7~~ neonates (asterisk). (IJ) Aleian blue/Alizarin red staining of neonatal skeletons
Tevealéd malformations 6f ossicles. (K,L)} Transverse sections of wild-type (K) and Six/~— (L) embryos at E11.5. The cochlear region does not
extend ventrally and the endolymphatic duct is dilated in Sie/~ embryos. (M-P) Transverse sections of wild-type (M,0) and Six/~~ (N,P)
embryos at E12.5. The endolymphatic duct arid cana! plate are formed, but the morphology is abnormal in the SixI™" embryo (N). The cochlea
is completely absent in Six/~— embryos (P, asterisks). (Q-T) Lateral views of the paint-filled inner ear of wild-type (Q) and Six/-" (R) E18.5
embryos and otic vesicles of wild-type (S) and Six/~~ (T) E10.5 embryos. (R") Posterior view of the same inner ear as (R). Relative positions
are afigned between wild type and Six/~". The two venirally protriding structures observed in (R and R’) are the ventral efids of residual
cavities of the canal plate-like structure and the endolymphatic duct. More than five $ixI7~ neonates or embryos at each stage were analyzed,
and virtually the same results were obtained. co, cochlea; ep, canal plate; cpi, canal plate-like structure; d, dorsal; ed, endolymphatic duct; es,
endolymphatic sac; in, incus; 1, lateral; nt, medial; ma, malleus; mc, Meckel’s cartilage; ov, otic vesicle; sc, semicircular canals; st, stapes; tr,

tympanic ring. Scale bars: 100 um.

the Six[-deficient mjce. In the inner ear, the dorsalmost paris of
semicircular canals and common crus remained as a common
fused space. The endolymphatic sac was present but was
irregularly larger in size than that of wild-type littermates (Fig.
2A,B) The enlargement was confirmed. by comparing the
diameter of the paini-filled endolymphatic sacs of the Six/-
deficient and the wild-type embryos (data not shown). The

»of the expression domain of Whr2b, an expression
rkétifor the endolymphatic sac and duct, also supports the
enlargement:of the endolymphatic sac (Fig. 2C,E). Other parts
of the inner ear were completely absent, including the cochlea,
vestibule and accompanying vestibulo-acoustic ganglia (Fig.
2G,H,- data not shown). These structural defects were also
demonstrated by paint-fill analyses (Fig. 2Q,R,R"). Because Six/




expression was .evident in the branchial arch and petiotic
mesenchymes (Fig. 1C, Fig. 4C), we examined the middle ear
defects in the SixI-deficient neonates and found malformations
of the malleus and the incus and.the absence of the stapes (Fig.
2LY). In the nose, Sle-deﬁclent_ mice manifested a hollowed
nasal region with tra asal bleeding (data-not shown). A
pair of mere simple, mﬁaed nosirils was present with no nasai
ep:thehum, by-contrast to the, well- branched cavitjes. w1th thick

_1g.38Bﬂ)Has obgerve
E'miice a0 lackeda; hymus (Fig.
rélyaéﬂ'ebtéd'-.tb variable.degrees (Fig.
3E,F). Small kidneys w:th normal structure were found in mild
cases (data not shown), while both kidneys were absent in
extreme cases, although the ureters were always formed but were
occasionally shorter (Fig. 3F). We also found markedly reduced
skeletal muscle mass of the trunk, limbs, diaphragm and tongue
(Fig. 3G,H, data not shown). The thymus, kidney, ear, nose and
skeletal muscle defects are consistent with the Sic/-deficient
mice with different targeting sirategy (Laclef et al, 2003a;
Laclef et al., 2003b; Xu et al,, 2003). These affected organs
correfated well with the expression sites of Six/ during
development, such as otic vesicles, nasal pits, branchial
arches/pouches, nephrogenic cords and somites (Qliver et al.,
1995b). These results indicate that Six/ is required for the
formation of the ear, nose, thymus, kidneys and skeletal muscles.

Defects in inner ear appear at mid-gestation in Six7-
deficient embryos

To determine the developmental stages ai which the inner
ear defects start to appear, Six/-deficient mice of several
embryonic stages were sectioned and analyzed by H-E
staining, At E9.5, otic vesicles were morphologically normal
in Six/-deficient embryos, but the vestibulo-acoustic ganglia
were missing (data not shown). At E10.5 and E11.5, the otic
vesicles began o compartmentalize into saccular and utricular
regions. The saccular region extended to the ventral side as a
thin bulge in the wild type (Fig. 2K). By contrast, the extension
of the saccular region to the ventral side did not occur in Six/-
deficient embryos (Fig. 2L). The endolymphatic duct was
observed as a thin outpocketing from the medial side of the
otic vesicle in wild-type embryos, while the endoiymphatic
duct was observed as a large swelling in Six/-deficient embryos
(Fig. 2K,L). The thin outpocketing and the large swelling
region coincided with the expression domain of Wni2b (Fig.
2DF). We also used paint-fill analyses to compare otic vesicle
structures at E{0.5 with these of the wild type and confitmed
the absence of the thin outpocketing and the dilatation of the
endolymphatic duct in Sixi-deficient ofic vesicles (Fig. 28,T,
data not shown). At E12.5, the main structures of the inner ear
(cochlea, saccule, utricle, endolymphatic duct and canal plates,
from which three semicircular canals and common crus are
formed) were distinguishable in the wild type (Fig. 2M,0, data
not shown). By contrast, the dorsal extremity of the
semicircular canals and common crus was observed as a fused
cavity, and abnormally large endolymphatic duct was present
(Fig. 2N), while other parts were completely absent in Six/-
deficient embryos (Fig. 2P, data not shown).
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Fig. 3. Defects in the formation of the nose, thymus, kidney and
skeletal muscles. Histological analyses of the wild-type (A,C,E,G)
and the Six/=—(B,D,F,H) neonates. (A,B) Transverse sections of the
nasal region, Masal cavities form complex, branched structures with
nasal epithelia in the wild type (A), and 2 pair of simple ronnd
cavities with no nasal epithelia is seen in the Sixi~"~ neonates (B).
(C,D) The thymus is prominent antesior to the heart in the wild type
{C) but completely absent in the Six/~~ neonate (D, asterisk).

(E,F) Kidney defects in Six/~~ mice. Note the bilateral renal aplasia
(F, asterisks). (G,H) Abdominal transverse sections. Note severe
reduction of skeletal muscle mass in Six/~~ neonates (H), More than
five pairs of wild-type and SixI-~ neonates were analyzed and
virtually the same results obtained except for the kidney (see text).
ad, adrenal gland, kd, kidney; ric, nasal cavity; sc, spinal cord;

th, thymus; ur, ureter, Scale bars: | mm.

In summary, the development of the inner ear was defective
at mid-gestation around E10.5-12.5.

Expression of Six1 in the developing inner ear

To gain insight into the function of Six! during inner ear
development, we first examined the expression pattern of Six/
by in situ hybridization in the wild type (Fig. 4A-F) and GFP
fluorescence in heterozygous embryos (Fig, 4G-1), Six] mRNA
was first detected in the otic placode and the surrounding
surface ectoderm at EB.5 (Fig. 4A). Six/ expression became
prominent at the invaginating otic pit and the nascent otic
vesicle at E9.5 (Fig. 4B,C), consistent with previous
observations {Oliver et al., 1995b). Notably, the expression
level was considerably lower in the dorsalmost region than in
the other region of the otic vesicle (Fig. 4C). At E10.5, Six/
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Fig. 4. Six] expression pattern durmg
inner ear development detected by in 51l'u
hybridization in the wild’ type (A-Fyand *
by GFP luminescence in the -
heterozygotes (G-I} viewed laterally (A)
and in transverse sections (B-I). (A) At
ERB.3, Six/ is weakly expressed in the otic
placode {arrowhead) and the surrounding
- surface ectoderm. (B) At E9.5, Six! is
-expressed-in the lqvagmatmg otic pit and
. {C) in the wholétegion of the otic vesicle
except the dorsalmost reglon (D,G) At
EI0,5, Sixl is expressed in the verntral
half of the otic: vesicle. (E)-AtEl1.5and
{FH) E12.5, Six] is expressed
rexcluswely;u the cochlea, (I} Expression
" of Six] in: the cochlea is mamtamed at
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o the ventral half of the otic vesicle
(Fig. 4D,G). Subsequently, the expression domain of Six]
became gradually restricted to the cochlear region at E11.5
(Fig. 4E) and E12.5 (Fig. 4F,H). At later stages, Six! transcripts
were detected exclusively in the cochlea at E14.5 (Fig. 41), and
the expression of Six! in the cochlear duct persisted in the
neonate {data not shown)

express:on was limite

Six1is required for correct patterning of the otic
vesicle

The morphelogical defects in Six[-deficient mice were not
restricted to the cochlea but extended to all regions of the inner
ear except the dorsal extremity of the semicircular canals (Fig,
2). The missing ventral structures of the mutant mouse inner
car appeared to be related to the expression domain of Six] in
the ventral otic vesicle at £9.5-10.5 (Fig. 4C,D). The absence
of cochlea and vestibule and the enlargement of the
endolymphatic sac prompted us to examine the following three
possibilities: that the specification along the dorsoventral axis
within the otic vesicle is altered in Six7-deficient embryos, that
the cells within the ventral region of the Six/-deficient otic
vesicle undergo enhanced apoptotic cell death, and that the
cells within the ventral region of the Six/-deficient otic vesicle
proliferate at a lower rate than those of the wild type. We
assessed the first possibility by comparing the expression
pattern of genes differentially expressed within the otic vesicle
at E9,5-10.5. The ventralmost cells of the otic vesicle are
marked by the co-expression of Ot/ and Onc2 (Morsli et al.,
1999). Otx1 and Oix2 were not expressed in the Six/-deficient
" > otic vesicle, by contrast to the wild typé; although an ectopic
faint expression of Crr! was reproducibly detected in the
dorsaimost region (Fig. 5A-D). Lunatic Fringe (Lfng), a
component of the Notch signaling pathway, is known as a
molecular marker for inner ear sensory structures (Morsli et
al., 1998). Lfing was expressed in the rostroventral region in the
wild type (Fig. 5E), but no such expression was noted in the
Six I-deficient otic vesicle (Fig, 5F). Fgf3, which is required for
normal morphogenesis of the inner ear (Mansour et al., 1993),
was expressed in the rostroventral region of the wild-type otic
vesicle as Lfg (Fig. 5G), while the expression of Fgf3 was
absent in the Six/-deficient otic vesicle (Fig. 3H). Bmp4 is an

early marker for the superior, lateral and posterior cristae. It
was expressed in the restricted regions of the otic vesicle in the
wild type (Fig. 5I), but no such expression was noted in Six/-
deficient mice (Fig. 5§).

The dorsal side of the ofic vesicle gives rise to the
semicircular canals and endolymphatic duct/sac and is well
marked by the expression of Dix5, which is required for
the normal development of the semicircular canals and
endolymphatic duct/sac (Fig. 5K) (Acampora et al,, 1999;
Depew et al., 1999), In Sixl-deficient embryos, the expression
domain of /xS expanded to the entire otic vesicle (Fig. 5L).
The expression domains of Hmx2 and Hmx3, both of which are
required for the formation of the vestibular structures (Wang et
al., 1998; Wang et al,, 2001), expanded ventrally from the
dorsolateral side in the Six/-deficient otic vesicle (Fig. SM,N,
data not shown). Dachl is a member of the Dach family genes,
which constitute the Pax-Six-Eya-Dach gene network. It was
also-expressed at the dorsal edge of the otic vesicle in the wild-
type embryos (Fig. 50). Dachl expression expanded ventrally
along the medial and lateral sides almost down to the ventral
end in Six/-deficient embryos (Fig. 5P). "Dach2, another
member of Dach family genes, was expressed mainly in the
dorsal end of the otic vesicle in wild-type embryos, but Dach2
expression domain was expanded ventrally along the lateral
side of the otic vesicles (Fig. SQ,R).

We also examined the expression pattern of Pax2, Eyal and
Sixd to clarify whether the expression of these genes is
dependent on Six!. These genes are components of the Pax-
Six-Eya-Dach gene network and are co-expressed in the otic
vesicle. Pax2 was expressed in the medial side of the otic
vesicle of the wild-type and Six/-deficient embryos (Fig.
53,T). Eyal expression in the ventral side of the wild-type otic
vesicle was maintained in the Six/-deficient otic vesicle (Fig,
51, V). Six4 was expressed in the veniral side of the otic vesicle
in wild-type embryos, and this expression pattern was almost
the same in the Six/-deficient embryo (Fig. 5W,X). However,
the most abundantly expressed regions of Eyal and Sixd

- appeared slightly shifted from the ventromedial (wild-type) to

the ventrolateral (Six/-deficient) side of the otic vesicle. These
results suggest that the expression of Pax2, Eyal and Six4 in
the otic vesicle is not dependent on Six].



Fig. 5, Six] specifies the expression
domains of differentially expressed
genes in the otic vesicle. Transverse
section or whole-mount view of the otic
vesicle ofin situ hybridized wild type
(A,CEG,LKE.M,0,Q,8,U,W) and
Szl embryos
(BID,EHJ,LN,BR T,V;X) of E10.5
{A-3,M-X0 and E95 (K,L). (A,B) No
Otx! expression in the Six/~- otic
vesicle except for ectopic faint
expression at the dorsal end.
(C,D) Absence of Orx2 transcripts in
the SixJ~- otic vesicle. (E,F) Lfng is
expressed in the rostroventral region of
the-otic vesicle in the wild-type embryo
but not in the Six/7~ embryo.
(G,H) Fgf3 expression in the
rostroventral region of the otic vesicle
in the wild type is lost in the Six/~~
embryo. (I,1) Binp4 expression in the
wild-type otic vesicle (arrowheads) is
lost in the S~ otic vesicle. Staining

_in the ectoderm over the dorsal region
of the otic vesicle (asterisk) has also
disappeared. (K,L) DlxJ is expressed
dorsally in the wild type but in the
whale region of the otic vesicle in the
Sixl- embryo. (M,N) Hmx3
expression domain is located only in
the dorsolateral region in the wild type
but is expanded venirally in the Skl
embryo. (O,P) Dachl expression is
restricied to the dorsalmost region in
the wild type, but the expression
domain extends ventrally in the Six/--
otic vesicle. Signals in the neighboring
mesenchyme are also observed in the
{ower night side of the ofic vesicle.
{Q,R) Dach2 is expressed at the dorsal
end of the ofic vesicie in the wild type,
but the expression domain of Dach? is
expanded ventraily along the lateral
side in Six7—". (8,T) Pax2 is expressed
in medial and ventral sides of the otic
vesicle of both wild-type and Stx/~~

- embryos. (U,V) Eyal is expressed in
the ventral side of the wild-type and the
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Sixl~- otic vesicle. (W,X) Six4 expression in the ventral side of the otic vesicle is maintained in the Six/~~ embryo. More than three pairs of
. wild-type and Six]~- embryos were analyzed and virtually the same results obtained. A-D and M-X: top, dorsal side (d); right, lateral-side (1a).

E-L: top, dorsal side (d); right, anterior side (a).

In conclusion, loss of Six! expression leads to marked
changes in the expression domains of many genes in the ofic
vesicle, suggesting that the first possibility listed above is the
case: ‘i.e. the specification along the dorsoventral axis within
the otic vesicle is altered in Six/-deficient embryos. Next, we
- assessed the second and third possibilities by TUNEL method
and BrdU incorporation.

Enhanced apoptosis and reduced cell proliferation
in the ventra! otic vesicle

We examined whether enhanced apoptotic cell death or
reduced cell proliferation within the ventral region of the otic

vesicle coniributes to the inner ear phenotype. TUNEL method
was used to detect apoptotic cells in the otic vesicle at E10.5
and E11.5, just before the extensive morphological changes.
Several apoptotic cells were detected in the wild type, while
enhanced apoptotic cell death was observed in the ventral and
medial sides of the otic vesicles of Six/-deficient embryos at
EIL.S (Fig 6A,B). Statistical analysis:revealed significant
augmentation of apoptosis at E10.5 and EIL.5 (Fig. 6C). We
also examined BrdU incorporation in the ofic vesicle at the
same developmental stages. In the wild type and in the Sixi-
deficient embryos at E11,5, BrdU incorporation was abundant
in the ventral region of the otic vesicle (Fig. 6D). By contrast,
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Fig. 6. Apoptosis and cell proliferation in the otic vesicle.
(A-C) TUNEL method was used to examine apoptotic cell death in
the otic vesicle of wild-type and Six/~~ embryos at E10.5 and E[1.5.
The results of TUNEL analysis for E11.5 otic vesicles of the wild
type (A) and Six/~~ (B) are shown. For quantitative analysis, four to
five pairs of wild-type and Six/~/~ embryos were examined. For each
embryo, apoptotic cell number was measured on three transverse
sections passing through the central region of the otic vesicle and
converted into the apoptotic cell number per 0.01 mm?. Their mean
value for the three sections was adopted as the datum point for the
otic vesicle of each embryo. The mean value of four or five embryos
is shown with the standard deviation (C). Enhanced apoptosis was
seen in the ventral and medial regions of the SixJ 7~ otic vesicle in
comparison with the wild typs in these stages. Statistical analysis
was performed by Student’s r~test. (D-F} Cell proliferation in the

. wild-type and the SixJ~"~ otic vesicle was assessed by BrdU
incorporation. The results of immunohistochemistry for BrdU at
E11.5 otic vesicles of wild-type (D) and Six/-- (E) are shown.
Quantitative analysis for BrdU-incorporated cell number was
performed as described in TUNEL analysis (F). BrdU incorporation
was considerably reduced in the SixI~/~ ventral otic vesicle at E11.5.
d, dorsal; Ia, lateral. Scaie bars: 100 pun. *P<0.05; **P<0.005;
**Ep2() 01.

the incorporation was profoundly reduced in the ventral side
of the otic vesicles of Six/-deficient embryos at E11.5 (Fig.
6E), A significant decrease in the number of BrdU-
incorporated cells was observed at E11.5 but not at E10.5 (Fig,
6F). The reduced cell proliferation observed in SixI-deficient
otic vesicles may be in line with the roles of Six/ in cell cycle
control (Ford et al., 1998). These results suggest that the lack
of ventral structures of the inmer ear in the Sixi-deficient
mice is partly due to enhanced apoptosis and reduced cell
proliferation, as well as altered patterning of the otic vesicle.

Sonic hedgehog (Shh) signaling pathway is
independent of Six1 .

‘We noticed that the inner ear phenotype of SixI-deficient mice
is similarto that of Shi-deficient mice, which is cheracterized
by the absence of the cochlear duct and vestibulocochlear
panglia; ventral expansion of the expression domains of D/x3,
Toss of the expression domain of Otx2, and ventral restriction
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Six1++
B

Fig. 7. Expression pattetns of Skh, Glil, Pich and Six/.

(A-F) Expressions of Sk (A,B), Giil (C,D) and Pich (E/F) in wild-
type (A,C,E) and Six!-~ (B,D,F) embryos at E10.5.

(G,H) Expression of 8ix! in wild-type (G) and Shi~~ (H) otic
vesicles at E10.5. Three pairs of wild-type and Six/~~ embryos and
three pairs of wild-type and Sk~ embryos were analyzed and
virtually the same results obtained. d, dorsal; 1a, lateral. fp, floor
plate; nc, notochord, Scale bars: 100 tm.

of Otxl expression (Riccomagno et al., 2002). The similarity
of the phenotypes could be explained by the assumption that
the Shh signaling pathway is dependent on Six! expression or
vice versa. To test this possibility, we first examined the
expression of 8k and the Shh-inducible genes, Pich and Glil
in SixI-deficient embryos. Shh was expressed in the notochord
and the floor plate near the otic vesicles in the wild type (Fig,
7A), and this expression pattern was virtually unchanged
in SixI-deficient embryos (Fig. 7B). Pich and Glil were
expressed in the otic vesicle and periotic mesenchyme in the
wild-type embryo, and these expression patterns were similar
in Sixl-deficient embryos (Fig. 7C-F). Next, we examined Six/
expression in Shh-deficient embryos (Chiang et al., 1996), Six!
expression was abundent in the ventral region of the otic
vesicles in Shh-deficient embryos, as observed in the wild type
{(Fig. 7G,H). ‘These results indicate that the Shh signaling
pathway is independent of Six] and that the expression of Six/
in the ofic vesicle is also independent of the Shh signaling
pathway.
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Fig. 8. (A) Schematic representation of expression of genes
in otic vesicles of the wild-type (left) and SixJ~"~ mice
(right) at E10.5. In the otic vesicle of the wild-type, otic
genes are expressed in the specified regions represented in
different colors, In the wild-type otic vesicle, Six/ is
expressed in the ventral half of the otic vesicle. In the otic
vesicle of Six/~-, the expression domains of DIx5, Hmx3,
Dach! and Dach2 are expanded ventrally, and the
expressions of the ventral marker genes (Otxl, Ox2, Fgf3
and Lfhg) are lacking due to the absence of Sixi.

(B) Regulation of gene expression by Six/ in the ventral otic
vesicle. Six! activates the expression of ventral marker
genes, Ol Owx2, Lfng and Fgf3, but represses dorsal
marker genes, Dix5, Hmx3, Dachl and Dach2, and
contributes to the patterning of the otic vesicle. D, dorsal;

W Oixi+Oux2 W Pax2 L, lateral; M, medial; V, ventral.
B0t W Sivd+Eval
B Fyf3tlfng (anterior). ) PDixSeHinxd
- M Six! W Dachl+Dach2 X L .
B Duehl directly by Six/, it is concluded that Six/ plays a key -
S D role in establishing otic vesicle patterning.
BT et Lhres Tn addition to the patterning of the otic vesicle along
repressed U derepressed | > g
/' ;L‘;{f‘s J Duchj TR the dorsoventral axis, Six! may play roles in the otic
Siet L 8 I Dach2 vesicle patterning along the anteroposterior and/or
' N 8;‘% NP 1Y 4 mediolateral axes, because anteroposteriorly and/or
Fé}g‘: activated \}& Sy repressed mediolaterally asymmetrical expression patterns of
i % Otx1, Otc2, Lfng, Fef3 and Bumpd were also affected
ig. 5). For these issues, further histological
b4
examinations and analyses of melecular marker
expression will be required.
Discussion Furthermore, our results showed a marked reduction

Establishment of otic vesicle patterning by Six7

The inner ear originates from a transient embryonic
structure, the otic vesicle. Successive transformations and
compartmentalization of the otic vesicle give rise to the entire
membranous region of inner ear structures. The fate of cells in
the otic vesicle is dependent on the gene expression specific to
each compartment of the otic vesicle (Fekete, 1999), For
example, Dix5, which is expressed in the dorsal side of the otic

“vesicle, is required for the formation of the semicircular canals

{Acampora et al., 1999; Depew et al., 1999). Oix], which is
expressed in the ventral side, is needed for the comect
morphogenesis of the cochlea (Acampora et al., 1996). The
establishment -of such a gene expression profile in the otic
vesicle, orchestrated by networks or cascades of iranscription
factors, is essential for inner ear devélopment. However, the
genes involved in these networks and components of the
cascades are largely unknown. Qur study showed for the first
time that Six] functions to establish the correct expression
pattern of many otic genes and contributes to the formation of
the majority of inner ear structures. Altered expression pattern
of many otic genes (Fig. 5) results in the loss of specifications
of the ventral region of the ofic vesicle, with resultant
expansion of the dorsally specified domains at E9.5-10.5, and
consequently in the absence of the cochlea and most of the
vestibule, together with dysgenesis of residual region of

semicircular canals and enlargement of the endolymphatic sac -
in SixI-deficient neonates (Fig. 2). The ventral expression of

Six] in the otic vesicle at E9.5-10.5 suggests that SixJ activates
the expression of Otxl, Otx2, Lfng and Fgf3 and represses the

- expression of Dlx5, Hmx3, Dach! and Dach2 (Fig. 8).

Although it is unknown whether these genes are regulated

of ¢cell proliferation and enhanced apoptosis in the veniral olic
vesicle in Six/-deficient embryos (Fig. 6). This may contribute
to the inner ear phenotype lacking most of the ventral.
structures. Thus, Six/ controls inner ear development by
regulating cell death and proliferation as well as by
establishing otic vesicle patterning.

Phenotypic similarity of the inner ear compared with
Shh-deficient mice

Previous and present studies indicated that specification of the
cochlea is dependent on Shh signaling and that perturbation of
otic vesicle pattering in Shh-deficient mice (Riccornagno et al.,
2002) is similar to that of Six/-deficient mice. Considering
these phenotypic similarities of inner ear formation between
Six1- and Shh-deficient mice, we assumed a genetic interaction
between Six! and Shh. However, the expression patterns of
Shh, Glil and Pich in SixI-deficient mice and that of Six in
Shh-deficient mice (Chiang et al, 1996) indicate that the
expressions of Shh, Glil and Pich are not dependent on Sixl,
and that the expression of Six] is not dependent on the Shh
signaling pathway in and around the otic vesicle at E10.5 (Fig.
7). Another possible mode of genetic interaction is through
finctional cooperation between Sixl and the components of
Shh signaling cascades. Shh protein is emanated from the
notochord and/or the floor plate, probably giving a gradient of
Shh across the otic vesicle with a high concentration in the
ventral side and a low concentration in the dorsal side. This
Shh gradient would enhance putative collaborative interaction
between downstream components of Shh signaling cascades
and Sixl in the ventral otic vesicle. Modulation of the
transactivating function of Six1 by Shh signaling would be one
of the plausible mechanisms. However, we cannot exclude
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independent actions of Six1 and components of Shh signaling
cascades in the ofic vesicle. For example, expression of Pax2Z
in the medialventral otic vesicle is maintained in Six/-deficient

mice (Fig. 58,T), but is downregulated in Shh-deficient mice - -

(Riccomagno et al., 2002). To determine whether Six! and Shh
interact genetically, it would be important to examine the
phenotypes of the Six//Shh double mutant. .

Roles of Sixf in Pax-Six-Eya-Dach gene network

Six genes function as components of the Pax-Six-Eya-Dach
gene network in organ development. In the ventral otic vesicle,

Six] is co-expressed with Pax2, Pax8, Six4 and Epal to control ™

inner ear development. Qutside the otic vesicles, various
combinations of Pax, Six, Eya and Dach genes are co-
expressed in the primordia of the organs affected in SixI-
deficient mice: the olfactory placode (Pax6, Six{, Six2, Six3,
Six4, Six6, Eval, Eya2, Evad); the thymus (Pax9, Sixi, Six4,
Eyal); the metanephros (Pax2, Pax8, Sixl, Six2, Six4, Eyal);
and the somite/myotome (Pax3, Sixl, Six4, Eyal, Eva2, Eya4,
Dachl). Sixl plays important roles in the development of these
organs, probably through the control of patterning and/or cell

proliferation, as observed in the otic vesicle. Notably, Dach.

genes are not co-expressed with Six and Eya genes in the
ventral ofic vesicle, nose or kidney (Figs 4, 5, data not shown),
Furthermore, Dach expression domains were expanded
ventrally in the SixI-deficient ofic vesicle, indicating that Six!
represses the expression of Dach genes in the ventral otic
vesicle, Likewise, augmentation of Dach expression was
observed in the nasal pit of Six/-deficient embryos {data not
shown), indicating that expression of the Dach gene is
repressed by Six! also in the nasal pit. These findings are in
contrast to Drosophila compound eye formation and chick
myogenesis. In both those cases, Pax, Six and Bya are co-
expressed with Dach, cooperatively to execute the
developmental prograrms. Thus, the Pax-Six-Eya gene network
lacking Dach may demarcate the two placode-derived sensory
organs, the foner car and the nose, and the kidney from other
organs such as the eye and the skeletal muscles. In addition,
hierarchy among Pax, Six, Eya and Dach genes in the otic
vesicle has been revealed in this study. That is, the expression
patterns and levels of Eyal and Pax2 were not affected but
expression domains of Dackl and Dach2 were expanded
ventrally in the SixI-deficient otic vesicle (Fig. 5). Conversely,
SixI expression is lost but Pax2 expression is not disturbed in
the Eyal-deficient otic vesicle (Xu et al., 1999). Thus, in the
otic vesicle, expression of Eyal and Pax2 is independent of
Six, expression of Six! depends on Eyal, and Sixl controls
Dach! and Dach2 expression. In the myotome, Six4 expression
is not dependent or Six1, a5 observed in the otic vesicle (Laclef
et al., 2003a), but Pax2? expression is dependent on Six! in
metanephric mesenchyme (Xu et al, 2003). The similarities
among these organ primordia in the context of the Pax-Six-
Eya(-Dach) network and the diversity in selecting members
from respective gene hierarchies among them raise interesting
issues regarding the ontogeny of these organs during evolution.

In conclusion, our study identified the essential role of Six/
in the regulation of otic vesicle patterning. Together with mice
homozygous for other Pax, Six, Eya and Dach genes, Six}-
deficient mice should allow a comprehensive understanding of
the roles of the Pax-Six-Eya-Dach gene network in various
OTZanogensses.
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Interleukin (IL)-6, But Not IL-1, Induction in the Brain
Downstream of Cyclooxygenase-2 Is Essential for the
Tnduction of Febrile Response against Peripheral IL-1a

KYOKO KAGIWADA, DAI CHIDA, TOMOYA SAKATANI, MASAHIDE ASANO, AYA NAMBU,

SHIGERU KAKUTA, anp YOICHIRO IWAKURA
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IL-1 is an endogencus pyrogen produced upon inflammation
or infection. Previously, we showed that, upon injection with
turpentine, IL-1 is induced in the brain in association with the
development of fever. The role of endogenous IL-1 in the brain
_and the sighaling cascade to activate thermosensitive neu-
" rons, however, remain o be elucidated. In this report, febrile
response was analyzed after peripheral injection of IL-1a. We
found that a normal febrile response was induced even in
IL-1o/B-deficient mice, indicating that production of IL-1 in
the brain is not necessarily required for the response. In con-
trast, IL-6-deficient mice did not exhibit a febrile response.

Cyclooxygenase (Cox)-Z expression in the brain was strongly
induced 1.5 h after injection of TL-1&, whereas IL-6 expression
was observed 3 h after the injection. Cox-2 expression in the
brain was not influenced by IL-6 deficiency, whereas indo-
methacin, an inhibitor of cyclooxygenases, completely inbib-
ited induction of IL-6. These observations suggest a mecha-
nism of -i-induced febrile response in which O-1 in the
blood activates Cox-2, with the resulting prostaglandin E, in-
dueing IL-6 in the brain, leading to the development of fever.
(Endocrinology 145: 50445048, 2004)

IL—l IS A MAJOR mediator of inflammation, performing

numerous functions related to host defense mechanisms
by regulating not only the immune system but also the neu-
ronal and endocrine systems (1). Two molecular species,
IL-1e and IL-18, are known as agonists and an antagonist,
TL-1 receptor antagonist (IL-1Ra}, which binds to the same
receptors, is also known. Two IL-1 receptors, the type I 1L-1
receptor (IL-1RI} and type I (IL-IRII), exist; only the former
transduces IL-1 signaling and the latter rather acts as a decoy.
I1L-1 is produced by a large variety of cells, including mono-
cytes and macrophages, and IL-1Rs are expressed on a wide
range of cells in the immune, neural, and endocrine systems.
Because IL-1Rs are induced upon peripheral inflammation in
the brain, particularly the hypothalamus, hippocampus, and
choroid plexus (2-4), a role for TL-1 has been suggested in the
neuronal system,

Fever is a common response of the body to various stresses
such as infection and inflammation. Such peripheral stirouli
are transmitted to the brain through the netvous system and
also by “endogenous pyrogens” (5). Although it is well
known that circulating cytokines such as IL-1 and tumor
necrosis factor (TNF)a are important endogenous pyrogens,
the precise mechanism by which these cytokines induce fever
through activation of the thermoregulatory neurons in the
hypothalamus remains to be elucidated. It is especially in-
teresting to elucidate how these cytokines stimulate relevant

Abbreviations: BBB, Blood-brain barrier; BW, body weight; Cox, cy-
clooxygenase; IL-1R, IL-1 recepior; B-1Ra, TL-1R antagonist; LPS, lipo-
polysaccharide; PG, prostaglandin.
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thermoregulatory brain structures, because these large hy-
drophilic polypeptides hardly penetrate the blood-brain bar-
rier (BBB)} (6, 7).

We showed previously that TL-1 expression was induced
in the diencephalon of the brain upon injection with turpen-
tine, and that the febrile response to turpentine was abol-
ished in IL-1&/ S-deficient mice, suggesting involvement of
IL-1in the brain in the development of fever (8). Consistently,
IL-1RI-deficient mice also failed to respond to turpentine (9}.
On the other hand, it has been demonstrated that endoge-
nous hypothalamic IL-18 is not necessary for the develop-
ment of JL-1le-, IL-18- or lipopolysaccharide (LPS)-induced
fever (10). It is not known, however, whether or not a febrile
response can be induced in the complete absence of both
IL-lo and IL-1B in the brain.

It is known that prostaglandin (PG)E, is involved in the
development of fever during inflammation, because inhibi-
tors of cyclooxygenases, which catalyze synthesis of PGH,,
a precursor of PGE,, can suppress febrile response (11), and
mice lacking the EP; receptor, one of the receptors for PGE,,
showed an impaired febrile response during the first hour
after IL-18 injection (12). Although two types of cyclooxy-
genases (Cox) are known, it was suggested that only Cox-2
is involved in the febrile response upon inflamumation (8,
13-15), Furthermore, endogenously induced IL-6 has also
been suggested to be involved in the febrile response induced
by IL-1 (16). However, the relationship among IL-1, IL-6, and
Cox-2 in the brain has not been established conclusively.

In this report, to elucidate the roles of IL-1, which is en-
dogenously induced in the brain during fever, we examined
the febrile response in IL-1a/ B-deficient mice upon periph-
eral administration of IL-1a. Furthermore, we analyze the
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signaling cascade in the brain using IL-I1e/8- and [L-6-de-
ficient mice.

Materials and Methods
Reagents . ° o T
Recombinant murine [L-1a was obtained from Pepro Tech EC LTD

{London, UK). The lyophilizéd protein was dissolved in pyrogen-free *

0.9% NaCl (saline} containing 0.1% BSA (A9306; Sigma, St. Louis, MO,
Indomethacin was obtained from Sigma.

Animals

1L-1e/ B-doubly deficient mice were produced as described (8}, and
IL-6-deficient mice were kindly provided by Dr. Manfred Kopf (17).
These mice were backcrossed to C57BL/6] mice for eight generations,
and C57BL/6] mice were used as controls. Mice were housed individ-

ually from weaning at 4 wk of age, and sex- and age-matched adult (9-15

wk of age) male mice were used for.each experiment. Mice were kept
under specific, pathogen-free conditions in an environmentally con-
trolled clean room at the Center for Experimental Medicine, Institute of
‘Medical Science, University of Tokyo. They were housed at an ambient

temperature.of 24 C and a daily cycle of 12-h light/datk (0800-2000h. .

light). All experiments were carried out both according to the institu-
tional ethical guidelines for animal experiments and the safety guide-
lines for gene manipulation experiments,

Measurement of body temperature

Intraperitoneal temperature of mice was measured using an electric
thermometer and tips (ELAMS system; BioMedic Data System, Inc.,
Maywood, NJ) with an accuracy of 6.1 C. All the tips were tested and
adjusted before use. Mice were anesthetized with Nembutal, and the tip
was implanted chronically into their peritoneal cavity and ligated to the
peritoneum, The position of the tips was verified by postinortem ex-
amination. These mive were used tor experiments 18 d after the ther-
mometer implantation. IL-1a [1 pg/kg body weight (BW)] was injected
iv at 1100 h, and the temperature was measured every 15 min by a person
who was accustomed to using the system.

Northern blot hybridization analysis

Notthern blot hybridization was performed as described previously
using mouse IL-1w, IL-1B, Cox-2, IL-6, and B-actin cDNA as probes (8},
Wild-type, IL-1a/ g-deficient, and IL-6-deficient mice were injected with
Ti-le {1 pg/kg BW). Mice were kilied 1.5 and 3 h after injection, and
poly-A* RNA was isolated from the diencephalons, Samples from four

mice were pooled for each genotype. Poly-A™ ENA (8-11 ug) was -

electrophoresed on a denatured agarose gel and hybridized with specific
probes; p-actin was used as a control. Relative radivactivities of the
IL-1o, IL-1B, IL-6, and Cox-2 bands were compared after normalization
with the intensity of the B-actin band.

Indomethacin treatment

Mice were injected with indomethacin {10 mg/kg BW, ip injection})
dissolved in a buffer containing 0.9% NaCl, 5% ethanol, and 4% sodium
hydrogen carbonate, or the buffer only 30 min before IL-1 (1 ug/kg BW,
iv) injection or saline injection, and IL-6 and Cox-Z mRNA levels were
measured 3 h after the treatment by Northern blot hybridization.

Statistical anolysis

Averages = sp are shown. In Fig. 1, Student's  test was used to
evaluate statistical significance. Animals with consecutive missing tem-
perature recordings, due to failure of the telemetry system, were ex-
cluded from the statistical analysis. In Fig. 2, Student’s paired f test was
performed to compare before (basal) and after (1.5 h or 3 h after IL-1
injection) data for each genotype.

Endoerinclogy, November 2004, 145(11):;5044-5048 5045

Changes in

10123456789
Time (h)

Fic. 1. Effects of IL-To/B or IL-6 deficiency on fever development
after injection with IL-1e (1 ughkg BW, iv injection)..The body tem-
peratures relative to that at the time of IL-1a injection are shown. A,
IL-1e-injected wild-type mice {n = 4; W); saline-injected wild-type
mice {n = 4; [); IL-1a-injected JL-1c/B-deficient mice (n = 3; @); and
saline-injected IL-1a/B-deficient mice (n = 3; O). B, IL-1la-injected
IL-6-deficient mice (n = 3; @); and saline-injected JL-6-deficient mice
{(n = 3; O). Averages = D are shown. =, P < 0.05, IL-la-injected
wild-type mice vs. IL-1a-injected JL- 1 a/B-deficient mice; #, P < .05,
IL-1e-injected IL- 1o/B-deficient mice vs, saline-injected IL-1c/ B-de-
ficlent mice; +*, P < (.05, IL-1a-injected wild-type mice vs. saline-
injected wild-type mice.

Results

. Febrile response to IL-1a in IL-1a/ B-deficient and

IL-8-deficient mice

Wild-type, IL-1a/ B-deficient, and IL-6-deficient mice were
injected iv with IL-1c, and the resulting febrile responses
were examined., The measurement of the termperature started
at 0930 h, and IL-1 was injected at 1100 h. The body tem-
perature of unireated mice gradually decreased from 0930 to
1900 h and again rose after that, reflecting the circadian
temperature rhythm. The preinjection body temperatures for
each experimental group were the same: IL-1-injected wild-
type mice, 37.6 * 0.2; saline-injected wild-type mice, 37.5 &
0.4; IL-1-injected IL-1a/B-deficient mice, 37.6 + (0.1; saline-
injected IL-1a/B-deficient mice, 37.3 * 0.3; [L-1-injected IL-
6-deficient mice, 37.4 + 0.3; and saline-injected I [L-6~defi-
cient mice, 37.6 £ 0.3. As shown in Fig. 1A, when JL-1a was
administered, wild-type mice showed significantly elevated
body temperatures (at 30 min and from 2 h 15 min to 8 h 45
min after injection), compared with saline-injected wild-type
mouse controls (**, P < 0.05). IL-1-injected IL-1a/ B-deficient
mice also showed a febrile response similar to wild-type
mice: significantly elevated temperature was observed at 15,
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